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Abstract

The methionine-folate cycle-dependent one-carbon metabolism is implicated in the 

pathophysiology of schizophrenia. Since schizophrenia is a developmental disorder, we examined 

the effects that perturbation of the one-carbon metabolism during gestation has on mice progeny. 

Pregnant mice were administered methionine equivalent to double their daily intake during the last 

week of gestation. Their progeny (MET mice) exhibited schizophrenia-like social deficits, 

cognitive impairments and elevated stereotypy, decreased neurogenesis and synaptic plasticity, and 

abnormally reduced local excitatory synaptic connections in CA1 neurons. Neural transcript 

expression of only one gene, encoding the Npas4 transcription factor, was >twofold altered 

(downregulated) in MET mice; strikingly, similar Npas4 downregulation occurred in the prefrontal 

cortex of human patients with schizophrenia. Finally, therapeutic actions of typical (haloperidol) 

and atypical (clozapine) antipsychotics in MET mice mimicked effects in human schizophrenia 
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patients. Our data support the validity of MET mice as a model for schizophrenia, and uncover 

methionine metabolism as a potential preventive and/or therapeutic target.

INTRODUCTION

The one-carbon metabolism plays a critical role in the integration of genetic and 

environmental factors. This universal pathway cycles methyl groups from methionine to 

various products. Methionine, supplied through the diet, is converted to S-

adenosylmethionine (SAM) the main methyl donor, and is used by over 100 

methyltransferases. Substrates can be DNA, RNA, proteins, phospholipids, carbohydrates 

and neurotransmitters, making the one-carbon metabolism a key player in almost all cellular 

functions (Figure 1a)1–5 that serves specific needs of different tissues and different 

developmental stages.6

The potential contribution of the one-carbon metabolism to the pathophysiology of 

schizophrenia is supported by data dating back to the sixties. High methionine 

administration exacerbates the psychotic symptoms in patients with schizophrenia.7,8 

Dysfunction in the one-carbon metabolism has also been shown to lead to (1) an abnormal 

metabolism of dopamine, noradrenaline and serotonin,9 (2) abnormal DNA methylation and 

(3) increased toxic plasma homocysteine. Deficiencies in the one-carbon metabolism 

components folate and vitamin B12, and hyperhomocysteinemia, are consistent findings in 

schizophrenia patients.10,11 The link between the one-carbon pathway and schizophrenia is 

also reflected in the strong association between the genes encoding transmethylation 

enzymes such as methylenetetrahydrofolate reductase, catechol-O-methyltransferase, 

methionine adenosyltransferase, methionine synthase and DNA methyltransferase, and 

schizophrenia.12–18

Diets that change the one-carbon metabolism during pregnancy influence the methylation 

reactions and lead to permanent changes in offspring phenotypes.19–21 Folate deficiency 

during pregnancy has long been known as a risk factor for schizophrenia.22 Recently, a study 

of seasonal fluctuations in the dietary intake of rural Gambian women showed that maternal 

methyl-donor nutrient intake during conception influences plasma methyl-donor pathway 

substrates that predict changes in methylation at metastable epialleles in the offspring DNA.
20,23 Most significantly, the occurrence of maternal hyperhomocysteinemia during the third 

trimester of pregnancy is associated with a twofold increase in the risk of schizophrenia in 

offspring.24

In spite of the strong evidence for a central role of the one-carbon metabolism in the 

pathophysiology of schizophrenia, a study of its role in schizophrenia during gestation has 

not previously been undertaken. Here we examine the causal role that dysregulation of the 

one-carbon metabolism during prenatal stages has on the pathophysiology of schizophrenia. 

We test the hypothesis that the increase in prenatal methionine load leads to permanent 

deficits in behavioral responses that are associated with schizophrenia. We also investigate 

the translational aspect of this animal model in the pathogenesis of schizophrenia in humans.
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MATERIALS AND METHODS

Animals and breeding procedures

Swiss Webster mice, 8–9 weeks age, were obtained from Charles River Laboratories 

(Wilmington, MA, USA). One male and two female mice were group-housed for harem 

breeding and maintained on a 12-h light/dark cycle (light on at 0700 hours) with food and 

water available ad libitum. Pregnant mice were individually housed from the 13 day of 

pregnancy (gestational day 13) until delivery. After weaning (postnatal day 21), male mice 

were selected for the study and group-housed separately. All experimental 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 administration

L-methionine (MET, Sigma-Aldrich, St. Louis, MO, USA) 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 hydroxide. Pregnant mice that mated with the same male mouse were 

administered with MET (750 mg/kg, 15 ml/kg, s.c.) or saline (SAL) twice a day (0900/1500 

hours) for 7 to 8 consecutive days from the 14 day of pregnancy (gestational day 14) until 

delivery. The daily dose of methionine injected was twofold that of the normal daily dietary 

methionine intake. In the locomotion and social interaction tests, haloperidol (0.1 mg/kg, 5 

ml/kg, i.p.) and clozapine (1.0 mg/kg, 5 ml/kg, i.p.) were administered 40 and 60 min before 

the test, respectively. In the prepulse inhibition test, haloperidol (0.25 mg/kg, 5 ml/kg, i.p.) 

and clozapine (2.5 mg/kg, 5 ml/kg, i.p.) were administered 60 min before the test. In the 

novel object recognition test, haloperidol (0.1 mg/kg, 5 ml/kg, i.p.) and clozapine (1.0 

mg/kg, 5 ml/kg, i.p.) were administered 30 min before the training session. Dosages of the 

drug were selected based on our previous study.25

Behavioral analyses

Behavioral test battery.—Initially, male mice were tested from postnatal week 6 to week 

14 with a battery of behavioral paradigms in the following order: locomotion and stereotypy/

open field, rotarod, social interaction and novelty, spontaneous T maze alternation, novel 

object/location recognition, prepulse inhibition, forced swim, tail flick, contextual fear 

conditioning. The sequence of specific assays spaced by 3–6 days interassay interval was 

adapted from previously published reports.26,27 In subsequent antipsychotics studies, mice 

were tested only once with antipsychotics treatment in only one behavioral assay.

Locomotion and stereotypy assays.—Locomotor activity and stereotypy were 

performed as described previously.28 Mice were placed into a locomotion test chamber (40 × 

40 cm, Med Associates, Fairfax, VT, USA), and allowed to habituate for 30 min 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 were recorded for 1 h and analyzed by Activity Monitor 5 

software (Med Associates).
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Social interaction and novelty assay.—The social interaction and novelty assay was 

performed as described before.29 The apparatus for the social interaction test comprises a 

rectangular three-chambered Plexiglas box (manufactured by carpentry facility, University 

of California, Irvine). Each chamber is 20 × 40 × 20 cm and the dividing walls are made 

with a movable 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 assay consists of a 

social interaction phase and a social novelty phase. In the social interaction phase, the 

subject mice were first placed in the middle chamber and allowed to explore for 5 min with 

the dividing doors closed. A control mouse (an unfamiliar mouse of the same strain, gender 

and age that 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 three chambers for 10 min. The duration and number of direct contacts between 

the subject mice with both cups were recorded individually. Immediately after the social 

interaction phase, the subject mouse was briefly returned to the middle chamber with 

dividing doors closed. A second control mouse was then placed inside the containment cup 

that located in the opposite side chamber. The dividing doors were removed again to allow 

free access for the subject mouse to explore the three chambers for another 10 min. 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, 

Wood Dale, IL, USA).

Spontaneous T maze alternation assay.—The spontaneous T maze alternation assay 

was performed as described previously.30 Mice were placed in the start area of the T maze 

(main stem: 30 cm long, 12.5 cm wide and 28 cm high; side arms: 15.3 cm long, 13 cm wide 

and 28 cm high; start area: 8 cm long, 12.5 cm wide, AccuScan Instruments, Columbus, OH, 

USA) and allowed 30 s of acclimation before the start of each trial. After the acclimation, 

the sliding door was open and mice were allowed to make a free choice into either side arm. 

After the choice (all four paws in the chosen arm), the arm sliding door was closed and the 

mice were allowed to explore the arm for 30 s before being returned to the start area for the 

next trial. A total of eight trials were completed (seven total possible alternations). 

Percentage of alternation was calculated as 100 × (number of alternations/7). Time to make a 

choice was also recorded.

Novel object recognition and location-dependent object recognition assays.—
The novel object recognition (NOR) and location-dependent object recognition (LOR) 

assays were performed as described previously.31 This task consists of a training phase and a 

testing phase. Before training, all mice were handled 1–2 min a day for 3 days and were 

habituated to the experimental apparatus 10 min a day for 3 consecutive days without 

objects. The experimental apparatus is a rectangular open field (20 × 40 × 20 cm, 

manufactured by carpentry facility, University of California, Irvine). During the training 
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phase, mice were placed in the experimental apparatus with two identical objects (for NOR: 

PVC male pipe adapter, white, 1.5 inch × 2.2 inch; PVC female hose mender, green, 1.4 inch 

× 2.2 inch; for LOR: shrub spray, black, 1.25 inch × 2.5 inch) and allowed to explore for 10 

min. Exploration was defined as occurring when an animal faced an object within one 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 present. Twenty-four hours later, mice were given the retention 

test. During NOR retention tests, mice were allowed to explore the experimental apparatus 

for 5 min 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 objects were recorded individually. During LOR retention tests, 

mice were allowed to explore the experimental apparatus for 5 min in the presence of one 

familiar object placed in the same location as during the training phase and another familiar 

object placed in a novel location. The location of the novel object which was placed in the 

same location as during the training phase was counterbalanced between trials. Duration and 

the number of times that the mice explored objects placed in familiar or novel location were 

recorded individually. The relative exploration time was recorded and expressed by a 

discrimination index: [D.I. = (Tnovel−Tfamiliar)/(Tnovel+Tfamiliar) × 100%]. Tests were 

video recorded and analyzed by ANY-MAZE software (Stoelting).

Prepulse inhibition assay.—The prepulse inhibition (PPI) assay was measured as 

previously described.32 The startle chamber consists of a nonrestrictive Plexiglas cylinder 

resting on a platform inside of a ventilated and sound attenuated box. A high frequency 

loudspeaker inside each chamber produced background noise of 65 dB as well as the various 

acoustic stimuli. Vibrations of the Plexiglas cylinder caused by the body startle response of 

the animal are converted into analog signals by a piezoelectric accelerometer attached to the 

platform (San Diego Instrument, San Diego, CA, USA). A total of 65 readings are recorded 

at 1 millisecond (ms) intervals beginning at the stimulus onset. Average amplitude over this 

time is used as the measure of startle. Calibration was performed before every use to ensure 

the accuracy of the sound levels and startle measurements.

During the test, mice were placed in the startle chambers for 5 min acclimation with 65 dB 

background noise. The PPI session consisted of five different trials: no-stimulus trials, three 

prepulse trials and startle trials. No-stimulus trials consist of background noise only (65 dB). 

Startle trials consist of a 40 ms duration startle stimulus at 120 dB (p120). Prepulse trials 

consist of a 20 ms duration prepulse at 68 dB (pp3), 71 dB (pp6) or 77 dB (pp12), a 100 ms 

inter-stimulus interval, followed by a 40 ms duration startle stimulus at 120 dB. Test sessions 

began with five presentations of the p120 trial, followed by 10 presentations of the no-

stimulus trial, p120 trials, pp3, pp6 and pp12 prepulse trials given in a pseudorandom order 

with an inter-trial interval of 8–23 s (mean 15 s) and ending with five presentations of the 

p120 trial. The amount of PPI is calculated as a percentage score for each acoustic prepulse 

intensity: %PPI = 100 − ([(startle response for prepulse+pulse trials)/ (startle response for 

pulse-alone trials)] × 100). The magnitude of the response was calculated as the average 

response to all of the startle or prepulse trials.
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Contextual fear conditioning assay

The contextual fear conditioning assay was performed as previously described.33 Mice were 

handled 1 min a day for 3 days before training. For the training session, mice were placed in 

the conditioning chamber (TSE Systems, Chesterfield, MO, USA) for 2.5 min before 

receiving a 0.7 mA scrambled foot shock lasting for 2 s. After an additional 30 s in the 

chamber, mice were returned to their home cages. Freezing behavior was assessed prior to 

and after the shock (pre- and post-shock sessions) in the chamber, which was defined as the 

complete lack of movement for at least 3 s in an interval of 5 s. Twenty-four hours after 

training, mice were placed back into the same chamber (same conditioned context: wall 

paper with striped pattern) in the absence of shock for 5 min and their freezing behavior was 

assessed during this period (retention session). Freezing behavior was scored as freezing1 or 

not (0) within an interval of 5 s and the percentage of freezing behavior was calculated as 

100 × (the number of intervals of freezing/total intervals).

5-Bromodeoxyuridine labeling and immunohistochemistry

5-Bromodeoxyuridine (BrdU) (75 mg/kg, 5 ml/kg, i.p.) was administered to mice to study 

proliferation and neuronal survival. To investigate proliferation, mice (11 weeks old) 

received a single dose of BrdU, and were killed 24 h later. To investigate neuronal survival 

and fate, mice (11 weeks old) received BrdU injections twice with 6 h interval (0900and 

1500 hours) at day 0 and were killed 21 days after the last injection of BrdU.

Mice were deeply anesthetized with isofluorane and perfused intracardially with 40 ml ice-

cold saline, followed by 50 ml of 4% paraformaldehyde in phosphate-buffered saline (PBS). 

Brains were then removed, and post-fixed in 4% paraformaldehyde for overnight at 4 °C. 

Twenty μm coronal sections were cut at the level of the dentate gyrus of the hippocampus.34 

For BrdU labeling, sections were treated with 2N HCl for 30 min. Sections were then 

blocked with 4% normal goat serum in PBS with 0.3% Triton X-100 for 60 min, and then 

incubated with the primary antibodies (anti-BrdU, 1:500, Thermo Fisher, Hampton, NH, 

USA; antidoublecortin (anti-DCX), 1:500, Aves, Tigard, OR, USA; anti-glial fibrillary 

acidic protein (anti-GFAP), 1:500, Aves; anti-NeuN, 1:500, Abcam, Cambridge, MA, USA) 

for 24 h at room temperature. After three wash-steps with PBS, sections were incubated with 

goat Alexa Fluor 568 anti-mouse (1:500, Life Technologies, Carlsbad, CA, USA) and 4′,6-

diamidino-2-phenylindole (DAPI) for 1 h at room temperature. Sections were then washed 

with PBS three times and mounted with anti-fade solution. After staining, slides were 

analyzed using Zeiss microscope (Carl Zeiss, Thornwood, NY, USA), and Zeiss LSM image 

browser software (Carl Zeiss) was used for image acquisition and analysis. The number of 

BrdU+ cells was counted on sections.

For BrdU staining, we counted BrdU+ cells in all sections in the levels (Bregma − 1.58 to 

− 2.30). To determine the precise level of sections, an overlay of a mouse brain atlas outline 

was performed using Transparent Image Overlay program (https://imagej.nih.gov/ij/plugins/

image-overlay/). If a section is damaged in one animal, the sections at the same levels from 

other animals were excluded. AxioVision software (Zeiss Microscopy, Thornwood, NY, 

USA) was used to measure the surface of each dentate gyrus, and the sizes were then 

normalized. For double-immunostaining of DCX, NeuN and GFAP with BrdU, every one 
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out of four hippocampus sections was immunostained. Cell counting was carried out by 

observers who were blinded to the treatment and unfamiliar with the experiment conditions.

mRNA microarray analysis

We performed microarray experiments and analysis as previously described.35 Whole brain 

tissues were dissected from male mice. Total RNA was extracted (Qiagen, Germantown, 

MD, USA) according to the manufacturer’s protocol. RNA samples with A260/A280 

absorbance ratios between 2.00 and 2.20 were reverse-transcribed into cDNA and analyzed 

by ‘whole-transcript transcriptomics’ using the GeneAtlas microarray system (Affymetrix, 

Santa Clara, CA, USA) and the manufacturer’s protocols.

MoGene 1.1 ST array strips (Affymetrix) were used to hybridize to newly synthesized 

sscDNA.

Each array comprised 770 317 distinct 25-mer probes to probe an estimated 28 853 

transcripts, with a median 27 probes per gene.

Gene expression changes associated with the methionine treatment were analyzed with 

transcriptome analysis console software (Affymetrix) using Tikey’s Bi-weight Average 

algorithm and default settings, generating fold-change and unpaired ANOVA values, 

reported in Supplementary Tables S1.1 and S1.2. Gene expression changes did not reach 

P<0.05 after Benjamini-Hochberg step-up false discovery rate procedure to correct for 

multiple comparisons, given the relatively small number of samples and large number of 

genes tested. However, gene expression changes uncovered using the initial microarray 

screen were subsequently validated using real-time qPCR in the same samples (see Figures 

4c–g).

Quantitative real-time PCR

Whole brain, hippocampal and cortical tissues were dissected from male mice. mRNA was 

extracted (Qiagen) and reverse-transcribed (Thermo Fisher) following the manufacturer’s 

instructions. RT-qPCR was performed using SYBR Green reagents (Life Techonologies), 

and analyzed by ABI 7000 sequence detection system (Applied Biosystems, Foster City, 

CA, USA) with gene-specific primers as previously reported.36 Three to four animals per 

treatment group were used for analysis of the whole brain mRNA. For the subregional 

analysis, 6–7 animals were used. For each sample, GAPDH was used as an internal control. 

For each target gene sample, the relative abundance value obtained for the reference gene 

was divided by the value derived from the control sequence in the corresponding target gene. 

Values were calculated using the following equation: = 2(CT(target,untreated) − 
CT(ref,untreated)) − (CT(target,treated) − CT(ref,treated)).

The following primers were used:

EGR2-For: 5′-GTCACCTCCGCCTCCCCCAACC-3′

EGR2-Rev: 3′-GGCGGCGATAAGAATGCTGAAGGA-5′

ARC-For: 5′-GGAGTCCATGGGCGGCAAATAC-3′
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ARC-Rev: 3′-GCGGCAGGTGGCGGGGTGATG-5′

NPAS4-For: 5′-GTCTTGCCTGCATCTACACTCG-3′

NPAS4-Rev: 3′-TGGCCCAGATGCTCGCTCACACT-5′

FOS-For: 5′-TGAGGCTTCCACCCCAGAGTC-3′

FOS-Rev: 3′- AACTACTGAAGAACAAAGGCCGT-5′

FGF1-For: 5′-GCAACGGGGGCCACTTCTT-3′

FGF1-Rev: 3′-ATATACACTTCGCCCGCACTTTC-5′

GAPDH-For: 5′-TGGCACAGTCAAGGCTGAGA-3′

GAPDH-Rev: 3′-CGCTCCTGGAAGATGGTGAT-5′

Electrophysiology and laser scanning photostimulation

Horizontal hippocampal slices of 400 μm thick were cut at the angle optimized to conserve 

the intrahippocampal axonal projections in ice-cold sucrose-containing cutting solution (in 

mM: 85 NaCl, 75 sucrose, 2.5 KCl, 25 glucose, 1.25 NaH2PO4, 4 MgCl2, 0.5 CaCl2 and 24 

NaHCO3). Two morphologically intact slices intermediate between dorsal and ventral 

hippocampus from each animal were used for experiments. Slices were first incubated in 

sucrose-containing artificial cerebrospinal fluid (ACSF) for 30 min–1 h at 32 °C, and then 

transferred to recording ACSF (in mM: 126 NaCl, 2.5 KCl, 26 NaHCO3, 2 CaCl2, 2 MgCl2, 

1.25 NaH2PO4 and 10 glucose). Throughout the cutting, incubation and recording, the 

solutions were continuously supplied with 95% O2–5% CO2. Our overall system of 

electrophysiological recording, photostimulation and imaging was described previously.37,38 

For laser scanning photostimulation experiments, the microscope objective was switched 

from × 60 to × 4. Stock solution of MNI-caged- L-glutamate (Tocris Bioscience, Pittsburgh, 

PA, USA) was added to 20 ml of ACSF for a concentration of 0.2 mM caged glutamate. The 

slice image was acquired by a high resolution digital CCD camera, which in turn was used 

for guiding and registering photostimulation sites. During mapping experiments, 

photostimulation was usually applied to 16 × 16 patterned sites (with an inter-site space of 

100 μm2) covering the whole hippocampus in a nonraster, nonrandom sequence to avoid 

revisiting the vicinity of recently stimulated sites. Whole-cell voltage-clamp recordings were 

made from the recorded neurons to measure photostimulation-evoked excitatory 

postsynaptic current responses at the holding potential around − 70 mV, which was based 

upon the empirically determined GABAergic reversal potentials at the recorded mouse ages. 

Photostimulation data analysis has been described in detail.39

Human studies

We screened publically available gene expression studies in the context of schizophrenia to 

obtain human gene expression data. The most comprehensive repositories of such data, Gene 

Expression Omnibus and ArrayExpress, returned 10 studies with differential gene 

expression (RNA microarray) data from individuals with schizophrenia and healthy controls. 
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Only curated GEO data sets that feature in NCBI’s GDSbrowser and contain gene 

expression information from the prefrontal cortex in the brain were included, in order to 

maintain comparability with our mouse data. Additionally, differential NPAS4 expression 

uncovered by the probe set ‘1554299_at’ was deemed reliable based on the annotation grade 

(A) given by NetAffx (Affymetrix). These selection steps narrowed down the number of 

usable data sets to just one; GDS4523, which included post-mortem tissue samples from the 

anterior prefrontal cortex (Brodmann Area 10) of schizophrenic patients and healthy 

controls.40 The latter data set provided gene expression data from 27 cases (schizophrenia) 

and 22 matched controls, of these 18 were male patients and 11 were male controls. Mean 

age (years) and post-mortem delay (hours) values for cases and controls were registered. 

These values were fairly matched between cases and controls; mean ages were 73.3 and 69 

for schizophrenia patients and controls, respectively, while mean post-mortem delay is 8.1 

and 9.4 for schizophrenia patients and controls, respectively. One sample (GSM439786) 

from GDS4523 was excluded as it was deemed an outlier with an expression value that 

exceeded the average for all other samples by 2400-fold.

Data analysis

Animal studies: GraphPad Prism (GraphPad Software, La Jolla, CA, USA) was used for 

statistical analysis. Data are presented as means ± s.e.m. Results were analyzed by student t-

test or ANOVA followed by the appropriate post hoc comparisons, and P<0.05 was 

considered statistically significant. We have used peer-reviewed literature for each of the 

behavioral experiments to estimate the minimum number of animals required to obtain 

statistically significant results. Statistical calculations take into account these sample sizes 

when determining an overall significant effect.

Human study: differential expression between patients and controls was computed using 

empirical Bayes moderated t-statistics test performed by the limma R package.

RESULTS

Pregnant mice were administered L-methionine (750 mg/kg) or saline twice a day for 7 to 8 

consecutive days from gestational day 14 until delivery. This dose is equivalent to twice their 

regular dietary methionine intake, effectively tripling their methionine intake. The treatment 

did not affect the dam weight, food intake and pregnancy duration; neither did it affect the 

number of the progeny or the gender ratio (data not shown).

When compared to the offspring of saline-injected dams (SAL mice), the offspring of 

methionine-injected dams (MET mice) appeared healthy and were of normal bodyweight 

throughout their entire growth period (P>0.05, Supplementary Figures S2a and b). 

Furthermore, the MET mice traveled similar distances in the center area in the open-field 

assay (P>0.05, Supplementary Figure S2a), displayed similar motor coordination in the 

rotarod assay (P>0.05, Supplementary Figure S2b), similar nociceptive responsiveness in the 

tail flick assay (P>0.05, Supplementary Figure S2c), and similar immobility time in the 

forced swim assay, (P>0.05, Supplementary Figure S2d).
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MET mice display selective behavioral deficits and impairments that mimic a 
schizophrenia phenotype

In contrast, MET mice exhibited a twofold increase in their horizontal and vertical 

locomotor activities, indicated by the increase in total distance traveled and vertical counts 

(P<0.05, Figures 1b and c). They also displayed increased stereotypic behaviors (P<0.01, 

Figure 1d).

In the social interaction assay, MET mice displayed less interaction with the unfamiliar mice 

(P>0.05, Figure 1e) than did the SAL group (P<0.001, Figure 1e). In the second (social 

novelty) phase, MET mice displayed less interaction with the new, unfamiliar mice (P>0.05, 

Figure 1f) than did those in the SAL group (P<0.05, Figure 1f). Thus, MET mice exhibit 

impaired sociability and social recognition.

We next compared the MET mice responses in sensorimotor gating behavior. MET mice 

exhibited a significant increase in their startle reactivity (P<0.05, Figure 1g), and 

significantly decreased PPI ratios (P<0.05, Figures 1h and i), compared to SAL mice, 

suggesting an impairment in sensorimotor gating function. In the novel object recognition 

assay, both groups spent more time exploring the new object than the old object (P<0.01, 

Figure 1j), but the MET mice showed a decreased discrimination index compared to SAL 

mice (P<0.001, Figure 1k). In the location-dependent recognition assay, unlike SAL mice, 

MET mice did not discriminate between the objects in the old and new locations (P>0.05, 

Figures 1l; P<0.001, Figure 1m). We further evaluated these animals in two other spatial 

memory-related paradigms. In the contextual fear conditioning assay, both groups exhibited 

similar levels of freezing behavior during the training and stimulus session (P>0.05, Figure 

1n). In the retention session, however, MET mice exhibited a decrease in the freezing 

behavior percentage (P<0.01, Figure 1n). In the spontaneous T maze alternation assay, MET 

mice also showed a decrease in the percentage of arm choice alternation (P<0.01, Figure 

1o). Together, these results suggest that MET mice display cognitive deficits, in particular as 

they relate to spatial learning and memory function.

MET mice display abnormal brain weight, reduced neurogenesis and increased 
gliogenesis

Although MET mice display no changes in body weight, the weight of their brains was 

found to be slightly lower in both the absolute value and the brain/body weight ratio 

(P<0.05, Supplementary Figures S3a and b).

Immunohistology revealed a decrease in the number of BrdU+ cells in the subgranular zone 

of the hippocampal dentate of MET group (34.7 ± 2.3 cells/mm2) compared with the SAL 

group (46.6 ± 2.9 cells/mm2) 24 h after BrdU injection (P<0.05, Figures 2b and f), 

suggesting that elevated methionine causes a decrease in cell proliferation of neural stem 

cells.

To evaluate the survival and the fate of newborn neurons, BrdU+ cells were examined over a 

21-day period after two BrdU injections (21-day-old BrdU+ cells). The number of 21-day-

old BrdU+ cells in MET mice was ~40% lower than in SAL mice (P<0.01, Figure 2g). In 

addition, there was a considerable decrease in the proportion of BrdU+ cells that co-stained 
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for DCX in MET mice (18.2 ± 3.5%) versus SAL mice (38.1 ± 3.5%, P<0.05, Figures 2c 

and h), and in the proportion of BrdU+ cells that co-stained for NeuN in MET mice (85.98 

± 2.2%) versus SAL mice (56.17 ± 7.6%, P<0.05, Figures 2d and i). Conversely, a higher 

percentage of BrdU+ cells that co-stained as GFAP+ astrocytes were observed in MET mice 

(22.1 ± 5.2%) than in SAL mice (5.3 ± 1.2%, P<0.05, Figures 2e and j). These results 

suggest that the methionine treatment suppresses adult hippocampal neurogenesis, by 

modulating the proliferation and differentiation of neural stem cells.

MET mice exhibit reduced local excitatory synaptic connections of the CA1 excitatory 
pyramidal neurons

We investigated whether the prenatal treatment affects synaptic connectivity in the 

hippocampus, in particular the CA1 region, by applying the laser scanning photostimulation 

approach, which is used for effective and detailed local circuit mapping. We show that the 

photostimulation responses of the recorded CA1 pyramidal neurons (exemplar somatic 

locations indicated as the red circles in Figures 3a and b for SAL group and in Figures 3d 

and e for MET mice) to direct uncaged glutamate activation are significantly weaker in MET 

mice than SAL mice, (see red traces in Figure 3c versus Figure 3f). Quantitative analysis of 

the direct uncaging responses for both groups shows a significant reduction for MET mice 

(P<0.01, Figure 3g). In addition, we show that the intrinsic membrane excitability of the 

CA1 neurons MET group was unaffected (P>0.05, Figure 3h). These data suggest that the 

CA1 excitatory pyramidal neurons in the MET mice have reduced local excitatory synaptic 

connections.

MET mice exhibit downregulation of neuronal immediate early genes

To determine which genes’ expression are affected in the MET mice, we carried out a global 

brain mRNA microarray analysis covering 28 853 genes (Figures 4a and b). We found 122 

genes displaying changes in expression (with a 41.2-fold change, shown in Supplementary 

Tables S1.1 and S1.2). Among the subset of genes that exhibited a ≥ 1.5-fold change 

(P<0.05, Supplementary Tables S1.1 and S1.2) was a set of four neuronal immediate early 

genes and a growth factor. Npas4, Arc, Dusp1, c-Fos and Egr2 were downregulated, while 

Fgf1 was upregulated. Results of quantitative real-time PCR confirmed our microarray 

findings (P<0.01, <0.05, <0.01, <0.05, >0.05 for Npas4, Arc, Egr2, Fos and Fgf1, 

respectively, Figures 4c-g). Using arbitrary fold change (FC) cutoffs of ≥ 2 and significance 

P-values of <0.01, only Npas4 showed a significant change (a decrease by 2.37-fold in MET 

versus SAL offspring, P = 0007) in whole brain tissues (Supplementary Tables S1.1 and 

S1.2). We then analyzed using quantitative real-time PCR the differential gene expression of 

Npas4 in the prefrontal cortex and hippocampus. The results reveal 4twofold decreases in 

mRNA levels only in the MET mice prefrontal cortex (P<0.05, Figure 4h) and hippocampus 

(P>0.05, Figure 4i), respectively.

NPAS4 is downregulated in prefrontal cortex of post-mortem schizophrenia patients

Because the MET mice exhibit behavioral abnormalities that mimic schizophrenia 

symptoms,41 we analyzed Npas4 gene expression in samples from schizophrenia patients. 

The expression of Npas4 in the BA10 region from individuals with schizophrenia was 

significantly reduced in comparison with healthy controls. Maleonly data from the data set 
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GDS4523 indicate that Npas4 downregulation is highly statistically significant, P=0.007 and 

LogFC = − 1.139, Figure 4j). A similar trend was noted when male and female data were 

both included in the analysis; P = 0.0189 and LogFC = − 0.733, Figure 4k).

Antipsychotics differentially restore the behavioral deficits of the prenatal methionine-
induced phenotype

Because the MET mice displayed behavioral phenotypes and biochemical changes that 

resemble schizophrenia-like symptoms, we investigated the effects of two antipsychotic 

drugs on these behaviors, choosing haloperidol and clozapine as representative of typical 

and atypical antipsychotics, respectively. We found that a single injection of haloperidol (0.1 

mg/kg) or clozapine (1.0 mg/kg) reversed the locomotor hyperactivity and stereotypic 

behavior of the MET mice (P<0.01, Figures 5a and b). While both haloperidol (0.1 mg/kg) 

and clozapine (1.0 mg/kg) failed to reverse the social novelty deficit of the MET mice 

(P>0.05, Figure 5d), only clozapine was able to reverse their social withdrawal symptom 

(P<0.05, Figure 5c). Haloperidol (0.25 mg/kg) or clozapine (2.5 mg/kg) reversed PPI deficits 

in Met mice, although their average PPI ratios were also not statistically different from those 

of the SAL mice (P>0.05, Figure 5e). In the novel object recognition assay, clozapine (1.0 

mg/kg) but not haloperidol (0.1 mg/kg) was able to reverse the object recognition deficit 

(P<0.001, Figure 5f). The discrimination index of the clozapine-treated group was similar to 

those of both the SAL and the MET mice (P>0.05, Figure 5g).

DISCUSSION

Multiple prior lines of evidence suggested the methionine cycle as a potentially important 

player in the etiology of schizophrenia. Since schizophrenia is a developmental disorder, we 

investigated what effect perturbation of the methionine cycle during late pregnancy would 

have on progeny behavior. We found that MET mice display behavioral deficits highly 

reminiscent of human schizophrenia. MET mouse brains also exhibited abnormally reduced 

local excitatory synaptic connections, and a statistically highly significant ≥ twofold 

downregulation in neural Npas4 expression that was recapitulated in the brains of human 

schizophrenics.

Npas4 promotes GABA-mediated inhibitory transmission during development, and regulates 

the maintenance of inhibitory synapses in response to excitatory synaptic activity.42–44 

Npas4 is also known to regulate a mechanism that underlies memory formation.45 Indeed, 

Npas4 regulates transcriptional programs involving several other neuronal activity-regulated 

immediate early genes such as Arc, c-Fos and Egr2, which also play important roles in 

synaptic plasticity and cognitive functions.46–49 Interestingly, mice deficient in Npas4 
display a behavioral phenotype that is strikingly similar to that which we observed in MET 

mice.50 Knockdown of Npas4 expression in mouse embryonic stem cells undergoing neural 

differentiation inhibits their ability to differentiate appropriately, and results in delayed 

neural differentiation.51 Npas4 downregulation in MET mice might be a mechanism for the 

decreased neurogenesis and delayed differentiation of embryonic stem cells, as well as the 

cognitive impairment in these animals. The regional differential expression analysis of 
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Npas4 expression in MET mice’ brains shows a decrease in the prefrontal cortex and a 

similar decrease (albeit not statistically significant) in the hippocampus.

Disruptions of excitatory and inhibitory synaptic transmissions and plasticity may play a 

role in cognitive impairments, and are steadily being implicated in the major psychiatric 

disorders, such as autism, schizophrenia, bipolar disorder, social anxiety, attention‐deficit 

hyperactivity disorder and Alzheimer’s disease.52–56 Therefore, factors such as methionine 

administration during pregnancy that cause dysregulation of Npas4 expression may increase 

the risk of neuropsychiatric disorders. This, together with our transcriptomic data from MET 

mice, led us to investigate whether Npas4 expression is altered in the brain of schizophrenia 

patients. Differential gene expression data from the data set that was fit for inclusion 

(GDS4523) revealed the downregulation of Npas4 in the region BA10 in schizophrenia 

patients, as evidenced by the highly significant P-value for male patients. The level of 

significance was reduced by including female patients in the analysis; nevertheless, the 

reduction in Npas4 expression remained significant in schizophrenia BA10 samples 

compared to their healthy counterparts. The downregulation of Npas4 in the prefrontal 

cortex of post-mortem patients with schizophrenia strongly supports a role for this gene in 

the etiology of schizophrenia. Clearly, further experimental validation of this particular trend 

is necessary. Despite the fact that studied schizophrenia patients were exposed to 

antipsychotic medications, which may affect Npas4 expression, the results lend strong 

support to the here-reported findings pertaining to Npas4 expression in the mouse model.

The correlation between the biochemical and behavioral data of the MET pups and the 

corresponding data known for schizophrenia led us to test whether antipsychotics can 

reverse the behavioral deficits of the MET mice. We tested the typical (haloperidol) and 

atypical (clozapine) antipsychotic drugs on the behavioral responses of the MET pups. Both 

typical and atypical antipsychotics were able to reverse stereotypy and hyperlocomotor 

activity, but only the atypical antipsychotic (clozapine) could improve the deficits in novel 

object recognition and social interaction. Our findings concur with data in the clinical 

literature that support the cognitive efficacy of the atypical antipsychotics.57–60 However, the 

human analogs of our findings should be treated with caution for two reasons. First, animal 

studies are not always comparable to clinical studies, particularly when assessing cognition. 

Second, there is still unresolved debate on the efficacy of atypical antipsychotics to treat 

cognitive impairment and negative symptoms in schizophrenia,57–61 for review see ref. 62.

Impairments in cognitive function are observed across the major neuropsychiatric disorders.
63,64 Based on our results, we propose that prenatal methionine is a critical factor for 

programming the expression of key neuronal activity-regulated genes and neuronal 

plasticity, and that perturbed methionine metabolism during gestation results in 

dysregulation of these genes and a number of developmental abnormalities collectively 

linked with a behavioral phenotype that mirrors schizophrenia.65–67 In this respect, a recent 

study has indicated that methionine intake during developmental, but not adulthood, stage 

increases global DNA methylation and decreases gabrb2 promoter methylation associated 

with a significant increase in gabrb2 mRNA levels in zebrafish.68
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Our study provides insight into the long-term developmental effects of prenatal disruption of 

the one-carbon metabolism, but carries a number of limitations. First, folate, homocysteine 

and methylation were not quantified and their relation to phenotypes was not verified, and 

therefore, we cannot conclude whether methionine itself or its downstream effects are 

responsible for the deficits. Second, sex differences may also play a role and need to be 

investigated. These questions are important and they are the focus of our ongoing work. In 

addition, our results could be viewed as inconsistent with a number of clinical studies that 

show folate deficiency,69,70 and its beneficial effects in schizophrenic patients,71 the 

beneficial effects of early gestational folate exposure on subsequent schizophrenia72 and 

autism65 risk, as well as the detrimental effects of famine on subsequent schizophrenia risk.
66–68,73 However, while too little folic acid is known to result in damages associated with 

neural tube defects74 and with schizophrenia,22 animal studies demonstrate that too much 

folic acid during pregnancy may result in embryonic growth delay, and memory impairment.
75 This suggests that imbalances in the one-carbon metabolism can have differential adverse 

effects depending on the metabolites’ concentrations. More studies are necessary to resolve 

the differences between the animal models and the clinical data.

Our results have significant clinical implications. It is important to note that in humans, one-

carbon homeostasis during gestation is finely regulated by the interaction between 

environmental factors (dietary methionine, B12 and folate, and the balance of methionine 

and other amino acids) and genetic factors (polymorphisms in onecarbon-metabolism-

related genes).69–71 While methyl-donor nutrients determine the availability of methyl 

groups, gene polymorphisms of methionine-cycle enzymes determine utilization of the 

dietary methyl-group. Human dietary methionine intake has dramatically increased in the 

past few decades.76 In pregnant women, this may carry special risks, considering the 

alterations in methyl-donor requirements and methionine metabolism during the different 

gestation and developmental stages. Further studies are needed to determine gene-nutrient 

interactions in the risk of schizophrenia, and to define the upper safe level of methionine 

intake during pregnancy. In addition, MET mice constitute a valuable model for 

investigating the precise mechanistic connections between environmental and genetic factors 

implicated in neuropsychiatric disorders.

In conclusion, our data show that methionine administration during pregnancy result in 

profound biochemical and gene expression changes as well as in the behavior of the 

progeny. MET mice display schizophrenia-like deficits that are reversed by antipsychotics. 

The one-carbon metabolism pathway may, therefore, represent a potentially exciting 

therapeutic target for in antipsychotic drug development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MET mice display behavioral deficits and impairments that mimic schizophrenia symptoms. 

(a) Schematic overview of the methionine pathways and their interactions with the folate 

cycle. (b) Distance mice traveled in 60 min of the locomotion assay (n=11). Unpaired 

student test (t =3.622, P =0.0017): SAL versus MET, **P<0.01. Data are presented as means

± s.e.m. (c) Vertical counts in 60 min of the locomotion assay (n =11). Unpaired student test 

(t= 2.174, P =0.0419): SAL versus MET, *P<0.05. Data are presented as means ± s.e.m. (d) 

Stereotypic counts in 60 min of the locomotion assay (n=11). Unpaired student test (t 
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=3.497, P=0.0023): SAL versus MET, **P<0.01. Data are presented as means ± s.e.m. (e) 

Time mice spent interacting with empty cup and unfamiliar mouse in the social interaction 

assay (n =11 SAL, 10 MET). Two-way ANOVA revealed a significant object effect 

(F1,38=15.44, P=0.0003) and drug × object interaction (F1,38 =4.621, P=0.0380) followed by 

Bonferroni post hoc test: empty cup versus unfamiliar mouse, *** P<0.001, NS, not 

significant. Data are presented as means ± s.e.m. (f) Time mice spent interacting with old 

and new control mice in the social novelty assay (n=11 SAL, 10 MET). Two-way ANOVA 

revealed a significant drug effect (F1,38 =6.914, P= 0.0123) and object effect (F1,38 =6.293, P 
=0.0165) followed by Bonferroni post hoc test: old versus new control mouse, * P<0.05, NS, 

not significant. Data are presented as means ± s.e.m. (g) Startle reactivity to pulse 

stimulations in the PPI assay (n=13 SAL, 11 MET). Unpaired student test (t=3.459, 

P=0.0022): SAL versus MET, **P<0.01. Data are presented as means ± s.e.m. (h) Prepulse 

inhibition ratios against three prepulse stimulations in the PPI assay (n =13 SAL, 11 MET). 

Two-way ANOVA revealed a significant drug effect (F1,66=22.25, Po0.0001) and prepulse 

effect (F2,66=43.43, P<0.0001) followed by Bonferroni post hoc test: SAL versus MET, 

*P<0.05, NS, not significant. Data are presented as means ± s.e.m. (i) Average PPI ratio in 

the PPI assay (n =13 SAL and 11 MET). Unpaired student test (t= 3.396, P= 0.0026): SAL 

versus MET, **P<0.01. Data are presented as means ± s.e.m. (j) Time mice spent exploring 

both the new and old objects during test session in the NOR assay (n= 10 SAL, 12 MET). 

Two-way ANOVA revealed a significant object effect (F1,40 = 73.97, P<0.0001) and drug × 

object interaction (F1,40 = 16.31, P= 0.0002) followed by Bonferroni post hoc test: old object 

versus new object, ** P<0.01, *** P<0.001. Data are presented as means ± s.e.m. (k) 

Discrimination index in the NOR assay (n= 10 SAL, 12 MET). Unpaired student test 

(t=4.761, P=0.0001): SAL versus MET, ***P<0.001. Data are presented as means ± s.e.m. 

(l) Time mice spent exploring objects in both the new and old locations during test session in 

the LOR assay (n =12 SAL, 14 MET). Two-way ANOVA revealed a significant location 

effect (F1,48=16.63, P=0.0002) and drug × object interaction (F1,48=37.39, P<0.0001) 

followed by Bonferroni post hoc test: old location versus new location, *** P<0.001, NS, 

not significant. Data are presented as means±s.e.m. (m) Discrimination index in the LOR 

assay (n=10 SAL, 12 MET). Unpaired student test (t =7.580, P<0.0001): SAL versus MET, 

***P<0.001. Data are presented as means ± s.e.m. (n) Percentage of freezing behavior in 

contextual fear conditioning assay (n=15 SAL, 12 MET). Two-way ANOVA revealed a 

significant drug effect (F1,75=3.985, P=0.0496), stage effect (F2,75=57.52, P<0.0001) and 

drug × stage interaction (F2,75=4.311, P=0.0168) followed by Bonferroni post hoc test: SAL 

versus MET, ***P<0.001, NS, not significant. Data are presented as means ± s.e.m. (o) 

Percentage of the alternation choice mice made in the T maze spontaneous assay (n =12 

SAL and 11 MET). Unpaired student test (t =3.667, P= 0.0014): SAL versus MET, 

***P<0.001. Data are presented as means ±s.e.m.
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Figure 2. 
MET mice display decreased proliferation and differentiation and increased gliogenesis. (a) 

Experimental design for BrdU administration. (b) Images of the hippocampus dentate gyrus 

showing BrdU (red) and DAPI (blue) staining at 24 h after injection of BrdU to SAL and 

MET pups. (c) Images of BrdU+/DCX+ cells showing BrdU and DCX immunoreactivity at 

21 days after two BrdU injections. (d) Images of BrdU+/NeuN+ cells showing BrdU and 

NeuN immunoreactivity at 21 days after two BrdU injections. (e) Images of BrdU+/GFAP+ 

cells showing BrdU and GFAP immunoreactivity at 21 days after two BrdU injections. (f) 
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Quantification of BrdU-immunopositive cells at 24 h post-BrdU injection (n=3 mice per 

group). Unpaired student test (t=3.2, P=0.032): SAL versus MET, *P<0.05. Data are 

presented as means ± s.e.m. (g) Quantification of BrdU-immunopositive cells at 21 days 

post-BrdU injections (n=3 SAL, 4 MET). Unpaired student test (t=4.2, P=0.0084): SAL 

versus MET, **P<0.01. Data are presented as means ± s.e.m. (h) Number of new immature 

neurons (BrdU+/DCX+) in the dentate subgranular zone at 21 days after two BrdU injections 

(n=3 SAL, 4 MET). Unpaired student test (t=3.92, P=0.011): SAL versus MET, *P<0.05. 

Data are presented as means ± s.e.m. (i) Number of new immature neurons (BrdU+/NeuN+) 

in the dentate subgranular zone at 21 days after two BrdU injections (n=3 SAL, 4 MET). 

Unpaired student test (t=3.38, P=0.012): SAL versus MET, *P<0.05. Data are presented as 

means ± s.e.m. (j) Number of new astrocytes (BrdU+/GFAP+) in the dentate subgranular 

zone at 21 days after two BrdU injections (n=3 mice per group). Unpaired student test 

(t=3.14, P=0.0348): SAL versus MET, *Po0.05. Data are presented as means ± s.e.m.
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Figure 3. 
MET mice exhibit reduced local excitatory synaptic connections of the CA1 excitatory. (a) 

Exemplar hippocampal slice image from SAL group with the superimposed 

photostimulation sites (16 × 16 cyan dots). The red circle indicates the somatic location of 

the recorded pyramidal neuron. Stimulation sites are spaced at 90 μm × 90 μm. This distance 

has been empirically determined to capture the smallest predicted distance in which 

photostimulation differentially activates adjacent neurons and to avoid overlap of the laser-

illuminated area. During the experiment, the slice is bathed in the solution containing MNI-

caged glutamate, which only turns active through focal UV photolysis to activate a small 

number of neurons (that is, glutamate uncaging). (b) Example of photostimulation-evoked 

response traces from SAL group in most sites shown at (a), with the recorded cell held at 

− 70 mV in voltage clamp mode to detect inward excitatory postsynaptic currents. The small 

red circle indicates the recorded cell body location. Only the 200 ms of the response traces 

after laser photostimulation (15 mW, 2 ms) are shown. Different forms of photostimulation-

evoked responses are illustrated by the traces of red and blue cube, expanded and separately 
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shown as the red and blue traces. (c) The red trace is an example of the direct response to 

glutamate uncaging on the cell body (excluded for further analysis) from SAL group, which 

can be distinguished by its large amplitude and short latency. The blue trace is a typical 

example of synaptic input responses. (d) Example of a hippocampal slice image from 

methionine group with the superimposed photostimulation sites. The red circle indicates the 

somatic location of the recorded pyramidal neuron. (e) Example of photostimulationevoked 

response traces from methionine group in most sites shown at (d). The small red circle 

indicates the recorded cell body location. Different forms of photostimulation-evoked 

responses are illustrated by the traces of red and blue cube, expanded and separately shown 

as the red and blue traces in (f). (f) The red trace is an example of the direct response to 

glutamate uncaging on the cell body (excluded for further analysis) from methionine group. 

The blue trace is a typical example of synaptic input responses. (g) Quantitative analysis of 

the average uncaging responses by measuring evoked postsynaptic currents upon 

photostimulation on CA 1 pyramidal neurons of SAL and MET group (n=11–13 slices, n=3 

SAL, 4 MET). Unpaired student test (t=2.937, P= 0.0076): SAL versus MET, **P<0.01. 

Data are presented as means ± s.e.m. (h) Intrinsic membrane excitability measured by the 

overall relationship of spiking number versus intrasomatic current injection strength on CA 

1 pyramidal neurons of SAL and MET group (n=11–12 slices, n=3 SAL, 4 MET). Two-way 

ANOVA revealed no significant drug effect (F1,105=1.602, P=0.2085). Data are presented as 

means ± s.e.m.
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Figure 4. 
Downregulation of neuronal immediate early genes in MET mice and human 

schizophrenics. (a) Hierarchical clustering analysis of differentially expressed genes (>1.2-

fold change, P<0.05) in brains from MET versus SAL mice. (b) Volcano plot showing 

differentially expressed genes in brains from MET versus SAL mice. Npas4 (circled) 

exhibited the largest expression change among the downregulated genes (blue symbols); 

Fgf1 (circled) exhibited the largest expression change among the upregulated genes (red 

symbols). (c-g) Real-time qPCR validation of microarray. Relative global mRNA levels of 

NPAS4 (c), Arc (d), Egr2 (e), Fos (f) and Fgf1 (g) genes in the mice brain assessed by 

quantitative real-time PCR (n= 3–4). Unpaired student test (Npas4: t =8.444, P =0.0011; 

Arc: t=2.684, P=0.0363; Egr2: t =4.977, P=0.0042; Fos: t=3.05. P=0.037, Fgf1: t=1.026, P= 

0.3444): SAL versus MET, *P<0.05, **P<.01, NS, not significant. Data are presented as 

means ± s.e.m. (h) qT-PCR analysis of NPAS4 mRNA expression in the prefrontal cortex 

(n=7), hippocampus (n= 7 SAL, 6 MET). Two-way ANOVA revealed a significant drug 

effect (F1,23 = 10.9, P=0.0123) but no significant subregional effect (F1,23 = 0.25, P40.05) 

followed by Bonferroni post hoc test: SAL versus MET in the prefrontal cortex, (t= 2.686, 

P<0.05), SAL versus MET in the hippocampus, (t= 1.99, P40.05). *P<0.05, Data are 

presented as means ± s.e.m. Data are presented as means ± s.e.m. (i, j) Npas4 mRNA 

expression in the anterior prefrontal cortex (Brodmann Area 10) of post-mortem patients 

with schizophrenia and control subjects. Box and whisker plot of gene expression of (i) male 

(n =18 male patients and 11 male matched controls) and (j) total (n=27 schizophrenia 

patients and 22 matched controls), Empirical Bayes moderated t-test (male: P= 0.007, total: 

P= 0.0189): control versus schizophrenia, *P<0.05, **P<0.01.
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Figure 5. 
Antipsychotics differentially alleviate the behavioral deficits in MET mice. (a) Effect of 

haloperidol (0.1 mg/kg, i.p.) and clozapine (1.0 mg/kg, i.p.) on locomotor hyperactivity in 

the prenatal methionine overload male offspring (n=8 SAL, 9 MET, 9 CLZ, 8 sHAL). One-

way anovas revealed a significant drug effect (F3,30 = 9.417, P=0.0002) followed by 

Dunnett’s post hoc test: SAL versus other three groups, **P<0.01, NS, not significant; MET 

versus other three groups: ##P<0.01, ###P<0.001. Data are presented as means ± s.e.m. (b) 

Effect of haloperidol (0.1 mg/kg, i.p.) and clozapine (1.0 mg/kg, i.p.) on enhanced 

stereotypy in the prenatal methionine overload male offspring (n=8 SAL, 9 MET, 9 CLZ, 8 

HAL). One-way ANOVAs revealed a significant drug effect (F3,30=5.240, P=0.0050) 

followed by Dunnett’s post hoc test: SAL versus other three groups, *P<0.05, NS, not 

significant; MET versus other three groups: ##P<0.01 Data are presented as means ± s.e.m. 

(c) Effect of haloperidol (0.1 mg/kg, i.p.) and clozapine (1.0 mg/kg, i.p.) on social withdraw 

in the prenatal methionine overload male offspring (n=9). Two-way ANOVA revealed a 

significant object effect (F1,64=16.46, P=0.0001) and drug × object interaction (F1,38=5.560, 

Alachkar et al. Page 27

Mol Psychiatry. Author manuscript; available in PMC 2019 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



P=0.0019) followed by Bonferroni post hoc test: empty cup versus unfamiliar mouse, 

*P<0.05, ***P<0.001, NS, not significant. Data are presented as means ± s.e.m. (d) Effect 

of haloperidol (0.1 mg/kg, i.p.) and clozapine (1.0 mg/kg, i.p.) on social recognition deficit 

in the prenatal methionine overload male offspring (n=9). Two-way ANOVA revealed no 

significant object effect (F1,64=1.785, P=0.1863) followed by Bonferroni post hoc test: old 

versus new control mouse, **P<0.01, NS, not significant. Data are presented as means ± 

s.e.m. (e) Effect of haloperidol (0.25 mg/kg, i.p.) and clozapine (2.5 mg/kg, i.p.) on PPI 

deficit in the prenatal methionine overload male offspring (n=18 SAL, 19 MET, 16 ClZ, 16 

HAL). One-way ANOVAs revealed a significant drug effect (F3,65=3.331, P=0.0248) 

followed by Dunnett’s post hoc test: SAL versus other three groups, *P<0.05, NS, not 

significant; MET versus other three groups, NS, not significant. Data are presented as means 

± s.e.m. (f) Effect of haloperidol (0.1 mg/kg, i.p.) and clozapine (1.0 mg/kg, i.p.) on object 

recognition deficit in the prenatal methionine overload male offspring (n=9). Two-way 

ANOVA revealed a significant drug effect (F3,64=2.791, P=0.0475), object effect 

(F1,64=62.28, P<0.0001) and drug × object interaction (F3,64=4.775, P=0.0046) followed by 

Bonferroni post hoc test: old object versus new object, ***P<0.001, NS, not significant. 

Data are presented as means ± s.e.m. (g) Effect of haloperidol (0.1 mg/kg, i.p.) and 

clozapine (1.0 mg/kg, i.p.) on the discrimination index of the NOR assay in the prenatal 

methionine overload male offspring (n=9). One-way ANOVAs revealed a significant drug 

effect (F3,28=4.481, P=0.109) followed by Dunnett’s post hoc test: SAL versus other three 

groups, *P<0.05, **P<0.01, NS, not significant; MET versus other three groups, NS, not 

significant. Data are presented as means ± s.e.m.
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