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Abstract 

Genetic studies have implicated the evolutionary novel, anthropoid primate-specific gene locus 

G72/G30 in psychiatric diseases. This gene encodes the protein LG72 that has been discussed to 

function as a putative activator of the peroxisomal enzyme D-amino-acid-oxidase (DAO) and as a 

mitochondrial protein. We recently generated “humanized” BAC transgenic mice (G72Tg) 

expressing G72 transcripts in cells throughout the brain. These mice exhibit several behavioral 

phenotypes related to psychiatric diseases. Here we show that G72Tg mice have a reduced activity 

of mitochondrial complex I, with a concomitantly increased production of reactive oxygen 

species. Affected neurons display deficits in short-term plasticity and an impaired capability to 

sustain synaptic activity. These deficits lead to an impairment in spatial memory, which can be 

rescued by pharmacological treatment with the glutathione precursor N-acetyl cysteine (NAC). 

Our results implicate LG72-induced mitochondrial and synaptic defects as a possible 

pathomechanism of psychiatric disorders. 

 

 

Keywords 

► G72Tg mice exhibit altered mitochondrial activity and increased production of ROS ► G72Tg 

mice show synaptic deficits and impaired spatial learning ► NAC treatment completely restores 

spatial learning ability in G72Tg mice 
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Introduction 

G72 (also named D-amino acid oxidase activator, DAOA) is among the best replicated 

vulnerability genes for schizophrenia (Addington et al, 2004; Chumakov et al, 2002; Li and He, 

2007; Schumacher et al, 2004) and bipolar affective disorder (BPAD) (Addington et al, 2004) 

(Prata et al, 2008; Schumacher et al, 2004) for review see (Detera-Wadleigh and McMahon, 

2006). G72 was also recently found to be associated with major depression (Jansen et al, 2009), 

which together supports the notion that these disorders have a partially overlapping etiology. The 

G72 gene locus emerged late during evolution of higher primates (Chumakov et al, 2002). It 

encodes two genes, G72 and G30, which are transcribed contrariwise from overlapping DNA 

strands (reviewed in (Abou Jamra et al, 2006)). LG72, the longest open reading frame, represents 

an exceptional case of a primate-specific gene with a rapidly changing protein structure, probably 

related to a rapid evolution of underlying brain function (Kvajo et al, 2008). While the N-terminus 

of the protein is well conserved among anthropoid primates, variations in the C-terminus result in 

proteins of different sizes. Human have the largest protein with 153 amino acids, followed by the 

gibbon LG72 with 121 amino acids. The LG72 protein in chimpanzees and gorillas consists of 66 

amino acids (Chumakov et al, 2002). 

Yeast two-hybrid and biochemical studies have demonstrated that LG72 binds to D-amino-

acid-oxidase (DAO), the main degrading enzyme of D-serine. D-serine, produced by astrocytes, is 

an allosteric co-activator of NMDA-type glutamate receptors. The effects of LG72 on peroxisomal 

DAO functioning is controversial, because both enhancement (Chumakov et al, 2002) and 

repression (Sacchi et al, 2008)of DAO activity have been reported. An alternative role for the 

LG72 protein was suggested by the demonstration that it contains an N-terminal mitochondrial 

translocation sequence and is transported into mitochondria. Experiments performed in neuronal 

cultures also showed that it affects mitochondrial morphology (Kvajo et al, 2008). 
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We recently generated BAC (bacterial artificial chromosome) transgenic mice carrying the 

entire human G72/G30 gene locus (G72Tg, (Otte et al, 2009). These “humanized” mice expressed 

all known G72 splice variants, as well as G30 transcripts. Behavioral analyses of these mice 

showed several phenotypes, such as a PPI deficit that is reversible by haloperidol treatment, 

increased compulsive behaviors, impaired locomotor coordination, increased sensitivity to 

phencyclidine (PCP) and impaired odorant discrimination. These behavioral phenotypes are 

regarded as rodent correlates to symptoms of schizophrenia (Bottas et al, 2005; Braff and Geyer, 

1990; Murray, 2002; Nguyen et al). However, many clinical features of schizophrenia can also be 

observed in other psychiatric disorders like bipolar disorder (Taylor et al, 1993; Tsuang et al, 

1980; Valles et al, 2000) and genetic risk factors contributing to psychiatric disorders, including 

G72/G30 are typically associated with more than one disorder.  

In the present study, we focus on the analysis of hippocampal learning in G72Tg mice, 

because cognitive deficits including spatial working memory, short-term spatial memory and long-

term episodic memory are observed in schizophrenia. (Joyce et al, 2002). We demonstrate a 

striking spatial learning deficit in G72Tg mice and concomitant synaptic deficits, which are most 

likely due to LG72-related mitochondrial dysfunctions resulting in elevated brain reactive oxygen 

species (ROS). Interestingly, an oral treatment with N-acetylcysteine (NAC), a precursor of 

glutathione, increases the antioxidant capacity and rescues the spatial learning deficit.   
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Materials and Methods 

 

Transgenic mice.  

Transgenic mice (G72Tg) were generated as described (Otte et al, 2009). G72Tg mice were 

crossed to CD1 wild type (Wt) mice and maintained as a hemizygote line. Transgenic animals 

were genotyped by Dot blot analysis. Briefly, 15 µl of denatured (5 min 95°C) genomic mouse-tail 

DNA was spotted onto nitrocellulose membranes (Schleicher and Schull, Germany) and allowed 

to dry. Dot blots were hybridized with an intronic G72 PCR probe that wassynthesized with the 

primers BACSouthF (5´-AGTTAGCTGTGCCTGACC TCG-3´) and BACSouthR (5´-

TGAAAGCTCTCATCGGTCCTG-´3). 

  

Expression analysis  

Total RNA and cDNA preparation as well as Taqman- and differential protein expression analyses 

were performed as described in the supplemental methods. 

 

Measurement of DAO activity 

Tissue from specified organs of Wt and G72Tg mice were prepared and processed as previously 

published (D'Aniello et al, 1993) utilizing the Pyruvate Assay Kit (BioVision, Mountain View, 

CA) to detect α-keto acid production. Briefly, mouse cerebelli were homogenized on ice with a 

Polytron homogenizer in Pyruvate Assay Buffer (0.25 g tissue/ml) containing protease inhibitors 

(Complete, EDTA-free; Roche Diagnostics, Indianapolis, IN). The homogenate was clarified by 

centrifugation at 30.000g for 30 min at 4°C. Hundred μl of the supernatant was mixed with 100 μl 

of 0.1 M D-alanine (in 0.1 M Tris-HCl, pH 8.2) or with 100 μl of 0.1 M Tris-HCl, pH 8.2, and 

then incubated at 37°C for 30 min. Pyruvate formed by the oxidation of D-alanine by DAO was 

measured using the Pyruvate Assay Kit from BioVison. Fifty µl of the reaction product was added 

to 50 μl of Pyruvate Detection Mix and incubated at room temperature for 30 min. A standard 
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curve covering a range of 10 to 0.1 nmol/well was used as control. Absorbance was measured at 

570 nm and the pyruvate concentration was calculated relative to the standard curve. Pyruvate 

production was normalized to total protein as determined using the Coomassie Plus Protein Assay 

kit (Pierce Chemical, Rockford, IL).  

 

Measurement of D-serine by HPLC 

Amino acid enantiomers were separated by HPLC using a C18 reverse-phase column (250mm) 

(Knauer, Berlin, Germany) with fluorimetric detection after derivatisation with N-Isobutyryl-L-

cysteine and o-phthaldialdehyde (OPA), as described (Grant et al, 2006) (see supplemental 

methods). 

 

Determination of mitochondrial enzyme activities 

Aconitase activity was measured according to (Gardner et al, 1994) with small modifications. 

Activity was determined at 30°C using a dual-wavelength spectrophotometer (Aminco DW 2000, 

SLM Instruments) following the absorbance change at 340-380 nm ered-ox = 5.5 mM-1 cm-1). The 

reaction mixture contained 50 mM TrisCl (pH 7.4), 5 mM sodium citrate, 0.6 mM MnCl2, 0.2 mM 

NADP+, 0.1 mg/ml isocitrate dehydrogenase, 0.2 % laurylmaltoside and 40-70 µg/ml of protein. 

The mitochondrial homogenate was diluted 10 times in a solution containing 50 mM TrisCl and 

0.6 mM MnCl2 (pH 7.4) just before the activity measurement. Then the sample was sonicated for 

15 s with the ultrasonic processor GEX-600. The activity of citrate synthase was determined by 

standard methods as described elsewhere (Wiedemann et al, 2000). The activity of rotenone-

sensitive NADH:CoQ1-reductase was measured at 340 nm- 380 nm (ered-ox = 5.5 mM-1cm-1) as 

described (Kudin et al, 2002). Briefly, the reaction was performed in a reaction buffer containing 

50 mM KCl, 10 mM Tris-HCl and 1mM EDTA (pH 7.4) in the presence of 150 µM NADH, 100 

µM coenzyme Q1 and 2 mM KCN with a dual-wavelength spectrophotometer (Aminco DW 2000, 

SLM Instruments). The protein content of brain tissue homogenates was determined using a 
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protein assay kit based on Peterson's modification of the micro-Lowry method according to the 

instructions of the manufacturer (Sigma, Munich, Germany).  

 

Determination of reduced glutathione (GSH) content 

The mitochondrial suspension was dissolved in MTP medium at a final concentration of ~0.8 

mg/ml. After addition of monochlorobimane (100 µM) and glutathione S-transferase (1 U/ml), the 

reaction mixture was sonicated for 15 s with the ultrasonic processor GEX-600. After 30 min 

development of reaction, the mitochondrial suspension was centrifuged at 16000 g for 7 min. 

Thereafter, the fluorescence of each supernatant was measured (lex= 380 nm, lem=470 nm) using a 

fluorescence reader (Spectra MAX Gemini, Molecular Devices). As standard we used GSH 

dissolved in MTP medium in a range of 0 to 100 µM (Kamencic et al, 2000). All data are 

expressed as mean ± SEM.  

 

Measurement of malondialdehyde 

Cerebellar malondialdehyde was measured by enzymatic detection, according to the method 

described by Esterbauer and Cheeseman (Esterbauer and Cheeseman, 1990).  

 

Slice preparation and electrophysiology 

For a detailed method description see supplemental methods.  

 

Cell culture and transfection 

Detailed information about the performed experiments are given in the supplemental methods.  

 

Pharmacological NAC treatment 
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After weaning, (3-week-old) Wt and G72Tg male mice received a 1g/ml NAC solution (pH 7.0) as 

the only drinking source. This dose was related to (Chen et al, 2007; Lehmann et al, 1994; Lin and 

Yin, 2008), where it was effective in treating several disease models in mice when given via 

drinking water. The control mice drank water. After 5 weeks mice were behaviorally tested and 

then killed for biochemical studies. For the generation of a GSH time curve mice were treated as 

described above but 3, 5.5 and 8 weeks old mice were sacrificed and brain GSH content was 

measured. 

Morris water maze  

One week before starting the experiments, male mice (9-10 weeks old) were transferred to 

standard single-mouse cages and maintained at a 12:12-h inverted cycle (light on 07:00 pm – 

07:00 am) Animals were tested during the dark period. The home cages were brought into the test 

room at least 30 min before starting the experiment. The Morris water maze test (MWM) was 

conducted using heterozygous transgenic animals, which were compared to their Wt littermates. A 

circular pool (diameter 120 cm and height 30 cm) made of black PVC was used in a dimly 

illuminated room. The pool was filled with water (24°C) opacified with blue staining to a depth of 

15 cm. Four orthogonal starting positions were situated around the perimeter of the pool, dividing 

its surface into four quadrants. A platform in form of a transparent Plexiglas cylinder (15 cm tall 

and 8 cm diameter) covered with a white aluminum perforated plate (14 cm diameter) was placed 

in the centre of one quadrant, approximately 1.5 cm under the water level and served as an escape 

platform. The pool was located in a room containing numerous extra-maze visual cues. A camera 

was fixed at? the ceiling above the water maze. Each trial was recorded with help of a Noldus 2.1 

video tracker camera system. 

Water maze procedure 

Each mouse was tested for four consecutive sessions daily over seven days. The hidden platform 

remained at a fixed spatial location for the entire acquisition period and each mouse was assigned 
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a different escape sector. For each trial session, the mice were released, facing the wall of the 

maze. During the first two days, animals were placed to the same starting point (N) for each 

session. From day 3 to day 7, animals were  placed to one of the four positions (N, E, S, W; Fig 

S6. A/B), respectively for each session. A trial ended when the mouse reached the hidden platform 

and managed to remain there for 5 s. If a mouse did not manage to escape to the platform within 

70 s, it was guided to the platform and the trial was recorded as an escape failure with an arbitrary 

latency of 70 s. The mouse was left in a dark, dry container for a 15 s inter-trial interval. After the 

7-days acquisition phase, each mouse was subjected to a reversal test for 3 consecutive days. To 

assess their spatial memory ability, the platform was removed from the maze. The animals were 

tested for retention of spatial memory 24 h after the final trial. In this probe trial, lasting for 70 s, 

each mouse was placed into the water as described for the training trials. The time (s) to reach the 

target quadrant and the time spent in the target quadrant was recorded.  

 

Data analysis and statistics 

Brain GSH content of NAC-treated mice was analyzed using one-way analysis of variance 

(ANOVA), followed by a Dunns Mutiple Comparison test. The GSH time curve of NAC treated 

mice was evaluated statistically by using two-way ANOVA and Bonferroni post hoc test.   

The GSH time curve of untreated mice was analyzed by using one-way ANOVA and Bonferroni 

post hoc test.  Electrophysiological and all other biochemical studies were analyzed using Mann-

Whitney-U test. MMW escape latency and swim speed were analyzed by three-way ANOVA 

using genotype, treatment and time as main factors. In case of significance, a Fisher LSD post hoc 

test was performed. The analysis of the probe trial was done by Kruskal-Wallis test followed by a 

Dunns Mutiple Comparison test as post hoc test. Statistical analyses were conducted using the 

software STATISTICA 7 (Statsoft, Tulsa, OK, USA) and Prism 4 (GraphPad Software Inc., San 

Diego, CA, USA). All data are expressed as mean ± SEM. P-values < 0.05 were considered to 

represent significant effects.  
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Results 

Mitochondrial dysfunction and altered redox state in G72Tg mice 

In order to gain insight into pathogenic processes induced by G72 expression, we performed a 

systematic analysis of differentially expressed proteins using 2D gel electrophoresis of crude 

cerebellar protein extracts from G72Tg and Wt mice. Gel spots that differed significantly between 

the two genotypes were identified by mass spectrometry. Interestingly, we found an increased 

expression of the glutathione-S-transferase (GSTs) M1 in both transgenic mouse (G72Tg1 and 

G72Tg2)  lines and also an increased GST P1 expression in the G72Tg2 line (Table 1). GSTs 

belong to a multi-gene family of detoxifying enzymes. They are involved in the metabolism of a 

wide range of endogenous and xenobiotic compounds by catalyzing the conjugation of these 

compounds with glutathione (Board, 2007). Furthermore, we also found an up-regulation of 

phosphoglycerate mutase 1, an enzyme involved in glycolysis. Up-regulation of this enzyme 

enhances the glycolytic flux and may occur under conditions of insufficient mitochondrial energy 

supply (Kondoh et al, 2007).  

Given the mitochondrial localization of heterologously expressed LG72 in human (Kvajo et 

al, 2008) and mouse cells (Fig. S1A), these findings suggested the possibility that LG72 affected 

mitochondrial function and lead to an increased production of ROS. We therefore investigated 

mitochondrial density and expression of mitochondrial marker enzymes in G72Tg mice. 

Cytochrome oxidase and succinate dehydrogenase stainings of cerebellar sections (Fig. S2B A-B), 

and citrate synthase activity in cerebellar homogenates (Fig. S2B C-D) were indistinguishable 

from Wt littermates. The mitochondrial density was thus not altered in transgenic mice. However, 

we observed a striking difference between Wt and G72Tg animals in the citrate synthase-

normalized activity of complex I in cerebellar homogenates (p = 0.014, Fig. 1C), which showed 

strong LG72 expression (Otte et al, 2009). In contrast, complex I activity in cortex homogenates, 

where G72 was expressed at much lower levels (Otte et al, 2009), was not different from Wt. We 

next studied aconitase activity, which catalyses the stereo-specific isomerisation of citrate to 
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isocitrate. This enzyme is known to be very sensitive to oxygen radicals due to a FeS cluster at the 

catalytic center and can thus serve as a ROS indicator (Flint et al, 1993). Indeed, citrate synthase-

normalized aconitase activity was also significantly lower. This effect was again specific for the 

cerebellar homogenates (p=0.002, Fig. 1D). To determine if an increased generation of ROS in the 

mitochondria of G72Tg mice resulted in an increased accumulation of oxidative damage, we next 

investigated oxidized lipids and reduced glutathione (GSH) levels. As shown in Fig. 1E, oxidized 

lipids in the cerebellum were indeed increased (p=0.002) in G72Tg mice. GSH levels, a measure 

of global antioxidant activity, were lower in G72Tg cerebellar homogenates (p=0.014, Fig. 1F). 

These significant difference in GSH levels were first observed at 8 weeks of age (F5,29=2.976; 

p<0.0314 Fig. S3). Together these results demonstrate a decreased mitochondrial complex I 

activity in the presence of LG72, presumably causing a concomitant increase in ROS production. 

 

Unchanged D-amino acid oxidase activity and D-serine levels 

We next determined if the activity of DAO was changed in G72Tg mice. Thus, we measured D-

serine in the total serine pool (% D-serine) in the forebrain, the hippocampus and the cerebral 

cortex. As shown in Fig. 1G, we found no difference between G72Tg and Wt mice. In addition we 

measured DAO activity in the cerebellum of Wt and G72Tg mice and found no alteration in DAO 

activity (Fig. 1H).  

 

Synaptic deficits 

Because mitochondria are remarkably concentrated at synaptic sites in neurons (Palay, 1956) and 

have been suggested to play a role in both the development and function of synapses (Li et al, 

2004; Stowers et al, 2002; Verstreken et al, 2005), we examined whether central synaptic 

transmission is altered in G72Tg mice. For this purpose we studied the perforant path-dentate 

granule cell (PP-DG) and the mossy fiber-CA3 (MF-CA3) synapses in the hippocampus. G72 

mRNA is strongly expressed in the entorhinal cortex and dentate granule neurons (Fig. S4, (Otte et 
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al, 2009)) and therefore present at the pre- and postsynaptic neurons of the PP-DG synapse. In 

CA3 pyramidal cells, G72 expression was low and thus preferentially located presynaptically at 

the MF-CA3 synapse .  

At the PP-DG synapse, input-output curves revealed no differences in basal synaptic 

transmission. Both the size of the presynaptic fiber volley (reflecting presynaptic excitability) and 

the magnitude of the resulting excitatory postsynaptic potentials (EPSPs) were unchanged in 

G72Tg mice (Fig. 2A). We next evaluated short-term plasticity using paired-pulse facilitation. An 

increased response to the second of two closely spaced synaptic stimulations was observed in 

control animals (Fig. 2B, empty symbols). This form of plasticity was significantly reduced in 

G72Tg mice (n=6 and 5 for G72Tg1 and WT mice, respectively, Fig. 2B, significant differences 

indicated by asterisks, p=0.0047, 0.0112 and 0.01 for 10, 20, and 40 ms interpuls interval). At the 

mossy fiber-CA3 synapse, which exhibits a much more pronounced paired-pulse facilitation (Salin 

et al, 1996), a similar phenomenon was observed. Paired-pulse facilitation was significantly 

reduced in G72Tg mice (n=4 and 7 for G72Tg and WT mice, respectively, Fig. 2C, significant 

differences indicated by asterisks, p= 0.005 and 0.02 for 20 and 80 ms interpulse interval).  

Because ATP production by synaptic mitochondria is important for sustained 

neurotransmitter release during repetitive synaptic activation (Verstreken et al, 2005), and because 

synaptic mitochondria are more vulnerable to Ca2+ overload than non-synaptic mitochondria 

(Brown et al, 2006), we next examined EPSPs induced by different stimulus trains (1-30 Hz). At 

frequencies >3 Hz, PP-DG synapses displayed a progressive reduction of the EPSP magnitude 

during the stimulus train (Fig. 2D, E). This depression of EPSPs was significantly more 

pronounced in G72Tg mice for stimulation frequencies of both 10 and 30 Hz (Fig. 2F, p=0.016 

and 0.032, respectively, n=5 for both groups), indicating that G72Tg mice are less capable of 

sustained synaptic activity at high frequencies. In order to test if the same is true for synaptic 

short-term plasticity observed at low stimulation frequencies, we examined frequency facilitation 

at the MF-CA3 synapse. These synapses display short-term facilitation to low-frequency 
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stimulation (Fig. 2G). We stimulated mossy fibers at frequencies of 0.3 and 1 Hz, resulting in a 

pronounced facilitation of MF-EPSPs in both Wt and G72Tg1 mice that did not differ 

significantly between these groups (Fig. 2H). Finally, we assessed if potentiation of MF-EPSPs by 

a high-frequency stimulus train is altered in G72Tg1 mice. We found that tetanization resulted in a 

pronounced posttetanic potentiation with a subsequent decline to stable potentiated levels (Fig. 

2I). The time course of this potentiation was not different in Wt and G72Tg mice with respect to 

the posttetanic potentiation or the potentiation 15 minutes after application of the tetanus (Fig. 2I). 

Our data indicate that synaptic short-term plasticity at low frequencies, or presynaptic plasticity 

induced by tetanization are intact in G72Tg mice, but that there is a deficit in sustaining high-

frequency transmission over time.  

 

Pharmacological NAC treatment improves Morris Water maze performance in G72Tg mice 

We next investigated if oral administration of NAC would ameliorate the GSH deficiency of 

G72Tg mice. Indeed, as shown in Fig. 3A, a five week supplementation of NAC in the drinking 

water significantly increased GSH to similar levels in both genotypes ( F3,19=43.11; p<0.0001, Fig. 

3A). The time curve demonstrated that NAC treatment resulted in a significant increase of GSH 

content over time (time: effect F2,16=7.63; p<0.01 ) without any difference between Wt and G72Tg 

mice (genotype: F1,8=0.11; p<0.7501) and no genotype x time interaction (F2,16=0.11; p<0.8975) 

(Fig S5). We then evaluated if hippocampus-dependent memory formation is altered in G72Tg 

mice and affected by the NAC treatment in the Morris water maze (MWM) test (Fig. 3B). Each 

group learned to locate the hidden platform, as indicated by decreasing escape latencies during 

consecutive trials (time: F6,204=24.96; p<0.001). However, G72Tg mice showed longer escape 

latencies, indicating a striking deficit in spatial learning ability (genotype: F1,34=7.071; p<0.05). 

This deficit was completely rescued by the NAC treatment, whereas NAC treatment did not 

influence the performance of Wt animals (genotype x treatment interaction: F1,34=12.57; p<0.01, 

Fig. 3C). Importantly, neither genotype nor treatment influenced the swim speed suggesting that 
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differences in their motor performance did not influence the results (genotype: F1,36=0,702; p>005, 

time: F6,216=1,53; p>005, genotype x time: F6,216=0,559; p>005, Fig. 3D). 

One day after completing the 7-day training period, the hidden platform was removed and 

the time searching the quadrant that formerly contained the platform was evaluated. G72Tg mice 

spent less time in the target quadrant during the probe trial compared to Wt mice. Again, this 

deficit was completely rescued by NAC treatment ( F3,36=56.06; p<0.0001, Fig. 3D).  

 

 

Discussion 

In this study, we propose a pathomechanism for G72-induced behavioral deficits: The 

mitochondrial flavin-binding protein LG72 reduces the activity of complex I of the mitochondrial 

respiratory chain, thereby increasing the oxidative stress in affected neurons. The increased 

oxidative stress results in a reduction of aconitase activity and an increase in lipid peroxidation, 

although antioxidant mechanisms are up regulated as evidenced by the increased expression of 

glutathione transferases and the depleted pool of reduced glutathione. Affected neurons show 

synaptic dysfunctions, including an impaired short-term plasticity and an inability to sustain 

higher frequency transmissions (Fig. 4). These dysfunctions may contribute to the observed spatial 

learning deficit, because altered short-term plasticity would be expected to disturb the precise 

timing of firing in cortical circuits (Silberberg et al, 2004) and thus disrupt the dynamic 

synchronization of neuronal ensembles during cognitive processes.  

Initial evidence for a putative function of LG72 was provided by biochemical studies, which 

demonstrated a binding of carbohydrates including flavin-adenine-dinucleotide (FAD) and flavin-

mononucleotide (FMN) (Chumakov et al, 2002; Pollegioni et al, 2007). Further evidence came 

from the demonstration that LG72 contains a mitochondrial localization signal at the N-terminus 

and is located in mitochondria (Kvajo et al, 2008). This is supported by our results showing a 

mitochondrial localization of LG72 upon expression in mouse neuroblastoma cells. These findings 
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suggest that LG72 binds to flavin-containing mitochondrial proteins and possibly modulates their 

activity. Direct support for this idea is provided by our results showing that the activity of the 

FMN containing oxidoreductase (complex I) of the mitochondrial respiratory chain is adversely 

affected by LG72 expression in G72Tg mice. It remains to be determined if this effect is due to a 

direct binding of LG72 to the FMN group, which could stabilize the flavosemiquinone moiety. 

This flavin binding property of LG72 would explain the increased ROS generation, because the 

flavosemiquinone is the direct electron donor for the one-electron reduction of molecular oxygen 

to superoxide generated at respiratory chain complex I (Kudin et al, 2004; Kushnareva et al, 2002; 

Liu et al, 2002b).  

Several lines of evidence indicate elevated oxidative stress may also be a G72-related 

mechanism in schizophrenia. First, G72 expression is increased in brain samples from 

schizophrenic patients compared to control subjects (Korostishevsky et al, 2004). A number of 

recent studies have started to address the role of G72 in human brain connectivity and psychiatric 

disorders. One study found a strong genetic association between G72 and neurocognitive function 

as well as hippocampal activation (Goldberg et al, 2006). G72 was also identified as a specific 

genetic factor for the progression of prodromal syndromes to schizophrenia (Mossner et al). 

Moreover it was shown that G72 genetic variation obviously modulates both the progressive brain 

changes that characterize schizophrenia (Hartz et al) and the reductions in temporal lobe and 

amygdala gray matter in people suffering from bipolar disorder (Zuliani et al, 2009). Furthermore, 

there is mounting evidence implicating mitochondrial defects and the resulting oxidative stress in 

the pathogenesis of schizophrenia (Altar et al, 2005; Herken et al, 2001; Mahadik and Mukherjee, 

1996; Marchbanks et al, 2003; Prabakaran et al, 2004). Schizophrenic patients display a number 

of biomarkers indicative of increased oxidative stress, such as reduced GSH levels (Do et al, 

2000), increased malondialdehyde levels (Zhang et al, 2006; Zhang et al, 2007), and altered 

antioxidant enzyme activities (Gysin et al, 2007; Zhang et al, 2006). We observed an upregulation 

of the GSTM1 in both G72Tg mouse lines and additional an increased expression of the GSTP1 in 
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G72Tg1 mice. GSTs are important endogenous antioxidant detoxification enzymes which catalyze 

conjugation of oxidized products with the thiolate anion of GSH to form non-toxic and excretable 

products (Hayes et al, 2005; Sharma et al, 2004). Many studies have shown that an augmentation 

of GSTM1 expression leads to an increased tolerance of cells to toxic metabolites and elimination 

of ROS (Hayes and Pulford, 1995). The altered GST expression in G72Tg mice might reflect a 

compensatory  mechanisms to cope with higher cellular oxidative stress. 

Mitochondrial deficits induced by G72 overexpression may contribute to a pathology that is 

common to several psychiatric diseases. For example, patients with psychiatric disorders that were 

also associated with G72 polymorphisms, such as depression and BPAD, showed mitochondrial 

abnormalities at multiple levels (Cataldo et al,2010) (Shao et al, 2008). A recent study revealed a 

decreased complex I activity with a concomitant oxidative damage of mitochondrial proteins in 

patients suffering from bipolar disorder (Andreazza et al). Mitochondrial deficits in psychiatric 

disorders were first suggested by PET analysis of the brain energy metabolism. Patients with 

depression exhibited reduced glucose utilization in the prefrontal cortex, anterior cingulate gyrus, 

and caudate nucleus (Videbech, 2000). Additionally, mitochondrial dysfunctions in BPAD were 

suggested by magnetic resonance spectroscopy (MRS) studies, which repeatedly showed that 

mitochondrial synthesis of N-acetyl-aspartate is reduced in the brains of BPAD patients compared 

to controls (Young, 2007). Furthermore, brain pH levels were decreased, ATP and 

phosphocreatine levels were reduced, and lactate levels were increased in BPAD patients. These 

findings are indicative of a decreased energy metabolism (Stork and Renshaw, 2005). Several 

independent investigators established expression profiles using DNA microarrays from postmortal 

brain tissues of patients with BPAD (Iwamoto et al, 2005; Konradi et al, 2004; Sun et al, 2006). 

They consistently found a decreased expression of transcripts encoding components of the 

mitochondrial electron transport chain, thus supporting the notion of a reduced mitochondrial 

function in these patients. 
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G72 is highly expressed in granular cells of the dentate gyrus of the hippocampus (Otte et al, 

2009). Here we show synaptic dysfunctions in the perforant path and mossy fiber neurons in the 

hippocampus of G72Tg mice. These dysfunctions are probably due to an inability to meet the high 

synaptic energy demand and to the known importance of synaptic mitochondria in maintaining 

transmitter release during high-frequency stimulation (Verstreken et al, 2005). These synaptic 

deficits most probably contribute to the spatial learning phenotype of G72Tg mice, because spatial 

learning relies on intact hippocampal function and oxidative damage to the hippocampus impairs 

spatial memory (Hopkins et al, 1995; Jackson-Smith et al, 1993; Liu et al, 2002a).  

We hypothesized that the spatial learning deficit, if indeed caused by oxidative damage, 

might be ameliorated by increasing GSH via administration of the glutathione precursor NAC. 

NAC releases cysteine after deacetylation, which in turn increases the formation of GSH within 

the intracellular pool of antioxidant molecules (Ferrari et al, 1991). It was previously shown that 

an impairment of hippocampus-dependent spatial memory caused by hypoxia and increased 

oxidative stress was significantly improved by NAC administration (Jayalakshmi et al, 2007). 

Moreover, acute NAC treatment restores the short-term spatial learning deficit in transiently 

glutathione depleted rats (Choy et al, 2010). We showed that an oral chronic supplementation of 

NAC completely rescued the spatial learning deficit of the G72Tg mice. These findings support 

the hypothesis that oxidative stress caused the spatial learning deficit of G72 transgenic mice. 

However, NAC also modulates levels of extrasynaptic glutamate (Odlaug and Grant, 2007) and 

thus stimulates metabotropic glutamate receptors (mGluRs) (Baker et al, 2003; Chen et al, 2010; 

Lafleur et al, 2006; LaRowe et al, 2006). Although we have not observed any treatment effect in 

wild type animals, we cannot exclude the possibility that a NAC-induced elevation of extracellular 

glutamate contributed to the cognitive improvement in G72Tg animals. In this context it is also 

important to note that activation of mGluRs reduces the loss of cellular GSH (Sagara and 

Schubert, 1998). Interestingly, antioxidants including omega-3 fatty acids  (Sivrioglu et al, 2007) 

and NAC have already demonstrated clinical efficacy in the treatment of schizophrenia symptoms 
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(Berk et al, 2008a; Lavoie et al, 2008), obsessive-compulsive disease (Grant et al, 2009; Odlaug et 

al, 2007) and bipolar disorder (Berk et al, 2008b). Our findings provide a rationale for this 

treatment effect and suggest a therapeutic option for the therapy of G72-associated psychiatric 

disorders.  
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Table 1. Differentially expressed proteins in the cerebellum of G72Tg mice. Relative expression levels 

were evaluated independently by densitometry from 3 Wt and 3 G72Tg gels.  

G72Tg1   
Name Accession ID Ratio G72Tg : Wt 
Rho GDP dissociation inhibitor GDIR_MOUSE 2.04 :1 
Tubulin alpha 1 Q3TGF0_MOUSE 0.5 :1 
Tubulin alpha 1 Q3TGF0_MOUSE 0.34 : 1 
Cofilin-1 (Cofilin, non-muscle 
isoform) 

COF1_MOUSE 1.69 : 1 

Glutathione S-transferase P1 GSTP1_MOUSE 2.29 : 1
Glutathione S-transferase M1 GSTM1_MOUSE 1.54 : 1 
G72Tg2   
Tubulin beta 2 Q99JZ6_MOUSE 2.52 : 1 
Glutamine synthetase Q91VC6_MOUSE 2.84:1 
Phosphoglycerate mutase 1 PGAM1_MOUSE 2.41 : 1 
Cofilin-1 (Cofilin, non-muscle 
isoform) 

COF1_MOUSE 1.45 : 1 

Glutathione S-transferase M1 GSTM1_MOUSE 1.59 : 1 
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Figure legends 

 

Fig. 1: (A) Quantification of mitochondrial citrate synthase activity in cerebellar (Cb) and cortical (Co) 

lysates revealed no differences between the genotypes. (B) The ratios of complex I activity/citrate synthase 

activity mice and (C) aconitase activity/citrate synthase activity were decreased in cerebellar lysates of 

G72Tg animals. (D) Quantification of reduced glutathione (GSH) content / µg protein in cortex and 

cerebellum of male Wt and G72Tg mice. (E) Concentration of thiobarbituric acid-reactive substances 

(TBARS), which are an indicator of oxidized biomolecules in the cerebellum of G72Tg and Wt male 

animals. (F) D-serine content (% D-serine) in Wt and G72Tg mice. Co= cerebral cortex; Cb= cerebellum; 

Hc=hippocampus; Fb= forebrain. (G) DAO activity in Wt and G72Tg mice. **P<0.01 and P*<0.05 for 

Mann-Whitney U-test. All results are shown as mean ± S.E.M., n=6, scale bar a-c represent 10 µm.  

 

Fig. 2: Altered synaptic transmission in G72Tg mice. (A) Basal synaptic transmission is unaltered. The 

dependence of the normalized excitatory postsynaptic potential (EPSP) magnitude on the stimulation 

strength was unchanged in G72Tg mice. Likewise, the dependence of the presynaptic fiber volley size on 

stimulation strength was unchanged. Insets depict representative examples of EPSPs recorded from G72 Wt 

and G72Tg mice. (B, C) Paired-pulse presynaptic plasticity at PP-DG (B) and MF-CA3 (C) synapses. The 

paired-pulse facilitation for control and G72 transgenic mice (empty and filled symbols, respectively) was 

calculated as the peak amplitude ratio of the second to the first of two consecutively elicited EPSPs. 

Representative examples in top panels, quantification in lower panels. (D) Response of PP-DG synapses to 

sustained synaptic stimulation. EPSPs were induced by stimulus trains at varying frequencies (1-30 Hz). A 

representative example for a G72Tg and a Wt mouse is shown. (E, F) Progressive reduction of the EPSP 

magnitude during 10 or 30 Hz stimulus trains. Average EPSP amplitudes are plotted normalized to the 

amplitude of the first EPSP in the train (E). The depression of EPSPs was significantly more pronounced in 

G72Tg mice for stimulation frequencies of both 10 and 30 Hz (F). (G, H) Frequency facilitation at MF-

CA3 synapses at frequencies of 0.3, 1 and 3 Hz. A pronounced facilitation of MF-EPSPs in both Wt and 

G72Tg mice (G) did not significantly differ between these groups (H). (I) Potentiation of MF-EPSPs by a 

high-frequency stimulus train. Tetanization resulted in a pronounced posttetanic potentiation with a 
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subsequent decline to stable potentiated levels for both Wt and G72Tg mice (empty and filled symbols, 

respectively) with no differences between groups. All data are expressed as mean ± SEM. *P<0.05.  

 

Fig. 3. NAC-dependent rescue of spatial learning in G72Tg mice. (A) Brain GSH concentrations before 

and after NAC treatment (n=5). (B) Learning curves showing the average latency to find the platform in the 

MWM (n=8-12). (C) Velocity during training sessions (n=8-12). (D) Probe trial. Percent time spent in the 

target quadrant (E) during the probe trial conducted on the final day of training (n=8-12). All results are 

shown as mean ± S.E.M. *P<0.05, **P<0.01 and P***<0.001  

 

 

Fig. 4. Suggested pathomechanism for G72 in mitochondria. Mitochondrial LG72 attenuates the activity of 

the complex I of the respiratory chain, presumably through binding to the FMN group. Impaired complex I 

functions results in an increased production of superoxide (O2-.), which in turn leads to increased lipid / 

protein peroxidation and reduced aconitase activity. The detoxifying glutathione S-transferase (GST), 

which is up-regulated in G72Tg mice, converts GSSH and lipid hydroperoxide (LO2H) into GSSG, water 

and lipid alcohol (LOH). Augmented GST protein expression diminishes the glutathione pool in the cell. 
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