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Abstract

Background: Modulating the methylation process induces broad biochemical changes, some of which may be involved in 
schizophrenia. Methylation is in particular central to epigenesis, which is also recognized as a factor in the etiology of schizophrenia. 
Because methionine administration to patients with schizophrenia has been reported to exacerbate their psychotic symptoms 
and because mice treated with methionine exhibited social deficits and prepulse inhibition impairment, we investigated whether 
methionine administration could lead to behavioral changes that reflect schizophrenic symptoms in mice.
Methods: l-Methionine was administered to mice twice a day for 7 days.
Results: We found that this treatment induces behavioral responses that reflect the 3 types of schizophrenia-like symptoms (positive, 
negative, or cognitive deficits) as monitored in a battery of behavioral assays (locomotion, stereotypy, social interaction, forced 
swimming, prepulse inhibition, novel object recognition, and inhibitory avoidance). Moreover, these responses were differentially 
reversed by typical haloperidol and atypical clozapine antipsychotics in ways that parallel their effects in schizophrenics.
Conclusion: We thus propose the l-methionine treatment as an animal model recapitulating several symptoms of 
schizophrenia. We have established the face and predictive validity for this model. Our model relies on an essential natural 
amino acid and on an intervention that is relatively simple and time effective and may offer an additional tool for assessing 
novel antipsychotics.

Keywords:  Schizophrenia, methionine, mouse model, face validity, predictive validity

Introduction
l-Methionine, an essential amino acid, is required for the gen-
eration of S-adenosylmethionine (SAM), the primary methyl 
donor in almost all methylation reactions. Methylation impacts 
a wide range of substrates, including proteins, phospholipids, 
polysaccharides, RNA, and DNA (Loenen, 2006). Consequently, 
methylation reactions affect numerous biological processes 
and metabolic pathways that are involved in cell proliferation, 

differentiation, survival, and other cellular functions (Wu et al., 
2010; Horvath et al., 2012; Chen et al., 2013; Kim et al., 2014; Roidl 
and Hacker, 2014). In particular, DNA methylation is an impor-
tant epigenetic factor that regulates gene expression (for review, 
see Jurkowska and Jeltsch, 2010; Ehrlich and Lacey, 2013).

A chronic dietary deficit of methionine lowers the concen-
tration of SAM and reduces methylation of DNA cytosine in 
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rats and mice (Wainfan et al., 1989; Niculescu and Zeisel, 2002; 
Pogribny et al., 2005; Cordero et al., 2013; Takumi et al., 2015). On 
the other hand, repeated l-methionine administration to mice 
and rats has been reported to induce hypermethylation of cer-
tain genes’ promoters (Tremolizzo et al., 2002; Batra and Verma, 
2014; Parrish et al., 2015).

Going back to the sixties and seventies, several studies 
have reported that methionine administration to patients with 
schizophrenia exacerbates psychotic symptoms (Pollin et  al., 
1961; Brune and Himwich, 1962; Antun et al., 1971; Cohen et al., 
1974). Changes in methylation were proposed to be the cause 
of the responses. Indeed, alteration of the methylation pattern 
has long been associated with schizophrenia. The transmeth-
ylation hypothesis of schizophrenia, first described by Osmond 
and Smythies (1952) in the early fifties of the last century, pro-
posed that increases in the abnormal metabolism of dopamine, 
noradrenaline, and serotonin, which leads to increases in their 
methylated metabolites, might be responsible for the psychotic 
symptoms.

Since then, strong associations between schizophrenia 
and genes encoding the transmethylation enzymes have been 
reported in various human populations and experimental ani-
mals (Roffman et al., 2008; Lajin et al., 2012; Saradalekshmi et al., 
2014). The epigenetic hypothesis of schizophrenia has shown a 
strong association of abnormal DNA methylation with schizo-
phrenia (van Eijk et al., 2014; Hass et al., 2015; Li et al., 2015). 
Patients with schizophrenia exhibit global changes in DNA 
methylation in leukocytes (Shimabukuro et al., 2007) and over-
expression of DNA methyl transferase in GABAergic interneu-
rons in the prefrontal cortex (Zhubi et al., 2009).

It has been shown in mice that a prolonged methionine 
treatment produces behavioral responses that mimic certain 
aspects of schizophrenia such as social deficit and prepulse 
inhibition (PPI) (Tremolizzo et al., 2002). An epigenetic mecha-
nism was proposed to account for these behavioral responses. 
However, this study was not extended to determine whether 
methionine administration can induce other schizophrenia-like 
symptoms, namely positive, negative, and cognitive. Therefore, 
we set up to test whether repeated methionine administration 
results in behavioral responses that reflect schizophrenic-like 
symptoms. We show that methionine administration in adult 
mice induces behaviors that are related to the 3 types of schiz-
ophrenia symptoms and that these behavioral deficits can be 
reversed by antipsychotic administration. Our data support that 
repeated methionine administration may serve as a model for 
schizophrenia.

Materials and Methods

Animals

Male Swiss Webster mice, 8 to 11 weeks old, were obtained from 
Charles River Laboratories (Wilmington, MA). Mice were group-
housed and maintained on a 12-hour-light/-dark cycle (light on 
at 7:00 am) with food and water available ad libitum. All experi-
mental procedures were approved by the Institutional Animal 
Care and Use Committee of University of California, Irvine and 
were performed in compliance with national and institutional 
guidelines for the care and use of laboratory animals.

Drug Administrations

MET (Sigma-Aldrich) was dissolved in saline. Haloperidol (HAL, 
Research Biochemicals International) and clozapine (CLZ, 

Sigma-Aldrich) were dissolved in saline with 0.3% tartaric acid, 
after which the pH was adjusted to pH 5–6 with sodium hydrox-
ide. MET (750 mg/kg, 15 mL/kg, i.p.) was administered twice a day 
(9:00 am/3:00 pm) for 7 consecutive days. In the locomotion test, 
HAL (0.1, 0.25, 0.5 mg/kg, 5 mL/kg, i.p.) and CLZ (1, 2.5, 5 mg/kg, 
5 mL/kg, i.p.) were administered 40 minutes before the test. In 
the forced swim test and PPI test, HAL (0.1, 0.25, 0.5 mg/kg, 5 mL/
kg, i.p.) and CLZ (1, 2.5, 5 mg/kg, 5 mL/kg, i.p.) were administered 
60 minutes before the test. In the novel objects recognition test, 
HAL (0.1, 0.25, 0.5 mg/kg, 5 mL/kg, i.p.) and CLZ (1, 2.5, 5 mg/kg, 
5 mL/kg, i.p.) were administered 30 minutes before the training 
test.

Behavioral Testing

Locomotion and Stereotypy Assays
The effect of MET on locomotor activity and stereotypy was 
assessed 18 hours after the last MET injection as described before 
(McNamara et al., 2006). Mice were placed into a locomotion test 
chamber (40 × 40 cm, Med Associates, Inc.) and allowed to habit-
uate for 30 minutes before test. For HAL and CLZ dose response 
experiments, the habituation step was skipped because of the 
known effect of both drugs decreasing spontaneous locomotor 
activity. The horizontal, vertical, and stereotypic activities for 1 
hour were recorded and analyzed by Activity Monitor 5 software 
(Med Associates, Inc.).

Social Interaction Assay
The social interaction assay was carried out 18 hours after the 
last MET injection as described before (Kaidanovich-Beilin et al., 
2011). The apparatus for the social interaction test is comprised 
of a rectangular 3-chamber Plexiglas box (manufactured by car-
pentry facility, University of California, Irvine). Each chamber 
is 20 × 40 × 20, cm and the dividing walls are made with a mov-
able door in the middle with a 5-cm opening, which allows free 
access to each chamber. Two empty wire-mesh containment 
cups (9 cm diameter × 10 cm height) were placed in the middle 
of the right or left chamber (one per each side). The subject mice 
were first placed in the middle chamber and allowed to explore 
for 5 minutes with the dividing doors closed. A control mouse 
(an unfamiliar mouse of the same strain, gender, and age had 
no prior contact with the subject mouse) was placed inside the 
containment cup that is located in one of the side chambers. 
The placement of the control mouse in the side chambers was 
counter-balanced between trials. After habituation, the dividing 
doors were removed between the compartments to allow free 
access for the subject mouse to explore the 3 chambers for 10 
minutes. The duration and number of direct contacts between 
the subject mice with both cups were recorded individually. 
Direct contact between the subject mouse and the cup or the 
body of the subject mouse except for the tails in an area 3 cm 
around the cup was counted as an active contact. Tests were 
video recorded and analyzed by ANY-MAZE software (Stoelting 
Co.).

Forced Swim Assay
The forced swim assay was performed 18 hours after the last 
MET injection as previously described (Can et  al., 2012). Mice 
were placed individually in a transparent glass cylinder con-
taining water (24 cm high, 14.5 cm diameter, 14 cm water depth) 
at 23°C to 25°C and forced to swim. Mice were videotaped for 6 
minutes, and the immobility time (time spent passively float-
ing) is recorded for the last 4 minutes, after discarding activity 
in the first 2 minutes during which an animal tries to escape. 
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ANY-MAZE software was used to record and analyze immobility 
(Stoelting Co.).

PPI Assay
PPI test was measured 18 hours after the last MET injection as 
previously described (Duangdao et  al., 2009). Detailed instru-
ment introduction and procedure are described in supplemen-
tary Methods and Materials.

Novel Object Recognition Assay
The novel object recognition assay was carried out 18 hours after 
the last MET injection as described previously (Stefanko et al., 
2009). This task consists of a training phase and a testing phase. 
Before training, all mice were handled 1 to 2 min/d for 3 days 
and were habituated to the experimental apparatus 10 min/d 
for 3 consecutive days without objects (2 hours after the morn-
ing MET injection). The experimental apparatus is a rectangular 
open field (20 × 40 × 20 cm, manufactured by carpentry facility, 
University of California, Irvine). During the training phase, mice 
were placed in the experimental apparatus with 2 identical 
objects (PVC male pipe adapter, white, 1.5  inch × 2.2  inch; PVC 
female hose mender, green, 1.4  inch × 2.2  inch) and allowed to 
explore for 10 minutes. Exploration was defined as occurring 
when an animal faced an object by 1 inch or less or when any 
part of the animal body touched the object, except for the tail. 
The objects were thoroughly cleaned with 10% ethanol and then 
dried between trials to make sure no olfactory cues were pre-
sent. Twenty-four hours later, mice were given the retention 
test. During these retention tests, mice were allowed to explore 
the experimental apparatus for 5 minutes in the presence of one 
familiar and one novel object. The location of the novel object 
was counterbalanced between trials. Duration and the number 
of times that the mice explored familiar or novel object were 
recorded individually. The relative exploration time was recorded 
and expressed by a discrimination index: (Tnovel − Tfamiliar)/ (Tnovel + 
Tfamiliar) × 100%. Tests were video recorded and analyzed by ANY-
MAZE software (Stoelting Co.).

Inhibitory Avoidance Assay
Mice were tested for inhibitory avoidance 18 hours after the last 
MET injection as described previously (Chatterjee et al., 2011). 
The apparatus consisted of a chamber divided into 2 compart-
ments, light illuminated and dark compartment with a guillo-
tine door between the chambers (manufactured by carpentry 
facility, University of California, Irvine). The dark compartment 
has a stainless-steel floor through which a foot-shock can be 
delivered. In the training trial, mice were placed in the light 
compartment and the guillotine door was opened. After the 
mouse entered the dark chamber, the door was closed and foot 
shock (0.4 milliamps/1 s) was delivered. The animals remained 
in the dark compartment for 30 seconds. In the test trial, 48 
hours after the training, mice were placed in the light compart-
ment and their latency to enter the dark compartment (associ-
ated with the foot shock) was recorded as an index of memory 
consolidation. Cut-off latency was 10 minutes.

Open Field Assay
The open field assay was carried out 18 hours after the last MET 
injection as described before with slight modifications (Lipkind 
et  al., 2004). Briefly, mice were placed into the open field test 
chamber (40 × 40 cm, Med Associates, Inc.) and the total distance 
animals travelled for 10 minutes was recorded and analyzed by 
Activity Monitor 5 software (Med Associates, Inc.). The central zone 
was defined as a 24 × 24 cm square in the middle of test chamber.

Rotarod Assay
The rotarod assay was carried out 18 hours after the last 
MET injection as described before with slight modifications 
(Duangdao, Clark et al., 2009). Mice were briefly trained to main-
tain their position on the rotarod apparatus (TSE Systems, Inc.) 
before the test session. The training session consisted of a 5-min-
ute interval with an initial speed of 10 rounds/min (rpm) for 110 
seconds. The rotarod then accelerated linearly from 10 to 20 rpm 
in 80 seconds and the rod kept rotating with 20 rpm for another 
110 seconds. Sixty minutes after the training session, mice were 
placed on the rotarod at an initial speed of 4 rpm. The test ses-
sion consisted of a 7-minute interval, during which the rotarod 
accelerated linearly from 4 to 60 rpm. The latency and rotation 
speed at which an animal fell off the rod was recorded automati-
cally by an infrared beam located below the rotating rod.

Tail Flick Assay
The tail flick assay was carried out 18 hours after the last MET 
injection as described before (Zhang et al., 2014). In brief, acute 
nociceptive response was measured by using an electroni-
cally controlled tail-flick analgesimeter (UGO Basile Biological 
Research Apparatus, 7360 Tail Flick) that integrated both a ther-
mal nociceptive stimulus and an automated response timer. 
A  thermal stimulus (focused light from a 20W infrared bulb 
as the heat source) was applied to the tips of mice tails. The 
time from onset of stimulation to a rapid flick or withdrawal of 
the tail from the heat source was recorded as tail flick latency. 
A maximum of 22 seconds was set as a cut off time to prevent 
tissue damage to the animals.

Data Analysis

Graphpad Prism (GraphPad Software, Inc.) was used for statisti-
cal analysis. Data are presented as means ± SEM. Results were 
analyzed by Student t test or ANOVA followed by the appropriate 
post hoc comparisons, and P < .05 was considered statistically 
significant.

Results

Behavioral Phenotype of MET-Injected Mice

MET (750 mg/kg) or saline was administered to mice twice a day 
for 7 days. Mice were then observed and subjected to different 
behavioral assays to evaluate their phenotypes as they relate to 
psychotic syndromes.

The MET treatment did not have any evident pathologi-
cal effects nor did it affect the body weights (P > .05; Figure 1A). 
When compared with control mice, MET-treated mice displayed 
the same level of nociceptive response in tail flick assay (P > .05; 
Figure 1B), spent the same amount of time tested in the center 
area in the open field assay (P > .05; Figure 1C) and the same level 
of motor coordination in the rotarod assay (P > .05; Figure 1D).

The MET treatment, however, did affect several behavioral 
responses that mimic schizophrenia symptoms.

Positive Symptoms
MET-treated mice exhibited a 2-fold increase in their locomo-
tor activity, indicated by the increase in total distance that they 
travelled (P < .01; Figure 2A). They also displayed a greater level 
of stereotypic behaviors (P < .05; Figure  2B). These results sug-
gest that MET-treated mice are hyperactive and display behav-
ioral phenotypes that are related to the positive symptoms of 
schizophrenia.

http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv054/-/DC1
http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv054/-/DC1
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Negative Symptoms
In the social interaction assay, the MET-treated mice displayed 
less interaction with the unfamiliar mice (P > .05; Figure 2C) than 
did control mice (P < .001; Figure 2C). These results indicate that 
the MET-treated mice exhibit impaired sociability. In the forced 
swim assay, MET-treated mice displayed more immobility time 
than control mice (P < .001; Figure 2D), suggesting a lower level 
of motivated affection. These assays reflect the negative symp-
toms of schizophrenia.

Sensorimotor Gating Behavior and Cognitive Symptoms
We studied the effect of MET treatment on sensorimotor gat-
ing behavior. MET-treated mice did not display a significant 
change in their startle reactivity compared with control mice 
(P > .05; Figure 3A), yet they exhibited significantly decreased PPI 
ratios (P < .05; Figure  3B), suggesting an impairment in senso-
rimotor gating function. In the novel object recognition assay, 
the MET treatment did not affect the time mice spent explor-
ing the identical objects during the training session (data not 
shown). However, during the retention session, when exposed 
to a new and an old object, the MET-treated mice did not dis-
criminate between these 2 objects as did the control mice 
(P > .05; Figure 3C; P < .001; Figure 3D). These results indicate that 
MET-treated mice exhibit an impairment in recognition. In the 

inhibitory avoidance assay, saline- and MET-treated mice did 
not display differences in the latency to enter the dark chamber 
during the training trial. However, 48 hours after the training, 
MET-treated mice displayed a decrease in their latency time to 
enter the dark chamber (P < .01; Figure 3E) and a decreased per-
centage of animals avoiding entering the dark chamber (P < .05; 
Figure  3F) compared with control mice. Together, these last 
assays are indicative of cognitive deficits.

Effect of Antipsychotics on the MET-Induced 
Schizophrenic-Like Phenotype in Mice

Because MET-treated mice displayed behaviors reflecting 
schizophrenic-like symptoms, we investigated the effects of 
2 antipsychotic drugs on these behaviors. We chose HAL and 
CLZ as representative of the typical and atypical antipsychot-
ics, respectively. Dose response experiments were first carried 
out on control mice for both drugs in each assay to determine 
the appropriate dose to administer (supplementary Figures 
S1–S4).

HAL and CLZ at doses of 0.1 mg/kg and 1 mg/kg, respectively, 
were found to have no significant effect on the locomotion and 
stereotypy on naïve mice (P > .05; supplementary Figure S1) and 
were therefore selected. At these doses, a single injection of HAL 

Figure 1.  General effects of methionine (MET; 750 mg/kg, i.p. twice per day, 7 days) administration. (A) Body weight during 7 days of methionine injections. Two-way 

ANOVA revealed no significant drug effects: F1,36 = 0.32, P = .5768. Data are presented as means ± SEM (n = 10). (B) Nociceptive response in tail flick test: t = 0.8488, P = .4072. 

Unpaired Student t test: saline vs MET, N.S., not significant. Data are presented as means ± SEM (n = 10). (C) Distance travelled in central area of the open field box in the 

first 5 and 10 minutes: 5 minutes, t = 0.3826, P = .7077; 10 minutes, t = 1.031, P = .3201. Unpaired Student t test: saline vs MET, N.S., not significant. Data are means ± SEM 

(n = 8). (D) Latency to fall in the rotarod test: t = 0.4135, P = .6855. Unpaired Student t test: saline vs MET, N.S. not significant. Data are presented as means ± SEM (n = 8).

http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv054/-/DC1
http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv054/-/DC1
http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv054/-/DC1
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or CLZ reversed the MET-induced locomotor hyperactivity and 
stereotypic behavior (P < .001; Figure 4A-B).

Neither HAL (0.1, 0.25, 0.5 mg/kg) nor CLZ (1, 2.5, 5 mg/kg) 
affected the immobility of naïve mice in the forced swim assay 
(P > .05; supplementary Figure S2). However, HAL at 0.25 (P < .05; 
Figure 4C) and 0.5 mg/kg increased the immobility time of MET-
treated mice. CLZ 2.5 mg/kg did not affect the immobility time 
of MET-treated mice (P > .05; Figure 4C). In contrast, 5 mg/kg CLZ 
decreased their immobility time (P < .001; Figure 4C).

In the PPI assay, we found that neither HAL (0.1, 0.25, 0.5 mg/
kg) nor CLZ (1, 2.5, 5 mg/kg) affected the PPI ratio of naïve mice 
(P > .05; supplementary Figure S3B). HAL (0.25 and 0.5 mg/kg) was 
able to reverse the PPI deficit induced by the MET treatment 
(P < .01; Figure  5B) as was CLZ 5 mg/kg (P < .001; Figure  5B). At 
this dose CLZ, however, decreased the startle reactivity (P < .01; 
Figure 5A). CLZ 2.5 mg/kg did not affect the PPI deficit induced by 
the MET treatment (P > .05; Figure 5B). In the novel object recog-
nition assay, neither HAL 0.1 mg/kg nor CLZ 1 mg/kg affected the 
time naïve mice spent exploring identical or different objects 
or their discrimination index (P > .05; supplementary Figure S4). 
At these doses, only CLZ reversed the object recognition deficit 

found in MET-treated mice in terms of discrimination index 
P<.01; (Figure 5D).

Discussion

The methionine cycle, as a primary modulator of methylation, 
may play a role in the etiology of schizophrenia. Associations 
between schizophrenia and genes encoding transmethylation 
enzymes have been reported (Roffman et al., 2008; Lajin et al., 
2012; Saradalekshmi et al., 2014). Indeed in the sixties, the trans-
methylation hypothesis of schizophrenia had proposed that 
abnormal methylated metabolites of dopamine, noradrenaline, 
and serotonin might be responsible for the psychotic symp-
toms (Osmond and Smythies, 1952). Moreover, several studies 
have reported that methionine administration to schizophrenic 
patients exacerbates the psychotic symptoms (Pollin et  al., 
1961; Brune and Himwich, 1962; Spaide et  al., 1969; Ananth 
et al., 1970; Antun et al., 1971; Cohen et al., 1974). Finally, more 
recently, it was shown that prolonged methionine treatment in 
mice produces behavioral responses that mimic certain aspects 
of schizophrenia (Tremolizzo et al., 2002). These data prompted 

Figure 2.  Effect of methionine (MET) on locomotion, stereotypy, social interaction and forced swim assays. (A) Distance mice travelled in 60 minutes of locomotion test: 

t = 3.429, P = .0037. Unpaired Student t test: saline vs MET, **P < .01. Data are presented as means ± SEM (n = 8–9). (B) Stereotypic counts in 60 minutes of locomotion test: 

t = 2.450, P = .027. Unpaired Student t test: saline vs MET,*P < .05. Data are presented as means ± SEM (n = 8–9). (C) Time mice spent interacting with empty cup and control 

mice in social interaction test. Two-way ANOVA revealed significant drug effects: F1,48 = 5.58, P = .0222. Bonferroni posthoc test: empty cup vs control mice, ***P < .001. 

Data are presented as means ± SEM (n = 13). (D) Immobile time in forced swimming test: t = 5.264, ***P < .0001. Unpaired Student t test: saline vs MET, ***P < .001. Data are 

presented as means ± SEM (n = 9).

http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv054/-/DC1
http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv054/-/DC1
http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv054/-/DC1
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us to study whether repeated methionine administration may 
result in a phenotype that reflects schizophrenia-like symptoms 
in mice.

We chose a methionine dose and treatment schedule that 
were used previously by Tremolizzo et  al. (2002) that corre-
sponded to the regimens previously administered to humans 
(Pollin et al., 1961; Brune and Himwich, 1962; Spaide et al., 1969; 

Ananth et al., 1970; Antun et al., 1971; Cohen et al., 1974). We 
show that this treatment has no effect on body weight, pain, 
or anxiety (Figure 1). This treatment, however, affected several 
behavioral responses.

First, the methionine-treated mice displayed increases in 
locomotor activity and in stereotypic behavior (Figure  2A-B). 
Locomotor hyperactivity and stereotypic behavior to a certain 

Figure 3.  Effect of methionine (MET) on prepulse inhibition, novel object recognition, and inhibitory avoidance assays. (A) Startle reactivity: t = 1.795, P = .0781. Unpaired 

Student t test: saline vs MET, N.S., not significant. Data are presented as means ± SEM (n = 29). (B) Prepulse inhibition ratio. Two-way ANOVA revealed significant drug 

effects: F 1,162 = 17.56, P < .0001. Bonferroni posthoc test: saline vs MET, *P < .05. Data are presented as means ± SEM (n = 28). (C) Time mice spent exploring both the new 

and old objects during test session. Two-way ANOVA revealed no significant drug effect: F 1,36 = 3.95, P = .0544. Bonferroni posthoc test: new object vs old object, ***P < .001, 

N.S., not significant. Data are presented as means ± SEM (n = 10). (D) Discrimination index: t = 8.379, P < .0001. Unpaired Student t test: saline vs MET, ***P < .001. Data 

are presented as means ± SEM (n = 10). (E) Latency to enter the dark chamber in both training and retention session. Two-way ANOVA revealed significant drug effects: 

F 1,28 = 5.38, P = .0279. Bonferroni posthoc test: saline vs MET, **P < .01, N.S., not significant. Data are presented as means ± SEM (n = 8). (F) Percentage of animals avoiding 

entering dark chamber in retention session: t = 2.256, P = .0406. Unpaired Student t test: saline vs MET, *P < .05. Data are presented as means ± SEM (n = 8).
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extent mimic the psychomotor disturbance in patients with 
schizophrenia and are used to evaluate the positive symptoms 
of schizophrenia (Kokkinidis and Anisman, 1980; Hoffman, 1992). 
Second, the methionine-treated mice exhibited impairment 
in social interaction and increase in helplessness (Figure  2C-
D). Social withdrawal, affective flattening, and anhedonia are 
prominent among negative symptoms in schizophrenics. The 
social interaction assay, which is based on the fact that mice 
prefer to spend more time with other mice (Moy et al., 2004), and 
the forced swim assay, which monitors a lowered affective state 
(Porsolt et al., 1977), can thus serve to model negative symptoms. 
These results are consistent with the studies by Tremolizzo et al. 
(2005) and Matrisciano et al. (2011), who reported that MET treat-
ment for 7 and 15 days impaired social interaction. Third, the 
methionine-treated mice exhibited less exploration of a novel 
object in the object recognition test (Figure 3C-D) showed deficits 
in inhibitory avoidance acquisition (Figure 3E-F) and the senso-
rimotor gating in the PPI (Figure 3A-B). The novel object recog-
nition assay is based on the propensity of rodents to explore a 
novel object more than a familiar one. Impairments in recogni-
tion of a previously encountered object have been described in 
patients with schizophrenia and in pharmacological and genetic 

models of schizophrenia (Gabrovska et al., 2003; de Lima et al., 
2005; Ibi et al., 2010). In the inhibitory avoidance assay, the ani-
mal is exposed to an aversive event and needs to learn to avoid 
future encounters. Sensorimotor gating deficit is a core feature 
of schizophrenia (Swerdlow et al., 2006) and reflects an inability 
to filter nonrelevant sensory information (Swerdlow et al., 2001). 
The PPI assay is commonly employed in rodent models of schiz-
ophrenia as a correlate for psychosis. These 3 assays were used 
to evaluate the cognitive deficits associated with schizophrenia.

From these results we can infer that repeated administration 
of methionine can induce behavioral deficits that recapitulate 
some of the positive, negative, and cognitive schizophrenia-like 
phenotypes. The methionine treatment can serve to establish 
a mouse model that reproduces some of the core symptoms 
of schizophrenia and as such presents face validity. However, 
a reliable animal model of schizophrenia must predict respon-
siveness to current available antipsychotic drugs (predictive 
validity).

We therefore tested whether the repeated methionine 
administration model possesses predictive validity by assess-
ing the reversal of the behavioral abnormalities by 2 well-estab-
lished prototypical antipsychotic drugs that are known to show 

Figure 4.  Effect of haloperidol (HAL) and clozapine (CLZ) on locomotion, stereotypy, and forced swim assays in methionine treated mice. (A) Effect of HAL (0.1 mg/

kg, i.p.) and CLZ (1.0 mg/kg, i.p.) on distance mice travelled of locomotion test in methionine (MET)-treated mice. One-way ANOVA revealed a significant drug effect: F 

3,33 = 15.70, P < .0001. Bonferroni posthoc test: vehicle /- vs other 3 drug groups, ***P < .001; MET vs MET+HAL (CLZ), ##P < .01, ###P < .001. Data are presented as means ± SEM 

(n = 7–11). (B) Effect of HAL (0.1 mg/kg, i.p.) and CLZ (1.0 mg/kg, i.p.) on stereotypic counts of locomotion test in MET-treated mice. One-way ANOVA revealed a signifi-

cant drug effect: F 3,33 = 12.85, P < .0001. Bonferroni posthoc test: vehicle /- vs other 3 drug groups, **P < .01; MET vs MET+HAL (CLZ), ###P < .001. Data are presented as 

means ± SEM (n = 7–11). (C) Effect of HAL (0.25, 0.5 mg/kg, i.p.) and CLZ (2.5, 5.0 mg/kg, i.p.) on immobile time of forced swimming test in MET-treated mice. One-way 

ANOVAs revealed significant drug effects: vehicle/- vs other 5 drug groups, F 5,53 = 19.58, P < .0001. Dunnett’s posthoc test: ***P < .001; MET vs MET+HAL (CLZ), F4,43 = 12.86, 

P < .0001. Dunnett’s posthoc test: #P < .05, ###P < .001. Data are presented as means ± SEM (n = 8–15).
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efficacy in humans. HAL is a D2 antagonist and is known to pos-
sess good efficacy against positive symptoms but poor efficacy 
against negative symptoms. CLZ, an atypical antipsychotic, has 
a broader pharmacological profile and better efficacy against 
negative symptoms and cognitive deficits of schizophrenia.

The positive symptoms (hyperactivity and increased stereo-
typic behavior), induced by MET, were reversed by HAL and CLZ 
at doses that did not induce any behavioral changes in naïve 
mice (Figure 4A-B; supplementary Figure S1). On the other hand, 
CLZ but not HAL reversed the negative symptoms (increased 
immobility) induced by MET (Figure 4C). Further, both HAL and 
CLZ reversed MET-induced PPI deficits (Figure 5B). However, the 
dose of CLZ that reversed the PPI deficits also affected startle 
reactivity in both naïve and MET-treated animal (Figure 5A; sup-
plementary Figure S3A). We also have shown that CLZ but not 
HAL can reverse the memory deficit in the novel object recog-
nition assay (Figure 5D). These findings are of particular inter-
est, since these 2 drugs show dissimilarity in managing human 
cognitive symptoms. This also shows that the pharmacological 
profiles of the 2 drugs differentially impact the assays.

Our results are in agreement with the majority of preclinical 
and clinical studies that have shown that positive symptoms of 

schizophrenia are reversed by both typical and atypical antip-
sychotics (Crespo-Facorro et al., 2006; Bradford et al., 2010) and 
that atypical but not typical antipsychotics can reverse nega-
tive symptoms and cognitive deficits (Noda and Nabeshima, 
2000; Chindo et al., 2012). While the dopamine-related system 
hyperactivity is involved in the positive symptoms, the negative 
symptoms and cognitive deficits are believed to be associated 
with anatomical and functional abnormalities in the frontal cor-
tex. Interestingly, Dong et al., (2008) found that fronto-cortical 
reelin and GAD67 promoter hypermethylation induced in mice 
by repeated MET administration can be reversed by the atypi-
cal antipsychotic CLZ but not by the typical antipsychotic HAL. 
The mechanism by which CLZ improved MET-induced negative 
symptoms might, thus, be through the reversal of fronto-cortical 
reelin and GAD67 promoter hypermethylation.

Our PPI assay results are interesting. In human as well as in 
certain animal models of schizophrenia, PPI deficits are reversed 
by atypical antipsychotics such as CLZ, risperidone, and olan-
zapine but not by typical antipsychotics (HAL) (Oranje et  al., 
2002; Kinkead et  al., 2005). However, in other animal models, 
HAL is effective in improving the PPI deficit (Dirks et al., 2003; 
Onogi et al., 2010). This is also the case in our model where HAL 

Figure 5.  Effect of haloperidol (HAL) and clozapine (CLZ) on prepulse inhibition (PPI) and novel object recogniton assays in methionine (MET)-treated mice. (A) Effect of 

HAL (0.25, 0.5 mg/kg, i.p.) and CLZ (2.5, 5.0 mg/kg, i.p.) on startle reactivity in MET-treated mice. One-way ANOVAs revealed significant drug effects: vehicle/- vs other 5 

drug groups, F5,74 = 3.768, P = .0043; MET vs MET+HAL (CLZ), F4,57 = .016, P = .0061. Dunnett’s posthoc test: MET vs MET+HAL (CLZ), ##P < .01. Data are presented as means ± SEM 

(n = 10–18). (B) Effect of HAL (0.25, 0.5 mg/kg, i.p.) and CLZ (2.5, 5.0 mg/kg, i.p.) on PPI ratio in MET-treated mice. Two-way ANOVAs revealed significant drug effects: vehi-

cle/- vs other 5 drug groups, F5,228 = 29.01, P < .0001. Bonferroni posthoc test: *P < .05, **P < .01, ***P < .001; MET vs MET+HAL (CLZ), F4,177 = 33.50, P < .0001. Bonferroni posthoc 

test: ##P < .01, ###P < .001. Data are presented as means ± SEM (n = 11–19). (C) Effect of HAL (0.1 mg/kg, i.p.) and CLZ (1.0 mg/kg, i.p.) on time mice spent exploring both the 

new and old objects during test session in MET-treated mice. Two-way ANOVA revealed significant drug effects: F3,56 = 6.85, P = .0005. Bonferroni posthoc test: new object 

vs old object, *P < .05, ***P < .001, N.S., not significant. Data are presented as means ± SEM (n = 8). (D) Effect of HAL (0.1 mg/kg, i.p.) and CLZ (1.0 mg/kg, i.p.) on discrimination 

index in MET-treated mice. One-way ANOVA revealed a significant drug effect: F3,28 = 8.150, P = .0005. Bonferroni posthoc test: vehicle vs other 3 drug groups, ***P < .001; 

MET vs MET+HAL (CLZ), ##P < .01, N.S., not significant. Data are presented as means ± SEM (n = 8).

http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv054/-/DC1
http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv054/-/DC1
http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyv054/-/DC1
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and CLZ reverse the PPI deficit. Our finding showing that CLZ 
decreased the startle response is in agreement with other stud-
ies that reported a similar effect of high doses of CLZ (2.5, 5, 
10 mg/kg) irrespective of the mice strains (Olivier et  al., 2001; 
Dirks et  al., 2003). This decrease in the startle response was 
explained by the sedative effect of CLZ in these mice (Olivier 
et al., 2001; Ouagazzal et al., 2001; Dirks et al., 2003).

While the construct validity is beyond the scope of this 
paper, DNA hypermethylation of certain genes might be the 
mechanism responsible for our behavioral findings. Previous 
studies by the Guidotti group (Tremolizzo et al., 2002) showed 
that MET treatment of mice induced an increase of brain SAM 
and reduced reelin and GAD67 of the GABAergic interneurons 
in various cortical and hippocampal areas. In the MET-treated 
mice, the number of methylated CpG dinucleotides in the reelin 
promoter was shown to be inversely correlated with the reelin 
expression in the brain (Tremolizzo et  al., 2002). Tueting et  al. 
(2010) showed that MET treatment of mice caused a decrease in 
the density of dendritic spine in layer III pyramidal neurons in 
the frontal cortex, which resembles the downregulation in spine 
density observed in the postmortem brains of patients with 
schizophrenia and in heterozygous reeler mice. Further studies 
are required to fully substantiate the construct validity of this 
model with regard to the involvement of different neurotrans-
mitters’ systems, and neuronal functional changes.

In conclusion, we were able to show that the behavioral 
impairments induced by the repeated MET treatment are con-
sistent with those observed in schizophrenia patients. We there-
fore propose MET treatment as an animal model recapitulating 
several symptoms of schizophrenia. Our model relies on the use 
of an essential amino acid that we consume daily and on an 
intervention that is relatively simple and time effective. We have 
established the face and predictive validity for this model, and it 
may offer an additional tool for assessing novel antipsychotics.

Acknowledgments

We thank our colleagues, Drs. Geoff Abbott and Naoto Hoshi, 
for helpful discussions.

This work was supported by National Institute of Health 
(DA024746), the Tourette Syndrome Association (TSA-50841), 
and Eric L.  and Lila D.  Nelson Chair in Neuropharmacology. 
Amal Alachkar is supported by the Institute of International 
Education IIE-SRF fellowship.

Statement of Interest

None.

References
Ananth JV, Ban TA, Lehmann HE, Bennett J (1970) Nicotinic acid 

in the prevention and treatment of methionine-induced 
exacerbation of psychopathology in schizophrenics. Can Psy-
chiatr Assoc J 15:15–20.

Antun FT, Burnett GB, Cooper AJ, Daly RJ, Smythies JR, Zealley AK 
(1971) The effects of L-methionine (without MAOI) in schizo-
phrenia. J Psychiatr Res 8:63–71.

Batra V, Verma P (2014) Dietary L-methionine supplemen-
tation mitigates gamma-radiation induced global DNA 
hypomethylation: enhanced metabolic flux towards S-aden-
osyl-L-methionine (SAM) biosynthesis increases genomic 
methylation potential. Food Chem Toxicol 69:46–54.

Bradford AM, Savage KM, Jones DN, Kalinichev M (2010) Valida-
tion and pharmacological characterisation of MK-801-in-
duced locomotor hyperactivity in BALB/C mice as an assay 
for detection of novel antipsychotics. Psychopharmacology 
212:155–170.

Brune GG, Himwich HE (1962) Effects of methionine loading 
on the behavior of schizophrenic patients. J Nerv Ment Dis 
134:447–450.

Can A, Dao DT, Arad M, Terrillion CE, Piantadosi SC, Gould TD 
(2012) The mouse forced swim test. J Vis Exp: JoV:e3638.

Chatterjee M, Ganguly S, Srivastava M, Palit G (2011) Effect of 
‘chronic’ versus ‘acute’ ketamine administration and its 
‘withdrawal’ effect on behavioural alterations in mice: impli-
cations for experimental psychosis. Behav Brain Res 216:247–
254.

Chen Y, Ozturk NC, Zhou FC (2013) DNA methylation program in 
developing hippocampus and its alteration by alcohol. PloS 
one 8:e60503.

Chindo BA, Adzu B, Yahaya TA, Gamaniel KS (2012) Ketamine-
enhanced immobility in forced swim test: a possible 
animal model for the negative symptoms of schizophre-
nia. Prog Neuropsychopharmacol Biol Psychiatry 38:310– 
316.

Cohen SM, Nichols A, Wyatt R, Pollin W (1974) The adminis-
tration of methionine to chronic schizophrenic patients: a 
review of ten studies. Biol Psychiatry 8:209–225.

Cordero P, Gomez-Uriz AM, Campion J, Milagro FI, Martinez JA 
(2013) Dietary supplementation with methyl donors reduces 
fatty liver and modifies the fatty acid synthase DNA meth-
ylation profile in rats fed an obesogenic diet. Genes Nutr 
8:105–113.

Crespo-Facorro B, Perez-Iglesias R, Ramirez-Bonilla M, Martinez-
Garcia O, Llorca J, Luis Vazquez-Barquero J (2006) A practical 
clinical trial comparing haloperidol, risperidone, and olan-
zapine for the acute treatment of first-episode nonaffective 
psychosis. J Clin Psychiatry 67:1511–1521.

de Lima MN, Laranja DC, Bromberg E, Roesler R, Schroder N 
(2005) Pre- or post-training administration of the NMDA 
receptor blocker MK-801 impairs object recognition memory 
in rats. Behav Brain Res 156:139–143.

Dirks A, Groenink L, Westphal KG, Olivier JD, Verdouw PM, van 
der Gugten J, Geyer MA, Olivier B (2003) Reversal of startle 
gating deficits in transgenic mice overexpressing corticotro-
pin-releasing factor by antipsychotic drugs. Neuropsychop-
harmacology: official publication of the American College of 
Neuropsychopharmacology 28:1790–1798.

Dong E, Nelson M, Grayson DR, Costa E, Guidotti A (2008) Clozap-
ine and sulpiride but not haloperidol or olanzapine activate 
brain DNA demethylation. Proc Natl Acad Sci USA  105:13614–
13619.

Duangdao DM, Clark SD, Okamura N, Reinscheid RK (2009) 
Behavioral phenotyping of neuropeptide S receptor knockout 
mice. Behav Brain Res 205:1–9.

Ehrlich M, Lacey M (2013) DNA methylation and differentiation: 
silencing, upregulation and modulation of gene expression. 
Epigenomics 5:553–568.

Gabrovska VS, Laws KR, Sinclair J, McKenna PJ (2003) Visual 
object processing in schizophrenia: evidence for an associa-
tive agnosic deficit. Schizophr Res 59:277–286.

Hass J, Walton E, Wright C, Beyer A, Scholz M, Turner J, Liu J, 
Smolka MN, Roessner V, Sponheim SR, Gollub RL, Calhoun 
VD, Ehrlich S (2015) Associations between DNA methylation 
and schizophrenia-related intermediate phenotypes: a gene 



10  |  International Journal of Neuropsychopharmacology, 2015

set enrichment analysis. Prog Neuropsychopharmacol Biol 
Psychiatry 59:31–39.

Hoffman DC (1992) Typical and atypical neuroleptics antagonize 
MK-801-induced locomotion and stereotypy in rats.  J Neural 
Transm Gen Sect 89:1–10.

Horvath S, Zhang Y, Langfelder P, Kahn RS, Boks MP, van Eijk 
K, van den Berg LH, Ophoff RA (2012) Aging effects on DNA 
methylation modules in human brain and blood tissue. 
Genome Biol 13:R97.

Ibi D, Nagai T, Koike H, Kitahara Y, Mizoguchi H, Niwa M, Jaaro-
Peled H, Nitta A, Yoneda Y, Nabeshima T, Sawa A, Yamada K 
(2010) Combined effect of neonatal immune activation and 
mutant DISC1 on phenotypic changes in adulthood. Behav 
Brain Res 206:32–37.

Jurkowska RZ, Jeltsch A (2010) Silencing of gene expression by 
targeted DNA methylation: concepts and approaches. Meth-
ods Mol Biol 649:149–161.

Kaidanovich-Beilin O, Lipina T, Vukobradovic I, Roder J, Woodgett 
JR (2011) Assessment of social interaction behaviors.  J Vis Exp 
48:2473.

Kim M, Park YK, Kang TW, Lee SH, Rhee YH, Park JL, Kim HJ, Lee D, 
Kim SY, Kim YS (2014) Dynamic changes in DNA methylation 
and hydroxymethylation when hES cells undergo differentia-
tion toward a neuronal lineage. Hum Mol Genet 23:657–667.

Kinkead B, Dobner PR, Egnatashvili V, Murray T, Deitemeyer N, 
Nemeroff CB (2005) Neurotensin-deficient mice have defi-
cits in prepulse inhibition: restoration by clozapine but not 
haloperidol, olanzapine, or quetiapine. J Pharmacol Exp Ther 
315:256–264.

Kokkinidis L, Anisman H (1980) Amphetamine models of para-
noid schizophrenia: an overview and elaboration of animal 
experimentation. Psychol Bull 88:551–579.

Lajin B, Alhaj Sakur A, Michati R, Alachkar A (2012) Association 
between MTHFR C677T and A1298C, and MTRR A66G poly-
morphisms and susceptibility to schizophrenia in a Syrian 
study cohort. Asian J Psychiatr 5:144–149.

Li Y, Camarillo C, Xu J, Arana TB, Xiao Y, Zhao Z, Chen H, Ramirez 
M, Zavala J, Escamilla MA, Armas R, Mendoza R, Ontiveros A, 
Nicolini H, Magana AA, Rubin LP, Li X, Xu C (2015) Genome-
wide methylome analyses reveal novel epigenetic regulation 
patterns in schizophrenia and bipolar disorder. Biomed Res 
Int 2015:201587.

Lipkind D, Sakov A, Kafkafi N, Elmer GI, Benjamini Y, Golani I 
(2004) New replicable anxiety-related measures of wall vs 
center behavior of mice in the open field. J Appl Physiol (1985) 
97:347–359.

Loenen WA (2006) S-adenosylmethionine: jack of all trades and 
master of everything? Biochem Soc Trans 34:330–333.

Matrisciano F, Dong E, Gavin DP, Nicoletti F, Guidotti A (2011) 
Activation of group II metabotropic glutamate receptors pro-
motes DNA demethylation in the mouse brain. Mol Pharma-
col 80:174–182.

McNamara RK, Logue A, Stanford K, Xu M, Zhang J, Richtand 
NM (2006) Dose-response analysis of locomotor activity and 
stereotypy in dopamine D3 receptor mutant mice following 
acute amphetamine. Synapse 60:399–405.

Moy SS, Nadler JJ, Perez A, Barbaro RP, Johns JM, Magnuson TR, 
Piven J, Crawley JN (2004) Sociability and preference for social 
novelty in five inbred strains: an approach to assess autistic-
like behavior in mice. Genes Brain Behav 3:287–302.

Niculescu MD, Zeisel SH (2002) Diet, methyl donors and DNA 
methylation: interactions between dietary folate, methionine 
and choline. J Nutr 132:2333S–2335S.

Noda Y, Nabeshima T (2000) [Neuropsychopharmacological 
study on an animal model for negative symptom of schiz-
ophrenia induced by repeated phencyclidine treatment]. 
Yakugaku Zasshi 120:677–682.

Olivier B, Leahy C, Mullen T, Paylor R, Groppi VE, Sarnyai Z, Brun-
ner D (2001) The DBA/2J strain and prepulse inhibition of 
startle: a model system to test antipsychotics? Psychophar-
macology 156:284–290.

Onogi H, Nakagawasai O, Tan-No K, Mitazaki S, Sato A, Nakaya 
K, Niijima F, Arai Y, Kikuchi T, Tadano T (2010) p-Hydroxyam-
phetamine causes prepulse inhibition disruptions in mice: 
contribution of dopamine neurotransmission. Behav Brain 
Res 214:349–356.

Oranje B, Van Oel CJ, Gispen-De Wied CC, Verbaten MN, Kahn 
RS (2002) Effects of typical and atypical antipsychotics on 
the prepulse inhibition of the startle reflex in patients with 
schizophrenia. J Clin Psychopharmacol  22:359–365.

Osmond H, Smythies J (1952) Schizophrenia: a new approach. J 
Ment Sci 98:309–315.

Ouagazzal AM, Jenck F, Moreau JL (2001) Drug-induced potentia-
tion of prepulse inhibition of acoustic startle reflex in mice: 
a model for detecting antipsychotic activity? Psychopharma-
cology 156:273–283.

Parrish RR, Buckingham SC, Mascia KL, Johnson JJ, Matyjasik 
MM, Lockhart RM, Lubin FD (2015) Methionine increases 
BDNF DNA methylation and improves memory in epilepsy. 
Ann Clin Transl Neurol 2:401–416.

Pogribny IP, Prizimirska TV, Kulik GI, Lutsiuk MB, Pentiuk OO, 
Postovitenko KP, Artemchuk MA, Poirier LA, Chekhun VF 
(2005) Age-related effects of methionine-enriched diet on 
plasma homocysteine concentration and methylation of 
hepatic DNA in rats. Ukr Biokhim Zh 77:114–119.

Pollin W, Cardon PV Jr, Kety SS (1961) Effects of amino acid feed-
ings in schizophrenic patients treated with iproniazid. Sci-
ence 133:104–105.

Porsolt RD, Le Pichon M, Jalfre M (1977) Depression: a new ani-
mal model sensitive to antidepressant treatments. Nature 
266:730–732.

Roffman JL, Weiss AP, Deckersbach T, Freudenreich O, Henderson 
DC, Wong DH, Halsted CH, Goff DC (2008) Interactive effects 
of COMT Val108/158Met and MTHFR C677T on executive 
function in schizophrenia. Am J Med Genet B Neuropsychiatr 
Genet 147B:990–995.

Roidl D, Hacker C (2014) Histone methylation during neural 
development. Cell Tissue Res 356:539–552.

Saradalekshmi KR, Neetha NV, Sathyan S, Nair IV, Nair CM, 
Banerjee M (2014) DNA methyl transferase (DNMT) gene poly-
morphisms could be a primary event in epigenetic suscepti-
bility to schizophrenia. PloS one 9:e98182.

Shimabukuro M, Sasaki T, Imamura A, Tsujita T, Fuke C, Umek-
age T, Tochigi M, Hiramatsu K, Miyazaki T, Oda T, Sugimoto J, 
Jinno Y, Okazaki Y (2007) Global hypomethylation of periph-
eral leukocyte DNA in male patients with schizophrenia: a 
potential link between epigenetics and schizophrenia. J Psy-
chiatr Res 41:1042–1046.

Spaide J, Neveln L, Tolentino J, Himwich HE (1969) Methionine 
and tryptophan loading in schizophrenic patients receiving 
a MAO inhibitor: correlation of behavioral and biochemical 
changes. Biol Psychiatry 1:227–233.

Stefanko DP, Barrett RM, Ly AR, Reolon GK, Wood MA (2009) 
Modulation of long-term memory for object recognition 
via HDAC inhibition. Proc Natl Acad Sci USA 106:9447– 
9452.



Wang et al.  |  11

Swerdlow NR, Geyer MA, Braff DL (2001) Neural circuit regulation 
of prepulse inhibition of startle in the rat: current knowledge 
and future challenges. Psychopharmacology 156:194–215.

Swerdlow NR, Light GA, Cadenhead KS, Sprock J, Hsieh MH, Braff 
DL (2006) Startle gating deficits in a large cohort of patients 
with schizophrenia: relationship to medications, symptoms, 
neurocognition, and level of function. Arch Gen Psychiatry 
63:1325–1335.

Takumi S, Okamura K, Yanagisawa H, Sano T, Kobayashi Y, 
Nohara K (2015) The effect of a methyl-deficient diet on the 
global DNA methylation and the DNA methylation regulatory 
pathways. J Appl Toxicol. In press.

Tremolizzo L, Carboni G, Ruzicka WB, Mitchell CP, Sugaya I, Tuet-
ing P, Sharma R, Grayson DR, Costa E, Guidotti A (2002) An 
epigenetic mouse model for molecular and behavioral neuro-
pathologies related to schizophrenia vulnerability. Proc Natl 
Acad Sci USA 99:17095–17100.

Tremolizzo L, Doueiri MS, Dong E, Grayson DR, Davis J, Pinna G, 
Tueting P, Rodriguez-Menendez V, Costa E, Guidotti A (2005) 
Valproate corrects the schizophrenia-like epigenetic behav-
ioral modifications induced by methionine in mice. Biol Psy-
chiatry 57:500–509.

van Eijk KR, de Jong S, Strengman E, Buizer-Voskamp JE, Kahn 
RS, Boks MP, Horvath S, Ophoff RA (2014) Identification of 
schizophrenia-associated loci by combining DNA methyla-
tion and gene expression data from whole blood. Eur J Hum 
Genet doi:10.1038/ejhg.2014.245.

Wainfan E, Dizik M, Stender M, Christman JK (1989) Rapid appear-
ance of hypomethylated DNA in livers of rats fed cancer-pro-
moting, methyl-deficient diets. Cancer Res 49:4094–4097.

Wu H, Coskun V, Tao J, Xie W, Ge W, Yoshikawa K, Li E, Zhang Y, 
Sun YE (2010) Dnmt3a-dependent nonpromoter DNA meth-
ylation facilitates transcription of neurogenic genes. Science 
329:444–448.

Zhang Y, Wang C, Wang L, Parks GS, Zhang X, Guo Z, Ke Y, Li KW, 
Kim MK, Vo B, Borrelli E, Ge G, Yang L, Wang Z, Garcia-Fuster 
MJ, Luo ZD, Liang X, Civelli O (2014) A novel analgesic isolated 
from a traditional Chinese medicine. Curr Biol 24:117–123.

Zhubi A, Veldic M, Puri NV, Kadriu B, Caruncho H, Loza I, Sershen 
H, Lajtha A, Smith RC, Guidotti A, Davis JM, Costa E (2009) An 
upregulation of DNA-methyltransferase 1 and 3a expressed in 
telencephalic GABAergic neurons of schizophrenia patients 
is also detected in peripheral blood lymphocytes. Schizophr 
Res 111:115–122.




