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ABSTRACT OF THE DISSERTATION 

 

Reverse Pharmacology on Corydalis yanhusuo: 

Dehydrocorybulbine, Analgesia and Antipsychosis 

& 

Methionine-induced Animal Models of Schizophrenia 

 

 

By 

 

Lien Wang 

 

Doctor of Philosophy in Pharmacological Sciences 

 

 University of California, Irvine, 2015 

 

Professor Olivier Civelli, Chair 

 

 

In the first part of the dissertation, a traditional Chinese medicine, Corydalis yanhusuo, 

which is widely used for pain treatment, was systematically evaluated in three 

standardized pain assays and its mechanism of action in terms of antinociceptive effects 

was further studied. The results show that Corydalis yanhusuo extract effectively 

attenuates acute nociceptive pain, persistent inflammatory pain and chronic neuropathic 

pain, without causing tolerance. The effects on acute and neuropathic pain but not 

inflammatory pain are at least partially mediated through dopamine D2 receptor 

antagonism. 

By applying pharmacological approach which is used to identify compounds acting at G 

protein-coupled receptors, one compound, dehydrocorybulbine (DHCB) was identified 

from Corydalis yanhusuo extact. DHCB was synthesized and it is shown displaying weak 

μ-opioid receptor agonist and moderate dopamine receptor antagonist activities. DHCB is 

effective at alleviating thermally induced acute pain. By using selective pharmacological 
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compounds and dopamine receptor knockout mice, the results show that the 

antinociceptive effect relies upon DHCB’s antagonist activity at the dopamine D2 

receptor but not on its agonist activity at μ-opioid receptor. DHCB is further 

demonstrated to be effective against inflammatory pain and injury-induced neuropathic 

pain and furthermore causes no antinociceptive tolerance. 

Moreover, the antipsychotic effects of DHCB were evaluated by using apomorphine and 

MK-801 induced schizophrenia-like symptoms in mice and the extended 

pharmacological profile of DHCB was screened through radioligand receptor binding 

assays. DHCB is shown effectively attenuating positive, negative and cognitive 

symptoms in apomorphine and MK-801 induced animal models of schizophrenia. These 

effects are thought to be mediated through dopamine receptor antagonism but also other 

receptor activities such as serotonin-7 and sigma-1 receptors. 

In the second part of the dissertation, administration of l-methionine to adult mice for 7 days 

induces behavioral responses that reflect three types of schizophrenia-like symptoms. These 

responses are differentially reversed by typical and atypical antipsychotics in ways that parallel 

their effects in schizophrenics. Further, the male offspring from the prenatal l-methionine 

treatment exhibit behavioral responses that reflect three types of schizophrenia-like 

symptoms. Moreover, these mice show reduced excitatory synaptic connection and 

dysregulated expression of several neuronal activity-regulated genes that are known to be 

involved in the neurodevelopment, synaptic plasticity and learning and memory function. 
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Part 1 

Reverse Pharmacology on Corydalis yanhusuo: 

Dehydrocorybulbine, Analgesia and Antipsychosis 
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INTRODUCTION 

Current pain management is limited, in particular, with regard to chronic pain. Therefore, new 

analgesic alternatives are still being explored and pursued with every effort. For centuries, 

varieties of extract from natural products, mostly plants, have been used for pain relief. Corydalis 

yanhusuo. W.T. Wang is officially listed in the Chinese Pharmacopoeia and its powder and 

decoction have been widely used for treatment of pain and inflammation (Chinese Pharmacopoeia 

Committee, 2015). A few studies have analyzed the antinoceceptive properties of Corydalis 

yanhusuo extracts in different pain assays. However, these studies revealed large variations in 

terms of content, dosage, administration route and time course (Qiu et al., 2009; Zhang et al., 

2009; Wang et al., 2010; Choi et al., 2012). Moreover, the mechanism of its antinociceptive 

effects is poorly understood. Therefore, we systematically evaluated the antinociceptive 

properties of Corydalis yanhusuo extract in three animal models of pain assays, investigated its 

pharmacological profile and mechanism of action.  

We combined the approach developed to characterize traditional Chinese medicine (TCM), as 

part of the "herbalome" project, with the reverse pharmacological approach aimed to identify 

compounds acting at G protein-coupled receptors (Reinscheid et al., 1995; Civelli et al., 2001; 

Stone, 2008; Zhang et al., 2012). We applied this approach to plant extracts such as Corydalis 

yanhusuo and receptors known to display antinociceptive properties. Based on the results from 

the in vitro reverse pharmacology, we further evaluated the newly identified active compound 

with potential novel therapeutic indication. 
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Chapter 1 

The Antinociceptive Properties of The Corydalis 

yanhusuo Extract 

ABSTRACT 

Background: Corydalis yanhusuo. W.T. Wang extracts (YHS) are widely used for the treatment 

of pain and inflammation. There are a few studies that assessed the effects of YHS in pain assays; 

however, none of these studies have systematically compared its activities in the different pain 

animal models namely: acute, inflammatory and chronic pain. Furthermore, little is known about 

the mechanism of YHS activity in these assays. The aim of this study was to systematically 

evaluate the antinociceptive properties of YHS by testing it in three standardized pain assays and 

to investigate its mechanism. 

Methods: YHS antinociceptive properties were analyzed in the tail flick, the formalin paw 

licking, the von Frey filament and the hot box assays after spinal nerve ligation which monitor 

acute nociceptive, persistent inflammatory and chronic neuropathic pain, respectively. YHS 

pharmacological profile was determined in vitro by screening it against a battery of G-protein 

coupled receptors (GPCRs) and its mechanism of action was studied in vivo using knock-out mice.   

Results: Our study shows that YHS, at a non-sedative dose, significantly increases the tail flick 

latency in the tail flick assay without inducing antinociceptive tolerance. YHS also significantly 

decreases paw licking time in the formalin assay. Further, YHS significantly increases paw 

withdraw threshold and latency in the von Frey filament and the hot box assays after spinal nerve 

ligation, respectively. In vitro, YHS exhibits prominent dopamine receptor antagonistic properties. 
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In dopamine D2 receptor knockout mice, its antinociceptive effects are attenuated in acute and 

neuropathic pain but not inflammatory pain assays. 

Conclusion: These results indicate that YHS effectively attenuates acute nociceptive pain, 

persistent inflammatory pain and chronic neuropathic pain, without causing tolerance. The effects 

on acute and neuropathic pain, but not inflammatory pain, are at least partially mediated through 

dopamine D2 receptor antagonism. Since YHS is a dietary supplement commercially available in 

United States, it might serve as a direct candidate for alternative pain treatment.  
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INTRODUCTION  

Pain is an unpleasant sensory and emotional experience associated with tissue damage (Woolf, 

2010). Pain management is currently limited, in particularly for chronic pain. The potent opiate 

drugs are common and effective against moderate to severe pain (Stein et al., 2003). This class of 

drug, however, causes severe side effects (Cherny et al., 2001; Crofford, 2010). Antidepressant 

and selective serotonin noradrenaline reuptake inhibitors are used for neuropathic pain treatment, 

but with limited effectiveness (Moulin et al., 2014). Therefore, new analgesic alternatives are still 

being explored and pursued with every effort.  

For centuries, varieties of extract from natural products, mostly plants, have been used for pain 

relief. Corydalis yanhusuo. W.T. Wang is officially listed in the Chinese Pharmacopoeia and its 

powder and decoction have been widely used for treatment of pain and inflammation (Chinese 

Pharmacopoeia Committee, 2015). A few studies have analyzed the antinoceceptive properties of 

YHS in different pain assays. However, these studies revealed large variations in terms of content, 

dosage, administration route and time course (Qiu et al., 2009; Zhang et al., 2009; Wang et al., 

2010; Choi et al., 2012). Moreover, the mechanism of its antinociceptive effects is poorly 

understood. Therefore, we systematically evaluated the antinociceptive properties of YHS in 

three animal models of pain assays, investigated its pharmacological profile and mechanism of 

action.  

MATERIALS AND METHODS 

Plant material and extraction 

The tuber of Corydalis yanhusuo W.T. Wang was collected in Dongyang County (Zhejiang, 

China) and authenticated by Institute of Medication, Xiyuan Hospital of China Academy of 

Traditional Chinese Medicine. The tuber was first processed with vinegar as used in the 

traditional way to enhance the analgesic effect. The extraction of YHS was performed by Mai-Di 
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Hai Pharmacy (China). The procedures were as follows: 10 kg of herb was ground into powder 

and decocted in 100 L of water at 100 C for 120 minutes. Then the residue was collected and 

redecocted in 100 L of water at 100 C for 90 minutes. The decoctions were pooled together and 

dried by spray drying to yield 0.6 kg water extract. 

Cell Culture, cDNA Constructs, and Transfection 

All GPCRs used in this study were amplified from human cDNA library (Clontech, Palo Alto, 

CA) and cloned into pcDNA 3.1 (-) (Invitrogen, Carlsbad, CA). The sequences were confirmed 

by sequencing from both ends and with internal primers by Laragen (Los Angeles, CA). Human 

embryonic kidney-293 T cells (HEK293T) were cultured in Dulbecco’s Minimum Essential 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Serotonin 1A, 2A, 2C, 

adrenergic α1B, α2A, α2B, β1, β2 and neuokinin 1 receptors were transiently expressed in 

HEK293T cells. Briefly, plasmids were transfected into HEK293T cells with jetPRIME 

transfection reagents (Polyplus-transfection) following the manufacture's recommendation. Three 

µg of each of the receptor and G protein chimera (either Gα15 or Gqαi3) were mixed in 750 ul of 

jetPRIME buffer and let stand at room temperature for 10 minutes after mixing with 12 µl of the 

transfection reagent. The mixture was added to cells without changing medium. The stable cell 

lines expressing dopamine D1, D2, muscarinic acetylcholine 1, histamine 2, melanin 

concentrating hormone 1, melatonin 1, opioid μ, δ and κ receptors were created individually. As 

an example, the stable cell lines expressing human opioid μ, δ or κ receptors were created as 

previously reported (Zhang et al., 2012). Briefly, the individual human opioid receptors μ, δ, or κ 

DNA plasmid were cotransfected with Gqαi3. Transfection was carried out with lipofectamine 

(Invitrogen, Carlsbad, CA) using the protocol provided by the supplier. Stable cell clones were 

selected in the presence of 200 μg/ml G418, 200 μg/ml hygromycin and 200 μg/ml zeocin. 

Fluorometric Imaging Plate Reader Assay (FLIPR) 
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The assay was performed as reported earlier (Saito et al., 1999). Briefly, the stable cells were 

seeded into poly-D-lysine-coated black wall, clear-bottom 96-well plates at a density of 80,000 

cells per well. Twenty-four hours later the medium was removed and replaced with 100 μl of dye 

loading solution (2 μM Fluo-4 AM dissolved in FLIPR buffer, which consists of pluronic acid in 

1×Hank’s buffer supplemented with 20 mM HEPES, pH 7.4) for 1 hour at 37°C. The cells were 

then washed 3 times with FLIPR buffer prior to FLIPR assay. The samples, which were re-

dissolved in dimethyl sulphoxide (DMSO) and stored in 96-well drug plates, were diluted with 

FLIPR buffer and then added into the cells within 4s automatically. For agonist tests, the 

intracellular Ca
2+

 concentration was monitored at 520 nm with excitation wavelength at 488 nm 

over a period of 4 minutes. For antagonist tests, the compound was first incubated with the cell 

for 10 minutes, before the addition of intrinsic receptor ligand with EC50 determined in 

individual receptor expressing cell lines. Data were expressed as fluorescence (arbitrary units) 

versus time. 

Animals 

Male Swiss Webster mice (age 8-12 weeks, Charles River) were used in the majority of the 

experiments. Male 129/sv mice (age 8-12 weeks, Charles River) were used in Von Frey filament 

and hot box assays. Male dopamine D2 receptor knockout mice (age 8-12 weeks) were used for 

mechanistic studies. Age-matched wild-type littermates with the same genetic background were 

used as control animals. The generation of dopamine D2 knockout mice was reported previously 

(Baik et al., 1995). 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 Administrations 
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YHS water extract was dissolved in a vehicle solution of chromopher : ethanol : saline (2:1:17). 

Morphine (Sigma-Aldrich) was dissolved in saline. YHS water extract (100, 200, 250, 500 mg/kg, 

i.p., 5 ml/kg) and morphine (10 mg/kg, i.p., 5 ml/kg) were administered at different time points 

before the assay depending on the assays described in details below. 

Behavioral Testing 

Tail-flick assay 

The tail-flick assay was performed as described before (D'Amour and Smith, 1941). Briefly, 

acute pain response was measured using an electronically controlled tail-flick analgesimeter 

(UGO basile biological research apparatus, 7360 Tail Flick) that integrated both a thermal 

nociceptive stimulus and an automated response timer. Mice were applied with a thermal stimulus 

(focused light from a 20W infrared bulb as the heat source) directed to the tips of their tails. The 

time from onset of stimulation to a rapid withdrawal of their tails from the heat source was 

recorded as tail flick latency. These experiments were carried out using a moderate 6–7 seconds 

of baseline to permit low antinociception detection. A maximum of 22 seconds was set as a cut 

off time to prevent tissue damage to the animals. After three consecutive days’ baseline 

measurement, mice were administered with vehicle, morphine (10 mg/kg) and YHS extract (100-

500 mg/kg) and tail flick latency was measured right before the drug injection and 30, 60, 120 

and 180 minutes after drug injection. 

Formalin paw assay 

The formalin paw assay was performed as described before (Hunskaar and Hole, 1987). Briefly, 

mice were placed individually in a 4 liters glass beaker and were allowed to acclimate for 30 

minutes before the test. Vehicle, morphine (10 mg/kg), or YHS extract (200 mg/kg) was 

administered 15 minutes prior to formalin injection. Twenty five μl of 0.5 % formalin solution 

was administered into the dorsal surface of the right hind paw using a 50 μl Hamilton syringe 
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with a 30 gauge needle. Immediately after formalin injection, mice were placed individually in 

the beaker and a mirror was arranged in a 45 ° angle under the beaker to allow clear observation 

of the paws of the animals. The nociceptive behavior (paw licking) was observed continuously 

for 50 minutes. The time animals spent on licking the injected paw during the first phase (0-10 

minutes) and second phase (10 -50 minutes) were recorded in a 5 minutes -internals. 

Spinal nerve ligation (SNL) surgery 

Unilateral SNL injury was performed as described before (Kim and Chung, 1992). Briefly, the 

left L4 spinal nerve (Rigaud et al., 2008) was exposed in an isoflurane anesthetized mouse and 

ligated with a silk suture between dorsal root ganglia and the conjunction of sciatic nerve. Sham 

operations were performed in the same way except that spinal nerves were not ligated. The drug 

administration was carried out about two weeks post SNL when all injured mice have developed 

hindpaw mechanical and thermal hypersensitivities on the injured side, assessed by Von Frey 

filaments and hot box assay, respectively. 

Von Frey filaments assay  

Mouse 50% paw withdrawal thresholds (PWT) to calibrated von Frey filament (Stoelting, Wood 

Dale, IL) stimulation were assessed in both hindpaws with a modified up-down method of Dixon 

(Dixon, 1980) before and after SNL as described previously (Luo et al., 2001). Briefly, mice were 

acclimated for 1 hour on a mesh surface of the test apparatus. Mice were then administered with 

vehicle or YHS extract (200 mg/kg). A series of von Frey filaments (buckling force between 0.04 

and 2.0 gm), starting with a 0.4 gm one, was applied to the hindpaw plantar surface before drug 

treatment and 60, 120 and 240 minutes after drug treatment. A positive response of paw lifting 

within 5 seconds led to the use of the next weaker filament. Absence of paw lifting after 5 

seconds was considered a negative response and led to the use of the next filament with 

increasing force. Scores of six measurements, starting from the one prior to the first positive 
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response, were used to calculate the 50% PWT except that a score of 0.01 gm was assigned to 

four consecutive positive responses or a score of 3.0 gm was assigned to three consecutive 

negative responses. 

Hot box assay  

Mouse hindpaw withdrawal latencies (PWL) to a thermal stimulus were measured in a modified 

Hargreaves-type hot box as described before (Hargreaves et al., 1988). Briefly, mice were 

acclimated for at least 60 minutes within individual boxes on the hot box glass surface maintained 

at 30°C. Mice were then administered with vehicle or YHS extract (200 mg/kg). A radiant light 

source under the glass surface was aligned to the hindpaw planter surface before drug treatment 

and 60, 120 and 240 minutes after drug treatment. A timer was activated when the light source 

was turned on and stopped when a paw withdrawal from the light source was detected by motion 

sensors or at 20 seconds of light stimulation to prevent thermal injury. 

Tolerance assay 

The tolerance study was performed by a repeated-injection schedule as described before 

(Pasquinucci et al., 2012). Mice were administered with vehicle, morphine (10 mg/kg), or YHS 

extract (200 mg/kg) once daily for consecutive 7 days. The loss of the antinociceptive effects of 

drugs in the tail-flick test was used to assess the degree of tolerance. The procedure of the tail 

flick test was described above in the session of “Tail-flick assay”. The tail-flick latency was 

assessed on the 1
st
, 3

rd
, 5

th
, and 7

th
 day, 30 minutes after the drug injections. 

Spontaneous locomotor activity assay 

The sedative effects of the drugs on the animals were evaluated by measuring the spontaneous 

locomotor activity for 1 hour as previously reported (Nagasaki et al., 2009). Because of the 

possible sedative effect of the test drugs, the habituation step was skipped. 30 minutes after mice 



12 
 

were administered with vehicle or YHS extract (100-500 mg/kg), they were placed into an open 

field test chamber (40 x 40 cm, Med Associates, Inc.). Mice horizontal activities were measured 

by infrared beam arrays. The total distance animals travelled for 1 hour was recorded, analyzed 

and calculated by Activity Monitor 5 software (Med Associates, Inc.) and was used to evaluate 

the effects of drugs on locomotion. 

Rotarod assay 

The rotarod assay was performed as described before with modifications (Dunham and Miya, 

1957). Mice were trained to maintain their position on the rotarod apparatus (TSE Systems, Inc.) 

before the test session for two consecutive days, two trials per day (9:00 am and 3:00 pm). The 

first training trial consisted of a 5 minutes interval followed by an accelerating speed ranging 

from 4-20 round per minute (rpm) for 180 seconds and then at constant speed at 20 rpm for 120 

seconds. The other three trails consisted of only constant speed at 20 rpm for 120 seconds. Only 

animals can easily stay on the rod for at least 60 seconds were remained. On the third day, mice 

were placed on the rotarod 60 minutes after administrated with vehicle or YHS extract (100-500 

mg/kg), and the latency to fall off the rotarod within 120 seconds was recorded automatically by 

an infrared beam located below the rotating rod.  

Data analysis 

Graphpad Prism (GraphPad Software, Inc.) 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. 

RESULTS 

The antinoceceptive properties of YHS  
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The antinociceptive properties of YHS were first tested in the tail-flick assay, which records 

responses to an acute thermal stimulus. The results show that YHS significantly increase the tail 

flick latencies in a dose dependent manner for a minimum of 3 hours (P < 0.05, Fig. 1.1 A). Most 

analgesics possess sedative properties, and strong sedation may mask the assessment of pain. 

Thus, YHS was tested for its potential sedative properties by using locomotor activity and rotarod 

assays. The results show that YHS is not sedative at doses of 200 mg/kg or lower (P > 0.05, Fig. 

1.4 A and B). We consequently used 200 mg/kg as the non-sedative effective dose in the 

subsequent studies. 

We extended our study to evaluate the antinociceptive properties of YHS in the formalin paw 

assay, which monitors both acute and chronic inflammatory responses (Shibata et al., 1989). As 

shown in Fig. 1.1 B and C, YHS at 200 mg/kg significantly reduces the time mice spent licking 

the paw in both the early phase which corresponds to acute neurogenic pain (P < 0.01), and the 

late phase which corresponds to inflammatory pain (P < 0.01). YHS was further tested on animals 

after SNL in the von Frey filament and hot box assays, which measure mechanical allodynia and 

hyperalgesia, respectively. We show that YHS at non-sedative dose (200 mg/kg, determined in 

Fig. 1.4 C) significantly increases PWT and PWL in the von Frey filament and hot box assays, 

respectively, for a minimum of 2 hours (P > 0.05, Fig. 1.1 D and E). Mice treated with vehicle 

show no effect on neither assays (data not shown). Taken together, these data demonstrate that at 

a non-sedative dose, YHS is effective in suppressing nociceptive responses to thermally induced 

acute pain, chemically induced inflammatory pain as well as injury induced neuropathic pain. 

The mechanism of YHS antinociceptive activity 

We then investigated the mechanism of the antinociceptive effects of YHS. YHS was first 

screened against a battery of GPCRs using the FLIPR assay. As summarized in Table 1.1, YHS 

exhibits antagonistic properties mostly to dopamine D1 and D2 receptors. Dopamine D2 receptor 
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has been proposed playing an important role in pain and analgesia (Wood, 2008). Besides, L-

tetrahydropalmatine (l-THP), one active component of YHS, has been previously shown to exert 

its antinociceptive effect partially through D2 receptor antagonism (Hu and Jin, 1999). Therefore, 

we tested whether dopamine D2 receptor is involved in YHS antinociception by using dopamine 

D2 receptor knockout (D2KO) mice. 

In the tail flick assay, YHS at a non-sedative dose (200 mg/kg, determined in Fig. 1.4 D and E), 

induces antinociceptive effect in wild type (WT, P < 0.001, Fig. 1.2 A) but not in D2KO mice (P > 

0.05, Fig. 1.2 A). In the formalin assay, however, YHS at 200 mg/kg induces similar level of 

antinociceptive responses in both WT and D2KO mice (P < 0.05, Fig. 1.2 B) with no significant 

difference (P > 0.05, Fig. 1.2 B). These results indicate that the antinociceptive effect of YHS in 

acute pain, but not inflammatory pain, is attenuated in D2KO mice.   

In the von Frey filament assay (after SNL), YHS at 200 mg/kg shows antinociceptive effect 

(compared between the contralateral and ipsilateral paws) in WT (P > 0.05, Fig. 1.3 A) but not in 

D2KO mice (P < 0.05, Fig. 1.3 B). Compared to WT mice, D2KO mice treated with YHS show a 

significant increase of the PWT difference between contralateral and ipsilateral paws (P < 0.05, 

Fig. 1.3 C), which indicating an attenuated antinociceptive effect of YHS in D2KO mice.  In the 

hot box assay, YHS at 200 mg/kg induces antinociceptive effect (compared between the 

contralateral and ipsilateral paws) in both WT (P < 0.05, Fig. 1.3 D) and D2KO mice (P < 0.001, 

Fig. 1.3 E). This effect is, however, less potent in D2KO mice. Compared to WT mice, D2KO 

mice treated with YHS show an increase of the PWL difference between the contralateral and 

ipsilateral paws, though not statistically significant (P > 0.05, Fig. 1.3 F).  

Taken together, these data indicate that the antinociceptive effects of YHS are mediated, at least 

partially, through dopamine D2 receptor in acute and neuropathic pain, but not in inflammatory 

pain.  
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Lack of antinociceptive tolerance of YHS extract 

Because one of the major drawbacks of the narcotic analgesics is the development of tolerance, 

we tested YHS for the development of tolerance to its antinociceptive effect. We show that unlike 

morphine, YHS does not develop tolerance after daily administration for seven consecutive days 

(Fig. 1.4). 

DISCUSSION  

Pain can be classified into three different types: nociceptive pain activated by noxious physical 

stimulus, inflammatory pain activated by the immune system upon tissue injury and neuropathic 

pain caused by damage to the nervous system resulting from physical damage or disease affecting 

the somatosensory system (Woolf, 2010). Our study is the first to systematically evaluate the 

antinociceptive properties of YHS in three types of pain assays (Fig. 1.1). We show that YHS 

does not develop antinociceptive tolerance with sub-chronic administration (Fig. 1.4). We further 

characterized the pharmacological profile of YHS (Table 1.1) and demonstrated that 

antinociceptive effects of YHS are partially attributed to the interaction with dopamine D2 

receptor in acute and neuropathic pain, but not inflammatory pain (Fig. 1.2 and 1.3). 

Our study confirmed the antinociceptive effects of YHS in the tail flick, the formalin paw licking, 

the von Frey filament and the hot box assays which represent acute, inflammatory and 

neuropathic pain. Moreover, we show that repeated YHS administration does not lead to the 

development of tolerance and therefore YHS may present advantages over morphine in chronic 

pain treatment. 

To better understand the mechanism of the antinociceptive effects of YHS, we screened YHS 

against a number of GPCRs. Herb extracts, which contain varieties of compounds, exhibit 

multiple receptor activities in most cases. YHS, however, show antagonistic properties mostly to 

dopamine D1 and D2 receptors. One possible explanation is that other receptor-active 
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components might be present but at very low concentration. Based on the in vitro result, we 

investigated the mechanism of YHS antinociceptive activity on dopamine receptors. 

Our study shows that in D2KO mice, the antinociceptive effects of YHS are significantly 

decreased in acute and neuropathic pain assays. These results indicate that its actions are partially 

mediated through the blockade of the dopamine D2 receptor. A central role of dopaminergic 

transmission in modulating pain perception within supraspinal and spinal regions has been 

demonstrated (Wood, 2008). Striatal or spinal cord level of dopamine D2 receptor stimulation has 

been shown to exhibit antinociceptive effects in acute pain (Barasi and Duggal, 1985; Liu et al., 

1992; Moradi et al., 2015) and neuropathic pain (Ansah et al., 2007; Viisanen et al., 2012; 

Cobacho et al., 2014; Almanza et al., 2015). These seemly contradictory results could be 

explained by the preferential presynaptic D2 autoreceptors activation of some of the D2 receptor 

antagonists. It has been reported that a variety of D2 receptor antagonists at doses lower than 

required for antipsychotic effects result in an increase in dopamine metabolism (Magnusson et al., 

1986). Low doses of amisulpride, a selective antagonist of D2/D3 receptor with selective 

preference for presynaptic autoreceptors, show antinociceptive effects in the acute pain assay 

(Weizman et al., 2003). Moreover, l-THP has also been shown to exert its antinociceptive effect 

partially through D2 receptor antagonism (Hu and Jin, 1999). Additional studies are needed to 

determine if the antinociceptive effects of YHS in acute and neuropathic pain are regulated by 

presynaptic D2 receptors.  

Studies have shown that both D1 and D2 receptors are involved in mediating inflammatory pain 

responses in rodents (Gao et al., 2001; Taylor et al., 2003; Dang et al., 2011). Our study shows 

that the antinociceptive effect of YHS is not affected in D2KO mice. In this respect, whether D1 

receptor or other else pathways mediate its effects in inflammatory pain needs further 

investigation.   
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Consistent with our previous study (Zhang et al., 2014), the D2KO mice display similar tail flick 

latency baseline as compared to WT mice in the tail flick assay (data not shown). WT and D2KO 

mice also display similar baseline of time spent licking in the formalin assay (P > 0.05, Fig. 1.2 

B). Noteworthy our study is the first characterizing the neuropathic pain development after SNL 

in D2KO mice. It has been reported that under baseline condition, D2KO mice show slightly 

longer PWL in the hot box assay. These mice are, however, slightly more sensitive to mechanical 

stimulation in the von Frey filament assay, and, they do not show any difference in thermal and 

visceral pain responses (Mansikka et al., 2005). In our study, under baseline condition, WT and 

D2KO animals display similar overall PWT (P > 0.05, Before SNL point in Fig. 1.5 A) in the von 

Frey filament assay. However, after SNL, D2KO mice exhibit a slightly higher sensitivity in 

terms of mechanical allodynia development (P > 0.05, Day 1 and 3 post SNL points in Fig. 1.5 

A). Consequently both genotypes reached the similar level of mechanical sensitivity (P > 0.05, 

Day 7 post SNL points in Fig. 1.5 A). On the other hand, WT and D2KO animals display similar 

overall PWL baseline (P > 0.05, Before SNL point in Fig. 1.5 B) and similar trend in terms of 

hyperalgesia development (P > 0.05, Day 4 and 8 post SNL points in Fig. 1.5 B) in the hot box 

assay.  

In summary, our study demonstrated the efficacy of Corydalis yanhusuo extract in all three types 

of pain assays without causing tolerance. Our study also illustrated the mechanism involved in 

these antinociceptive effects. It is noteworthy that YHS is not only clinically used for pain 

management in China, but also is sold as a dietary supplement in United States. Our current 

results suggest that YHS might serve as a direct candidate for alternative management of pain. 
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Figure 1.1. Antinociceptive effects of YHS in acute, inflammatory and neuropathic pain models. 

(A) Antinociceptive effects of YHS (100-500 mg/kg) in the tail flick assay (n = 7-9). Two way 

ANOVA revealed significant drug effects (F6,49 = 38.26, P < 0.0001), time effect (F4,196 = 59.93, P 

< 0.0001) and drug x time interaction (F24,196 =  14.15, P < 0.0001). Bonferroni post hoc test: drug 

vs vehicle, *P < 0.05, **P < 0.01, *** P < 0.001. Data are presented as means±S.E.M. 

 (B) Time course of the antinociceptive effects of YHS (200 mg/kg) in the formalin paw licking 

assay (n = 6-7). Two way ANOVA revealed significant drug effects (F2,17 = 36.59, P < 0.0001) 

and time effect (F9,153 = 10.22, P < 0.0001). Bonferroni post hoc test: drug vs vehicle, *P < 0.05, 

**P < 0.01, *** P < 0.001. Data are presented as means±S.E.M. 

(C) Cumulative effects of the antinociceptive effects of YHS (200 mg/kg) in the formalin paw 

licking assay (n = 6-7). One-way ANOVA indicated significant drug effects in both Phase I (F2,17 

= 34.92, P < 0.0001) and Phase II (F2,17 = 31.68, P < 0.0001). Dunnett’s post hoc tests: drug vs 

vehicle, **P < 0.01, *** P < 0.001. Data are presented as means±S.E.M. 

(D) Antinociceptive effects of YHS (200 mg/kg) in the von Frey filament assay after spinal nerve 

ligation (n = 10). Two way ANOVA revealed a significant treatment effect (F3,36 = 11.42, P < 

0.0001). Bonferroni post hoc test: contralateral vs. ipsilateral, *** P < 0.001. Data are presented 

as means±S.E.M. 

(E) Antinociceptive effects of YHS (200 mg/kg) in the hot box assay after spinal nerve ligation (n 

= 10). Two way ANOVA revealed a significant treatment effect (F3,36 = 31.06, P < 0.0001) and 

drug x time interaction (F9,108 = 3.045, P = 0.0028). Bonferroni post hoc test: *P < 0.05, *** P < 

0.001. Data are presented as means±S.E.M. 
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Fig. 1.2 
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Figure 1.2. Effects of YHS in D2KO mice assessed in the tail flick and formalin paw licking 

assays. 

(A) Effects of YHS (200 mg/kg) in D2KO mice assessed in the tail flick assay (n = 10). Tail-flick 

latencies were measured 120 min following drug administration. One-way ANOVA indicated a 

significant drug effect (F3,36 = 12.53, P < 0.0001). Bonferroni post hoc test: YHS vs vehicle, *** 

P < 0.001, N.S., not significant; KO vs WT, 
##

 P < 0.01. Data are presented as means±S.E.M. 

(B) Effects of YHS (200 mg/kg) in D2KO mice assessed in the formalin paw licking assay (n = 

6). One-way ANOVA indicated significant drug effects in both Phase I (F3,20 = 8.751, P = 0.0007) 

and Phase II (F3,20 = 19.01, P < 0.0001). Bonferroni post hoc test: YHS vs vehicle, *P < 0.05, **P 

< 0.01, *** P < 0.001; KO vs WT, N.S., not significant. Data are presented as means±S.E.M. 
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Fig. 1.3 
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Figure 1.3. Effects of YHS in D2KO mice assessed in the von Frey filaments and hot box assays. 

(A) Effects of YHS (200 mg/kg) in WT mice assessed in the von Frey filaments assay after SNL 

(n = 10). Paw withdraw thresholds were measured 60 minutes after drug administration. Two way 

ANOVA revealed a significant treatment effect (F3,36 = 12.81, P < 0.0001) and time effect (F1,36 = 

7.244, P = 0.0107). Bonferroni post hoc test: contralateral vs. ipsilateral, **P < 0.01, *** P < 

0.001, N.S., not significant; YHS vs vehicle, 
#
 P < 0.05. Data are presented as means±S.E.M. 

(B) Effects of YHS (200 mg/kg) in D2KO mice assessed in the von Frey filaments assay after 

SNL (n = 10). Paw withdraw thresholds were measured 60 minutes after drug administration. 

Two way ANOVA revealed a significant treatment effect (F3,36 = 17.00, P < 0.0001) and time 

effect (F1,36 = 6.340, P = 0.0164). Bonferroni post hoc test: contralateral vs. ipsilateral, *P < 0.05, 

**P < 0.01; YHS vs vehicle, 
#
 P < 0.05, N.S., not significant. Data are presented as means±S.E.M. 

(C) Paw withdraw threshold (PWT) difference between contralateral (Contra) and ipsilateral (Ipsi) 

paws in WT and D2KO mice assessed in the von Frey filaments assay 60 minutes after YHS (200 

mg/kg) administration (n = 10). t = 2.281, P = 0.0349.  Unpaired student t test, KO vs WT, *P < 

0.05. Data are presented as means±S.E.M. 

(D) Effects of YHS (200 mg/kg) in WT mice assessed in the hot box assay after SNL (n = 10). 

Paw withdraw latencies were measured 60 minutes after drug administration. Two way ANOVA 

revealed a significant treatment effect (F3,36 = 66.27, P < 0.0001) , time effect (F1,36 =34.40, P < 

0.0001) and drug x time interaction (F3,36 =  19.38, P < 0.0001). Bonferroni post hoc test: 

contralateral vs. ipsilateral, *P < 0.05, *** P < 0.001; YHS vs vehicle, 
###

 P < 0.01, N.S., not 

significant. Data are presented as means±S.E.M. 

(E) Effects of YHS (200 mg/kg) in D2KO mice assessed in the hot box assay after SNL (n = 9-

10). Paw withdraw latencies were measured 60 minutes after drug administration. Two way 

ANOVA revealed a significant treatment effect (F3,34 = 75.99, P < 0.0001) , time effect (F1,34 
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=25.25, P < 0.0001) and drug x time interaction (F3,34 =  6.119, P = 0.0019). Bonferroni post hoc 

test: contralateral vs. ipsilateral, *** P < 0.001; YHS vs vehicle, 
###

 P < 0.01, N.S., not significant. 

Data are presented as means±S.E.M. 

(F) Paw withdraw latency (PWL) difference between contralateral (Contra) and ipsilateral (Ipsi) 

paws in WT and D2KO mice assessed in the hot box assay 60 minutes after YHS (200 mg/kg) 

administration (n = 9-10). t =1.394, P = 0.1812. Unpaired student t test, N.S., not significant. 

Data are presented as means±S.E.M. 
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Fig. 1.4 
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Figure 1.4. Lack of antinociceptive tolerance of YHS (200 mg/kg) in the tail flick assay (n = 7-8). 

Two way ANOVA revealed a significant drug effect (F2,19 = 68.24, P < 0.0001) , time effect (F4,76 

=19.16, P < 0.0001) and drug x time interaction (F8,76 =  7.509, P < 0.0001). Bonferroni post hoc 

test: drug vs vehicle, *P < 0.05, **P < 0.01, *** P < 0.001. Data are presented as means±S.E.M. 
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Fig. 1.5 
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 Figure 1.5. Effects of YHS in the locomotor activity and rotarod assays.  

(A) Effects of YHS (100-500 mg/kg) in Swiss Webster mice assessed in the locomotor activity 

assay (n = 6-9). One way ANOVA revealed a significant drug effect (F4,31 = 13.66, P < 0.0001). 

Dunnett’s post hoc tests: drug vs vehicle, **P < 0.01, *** P < 0.001. Data are presented as 

means±S.E.M. 

(B) Effects of YHS (100-500 mg/kg) in Swiss Webster mice assessed in the rotarod assay (n = 8). 

One way ANOVA revealed no significant drug effect (F3,28 = 0.7925, P = 0.5083). Data are 

presented as means±S.E.M. 

(C) Effects of YHS (100, 200 mg/kg) in 129/sv mice assessed in the locomotor activity assay (n = 

9-10). One way ANOVA revealed no significant drug effect (F2,25 = 0.7993, P = 0.4608). Data are 

presented as means±S.E.M. 

(D) Effects of YHS (100, 200 mg/kg) in the mice used as wild-type control for the D2KO mice 

assessed in the locomotor activity assay (n = 8-10). One way ANOVA revealed no significant 

drug effect (F2,24 = 1.167, P = 0.3284). Data are presented as means±S.E.M. 

 (E) Effects of YHS (100, 200 mg/kg) in the mice used as wild-type control for the D2KO mice 

assessed in the rotarod assay (n = 8). One way ANOVA revealed no significant drug effect (F3,21 

= 0.5191, P = 0.6025). Data are presented as means±S.E.M. 
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Fig. 1.6 
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Figure 1.6. Neuropathic pain development of WT and D2KO mice.  

(A) Development of tactile allodynia of WT and D2KO mice assessed in the von Frey filaments 

assay (n = 10). Two way ANOVA revealed significant treatment effects (F3,36 = 11.99, P < 

0.0001), time effect (F3,108 = 8.557, P < 0.0001) and treatment x time interaction (F9,108 =  2.451, P 

= 0.0140). Bonferroni post hoc test: contralateral vs ipsilateral, *P < 0.05, *** P < 0.001. Data 

are presented as means±S.E.M. 

(B) Development of thermal hyperalgeisa of WT and D2KO mice assessed in the hot box assay (n 

= 10). Two way ANOVA revealed significant treatment effects (F3,36 = 56.34, P < 0.0001), time 

effect (F2,72 = 84.75, P < 0.0001) and treatment x time interaction (F6,72 =  16.90, P < 0.0001). 

Bonferroni post hoc test: contralateral vs ipsilateral, *** P < 0.001. Data are presented as 

means±S.E.M. 
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Table 1.1 

Pharmacological profiles of YHS within G protein coupled receptors (GPCRs). 

 

 

 

 

 

 

 

          

 

 

                 S.E.M: the standard error of the mean of duplicate measurements for each point. 

  

CNS Target YHS Antagonism 
(IC50, μg/ml, Mean±S.E.M.) 

Dopamine D1 3.129 ± 0.2423 

Dopamine D2  3.091 ± 0.1893 

Serotonin 1A/2A/2C/6  None 

Adrenergic α1B/α2A/α2B/β1/β2  None 

Muscarinic Acetylcholine  R1 None 

Histamine R2  None 

Melatonin R1  None 

Opioid  μ, δ, κ None 

Opioid receptor-like R  None 

Melanin concentrating hormone R1 None 

Neurokinin R1 None 
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Chapter 2 

Reverse Pharmacology on Corydalis yanhusuo: 

Discovery of The Analgesic Properties of 

Dehydrocorybulbine 

ABSTRACT 

Background: Current pain management is limited, in particular, with regard to chronic pain. 

In an attempt to discover novel analgesics, we combined the approach developed to 

characterize traditional Chinese medicine (TCM), as part of the "herbalome" project, with 

the reverse pharmacological approach aimed at discovering new endogenous transmitters 

and hormones. 

Methods: The reverse pharmacological approach was used to identify compounds acting at 

G protein-coupled receptors (GPCRs). The antinociceptive properties of the compounds 

were analyzed in the tail flick, the formalin paw licking, the von Frey filament and the hot 

box assays after spinal nerve ligation which monitor acute nociceptive, persistent 

inflammatory and chronic neuropathic pain, respectively. The mechanism of action was 

studied in vivo using pharmacological compounds and knock-out mice.  

Results: In Corydalis yanhusuo W.T., a plant used for centuries for its analgesic properties, 

we identify a compound, dehydrocorybulbine (DHCB) that is effective at alleviating 

thermally induced acute pain. We synthesize DHCB and show that it displays weak μ-opioid 

receptor agonist and moderate dopamine receptor antagonist activities. By using selective 

pharmacological compounds and dopamine receptor knockout (KO) mice, we show that the 

antinociceptive effect relies on DHCB’s antagonist activity at the dopamine D2 receptor but 
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not on its agonist activity at μ-opioid receptor. We further show that DHCB is effective 

against inflammatory pain and injury-induced neuropathic pain and furthermore causes no 

antinociceptive tolerance.  

Conclusions: Our study casts DHCB as a different type of analgesic compound and as a 

promising lead in pain management. 
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INTRODUCTION 

Pain reduces the quality of life and imparts high health costs and economic loss to society. Pain 

can be differentiated into mechanical pain, which represents an acute response to a mechanical 

insult, inflammatory pain, which is associated with tissue damage and the infiltration of immune 

cells, and neuropathic pain, which is caused by damage to the nervous system (Woolf, 2010). Pain 

sensation is transmitted by afferent neurons from the periphery to the spinal cord and from there 

to the brain, with feedback loops modifying the input (Millan, 1999). Current pain management 

strategies rely primarily on anti-inflammatory and antinociceptive drugs. The prevalent anti-

inflammatory drugs are the nonsteroidal anti-inflammatory drugs (NSAIDs) including the COX-2 

selective inhibitors. They are the first line of therapy against low or moderate pain, followed, if 

unsuccessful, by the more potent opiate drugs. The opiates are the most common antinociceptive 

drugs and are effective for 70-80% of patients. This class of drugs is however plagued by side 

effects. They reduce GI motility, affect blood pressure, induce tolerance, dependence, and at high 

doses respiratory depression (Crofford, 2010). Neuropathic pain is managed poorly; 

anticonvulsants and antidepressants are sometimes used but with limited results (Hama and Sagen, 

2012). Therefore the search for new analgesic compounds that present therapeutic alternatives is 

important. 

For over 7000 years, various extracts of natural products, mostly plants, have served as analgesics. 

These extracts offer an opportunity to identify new analgesic compounds. They contain numerous 

components but only some display analgesic properties (McCurdy and Scully, 2005). Identifying 

new ones requires a strategy that combines analytical purification and pharmacological analyses. 

We chose an approach that takes advantage of the purification efforts that have been developed to 

globalize and modernize traditional Chinese medicines (TCMs) as part of the “herbalome” project 

and of the reverse pharmacological approach developed to identify compounds acting at G 

protein-coupled receptors (GPCRs) (Reinscheid et al., 1995; Civelli et al., 2001; Stone, 2008; 

http://en.wikipedia.org/wiki/Non_steroidal_anti-inflammatory_drug
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Zhang et al., 2012a). We applied this approach to plant extracts and receptors known to display 

antinociceptive properties. 

MATERIALS AND METHODS 

Plant material  

The tuber of Corydalis yanhusuo W.T. Wang was collected in Dongyang County (Zhejiang, 

China) and authenticated by Institute of Medication, Xiyuan Hospital of China Academy of 

Traditional Chinese Medicine. The tuber was first processed with vinegar as used in the 

traditional way to enhance the analgesic effect. The extraction of YHS was performed by Mai-Di 

Hai Pharmacy (China). Other nine TCMs including Commiphora myrrha (Nees) Engl., Macleaya 

cordata (Willd.) R.Br., Stephania japonica (Thunb.) Miers, Stephania tetrandra S. Moore, 

Huperzinaserrata (Thumb.)Trev, Anisodus tanguticus (Maxinowicz) Pascher, Nandina domestica, 

Carthamus tinctorius L, Lonicera japonica Thunb were collected from their mainly distributed 

locations in China and authenticated by Institute of Medication, Xiyuan Hospital of Chinese 

Academy of Traditional Chinese Medicine.  

Plant extraction and fractions library  

The procedures were as follows: 10 kg of herb was ground into powder and decocted in 100 L of 

water at 100 C for 120 minutes. Then the residue was collected and redecocted in 100 L of water 

at 100 C for 90 minutes. The decoctions were pooled together and dried by spray drying to yield 

0.6 kg water extract. Then 0.15 kg of the extract was dissolved in 1.5 L of water/ethanol 30:70 

(v/v) and the solution was extracted with 0.75 L ethyl acetate three times. Residual was then 

extracted with 0.75 L n-butanol three times and the fraction of n-butanol was collected and dried 

with a rotary evaporator at 60 C to yield 45 g of extract. A 1.0-g portion of the n-butanol extract 

was dissolved in 5 ml methanol/water/formic acid (50:50:0.1, v/v/v) and filtered through 0.22 μm 
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membranes to make the crude sample with a concentration of about 200 mg/ml. The fractions 

library for the other TCMs were established as described earlier(Zhang et al., 2012a). 

Purification, identification and synthesis of DHCB 

The fractionation of the crude n-butanol extract was performed on an analytical C18HCE column 

(4.6×150 mm, 5 μm) with an Alliance HPLC system (Milford) that consisted of a Waters 2695 

HPLC pump and a Waters 2996 photodiode array detector (PAD). The mobile phases were 

composed of CH3CN (phase A) and 0.1% formic acid aqueous (phase B), with a gradient of 5% 

A to 15% A in 30 minutes and then to 95% A in 10 minutes. The flow rate was 1.0 ml/min and 

the column temperature was maintained at 30 C. The amount of sample loading is 6 mg per 

injection. The fractions were collected with a Waters Fraction Collector III (Milford) at intervals 

of 0.5 min/fraction. After the active fraction (F42) was found, 1.0 g of the crude sample were 

fractionated on a semi-preparative C18HCE column (20 × 150 mm, 10 μm), with a similar HPLC 

method mentioned above but at 20.0 ml/min. The active fraction was pooled and it was further 

separated on the analytical C18HCE column with an isocratic elution of 15% CH3CN. Finally, 

5.8 mg (yield 0.01%, dry weight) of the single compound was purified. 

Structure elucidation of the isolated active compound was carried out by using various spectral 

techniques. HRESIMS were recorded on a Q-TOF system (Waters Co., UK). NMR spectra were 

obtained on Bruker AV400 spectrometer. Single-crystal was obtained in the perchlorate form of 

DHCB, by slowly volatilizing of its methanol solution. X-ray diffraction was performed by using 

a Bruker Apex II CCD diffractometer equipped with a fine-focus sealed-tube X-ray source 

(MoKα radiation, graphite monochromated). Structures were solved by direct methods using 

SHELXTL and were refined by full-matrix least-squares on F2 using SHELX-97. Non-hydrogen 

atoms were refined with anisotropic displacement parameters during the final cycles. Hydrogen 

atoms were placed in calculated positions with isotropic displacement parameters set to 1.2×Ueq 
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of the attached atom.   

The synthesis pathway of DHCB is shown in Figure 2.5 E. Commercially available Berberine 

was used as a starting material for a selective reduction reaction, in which NaBH4 was used as a 

reducing agent and methanol as the solvent. The key intermediate product 2 was obtained with a 

76% yield by adding dropwise NaBH4 in 5% NaOH in 10 min and the total amount of NaBH4 

was strictly controlled. Product 2 was allowed to react with 37% formaldehyde in a mixture of 

EtOH and HOAc and then acidified with 2 N HCl to provide the key intermediate product 3 with 

a 90% yield. 3 was reacted with phloroglucinol in H2SO4 (60%) at 90-95 
o
C to yield 4. The 

concentration of H2SO4 (55-65%) and reaction time (20-30 min) are key factors during this step. 

Macroporous resins (XAD-4 and D152) were employed to separate 4 from the reaction mixture 

(31% yield). The desired compound (DHCB) was obtained through a selective methylation of 4, 

in which chloromethyl methyl ether was used to selectively protect the phenolic hydroxyl at 3- 

position, and then the phenolic hydroxyl at 2-position was methylated by methyl p-

toluenesulfonate, followed by a deprotection with 2N HCl. The final product was purified 

through preparative HPLC. This approach is efficient and yielded 12.5% of purified material from 

a readily available berberine. 

Cell Culture, cDNA Constructs, and Transfection 

All GPCRs used in this study were amplified from human cDNA library (Clontech) and cloned 

into pcDNA 3.1 (-) (Invitrogen, Carlsbad, CA). The sequences were confirmed by sequencing 

from both ends and with internal primers by Laragen (Los Angeles, CA). Human embryonic 

kidney-293 T cells (HEK293T) were cultured in Dulbecco’s Minimum Essential Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS). The stable cell lines expressing 

opioid μ, δ, κ, dopamine D1, D2, D3, D4 receptors were created individually. As an example, the 

stable cell lines expressing human opioid μ, δ or κ receptors were created as previously reported 



41 
 

(Zhang et al., 2012b). 

Fluorometric Imaging Plate Reader Assay (FLIPR) 

The assay was performed as reported earlier (Saito et al., 1999). Briefly, the stable cells were 

seeded into poly-D-lysine-coated black wall, clear-bottom 96-well plates at a density of 80,000 

cells per well. Twenty-four hours later the medium was removed and replaced with 100 μl of dye 

loading solution (2 μM Fluo-4 AM dissolved in FLIPR buffer, which consists of pluronic acid in 

1×Hank’s buffer supplemented with 20 mM HEPES, pH 7.4) for 1 hour at 37°C. The cells were 

then washed 3 times with FLIPR buffer prior to FLIPR assay. The samples, which were re-

dissolved in dimethyl sulphoxide (DMSO) and stored in 96-well drug plates, were diluted with 

FLIPR buffer and then added into the cells within 4s automatically. For agonist tests, the 

intracellular Ca
2+

 concentration was monitored at 520 nm with excitation wavelength at 488 nm 

over a period of 4 minutes. For antagonist tests, the compound was first incubated with the cell 

for 10 minutes, before the addition of intrinsic receptor ligand with EC50 determined in 

individual receptor expressing cell lines. Data were expressed as fluorescence (arbitrary units) 

versus time. 

Animals 

Male CD1 mice (age 9-11 weeks, Charles River) were used in the majority of the experiments. 

Male 129/sv mice (age -12 weeks, Charles River) were used in Von Frey filament and hot box 

assays. Male dopamine D2 receptor knockout mice (age 12-13 weeks) were used in the tail flick 

locomotor activity assays. Age-matched wild-type littermates with the same genetic background 

were used as control animals. The generation of dopamine D2 knockout mice was reported 

previously (Baik et al., 1995). 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.  
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Drug Administration 

Morphine, naloxone, SKF-38393, quinpirole (Sigma-Aldrich), L-tetrahydropalmatine (l-THP, 

Xi,an Xiaocao Botianical Development Co.,LTD) and DHCB were dissolved in saline. Saline, 

morphine (10 mg/kg, i.p., 5 ml/kg), naloxone (1 mg/kg, i.p., 2.5 ml/kg), SKF-38393 (0.5-2.0 

mg/kg, i.p., 5 ml/kg), quinpiorle (0.5-2 mg/kg, i.p., 5 ml/kg) DHCB (5-40 mg/kg, i.p., 5 ml/kg) or 

l-THP (5-40 mg/kg, i.p., 5 ml/kg ) were administered at different time points before the assay 

depending on the assays described in details below. 

Behavioral Testing 

Tail-flick assay 

The tail-flick assay was performed as described before (D'Amour and Smith, 1941). Briefly, acute 

pain response was measured using an electronically controlled tail-flick analgesimeter (UGO 

basile biological research apparatus, 7360 Tail Flick) that integrated both a thermal nociceptive 

stimulus and an automated response timer. Mice were applied with a thermal stimulus (focused 

light from a 20W infrared bulb as the heat source) directed to the tips of their tails. The time from 

onset of stimulation to a rapid withdrawal of their tails from the heat source was recorded as tail 

flick latency. These experiments were carried out using a moderate 6–7 seconds of baseline to 

permit low antinociception detection. A maximum of 22 seconds was set as a cut off time to 

prevent tissue damage to the animals. After three days’ baseline measurement, mice were 

administered with saline, morphine (10 mg/kg), or DHCB (5-40 mg/kg) or l-THP (10 mg/kg) and 

tail flick latency was measured 30, 60, 120 and 180 minutes after drug injection. For some of the 

experiments, naloxone (1 mg/kg) or saline was administered 5 minutes prior to the drug 

administration to evaluate the effects of DHCB in the presence of the opioid receptor antagonist. 

In this case (naloxone presence), the tail flick latency was measured 30 and 60 minutes after drug 

injection. 
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Formalin paw assay 

The formalin paw assay was performed as described before (Hunskaar and Hole, 1987). Briefly, 

mice were placed individually in a 4 liters glass beaker and were allowed to acclimate for 30 

minutes before the test. Saline, morphine (10 mg/kg), or DHCB (5, 10 mg/kg) or l-THP (10 

mg/kg) was administered 15 minutes prior to formalin injection. Twenty five μl of 0.5 % formalin 

solution was administered into the dorsal surface of the right hind paw using a 50 μl Hamilton 

syringe with a 30 gauge needle. Immediately after formalin injection, mice were placed 

individually in the beaker and a mirror was arranged in a 45 ° angle under the beaker to allow 

clear observation of the paws of the animals. The nociceptive behavior (paw licking) was 

observed continuously for 50 minutes. The time animals spent on licking the injected paw during 

the first phase (0-5 minutes) and second phase (10 -50 minutes) were recorded in a 5 minutes -

internals. 

Spinal nerve ligation (SNL) surgery 

Unilateral SNL injury was performed as described before (Kim and Chung, 1992). Briefly, the 

left L4 spinal nerve (Rigaud et al., 2008) was exposed in an isoflurane anesthetized mouse and 

ligated with a silk suture between dorsal root ganglia and the conjunction of sciatic nerve. Sham 

operations were performed in the same way except that spinal nerves were not ligated. The drug 

administration was carried out about two weeks post SNL when all injured mice have developed 

hindpaw mechanical and thermal hypersensitivities on the injured side, assessed by Von Frey 

filaments and hot box assay, respectively. 

Von Frey filaments assay  

Mouse 50% paw withdrawal thresholds (PWT) to calibrated von Frey filament (Stoelting, Wood 

Dale, IL) stimulation were assessed in both hindpaws with a modified up-down method of Dixon 

(Dixon, 1980) before and after SNL as described previously (Luo et al., 2001). Briefly, mice were 
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acclimated for 1 hour on a mesh surface of the test apparatus. Mice were then administered with 

saline or DHCB (10 mg/kg). A series of von Frey filaments (buckling force between 0.04 and 2.0 

gm), starting with a 0.4 gm one, was applied to the hindpaw plantar surface before drug treatment 

and 60, 120 and 240 minutes after drug treatment. A positive response of paw lifting within 5 

seconds led to the use of the next weaker filament. Absence of paw lifting after 5 seconds was 

considered a negative response and led to the use of the next filament with increasing force. 

Scores of six measurements, starting from the one prior to the first positive response, were used to 

calculate the 50% PWT except that a score of 0.01 gm was assigned to four consecutive positive 

responses or a score of 3.0 gm was assigned to three consecutive negative responses. 

Hot box assay  

Mouse hindpaw withdrawal latencies (PWL) to a thermal stimulus were measured in a modified 

Hargreaves-type hot box as described before (Hargreaves et al., 1988). Briefly, mice were 

acclimated for at least 60 minutes within individual boxes on the hot box glass surface maintained 

at 30°C. Mice were then administered with saline or DHCB (10 mg/kg). A radiant light source 

under the glass surface was aligned to the hindpaw planter surface before drug treatment and 60, 

120 and 240 minutes after drug treatment. A timer was activated when the light source was turned 

on and stopped when a paw withdrawal from the light source was detected by motion sensors or 

at 20 seconds of light stimulation to prevent thermal injury. 

Tolerance assay 

The tolerance study was performed by a repeated-injection schedule as described before 

(Pasquinucci et al., 2012). Mice were administered with saline, morphine (10 mg/kg), or DHCB 

(10 mg/kg), or l-THP (10 mg/kg) once daily for consecutive 7 days. The loss of the 

antinociceptive effects of drugs in the tail-flick test was used to assess the degree of tolerance. 
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The procedure of the tail flick test was described above in the session of “Tail-flick assay”. The 

tail-flick latency was assessed on the 1
st
, 3

rd
, 5

th
, and 7

th
 day, 30 minutes after the drug injections. 

Spontaneous locomotor activity assay 

The sedative effects of the drugs on the animals were evaluated by measuring the spontaneous 

locomotor activity for 1 hour as previously reported (Nagasaki et al., 2009). Because of the 

possible sedative effect of the test drugs, the habituation step was skipped. 30 minutes after mice 

were administered with saline or DHCB (5-40 mg/kg) or l-THP (5-40 mg/kg), they were placed 

into an open field test chamber (40 x 40 cm, Med Associates, Inc.). Mice horizontal activities 

were measured by infrared beam arrays. The total distance animals travelled for 1 hour was 

recorded, analyzed and calculated by Activity Monitor 5 software (Med Associates, Inc.) and was 

used to evaluate the effects of drugs on locomotion. 

Rotarod assay 

The rotarod assay was performed as described before with modifications (Dunham and Miya, 

1957). In brief, mice were trained for three consecutive days, two trials per day (9:00 am and 3:00 

pm), to maintain their position on a rotarod apparatus (Columbus Instruments) with a diameter of 

3 cm, at a fixed speed of 11 round per minute. Each trial consisted of walking on the rotarod for a 

maximum of 120 seconds. Only animals that could easily remain on the rod for at least 60 

seconds after training were used. On the fourth day of the test, mice were administered with 

saline, DHCB (5-40 mg/kg) and l-THP (5- 40 mg/kg) 30 minutes before testing. Mice were then 

placed on the rotarod 30 minutes after drug administration and the latency to fall within 120 

seconds was recorded, respectively. The cut-off time was set at 120 seconds. 

Pharmacokinetics study of DHCB 
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Mice were administered with a single dose of DHCB (20 mg/kg, i.p., 5 ml/kg). Blood was 

collected at 10, 30, 60, 120, and 180 minutes as indicated, into tubes containing EDTA. Plasma 

was collected after centrifugation (3500 g). Brains were also excised at those time points after 

perfusion with saline. The plasma and brain were mixed with acetonitrile; brain samples were 

sonicated with a probe tip sonicator for 20 minutes to break up the tissue. Drug levels in brain and 

plasma were measured by API2000 LC-MS/MS (AB Sciex) and calculated by comparing internal 

standards prepared in plasma and brain matrix. 

Metabolic study of DHCB 

The potential NADPH-dependent (phase I metabolism) and UGT-mediated (phase II metabolism) 

metabolism of DHCB was studied by incubating with human liver microsomes (HLM) in vitro as 

previously described (Liu et al., 2009).  UFLC-DAD (Shimadzu) and UFLC-ESI-MS (Shimadzu) 

were used for the analysis. 

Data analysis 

Graphpad Prism (GraphPad Software, Inc.) 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. 

RESULTS 

Purification, identification, pharmacological characterization and synthesis of 

dehydrocorybulbine (DHCB), an alkaloid from Corydalis yanhusuo W.T. (YHS) 

Ten TCMs known for their analgesic properties (China Pharmacopoeia committee, 2015) were 

screened on cells expressing the µ-opioid receptor. These included Commiphora myrrha (Nees) 

Engl., Macleaya cordata (Willd.) R.Br., Stephania japonica (Thunb.) Miers, Stephania tetrandra S. 

Moore, Huperzinaserrata (Thumb.)Trev, Anisodus tanguticus (Maxinowicz) Pascher, Nandina 
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domestica, Carthamus tinctorius L, Lonicera japonica Thunb and Corydalis yanhusuo. 

Approximately 500 HPLC fractionated samples were tested for their ability to activate the µ-

opioid receptor. However, only one fraction in YHS was able to induce a reproducible receptor-

dependent intracellular Ca
2+

 mobilization (Fig. 2.5 A). 

By using a novel stationary phase (Wang et al., 2011; Long et al., 2012), this fraction, which 

contains a series of structurally- related alkaloids difficult to be resolved by conventional 

chromatography, was efficiently purified and its active component was successfully isolated (Fig. 

2.5 B). The structure of this component was elucidated by UV, Mass Spectrometry, NMR, and 

single X-ray crystallography (Data not shown) and determined to be DHCB (Structure shown in 

Fig. 2.5 C). 

Purified DHCB induced a dose-dependent Ca
2+

 change in μ-expressing cells (Fig. 2.6 A) with a 

half-maximum response (EC50) of 100 μM, and failed to induce a detectable response in parental 

cells. This activity is antagonized by naloxone (Fig. 2.6 B). DHCB showed marginal activity at δ- 

and κ-opioid receptors (Table 1). 

DHCB was originally isolated from Corydalis ambigua var amurensis in 1964 (Taguchi and 

Imaseki, 1964), but its biological or medicinal properties have remained unknown. It has also 

never been synthesized. In order to generate sufficient amounts, we synthesized DHCB through a 

four-step process as described in the “Materials and Methods session” (Fig. 2.5 E). The 

synthesized compound was found to be identical to purified DHCB in chromatographic behavior 

and spectra data. To our knowledge, this is the first report of DHCB synthesis. 

DHCB is antinociceptive in an acute pain model 

DHCB’s antinociceptive activity was tested in the tail-flick assay which records responses to a 

thermal stimulus. These experiments were carried out using a moderate 7-8 sec baseline to permit 

low antinociception detection. As shown in Fig. 2.1 A, DHCB was found to induce 
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antinociception in a dose-dependent manner (P < 0.01). It shows a potent effect and has a longer 

lasting antinociceptive property at high doses (at least 3 hours).  

Since strong sedation may influence assessment of pain-related behaviors and since most 

analgesics carry sedative effects, DHCB was first tested for its potential sedative properties by 

monitoring its effects in the locomotor activity and the rotarod assay. The results show that 

DHCB is not sedative at doses of 10 mg/kg or lower (P > 0.05, Fig. 2.1 B and C). We 

consequently used 10 mg/kg as the non-sedative threshold dose. 

Besides, pharmacokinetic analyses have revealed that DHCB remains in the plasma at relatively 

high concentrations at least 3 hours after i.p. injection (Fig. 2.6 C). In addition, preliminary in 

vitro metabolism analyses show that DHCB is not metabolized in phase I (Fig. 2.6 E), but is 

slowly metabolized into two glucuronidated products in phase II (Fig. 2.6 F). These findings 

indicate that DHCB is able to penetrate the blood-brain barrier (Fig. 2.6 D) and has favorable 

pharmacokinetic properties. 

The mechanism of DHCB’s antinociceptive activity 

DHCB’s weak activity at the μ receptor prompted us to carry out a survey of the properties of 

known YHS alkaloids. As we show in chapter 1, the YHS extract exhibit antinociceptive effects 

partially throught dopamine D2 receptor antagonism in acute and neuropathic pain but not 

inflammaroty pain assays. L-tetrahydropalmatine (l-THP), another active constitute in YHS has 

also been shown to display dopamine receptor antagonism and exert analgesic effect (Hu and Jin, 

1999; Chu et al., 2008). Because DHCB and l-THP (Structure shown in Fig. 2.5 D) are 

structurally similar, their activities were compared at the five dopamine receptor subtypes. We 

found that both DHCB and l-THP behave as antagonists (Fig. 2.6 G and H). As summarized in 

Table 1, DHCB exhibits micro- or submicro-molar affinities to all five dopamine receptors and 

displays its highest affinity to the D2 receptor. When compared to l-THP, DHCB shows higher or 
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comparable affinities to the D2-like and lower affinities to the D1-like receptors (Table 2.1). 

Consistent with a previous report (Zhang et al., 1986), l-THP showed no activity at the μ-opioid 

receptor. 

Because of DHCB exhibits a weak μ-opioid receptor agonist activity, we first ascertain whether 

its antinociceptive role in vivo can be inhibited by naloxone. As shown in Fig. 2.2 A, the 

antinociception induced by DHCB (10 mg/kg) in the tail-flick assay was found to be not 

antagonized by naloxone (P > 0.05), which is in accord with its activity at the µ-opioid receptor 

in vitro.  

Next, we tested whether dopamine D1 and/or D2 receptors are involved in DHCB antinociception. 

As shown in Fig.2.2 B, SKF-38393, a selective D1 agonist, at sub-effective dose 1.0 mg/kg (P > 

0.05, determined in Fig. 2.7 A), was unable to block the effect of DHCB (10 mg/kg) in the tail-

flick assay (P > 0.05). In contrast, quinpirole, a selective D2 agonist, at sub-effective dose 0.5 

mg/kg (P > 0.05, determined in Fig. 2.7 B), significantly reversed DHCB antinociception (P < 

0.001, Fig. 2.2 C). To further study the role of dopamine D2 receptor in mediating DHCB 

antinociception, we tested its effects in D2 receptor knockout (D2KO) mice. Wild-type (WT) and 

D2KO animals display similar tail-flick latency baselines (P > 0.05, Fig. 2.2 E). DHCB at a non-

sedative dose (5 mg/kg, determined in Fig. 2.2 D) induces an antinociceptive response in WT 

animals, but not in D2KO mice (P < 0.001, Fig. 2.2 E). This shows that the DHCB 

antinociceptive effects are primarily due to its interaction with D2 receptors, also raising the 

possibility that this may also be the site of l-THP action (Hu and Jin, 1999; Chu et al., 2008). 

In addition, we also studied whether the sedative effect of DHCB relies on the dopamine D2 

receptor antagonism in D2KO mice. Our results showed that DHCB 20 mg/kg exhibits significant 

reduction in the locomotor activity in both WT and D2KO mice with no significant difference 

between genotypes (P > 0.05, Fig.2.7 C); this indicate that the sedative effect of DHCB is not 
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mediated via dopamine D2 receptor. 

DHCB is antinociceptive in inflammatory and neuropathic pain models 

To ascertain and extend our understanding of its antinociceptive efficacy, DHCB was tested in the 

formalin paw licking assay, a test designed to assess both acute and persistent inflammatory pain 

responses. The assay produces a distinct biphasic response. Phase I (early phase) occurs within 

the first 5 min after formalin injection and corresponds to acute neurogenic pain. Phase II (10-50 

min, late phase) corresponds to inflammatory pain and is inhibited by nonsteroidal anti-

inflammatory drugs. As shown in Fig. 2.3 A and B, DHCB cause a significant reduction in the 

time spent licking in the early (P < 0.05) and late phase (P < 0.001). This effect is dose dependent, 

effective at a non-sedative dose and is comparable to that of morphine at high doses.   

Chronic neuropathic pain is a common clinical problem affecting over 50 million people in the 

United States (Mitka, 2003). The management of neuropathic pain remains a major clinical 

challenge due to the poor efficacies and severe side effects of conventional analgesics. The assay 

commonly used to model neuropathic pain is spinal nerve ligation (SNL) which induces allodynia 

as measured by mechanical sensitivity in the von Frey filament assay and hyperalgesia as 

measured by thermal sensitivity in the Hargreave-type hot box assay. We show that DHCB at a 

non-sedative dose (10 mg/kg, determined in Fig. 2.3 C) significantly attenuates mechanical 

allodynia in response to von Frey stimulation (P > 0.05, Fig. 2.3 D) and hyperalgesia by hot box 

(P > 0.05, Fig. 2.3 E).  

Taken together, these data demonstrate that DHCB is effective at suppressing responses to both 

chemically induced, inflammatory-derived and injury–induced pain. Further studies will be 

needed to determine whether these effects also depend on DHCB dopamine D2 receptor 

antagonist activity. 

DHCB does not cause antinociceptive tolerance 
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The fact that DHCB exerts its antinociceptive effects through dopamine D2 receptors but not the 

μ-opioid receptor led us to test it for antinociceptive tolerance. Mice were subjected to daily 

DHCB administrations over a seven-day period and monitored for their responses in the tail-flick 

assay (Fig. 2.4). Unlike morphine (10 mg/kg), mice do not develop tolerance to DHCB (10 

mg/kg).  

DISCUSSION 

Management of chronic pain is an unmet medical need. Use of conventional drugs is often neither 

effective nor free of side effects. To find new natural analgesics, we combined the “herbalome” 

and the “reverse pharmacology” approaches. Out of 500 HPLC fractions derived from 10 TCMs, 

only one fraction, isolated from YHS, was found active at the opioid receptor (Fig. 2.5 A). Of the 

10 TCMs that were screened, YHS is the only one belonging to the Papaveraceae family, which 

includes opium (Papaver somniferum) and thus may be the only one that has retained compounds 

that act at opioid receptors.  It is also worthwhile to mention that through this approach, we may 

have missed several analgesic compounds that do not behave as μ-opioid receptor agonists.  

We then took advantage of novel separation techniques to purify this fraction and to identify 

DHCB as its active component (Fig. 2.5 B). YHS preparations have been historically employed 

for the treatment of various pains and are officially listed in the Chinese Pharmacopoeia (China 

Pharmacopoeia committee, 2015). 

Synthetic DHCB was used to show that it is effective at alleviating thermally- as well as 

chemically-induced acute pain and inflammatory-induced persistent tonic pain (Fig.2.1 A and 2.3 

A and B). It is effective at doses which do not induce sedation and at high doses exerts an 

antinociceptive response similar to that obtained with morphine (Fig. 2.1). Furthermore DHCB is 

effective at relieving injury-induced neuropathic pain (Fig. 2.3 D and E). Because DHCB 

antinociceptive effects are displayed in both the acute and the inflammatory phases of the 
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formalin assay, its activity may result from direct effects on the central nervous system (Hunskaar 

and Hole, 1987; Shibata et al., 1989). Indeed our pharmacokinetic and preliminary in vitro 

metabolism analyses indicate that DHCB is able to penetrate the blood-brain barrier. DHCB 

remains present in the brain and plasma at least 3 h which correlates with the duration of its 

antinociceptive action in the tail-flick assay (Fig. 2.6 C to F). It should be mentioned that it did 

not exhibit such a long lasting duration in the neuropathic pain model which may reflect 

differences in sensitivity between the mice strains used in these two assays. 

Our results also indicate that DHCB displays advantageous activities over l-THP, which is 

another antinociceptive component of YHS extract. DHCB is more analgesic than l-THP in the 

tail-flick assay at a non-sedative dose (Fig. 2.7 D) and is less sedative (Fig. 2.1 B and C). Our 

result also shows that DHCB is constantly more efficacious than l-THP, with repeated 

administration for seven days in the tail flick assay (Fig. 2.4). L-THP has been previously thought 

to account for most of the analgesic properties of YHS. Because both DHCB and l-THP are 

present at comparable levels in YHS (0.018% and 0.025%, respectively), it is reasonable to 

believe that not only l-THP, but also DHCB, is responsible for the analgesic effects of YHS 

extracts. 

To gain further insight on the mechanism by which DHCB exerts its antinociceptive responses, 

we first show that in vitro it behaves as a weak agonist at the μ opioid receptor and an antagonist 

at the dopamine receptors (Table 2.1). We then show that in vivo DHCB displays a naloxone 

resistant antinociceptive response in the tail-flick assay (Fig. 2.2 A), as well as in the formalin 

assay (Fig. 2.7 E). This is expected because of its low affinity for the μ-opioid receptor, which 

indicates that DHCB cannot reach an effective concentration to activate this receptor in vivo. The 

affinities of DHCB at the dopamine receptors are more than one hundred times higher than that at 

the μ-opioid receptor. Therefore the role of DHCB in vivo was first analyzed by using selective 

dopamine D1 and D2 receptor agonists at doses that do not affect antinociception in the tail-flick 
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assay (Fig. 2.7 A and B). We found that quinpirole, a D2 receptor agonist, antagonizes DHCB 

antinociceptive response while SKF-38393, a D1 receptor agonist, does not (Fig. 2.2 B and C). 

This result was extended and confirmed by using D2KO mice (Fig. 2.2 E). In these mice, the 

antinociceptive effects of DHCB are strongly decreased which indicates that its action is 

mediated primarily through its inhibition of the dopamine D2 receptor. This experiment was 

carried out using a non-sedative dose of DHCB and thus does not reflect a locomotion-related 

response (Fig. 2.2 D). It has been reported that dopamine D2 receptor activity in the striatum is 

associated with pain sensitivity and pain modulatory capacity in healthy subjects (Hagelberg et al., 

2002; Pertovaara et al., 2004). Interestingly, both dopamine D2 receptor agonists (Barasi and 

Duggal, 1985; Morgan and Franklin, 1991; Magnusson and Fisher, 2000; Gao et al., 2001; Taylor 

et al., 2003) and antagonists (Jurna and Heinz, 1979; Weizman et al., 2003; Freedenfeld et al., 

2006) have been reported to exert analgesic properties. Preferential presynaptic dopamine D2 

receptor binding by some of the D2 antagonists might explain these seemingly contradictory 

propositions. Antagonists selective to the presynaptic D2 receptors would increase dopamine 

release and in turn increase antinociception. In this respect, low doses of amisulpride, a selective 

antagonist of dopamine D2/D3 receptor with selective preference for presynaptic dopamine 

autoreceptors, significantly increase tail-flick latency in mice (Weizman et al., 2003). Further 

studies will be needed to determine whether the antinociceptive effects of DHCB are regulated by 

presynaptic dopamine D2 receptors. 

Because one of the major drawbacks of the narcotic analgesics is development of tolerance, we 

tested DHCB behavior versus antinociceptive tolerance. We show that repeated DHCB 

administrations do not lead to development of tolerance (Fig. 2.4), and thus that DHCB may 

present advantages over morphine in chronic pain treatment. Due to its interaction with dopamine 

receptors, further studies should be carried out to determine whether DHCB exhibits the other 

side effects of the neuroleptics. 
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The strategy that we adopted to ultimately isolate DHCB can be applied to any natural source and 

to many receptors. It therefore has the potential to discover not only new analgesics but also 

numerous other naturally-occurring active compounds. In view of the interest in pharmacotherapy 

for finding compounds with multipharmacological profiles, this study suggests that natural 

products still hold great promise. 
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Fig. 2.1 
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Figure 2.1. Antinociceptive effects of DHCB in the tail-flick assay and its sedative effects.  

(A) Time course of the antinociceptive effects of DHCB (5-40 mg/kg) in the tail-flick assay (n = 

8-29). CD1 mice were used in this assay. Two-way ANOVA revealed significant drug effects 

(F5,93 = 114, P ﹤ 0.0001), time effect (F4,372 = 3.74, P ﹤0.0001) and drug x time interaction 

(F20,372 = 24.46, P ﹤ 0.0001). Bonferroni post hoc tests: saline vs. drug: ** P ﹤ 0.01, ***P ﹤ 

0.001. Data are presented as means±S.E.M. 

(B) Effect of DHCB (5-40 mg/kg) and l-THP (5-40 mg/kg) in the locomotor activity assay. (n = 

10-13). CD1 mice were used in this assay. One way ANOVA revealed significant drug effects 

(F8,90 = 18.55, P < 0.0001). Dunnett’s post hoc test: saline vs. drug, ** P ﹤ 0.01, ***P ﹤ 0.001. 

Data are presented as means±S.E.M. 

(C)  Effect of DHCB (5-40 mg/kg) and l-THP (5-40 mg/kg) in the rotarod assay (n = 8). CD1 

mice were used in this assay.One way ANOVA revealed significant drug effects (F8,63 = 15.33, P 

﹤ 0.0001). Dunnett’s post hoc test: saline vs. drug, * P ﹤ 0.05, ***P ﹤ 0.001. Data are 

presented as the means ± S.E.M. 
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Fig. 2.2 
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Figure 2.2. Mechanism of DHCB in regards to the antinociceptive effect in the acute pain model. 

(A) Effect of naloxone (1 mg/kg) on DHCB (10 mg/kg) induced antinociception in the tail-flick 

assay (n = 6-8). CD1 mice were used in this assay. One-way ANOVA revealed significant drug 

effects (F4,30 = 62.44, P ﹤ 0.0001). Bonferroni post hoc tests: saline vs drug, ***P ﹤ 0.001; 

morphine vs morphine+naloxone, 
###

 P ﹤ 0.001; DHCB vs DHCB+naloxone, N.S., not 

significant. Data are presented as means±S.E.M. 

(B) Time-course of SKF-38393 (1 mg/kg) effects on DHCB (10 mg/kg) induced response in the 

tail-flick assay (n = 7-8). CD1 mice were used in this assay. Two-way ANOVA revealed 

significant drug effects (F3,27 = 56.21, P ﹤ 0.0001), time effect (F2,54 = 39.40, P ﹤ 0.0001) and 

drug x time interaction (F6,54 = 14.19, P ﹤ 0.0001). Bonferroni post hoc tests: saline vs. drug, *** 

P ﹤ 0.001, N.S., not significant. Data are presented as means±S.E.M. 

(C) Time-course of quinpirole (0.5 mg/kg) effects on DHCB (10 mg/kg) induced response in the 

tail-flick assay (n = 7-8). CD1 mice were used in this assay. Two-way ANOVA revealed 

significant drug effects (F3,27 = 21.28, P ﹤ 0.0001), time effect (F2,54 = 33.43, P ﹤ 0.0001) and 

drug x time interaction (F6,54 = 16.69, P ﹤ 0.0001). Bonferroni post hoc tests: saline vs. drug, ** 

P ﹤ 0.01, *** P ﹤ 0.001; DHCB vs. DHCB+quinpirole: 
###

 P ﹤ 0.001. Data are presented as 

means±S.E.M. 

(D) Effect of DHCB (5, 10 mg/kg) in the locomotor activity (n = 7-21). The wild type control 

mice (WT) for dopamine D2 receptor knockout mice (KO) were used in this assay. One way 

ANOVA revealed significant drug effects (F2,38 = 4.356, P = 0.0198). Dunnett’s post hoc test: 

saline vs. drug, * P ﹤ 0.05. Data are presented as the means ± S.E.M. 

(E) Time-course of DHCB (5 mg/kg, i.p.) effects in D2KO mice assessed in the tail-flick assay (n 

= 6-7). D2KO mice were used in this study and age-matched wild-type littermates in the same 

genetic background were used as control animals. Two-way ANOVA revealed a significant drug 
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effect (F3,2 = 32.99, P ﹤ 0.0001), time effect (F2,44 = 10.02, P = 0.0003) and drug x time 

interaction (F6,44 = 10.59, P ﹤ 0.0001). Bonferroni post hoc tests:  DHCB/WT vs. saline/WT 

groups, *** P ﹤ 0.001; DHCB/WT vs. DHCB/D2KO groups: 
###

 P ﹤ 0.001. Data are presented 

as the means ± S.E.M. 
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Fig. 2.3 
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Figure 2.3. Antinociceptive effects of DHCB in inflammatory and neuropathic pain models. 

(A) Effects of DHCB in the formalin assay (n = 10).  CD1 mice were used in this assay. Two-way 

ANOVA revealed significant drug effects (F3,67 = 66.99, P ﹤ 0.0001), time effect (F9,603 = 47.38, 

P ﹤ 0.0001) and drug x time interaction (F27,603 = 5.618, P ﹤ 0.0001). Bonferroni post hoc tests: 

saline vs. drug, * P ﹤ 0.05, ** P ﹤ 0.01, *** P ﹤ 0.001. Data are presented as the means ± 

S.E.M. 

(B) Cumulative effects of DHCB in Phase I (0-5 min) and Phase II (10-50 min) of the formalin 

assay (n = 10). CD1 mice were used in this assay. One-way ANOVA revealed significant drug 

effects in both Phase I (F3,69 = 80.32, P ﹤ 0.0001) and Phase II (F3,69 = 47.91, P ﹤ 0.0001). 

Dunnett’s post hoc tests: saline vs. drug, * P ﹤ 0.05, *** P ﹤ 0.001. Data are presented as the 

means ± S.E.M. 

(C) Effect of DHCB (5-40 mg/kg) in the locomotor activity (n = 9-10). 129/sv mice were used in 

this assay. One-way ANOVA revealed significant drug effects (F4,50 = 2.68, P = 0.0421). 

Dunnett’s post hoc tests: saline vs. drug, * P ﹤ 0.05. Data are presented as the means ± S.E.M. 

(D) Effects of DHCB in the von Frey filament assay after SNL (n = 8). 129/sv mice were used in 

this assay. Two-way ANOVA revealed a significant treatment effect (F1,14 = 18.88, P = 0.0007), 

time effect (F6,84 = 10.53, P ﹤ 0.0001) and drug x time interaction (F6,84 = 4.11, P = 0.0012). 

Bonferroni post hoc tests: contralateral vs. ipsilateral: * P ﹤ 0.05, ** P ﹤ 0.01, *** P ﹤ 0.001, 

N.S., not significant.  Data are presented as the means ± S.E.M. 

(E) Effects of DHCB in the hot box assay after SNL (n = 8). 129/sv mice were used in this assay. 

Two-way ANOVA revealed a significant treatment effect (F1,14 = 17.44, P = 0.0009). Bonferroni 

post hoc tests: contralateral vs. ipsilateral: * P ﹤ 0.05, N.S., not significant. Data are presented as 

the means ± S.E.M. 
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Fig. 2.4 
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Figure 2.4. Effects of DHCB (10 mg/kg) and l-THP (10 mg/kg) in development of 

antinociceptive tolerance (n = 6-8). Two way ANOVA revealed significant drug effects (F 3,23 = 

94.32, P ﹤ 0.0001), time effect (F4,92 = 43.82, P ﹤ 0.0001) with drug x time interaction (F12,92 = 

27.64, P ﹤ 0.0001). Bonferroni post hoc tests: saline vs drug, * P ﹤ 0.05, ** P ﹤ 0.01, *** P 

﹤ 0.001; l-THP vs DHCB, 
#
 P ﹤ 0.05, 

##
 P ﹤ 0.01, 

###
 P ﹤ 0.001. Data are presented as the 

means ± S.E.M. 
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Fig. 2.5 
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Figure 2.5. DHCB isolation and characterization. 

(A) Elution profile of YHS extract on a C18HCE reverse-phase HPLC column（4.6 ×150 mm,5 

μm）and activities of 80 fractions (0.5-minutes) tested for their abilities to induce intracellular 

Ca
2+

 mobilization in HEK293T cells expressing μ-opioid receptor. 

(B) DHCB purification and structure elucidation. Fraction 42 was further purified by two 

purification step. The insert HPLC profile represents the purity of purified DHCB. 

(C) Structure of DHCB. 

(D) Structure of l-THP. 

(E) DHCB synthesis pathway. 
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Fig. 2.6 
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Figure 2.6. Pharmacological, pharmacokinetic and metabolic profiles of DHCB. 

(A) The agonist dose-response curve of DHCB and morphine in μ-expressing cells. Error bars 

represent standard error of the mean of triplicate measurements for each point. 

(B) The naloxone effects on the activity of DHCB (100 μM). The IC50 for naloxone is 7.977e-009 

to 1.669e-008 M (95% confidence intervals). Error bars represent standard error of the mean of 

triplicate measurements for each point. 

(C) Pharmacokinetic profile of DHCB (20 mg/kg) in the plasma (n=4-5). Data are means ± S.E.M. 

(D) Pharmacokinetic profile of DHCB (20 mg/kg) in the brain (n=4-5). Data are means ± S.E.M. 

(E) Characterization of the Phase I metabolism of DHCB in vitro. Representative HPLC profiles 

of incubations of DHCB in HLM in the presence (black line) and absence (blue line) of an 

NADPH-regenerating system. Inserts are the mass spectra of the substrate or the metabolites. 

(F) Characterization of the Phase II metabolism of DHCB in vitro. Representative HPLC profiles 

of the incubations of DHCB in HLM in the presence (black line) and absence (blue line) of 

UDPGA. Inserts are the mass spectra of the substrate or the metabolites. 

(G) The inhibitory effects of DHCB induced by dopamine in D1, D2, D3, D4, and D5 dopamine 

receptors in D1-D5 expressing cells. Error bars represent standard error of the mean of triplicate 

measurements for each point. 

(H) The inhibitory effects of l-THP induced by dopamine in D1, D2, D3, D4, and D5 dopamine 

receptors in D1-D5 expressing cells. Error bars represent standard error of the mean of triplicate 

measurements for each point. 
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Fig. 2.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 30 60 120 180
6

8

10

12

14 Saline

SKF 0.5 mg/kg

SKF 1.0 mg/kg

SKF 2.0 mg/kg

*

**

***

***

A

Time (min)

T
a

il
 F

li
c

k
 L

a
te

n
c

y
 (

s
)

***

0 30 60 120 180
6

8

10

12

14

Saline

Quin 0.5 mg/kg

Quin 1.0 mg/kg

Quin 2.0 mg/kg

*** ***

******
*** ***

B

Time (min)

T
a

il
 F

li
c

k
 L

a
te

n
c

y
 (

s
)

0

500

1000

1500

2000

2500 Saline/WT

DHCB/WT

Saline/KO

DHCB/KO

** #

N.S.

N.S.

C

D
is

ta
n

c
e

 T
ra

v
e

le
d

 (
c

m
)

0 30 60 120 180
5

10

15

20

25 Saline Morphine 10mg/kg

DHCB 10 mg/kg THP 10 mg/kg

*** ***

***

*** ***
**

D

Time (min)

T
a

il
 F

li
c

k
 L

a
te

n
c

y
 (

s
)

Phase I (0-5 min) Phase II (10-50min)
0

100

200

300

400

500 Saline+Saline
Saline+Morphine
Naloxone+Morphine
Saline+DHCB

Naloxone+DHCB

***

*
***

***

**

**
###

#

N.S.

N.S.

E

T
im

e
 S

p
e

n
t 

L
ic

k
in

g
 (

s
)



69 
 

Figure 2.7. Mechanism of DHCB in the antinociceptive and sedative effects. 

(A) Time course of SKF-38393 (0.5-2.0 mg/kg) in the tail flick assay (n = 8-10). CD 1 mice were 

used in this assay. Two-way ANOVA revealed significant drug effects (F3,33 = 5.63, P = 0.0031), 

time effect (F4,132 = 16.50, P ﹤ 0.0001) with drug x time interaction (F12,132 = 3.50, P = 0.0002). 

Bonferroni post hoc tests: saline vs drug, * P ﹤ 0.05, ** P ﹤ 0.01, *** P ﹤ 0.001.  Data are 

presented as the means ± S.E.M. 

(B) Time course of quinpirole (0.5-2.0 mg/kg) in the tail flick assay (n = 8). CD 1 mice were used 

in this assay. Two-way ANOVA revealed significant drug effects (F3,28 = 47.92, P ﹤ 0.0001), 

time effect (F4,112 = 56.72, P ﹤ 0.0001) with drug x time interaction (F12,112 = 13.84, P ﹤ 0.0001). 

Bonferroni post hoc tests: saline vs drug, *** P ﹤ 0.001.  Data are presented as the means ± 

S.E.M. 

(C) The sedative effects of DHCB (20 mg/kg) in WT and D2RKO mice in the locomotor activity 

assay. One-way ANOVA revealed significant drug effects (F3,20 = 8.506, P = 0.0008). Bonferroni 

post hoc tests: saline/WT vs DHCB/WT, ** P ﹤ 0.01; saline/KO vs DHCB/KO, 
#
 P ﹤ 0.05; WT 

vs KO, N.S., not significant. Data are presented as the means ± S.E.M. 

(D) Comparison of DHCB (10 mg/kg) and l-THP (10 mg/kg) in the tail flick assay (n = 7-19). CD 

1 mice were used in this assay. Two-way ANOVA revealed significant drug effects (F3,54 = 136.3, 

P ﹤ 0.0001), time effect (F4,216 = 68.41, P ﹤ 0.0001) with drug x time interaction (F12,216 = 29.31, 

P ﹤ 0.0001). Bonferroni post hoc tests: saline vs drug, ** P ﹤ 0.01, *** P ﹤ 0.001.  Data are 

presented as the means ± S.E.M. 

(E) Effect of naloxone (1 mg/kg) on DHCB (10 mg/kg) induced antinociception in the formalin 

assay (n = 7-10). CD 1 mice were used in this assay. One-way ANOVA revealed significant drug 

effects in both Phase I (F4,38 = 18.55, P ﹤ 0.0001) and Phase II (F4,38 = 9.779, P ﹤ 0.0001). 

Bonferroni post hoc tests: saline vs drug, * P ﹤ 0.05, ** P ﹤ 0.01, *** P ﹤ 0.001; morphine vs 
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morphine+naloxone, 
###

 P ﹤ 0.001; DHCB vs DHCB+naloxone, N.S., not significant. Data are 

presented as means±S.E.M. 
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Table 2.1 

DHCB in vitro activities at the μ opioid and dopamine receptors and comparison to l-THP 

 

N/A, not applicable 

  

 Opioid Agonist (EC50, µM) Dopamine  Antagonist (IC50, µM) 

 μ δ κ D1 D2 D3 D4 D5 

DHCB 
100 
(74~136) 

＞ 500 ＞ 500 
2.16 
(1.4~3.2) 

0.52 
(0.24~1.12) 

2.4 
(1.3~4.5) 

8.4 
(4.6~15) 

0.73 
(0.25~2.1) 

l-THP N/A N/A N/A 
0.51 
(0.31~0.82) 

0.32 
(0.24~0.41) 

9.7 
(4.9~19) 

9.7 
(6.8~14) 

0.19 
(0.11~0.32) 
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 Chapter 3 

Dehydrocorybulbine Attenuates Apomorphine and 

MK-801 Induced Schizophrenia-like Symptoms in Mice 

ABSTRACT 

Background: Dehydrocorybulbine (DHCB), an alkaloid from Corydalis yanhusuo.W.T. Wang, 

has been identified as a non-selective dopamine receptor (D1 to D5) antagonist. The aim of this 

study was to evaluate the antipsychotic properties of DHCB in pharmacological induced animal 

models of schizophreinia. 

Methods: The antipsychotic effects of DHCB were evaluated by using apomorphine and MK-

801 induced schizophrenia-like symptoms in mice. The pharmacological profile of DHCB was 

screened through radioligand receptor binding assays.  

Results: Single dose of DHCB administration reverses apomorphine induced locomotor 

hyperactivity, enhanced stereotypy and prepulse inhibition deficits. DHCB also reverses MK-801 

induced enhanced immobility in the forced swim assay and object recognition deficit in the novel 

object recognition assay. Our study shows that DHCB exhibits moderate binding affinities to 

serotonin-7 receptor, sigma 1 and 2 receptors and histamine-2 receptors. 

Conclusion: These results indicate that DHCB effectively attenuates positive, negative and 

cognitive symptoms in animal models of schizophrenia. These effects are thought to be mediated 

through dopamine receptor antagonism but also other receptor activities. The present data suggest 

that DHCB might be a candidate for alternative treatment of schizophrenia. 
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INTRODUCTION 

Schizophrenia is a mental disorder that affects 1% of the world population and is characterized by 

a breakdown of the thought processes and by poor emotional responsiveness (Jones et al., 2011). 

Patients suffer from three major classes of symptoms: positive symptoms (delusions, 

hallucinations, bizarre speech and thought); negative symptoms (anhedonia, affective flattening, 

socially withdrawal) and cognitive deficits (impairments in attention, learning, and memory) 

(Andreasen, 1995).  

As a complex heterogeneous disorder, there are different hypothesis established during the past 

few decades contributing to the etiology of schizophrenia. The dopamine hypothesis is a model 

attributing symptoms of schizophrenia to a disturbed and hyperactive mesolimbic dopaminergic 

signal transduction (Snyder, 1981). This hypothesis was originated from the observations of the 

dopamine receptor antagonistic properties of early neuroleptic drugs (van Rossum, 1966).  On the 

other hand, hypofunction of glutamatergic signaling via N-Methyl-D-aspartic acid (NMDA) 

receptors became another primary pathophysiological hypothesis for the etiology of 

schizophrenia (Carlsson et al., 1997). It has been proposed based upon the observation that 

blockade of NMDA receptors by non-competitive antagonist such as phencyclidine (PCP) or 

ketamine closely mimics the complete spectrum of schizophrenic symptoms in particular with 

negative and cognitive deficits (Javitt and Zukin, 1991; Becker et al., 2003). Further, dysfunction 

of gamma-aminobutyric acid (GABA) ergic, serotonergic and cholinergic signalings also 

contribute to the etiology of schizophrenia (Benes and Berretta, 2001; Raedler et al., 2007; 

Meltzer and Massey, 2011). 

Our previous study, which was described in chapter 2, identified an active alkaloid compound 

dehydrocorybulbine (DHCB), from Corydalis yanhusuo.W.T. Wang, as a non-selective dopamine 

receptor (D1 to D5) antagonist (Zhang et al., 2014). Dopamine D2 and D4 receptors have been 

http://en.wikipedia.org/wiki/NMDA_receptor
http://en.wikipedia.org/wiki/NMDA_receptor


77 
 

considered as the target of antipsychotics (Sanyal and Van Tol, 1997; Seeman, 2010). Therefore 

In this study, we evaluated DHCB with in vivo antipsychotic efficacy by using dopamine receptor 

agonist apomorphine induced positive symptoms as well as NMDA receptor antagonist MK-801 

induced negative and cognitive symptoms of schizophrenia in mice. We further extended the 

screening of DHCB with a large panel of receptors that have been shown related to the etiology 

of schizophrenia.   

MATERIALS AND METHODS 

Animals 

Male Swiss Webster mice (age 8-12 weeks, Charles River, Wilmington, MA) were used in the 

experiments. 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 Administrations 

DHCB was synthesized as previously described (Zhang et al., 2014). DHCB was dissolved in 

saline. Apomorphine and MK-801 (Sigma-Aldrich) were dissolved in saline. DHCB (5, 10, 40 

mg/kg, i.p., 5 ml/kg), apomorphine (5 mg/kg, i.p., 5 ml/kg) and MK-801 (0.2 mg/kg, i.p., 5 ml/kg) 

were administered with different periods of time before the assay depending on the assays.  

Receptor Profiling 

The detailed experimental protocols for the radioligand receptor binding assays are available on 

the National Institute of Mental Health (NIMH) Psychoactive Drug Screening Program (PDSP) 

website at http://pdsp.med.unc.edu/UNC-CH%20Protocol%20Book.pdf. 

Behavioral Testing 

Acute apomorphine treatment induced hyperactivity in the locomotion assay 

http://pdsp.med.unc.edu/UNC-CH%20Protocol%20Book.pdf
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The locomotor activity was assessed as previously described (Wang et al., 2015). Briefly, mice 

were placed into the open field test chamber (40 × 40 cm, Med Associates, Inc.), and allowed 45 

minutes of acclimation before the test. For DHCB (5, 10, 40 mg/kg) dose response experiment, 

the habituation step was skipped because of the known effect of DHCB decreasing spontaneous 

locomotor activity (Zhang et al., 2014). DHCB (10 mg/kg) and apomorphine (5 mg/kg) were 

administered 30 minutes and 15 minutes before the test, respectively. Saline was administered as 

control. Mice horizontal and stereotypic activities for 1 hour were recorded and analyzed by 

Activity Monitor 5 software (Med Associates, Inc.). 

Acute apomorphine treatment induced increased stereotyped behaviors in the stereotypy 

assay 

The stereotypy assay was carried out with a slight modification as described before (LaHoste and 

Marshall, 1992). Mice were individually placed in a new cage without bedding and were allowed 

to acclimate for 45 minutes before the test.  DHCB (10 mg/kg) and apomorphine (5 mg/kg) were 

administered 30 minutes and 15 minutes before the test, respectively. Saline was administered as 

control. Stereotypic behaviors were observed and recorded for 10 seconds every minute for 30 

minutes. Stereotypy rating scale is 0= inactivity, 1= grooming, 2= locomotion, 3= sniffing 

directed upward, 4= sniffing with head down, 5 = intense sniffing in a small circumscribed area, 

6= intense sniffing with bursts of lick, 7= constant licking or gnawing box, 8= self-licking or 

biting. Rating scores for 30 minutes were collapsed and shown as a total stereotypy counts.  

Acute apomorphine treatment induced prepulse inhibition (PPI) deficit in the PPI assay 

PPI was performed as previously described (Ralph-Williams et al., 2002). Mice were tested in a 

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 
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cylinder caused by the body startle response of the animal are converted into analog signals by a 

piezoelectric accelerometer attached to the platform. 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 minutes acclimation with 65 dB 

background noise. The PPI session consisted of five different trials: no-stimulus trials, 3 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 interstimulus interval, 

followed by a 40 ms duration startle stimulus at 120 dB. Test sessions began with 5 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 intertrial interval of 8–23 seconds 

(mean 15 seconds) and ending with 5 presentations of the p120 trial. DHCB (10 mg/kg) and 

apomorphine (5 mg/kg) were administered 55 minutes and 10 minutes before the test, 

respectively. Saline was administered as control. 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)] x 100). The magnitude of the response was 

calculated as the average response to all of the startle or prepulse trials. 

Repeated MK-801 treatment induced enhanced immobility in the forced swim assay 

The forced swim assay was performed with slight modification as previously described (Langen 

et al., 2012). In brief, MK-801 (0.2 mg/kg) was administered once daily for consecutive 14 days. 

Saline was administered as control. On day 16 (48 hours after the last injection), DHCB (10 

mg/kg) or saline was administered 60 minutes prior to the test. Mice were then placed 
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individually in a transparent glass cylinder containing water (24 cm high, 14.5 cm diameter, 14 

cm water depth) at 23-25°C and forced to swim. Mice were videotaped for 6 minutes, and the 

immobility time (time spent passively floating) was recorded for the last 4 minutes, after 

discarding activity in the first 2 minutes during which an animal tries to escape. ANY-MAZE 

software was used to record and analyze immobility (Stoelting  Co.).   

Acute MK-801 treatment induced novel object recognition (NOR) deficit in the NOR assay 

The novel objects recognition task was assessed as described previously (Nilsson et al., 2007). 

This task consists of a training phase and a testing phase. Before training, all mice were handled 

1-2 minutes a day for 3 days and were habituated to the experimental apparatus 10 minutes 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 phase, DHCB (10 mg/kg) and MK-801 (0.2 mg/kg) were administered 50 minutes and 30 

minutes before the training session, respectively. Saline was administered as control. Mice were 

then placed in the experimental apparatus with two identical objects (PVC male pipe adapter, 

white, 1.5 inch x 2.2 inch; PVC female hose mender, green, 1.4 inch x 2.2 inch) and allowed to 

explore for 10 minutes. Exploration was defined as occurring when an animal faced an object by 

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. Ninety minutes later, mice were given with the retention phase. 

During these retention sessions, 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: [D.I. = (Tnovel - Tfamiliar)/ (Tnovel + Tfamiliar) x 100%]. Tests 

were video recorded and analyzed by ANY-MAZE software (Stoelting  Co.). 
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Data analysis 

Graphpad Prism (GraphPad Software, Inc.) was used for statistical analysis. Data are presented as 

means ± S.E.M. Results were analyzed by ANOVA followed by the appropriate post hoc 

comparisons, and P ﹤ 0.05 was considered statistically significant.   

RESULTS 

Effect of DHCB on schizophrenia-like positive symptoms induced by apomorphine 

We first assessed the effect of DHCB on hyperactivity and enhanced stereotypies induced by 

dopamine agonist apomorphine. DHCB 10 mg/kg was selected as a sub-effective dose, which 

was determined by the dose response results of DHCB in the locomotor and stereotypic activities 

(P > 0.05, Fig. 3.1 A and B). Acute administration of apomorphine at 5 mg/kg induces 

hyperlocomotor activity in mice, as indicated by a significant increase of the total distance 

travelled and stereotypical counts (P < 0.01, Fig. 3.1 C and D). An acute administration of DHCB 

at 10 mg/kg reverses apomorphine induced locomotor hyperactivity and stereotyped behavior (P 

< 0.01, Fig. 3.1 C and D). We further confirmed the reversal effect of DHCB (10 mg/kg) on 

apomorphine (5 mg/kg) induced increased stereotypies via manual scoring (P < 0.05, Fig. 3.1 E). 

These data indicate that DHCB attenuates schizophrenia-like positive symptoms induced by 

apomorphine. 

Effect of DHCB on schizophrenia-like negative symptom induced by MK-801 

We then studied the effect of DHCB on increased immobility in the forced swim assay induced 

by NMDA receptor antagonist MK-801. DHCB at 10 mg/kg shows no significant effect on the 

immobility time and was selected (P > 0.05, Fig. 3.2 A). Repeated administration of MK-801 at 

0.2 mg/kg for 14 days significantly increases mice immobility time (P < 0.01, Fig. 3.2 B). This 
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effect is reversed by an acute administration of DHCB at 10 mg/kg (P < 0.01, Fig. 3.2 B), which 

indicate that DHCB attenuates schizophrenia-like negative symptom induced by MK-801. 

Effect of DHCB on sensorimotor gating deficit of schizophrenia induced by apomorphine 

We then explored the effect of DHCB on PPI deficit induced by dopamine agonist apomorphine. 

DHCB at 10 mg/kg was found to have no significant effect on the startle reactivity (P > 0.05, Fig. 

3.3 A) and PPI ratio (P > 0.05, Fig. 3.3 B). As shown in Fig. 3.3 C, acute administration of 

apomorphine at 5 mg/kg significantly decreases the PPI ratio (P < 0.05, Fig. 3.3 C). DHCB at 10 

mg/kg is able to reverse the PPI deficit induced by apomorphine (P < 0.05, Fig. 3.3 C). 

Effect of DHCB on schizophrenia-like cognitive deficit induced by MK-801 

Further, we investigated the effect of DHCB on object recognition deficit induced by NMDA 

receptor antagonist MK-801. DHCB at 10 mg/kg does not affect mice objects exploration during 

the training session. DHCB at 10 mg/kg does not affect mice objects recognition during the 

retention session or the discrimination index, compared to saline group (P > 0.05, Fig. 3.4 A to C). 

We found that acute administration of MK-801 at 0.2 mg/kg before the training session does not 

affect mice exploring identical objects (P > 0.05, Fig. 3.4 D). However, MK-801 treated mice do 

not discriminate between novel and old objects during the retention session (P >0.05, Fig. 3.4 E; 

P < 0.001, Fig. 3.4 F). An acute administration of DHCB at 10 mg/kg before the training session 

reverses the novel object recognition deficit induced by MK-801 (P < 0.05, Fig. 3.4 E and F). 

Taken together with the PPI results, it suggests that DHCB attenuates schizophrenia-like 

cognitive symptoms induced by apomorphine and MK-801. 

Receptor profiling of DHCB 

Our previous study, as described in chapter 2, showed that DHCB acts as dopamine receptor (D1-

D5) antagonist. D2 receptor is partially involved in the antinociceptive effects but not in the 
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sedative effects of DHCB at low doses (Zhang et al., 2014). These results indicate that DHCB 

may interact with other receptors. To further explore the DHCB’s pharmacological profile, it was 

screened against a large panel of receptors through the NIMH PDSP. The results show that 

DHCB has no affinity to the receptors, channels or transporters summarized in Table 3.1. On the 

other hand, DHCB is found to bind to dopamine receptors (D1-D5), α1D, α2A, α2B and α2C 

adrenergic receptors with low affinity (Ki﹥1 μM), while exhibiting moderate affinity to the 

serotonin-7 receptor, sigma 1 and 2 receptors and histamine-2 receptors (100 nM ﹤Ki﹤1 μM, 

Table 3.2). These data indicate that DHCB acts at numerous receptors and these receptor 

activities may explain the mechanism of its antipsychotic effects. 

DISCUSSION 

The present study investigates the dopamine receptor antagonist DHCB in pharmacological 

induced schizophrenia-like symptoms in mice and extends the receptor profiling. We show that 

acute administration of DHCB is effective in reversing apomorphine induced locomotor 

hyperactivity, enhance stereotypy (Fig. 3.1) and prepulse inhibition deficits (Fig. 3.3). DHCB is 

also capable of attenuating MK-801 induced enhanced immobility in the forced swim assay (Fig. 

3.2) and object recognition deficits in the novel object recognition assay (Fig. 3.4). DHCB 

exhibits moderate binding affinity to serotonin-7 receptor, sigma 1 and 2 receptors and histamine-

2 receptors and to a less extent to α1D, α2A, α2B and α2C adrenergic receptors (Table 3.2). 

Systemic administrations of dopamine agonists such as apomorphine induce hyperactivity in 

locomotion and also stereotyped behaviors such as constant sniffing, licking and gnawing. These 

models are widely used for evaluating the effect of compounds in attenuating the positive 

symptoms of schizophrenia (Randrup and Munkvad, 1967; Ruthrich et al., 1993). Prepulse 

inhibition (PPI) is observed from human to rodents and has been used for measuring sensorimotor 

gating behavior (Braff et al., 2001; Swerdlow et al., 2001). PPI deficits have been observed in 
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schizophrenic patients. Dopamine agonists such as apomorphine are widely used to disrupt PPI in 

rodents to evaluate the predictive validity of compounds (Auclair et al., 2006). As reported in our 

previous study (Zhang et al., 2014) and now confirmed with the radioligand binding assay, 

DHCB is found to be a non-selective dopamine receptor antagonist. We show that DHCB 

effectively attenuates apomoprhine induced locomotor hyperactivity, enhanced stereotypic 

behaviors and PPI deficits. The beneficial effects of DHCB in apomorphine induced 

schizophrenia-like positive symptoms and sensory motor gating deficit match the dopamine 

hypothesis of schizophrenia. There are consolidated studies showing that apomorphine induced 

hyperactivity (Dias et al., 2012), enhanced stereotypy (Seeger et al., 1995) and prepulse inhibition 

deficits (Geyer et al., 2001) were inhibited by classical antipsychotics which exhibit dopamine 

receptor antagonistic properties, such as haloperidol. 

Enhanced immobility in the forced swim test reflects affective flattening in rodents (Porsolt et al., 

1977). Immobility induced by repeated treatment of MK-801 has been used as a promising model 

to assess negative symptoms of schizophrenia (Langen et al., 2012). Object recognition deficit 

has been observed in schizophrenic patients (Gabrovska et al., 2003). Acute treatment of MK-801 

induces objects recognition deficit which is used for evaluating effects of compounds on 

cognitive deficits in schizophrenia (van der Staay et al., 2011). The atypical antipsychotics such 

as clozapine, reiperdione were shown to attenuate NMDA receptor antagonist PCP or MK-801 

induced enhanced immobility in the forced swim assay (Noda et al., 2000; Langen et al., 2012) as 

well as object recognition deficit in the novel object recognition assay (Grayson et al., 2007; 

Karasawa et al., 2008). Classical antipsychotics such as haloperidol were shown less effective in 

reversing negative and cognitive symptoms of schizophrenia (Hashimoto et al., 2005; Chindo et 

al., 2012). Different from those classical antipsychotics, DHCB effectively attenuates MK-801 

induced schizophrenia-like negative and cognitive symptoms. Our extended receptor profiling 
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study of DHCB might shed light on explaining the possible mechanism of its efficacies in the 

negative and cognitive symptoms. 

In the radioligand binding assay, DHCB reveals moderate affinity only to 5-HT7 receptor but not 

the other serotonin receptor subtypes. A possible role for the 5-HT7 receptor in schizophrenia was 

suggested based on the fact that certain typical, but in particular a number of atypical 

antipsychotics including clozapine, amisulpride, lurasidone and resperdione have high 

antagonistic affinities for 5-HT7 receptors (Roth et al., 1994; Meltzer and Huang, 2008; Abbas et 

al., 2009; Ishibashi et al., 2010). These atypical antipsychotics have been shown to be effective in 

reversing pharmacological induced schizophrenia-like negative and cognitive symptoms. 

Clozapine and resperidone have been proved to attenuate ketamine or MK-801 induced enhanced 

immobility in the forced swim assay (Chindo et al., 2012; Langen et al., 2012). Lurasidone as 

well as selective 5-HT7 receptor antagonists SB-269970 and SB-656104-A have been shown to 

attenuate ketamine or MK-801 induced cognitive deficits in the novel object recognition, the 

Morris water maze, the five-choice serial reaction time task and the inhibitory avoidance assays 

(Horisawa et al., 2011; Horisawa et al., 2013; Nikiforuk et al., 2013; Nikiforuk et al., 2015).The 

effect of lurasidone was completely blocked by 5-HT7 receptor agonist AS19, which indicating 

the importance of 5-HT7 receptor antagonistic activity of lurasidone against MK-801 induced 

deficits (Horisawa et al., 2013). Therefore, 5-HT7 receptor activity may be one of the possible 

mechanisms mediating the effects of DHCB in MK-801 induced negative and cognitive 

symptoms. 

On the other hand, sigma-1 receptor activity may be another explanation of DHCB’s effects 

towards MK-801 induced negative and cognitive symptoms. DHCB is shown to have moderate 

affinity to sigma-1 receptor. The sigma-1 receptor (σ-1R) is one of the modulators, which is 

known to enhance the function of NMDARs via multiple pathways such as increasing in the 

expression, trafficking, and surface levels of NMDA receptors (Pabba and Sibille, 2015). Sigma-1 
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receptor agonist fluvoxamine, donepezil and selective sigma-1 receptor agonist neurosteroid 

dehydroepiandrosterone-sulfate (DHEA-S) and SA4503 have been shown improving PCP-

induced novel object recognition deficit (Hashimoto et al., 2007; Ishima et al., 2009; Kunitachi et 

al., 2009). These effects were blocked by selective sigma-1 receptor antagonist NE-100, 

suggesting that sigma-1 receptor agonism might be involved in the mechanism of action 

(Okuyama and Nakazato, 1996). Clinical studies also revealed augmentation of antipsychotics by 

fluvoxamine in improving the negative and cognitive symptoms of schizophrenic patients (Silver 

et al., 2000; Silver et al., 2003). Moreover, histamine 2 receptor and α2-adrenoceptors antagonists 

have also been revealed to be involved in the treatment of schizophrenia (Meskanen et al., 2013; 

Langer, 2015). Taken together, these receptor activities that DHCB exhibits may serve as the 

possible mechanisms of the effect of DHCB in MK-801 induced negative and cognitive 

symptoms. Functional assays need to be carried out to determine the pharmacological profiles of 

DHCB against these receptors, in particular 5-HT7 and sigma-1 receptors. The antipsychotic 

effects of DHCB need to be further evaluated in other behavioral paradigms representing 

schizophrenia like negative and cognitive symptoms, such as the social interaction and the fear 

conditioning assay (Porsolt et al., 2010). 

In summary, our study demonstrated the effectiveness of DHCB in ameliorating apomorphine 

and MK-801 induced positive, negative and cognitive schizophrenia-like symptoms in mice and 

further revealed the receptor activities of DHCB. Noteworthy that l-tetrahydropalmatine (l-THP), 

another dopamine receptor antagonist isolated from Corydalis yanhusuo, is clinically used for 

pain treatment in China. It is structurally similar with DHCB and less potent in terms of analgesic 

effects compared to DHCB (Zhang et al., 2014). I-THP is currently under clinical trials for the 

treatment of schizophrenia, sponsored by University of Maryland in United States. Therefore, 

DHCB might be another natural compound candidate for alternative treatment of schizophrenia. 
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Fig. 3.1 
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Figure 3.1. Effect of DHCB in apomorphine induced schizophrenia-like positive symptoms. 

(A) Dose responses of DHCB (5, 10, 40 mg/kg) in the locomotor activity assay (n = 7-8). One 

way ANOVA revealed a significant drug effect (F3,26 = 11.31, P < 0.0001). Dunnett’s post hoc 

tests: drug vs saline, *** P < 0.001. Data are presented as means±S.E.M. 

(B) Dose responses of DHCB (5, 10, 40 mg/kg) in the stereotyped behaviors assay (n = 7-8). One 

way ANOVA revealed a significant drug effect (F3,26 = 21.74, P < 0.0001). Dunnett’s post hoc 

tests: drug vs saline, *** P < 0.001. Data are presented as means±S.E.M. 

(C) Effect of DHCB (10 mg/kg) in acute apomorphine (APO, 5 mg/kg) induced hyperactivity in 

the locomotor activity assay (n = 14-20). One way ANOVA revealed a significant drug effect 

(F3,62 = 10.94, P < 0.0001). Bonferroni post hoc test: drug vs saline, *** P < 0.001, N.S., not 

significant; APO+DHCB vs APO, 
##

 P < 0.01. Data are presented as means±S.E.M. 

(D) Effect of DHCB (10 mg/kg) in acute apomorphine (APO, 5 mg/kg) induced increased 

stereotypic behavior with automatic counting (n = 14-20). One way ANOVA revealed a 

significant drug effect (F3,62 = 11.36, P < 0.0001). Bonferroni post hoc test: drug vs saline, ** P < 

0.01, N.S., not significant; APO+DHCB vs APO, 
##

 P < 0.01. Data are presented as 

means±S.E.M. 

(E) Effect of DHCB (10 mg/kg) in acute apomorphine (APO, 5 mg/kg) induced increased 

stereotypic behavior with manual counting (n = 7-8). One way ANOVA revealed a significant 

drug effect (F3,26 = 23.26, P < 0.0001). Bonferroni post hoc test: drug vs saline, *** P < 0.001, 

N.S., not significant; APO+DHCB vs APO, 
#
 P < 0.05. Data are presented as means±S.E.M. 
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Fig. 3.2 
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Figure 3.2. Effect of DHCB in MK-801 induced schizophrenia-like negative symptom.  

(A) Dose responses of DHCB (5, 10, 40 mg/kg) in forced swim assay (n = 7-8). One way 

ANOVA revealed a significant drug effect (F3,25 = 8.494, P = 0.0005). Dunnett’s post hoc tests: 

drug vs saline, *** P < 0.001. Data are presented as means±S.E.M. 

(B) Effect of DHCB (10 mg/kg) in sub-chronic MK-801 (0.2 mg/kg) induced increased 

immobility in the forced swim assay (n = 10). One way ANOVA revealed a significant drug 

effect (F2,27 = 6.560, P = 0.0048). Bonferroni post hoc test: drug vs saline, ** P < 0.01, N.S., not 

significant; MK-801+DHCB vs MK-801, 
##

 P < 0.01. Data are presented as means±S.E.M. 

  



91 
 

Fig. 3.3 
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Figure 3.3 Effect of DHCB in apomorphine induced sensorimotor gating deficit. 

(A) Dose responses of DHCB (5, 10, 40 mg/kg) in the startle reactivity assessed in the prepulse 

inhibition (PPI) assay (n = 16). One way ANOVA revealed a significant drug effect (F3,60 = 2.962, 

P = 0.0392). Dunnett’s post hoc tests: drug vs saline, * P < 0.05. Data are presented as 

means±S.E.M. 

(B) Dose responses of DHCB (5, 10, 40 mg/kg) in the prepulse inhibition ratio assessed in the 

PPI assay (n = 15-17). Two way ANOVA revealed no significant drug effect (F3,177 = 1.351, P = 

0.2595). Data are presented as means±S.E.M. 

(C) Effect of DHCB (10 mg/kg) in acute apomorphine (APO, 5 mg/kg) induced prepulse 

inhibition deficit in the PPI assay (n = 15-17). Two way ANOVA revealed a significant drug 

effect (F2,135 = 22.44, P < 0.001). Bonferroni post hoc test: drug vs saline, * P < 0.05, *** P < 

0.001, N.S., not significant; APO+DHCB vs APO: 
#
 P < 0.05, 

##
 P < 0.01. Data are presented as 

means±S.E.M. 
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Fig. 3.4 

 

 

 

 

SAL 5 10 40
0

5

10

15

20 Object A

Object A'

DHCB (mg/kg)

A

E
x

p
lo

ra
ti

o
n

 (
s

)

SAL 5 10 40
0

5

10

15 Old Object
New Object

DHCB (mg/kg)

B
***

***

***

N.S.
E

x
p

lo
ra

ti
o

n
 (

s
)

-20

-10

0

10

20

30

40

50

60

SAL 5 10 40

DHCB (mg/kg)

*

C

D
is

c
ri

m
in

a
ti

o
n

 I
n

d
e

x
 (

%
)

S
A
L

M
K
-8

01

M
K
-8

01
+D

H
C
B

0

10

20

30

40
Object A

Object A'

D

E
x

p
lo

ra
ti

o
n

 (
s

)

S
A
L

M
K
-8

01

M
K
-8

01
+D

H
C
B

0

10

20

30 Old Object
New Object

*

*
N.S.

E

E
x

p
lo

ra
ti

o
n

 (
s

)

S
A
L

M
K
-8

01

M
K
-8

01
+D

H
C
B-10

0

10

20

30

40

50

60

** N.S.

N.S.
F

D
is

c
ri

m
in

a
ti

o
n

 I
n

d
e

x
 (

%
)



94 
 

Figure 3.4. Effect of DHCB in MK-801 induced schizophrenia-like cognitive deficit. 

(A) Dose responses of DHCB (5, 10, 40 mg/kg) in the exploration time on identical objects 

during training session assessed in the novel object recognition (NOR) assay (n = 6-8). Two way 

ANOVA revealed no significant object effect (F1,48 = 0.17, P = 0.6819). Data are presented as 

means±S.E.M. 

(B) Dose responses of DHCB (5, 10, 40 mg/kg) in the exploration time on both new and old 

objects during training session assessed in the NOR assay (n = 6-8). Two way ANOVA revealed 

a significant drug effect (F3,48 = 13.42, P < 0.001) and object effect (F1,48 = 47.20, P < 0.001). 

Bonferroni post hoc test: new object vs old object, *** P < 0.001, N.S., not significant. Data are 

presented as means±S.E.M. 

(C) Dose responses of DHCB (5, 10, 40 mg/kg) in the discrimination index assessed in the NOR 

assay (n = 6-8). One way ANOVA revealed a significant drug effect (F3,24 = 3.769, P = 0.0239). 

Dunnett’s post hoc tests: drug vs saline, * P < 0.05. Data are presented as means±S.E.M. 

(D) Effect of DHCB (10 mg/kg) during training session in MK-801 induced object recognition 

deficit assessed in the NOR assay (n = 8). Two way ANOVA revealed no significant object effect 

(F1,42 = 2.033, P = 0.1613). Data are presented as means±S.E.M. 

(E) Effect of DHCB (10 mg/kg) during training session MK-801 induced object recognition 

deficit assessed in the NOR assay (n = 8). Two way ANOVA revealed a significant drug effect 

(F2,42 = 3.435, P = 0.0415) and object effect (F1,42 = 11.15, P = 0.018). Bonferroni post hoc test: 

new object vs old object, * P < 0.05, N.S., not significant. Data are presented as means±S.E.M. 

(F) Effect of DHCB (10 mg/kg) in the discrimination index in MK-801 induced object 

recognition deficit assessed in the NOR assay (n = 7-8). One way ANOVA revealed a significant 

drug effect (F2,20 = 8.874, P = 0.017). Bonferroni post hoc test: drug vs saline, ** P < 0.01, N.S., 
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not significant; MK-801+DHCB vs MK-801, N.S., not significant. Data are presented as 

means±S.E.M. 
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Table 3.1 

Receptor profiling of DHCB with less than 50% of radioligand displacement in CNS targets 

 

  

Receptors Transporter 

Serotonin 1A,1B,1D,1E,2A,2B,5A,6 Norepinephrine transporter 

Adrenergic Alpha 1A,1B Serotonin transporter 

Adrenergic Beta 1,2,3 Dopamine transporter 

Histamine 1, 3  

Muscarinic 1,2,3,4,5  

Other Channels 

Benzodiazepine binding site (rat brain) GABA-A 

Peripheral benzodiazepine receptor Serotonin 3 
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Table 3.2 

Receptor profiling of DHCB with low and moderate affinities in CNS targets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                     *The Ki values were determined via competition binding assays. 

  

Targets Ki*, nM Positive control (Ki, nM) 

Adrenergic Alpha 1D 1092 Prazosin(1.1) 

Adrenergic Alpha 2A 2893 Oxymetazoline (0.29) 

Adrenergic Alpha 2B 1495 Yohimbin (15) 

Adrenergic Alpha 2C 3121 Oxymetazoline (0.81) 

Serotonin 7 445 Clozapine (5.5) 

Sigma 1 490 Haloperidol (1.2) 

Sigma 2 124 Haloperidol (5.3) 

Histamine 2 771 Asenapine maleate (3.5) 

Dopamine D1 1642 (+)-Butaclamol (5.5) 

Dopamine D2 2250 Haloperidol (6.9) 

Dopamine D3 10000 Chlorpromazine (5.2) 

Dopamine D4 2256 Chlorpromazine (16) 

Dopamine D5 1197 SKF83566 (2.1) 
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 CONCLUSION 

The studies indicate that YHS effectively attenuates acute pain, inflammatory pain and 

neuropathic pain, without causing tolerance. The effects on acute and neuropathic pain, but not 

inflammatory pain, are at least partially mediated through dopamine D2 receptor antagonism. 

Since YHS is a dietary supplement commercially available in United States, our data suggest that 

it might serve as a direct candidate for alternative pain treatment. 

With the combined approaches, DHCB was identified as a new active component of YHS in 

terms of analgesic properties. It is effective against three types of pain partially through the 

inhibition of dopamine D2 receptor mechanism. It is also effective attenuating positive, negative 

and cognitive symptoms in pharmacological induced animal models of schizophrenia. These 

results suggest that DHCB may serve as a promising lead in pain and psychosis treatment.  
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Part 2 

Methionine Induced Animal Models of Schizophrenia 
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INTRODUCTION 

Antipsychotic drugs have been the mainstay of schizophrenia treatment for several decades. 

However, until now there is no medication available to treat all the symptoms in clinics and they 

confront issue with varieties of side effects and narrow therapeutic windows (Jones et al., 2011). 

To better understand the neurobiological basis of this complex hetergenerous disorder and for the 

development of novel drugs, different animal models have been developed during the past few 

decades. There are pharmacological models based on the neurotransmitter hypothesis (Randrup 

and Munkvad, 1967; Becker et al., 2003; Auclair et al., 2006). There are also genetic models 

based on the candidate genes have been associated with an increased risk of schizophrenia 

(Tueting et al., 2006; Mei and Xiong, 2008; Jaaro-Peled, 2009; Karlsgodt et al., 2011). However 

these two types of models are designed focusing on specific or limited neuronal systems. On the 

other hand, there are also neurodevelopmental models (Borrell et al., 2002; Koenig et al., 2005; 

Zuckerman and Weiner, 2005; Moore et al., 2006; Fatemi et al., 2008). The advantage of this type 

model is they replicated the postpubertal onset seen in schizophrenia. They utilize manipulations 

of environmental factors during the sensitive perinatal period, to produce irreversible changes in 

CNS development. These models, however, requires accurate time point in manipulation and a 

long time course in the establishment. 

To pursue a relatively generalized, simple and time-effective animal model of schizophrenia for 

drug discoveries, we utilized l-methionine, an essential amino acid which we consume daily, to 

establish an adult model of schizophrenia that may offer an additional tool for assessing novel 

and potential antipsychotics. We further introduced environmental factor into our adult model and 

established a prenatal model of schizophrenia focusing on epigenetic mechanism. 
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Chapter 4 

A Methionine-induced Adult Animal Model of 

Schizophrenia: Face and Predictive Validity 

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 PPI impairment, we 

investigated whether methionine administration could lead to behavioral changes that reflect 

schizophrenic symptoms in mice.  

Methods: L-methionine (MET) was administered to mice twice a day for 7 days.  

Results: We found that this treatment induces behavioral responses that reflect the three types of 

schizophrenia-like symptoms (positive, negative or cognitive deficits) as monitored in a battery of 

behavioral assays (locomotion, stereotypy, social interaction, forced swimming, pre-pulse 

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 MET 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. 
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INTRODUCTION 

L-methionine, an essential amino acid, is required for the generation 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 important epigenetic factor that regulates 

gene expression (Jurkowska and Jeltsch, 2010; Ehrlich and Lacey, 2013). 

A chronic dietary deficit of methionine lowers the concentration of SAM and reduces methylation 

of DNA cytosine in 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 certain 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 the 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 transmethylation hypothesis of schizophrenia, first 

described by Osmond & Smythies in the early fifties of the last century, proposed 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 (Osmond and 

Smythies, 1952).  

Since then, strong associations between schizophrenia and genes encoding the transmethylation 
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enzymes have been reported in various human populations and in experimental animals (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 schizophrenia 

(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 overexpression of 

DNA methyl transferase (DNMT-1) in GABAergic interneurons in the prefrontal cortex (Zhubi et 

al., 2009). 

In mice, it has been shown that a prolonged methionine treatment produces behavioral responses 

that mimic certain aspects of schizophrenia such as social deficit and prepulse inhibition 

(Tremolizzo et al., 2002). An epigenetic mechanism 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 three types of schizophrenia 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, 8-11 weeks age, were obtained from Charles River Laboratories 

(Wilmington, MA). Mice were group-housed and maintained on a 12-hours light/dark cycle (light 

on at 7:00 am) with food and water available ad libitum. 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 
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of laboratory animals. 

Drug administrations 

L-Methionine (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 hydroxide. MET (750 

mg/kg, 15 ml/kg, i.p.) was administered twice a day (9:00 am/3:00 pm) for seven consecutive 

days. In the locomotion test, haloperidol (0.1, 0.25, 0.5 mg/kg, 5 ml/kg, i.p.) and clozapine (1, 2.5, 

5 mg/kg, 5 ml/kg, i.p.) were administered 40 minutes before the test. In the forced swim test and 

prepulse inhibition test, haloperidol (0.1, 0.25, 0.5 mg/kg, 5 ml/kg, i.p.) and clozapine (1, 2.5, 5 

mg/kg, 5 ml/kg, i.p.) were administered 60 minutes before the test. In the novel objects 

recognition test, haloperidol (0.1, 0.25, 0.5 mg/kg, 5 ml/kg, i.p.) and clozapine (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 x 40 cm, Med Associates, Inc.), and allowed to habituate 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 
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before (Kaidanovich-Beilin et al., 2011). The apparatus for the social interaction assay is 

comprised of a rectangular three-chamber 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 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 three 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 

containing water (24 cm high, 14.5 cm diameter, 14 cm water depth) at 23-25°C and forced to 

swim. Mice were videotaped for 6 minutes, and the immobility time (time spent passively 

floating) was recorded for the last 4 minutes, after discarding activity in the first 2 minutes during 

which an animal tries to escape. ANY-MAZE software was used to record and analyze 

immobility (Stoelting  Co.).   
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Prepulse Inhibition (PPI) Assay 

The PPI assay was measured 18 hours after the last MET injection as previously described 

(Duangdao et al., 2009). 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. 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 minutes acclimation with 65 dB 

background noise. The PPI session consisted of five different trials: no-stimulus trials, 3 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 interstimulus interval, 

followed by a 40 ms duration startle stimulus at 120 dB. Test sessions began with 5 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 intertrial interval of 8–23 seconds 

(mean 15 seconds) and ending with 5 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)] x 100). The 

magnitude of the response was calculated as the average response to all of the startle or prepulse 

trials. 

Novel Object Recognition Assay 
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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 1-2 minutes a day for 3 days and were habituated to 

the experimental apparatus 10 minutes a day for 3 consecutive days without objects (2 hours after 

the morning 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 two identical objects (PVC male pipe 

adapter, white, 1.5 inch x 2.2 inch; PVC female hose mender, green, 1.4 inch x 2.2 inch) and 

allowed to explore for 10 minutes. Exploration was defined as occurring when an animal faced an 

object by 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 with 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: [D.I. = (Tnovel - Tfamiliar)/ (Tnovel + Tfamiliar) x 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 two 

compartments, light illuminated and dark compartment with a guillotine 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. 
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After the mouse entered the dark chamber, the door was closed and foot shock (0.4 milliamps/1 

second) 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 compartment and their latency to 

enter the dark compartment (associated 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 x 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 et al., 2009). Mice were briefly trained to maintain their position 

on the rotarod apparatus (TSE Systems, Inc.) before the test session. The training session 

consisted of a 5 minutes interval with an initial speed of 10 rounds per minute (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 session consisted of a 7 minutes 

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 automatically by an infrared beam located 

below the rotating rod. 

Tail Flick Assay 
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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 electronically 

controlled tail-flick analgesimeter (UGO Basile Biological Research Apparatus, 7360 Tail Flick) 

that integrated both a thermal 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 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. 

RESULTS 

Behavioral phenotype of MET-injected mice 

L-Methionine (MET 750 mg/kg) or saline was administered to mice twice a day for seven days. 

Mice were then observed and subjected to different behavioral assays to evaluate their 

phenotypes as they relate to psychotic syndromes. 

The MET treatment does not have any evident pathological effects nor does it affect the body 

weights (P > 0.05, Fig. 4.1 A). When compared to control mice, MET-treated mice display the 

same level of nociceptive response in tail flick assay (P > 0.05, Fig. 4.1 B), travelled the same 

amount of distance in the center area in the open field assay (P > 0.05, Fig. 4.1 C) and the same 

level of motor coordination in the rotarod assay (P > 0.05, Fig. 4.1 D). 

The MET treatment however does affect several behavioral responses that mimic schizophrenia 
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symptoms: 

Positive symptoms: MET-treated mice exhibit a two-fold increase in their locomotor activity, 

indicated by the increase in total distance that they travelled (P < 0.01, Fig. 4.2 A). They also 

display a greater level of stereotypic behaviors (P < 0.05, Fig. 4.2 B).   These results suggest that 

MET treated mice are hyperactive and display behavioral phenotypes that are related to the 

positive symptoms of schizophrenia.  

Negative symptoms: In the social interaction assay, the MET-treated mice display less interaction 

with the unfamiliar mice (P > 0.05, Fig. 4.2 C) than did control mice (P < 0.001, Fig. 4.2 C).  

These results indicate that the MET-treated mice exhibit impaired sociability. In the forced swim 

assay, MET-treated mice display more immobility time than control mice (P < 0.001, Fig. 4.2 D), 

suggesting a lower level of motivated affection .These assays reflect the negative symptoms of 

schizophrenia. 

Sensorimotor gating behavior and cognitive symptoms: We studied the effect of MET treatment 

on sensorimotor gating behavior. MET treated mice do not display a significant change in their 

startle reactivity when compared to control mice (P > 0.05, Fig. 4.3 A), yet they exhibit 

significantly decreased PPI ratios (P < 0.05, Fig. 4.3 B) suggesting an impairment in 

sensorimotor gating function. In the novel object recognition assay, the MET treatment does not 

affect the time mice spent exploring 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 do not discriminate between these two objects as did the control mice (P > 

0.05, Fig. 4.3 C, P < 0.001, Fig. 4.3 D). These results indicate that MET treated mice exhibit an 

impairment in recognition. In the inhibitory avoidance assay, saline and MET-treated mice do not 

display differences in the latency to enter the dark chamber during the training trial. However, 48 

hours after the training, MET-treated mice display a decrease in their latency time to enter the 
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dark chamber (P < 0.01, Fig. 4.3 E) and a decreased percentage of animals avoiding entering the 

dark chamber (P < 0.05, Fig. 4.3 F) compared to 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 display behaviors reflecting schizophrenic-like symptoms, we 

investigated the effects of two antipsychotic drugs on these behaviors. We chose haloperidol and 

clozapine as representative of the typical and atypical antipsychotics, respectively. Dose response 

experiments were first carried out on control mice for both drugs in each assay to determine the 

appropriate dose to administer (Fig. 4.6 and 4.7). 

Haloperidol and clozapine 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 > 0.05, Fig. 4.6 A and B) 

and were therefore selected. At these doses, a single injection of haloperidol or clozapine reverse 

the MET-induced locomotor hyperactivity and stereotypic behavior (P < 0.001, Fig. 4.4 A and B).  

Neither haloperidol (0.1, 0.25, 0.5 mg/kg) nor clozapine (1, 2.5, 5 mg/kg) affect the immobility of 

naïve mice in the forced swim assay (P > 0.05, Fig. 4.6 C). However, haloperidol at 0.25 (P < 

0.05, Fig. 4.4 C) and 0.5 mg/kg increase the immobility time of MET-treated mice. Clozapine 2.5 

mg/kg does not affect the immobility time of MET-treated mice (P > 0.05, Fig. 4.4 C).In contrast, 

clozapine 5 mg/kg decrease their immobility time (P < 0.001, Fig. 4.4 C).  

In the PPI assay, we found that neither haloperidol (0.1, 0.25, 0.5 mg/kg) nor clozapine (1, 2.5, 5 

mg/kg) affect the PPI ratio of naïve mice (P > 0.05, Fig. 4.7 B). Haloperidol (0.25 and 0.5 mg/kg) 

is able to reverse the PPI deficit induced by the MET treatment (P < 0.01, Fig. 4.5 B) as is 

clozapine 5 mg/kg (P < 0.001, Fig. 4.5 B). At this dose clozapine, however, decrease the startle 

reactivity (P < 0.01, Fig. 4.5 A). Clozapine 2.5 mg/kg does not affect the PPI deficit induced by 

the MET treatment (P > 0.05, Fig. 4.5 B). In the novel object recognition assay, neither 
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haloperidol 0.1 mg/kg nor clozapine 1 mg/kg affect the time naïve mice spent exploring identical 

or different objects or their discrimination index (P > 0.05, Fig. 4.7 C to E). At these doses, only 

clozapine revers the object recognition deficit (P < 0.01, Fig. 4.5 D) found in MET-treated mice 

in terms of discrimination index. 

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 60’s, the transmethylation hypothesis of schizophrenia had proposed that abnormal 

methylated metabolites of dopamine, noradrenaline, and serotonin might be responsible for the 

psychotic symptoms (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 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,  (Tremolizzo et al., 2002) which corresponded 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 (Fig.4.1). This treatment however affects several behavioral responses. 

First, the methionine-treated mice display increases in locomotor activity and in stereotypic 

behavior (Fig. 4.2 A and B). Locomotor hyperactivity and stereotypic behavior to a certain extent 
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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 exhibit impairment in social interaction and increase in helplessness 

(Fig. 4.2 C and 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 and Matrisciano et al 

who reported that MET treatment for 7  and 15 days  impaired social interaction (Tremolizzo et 

al., 2005; Matrisciano et al., 2011). Third, the methionine-treated mice exhibiteless exploration of 

a novel object in the object recognition test (Fig. 4.3 C and D), show deficits in inhibitory 

avoidance acquisition (Fig. 4.3 E and F) and the sensorimotor gating in the prepulse inhibition 

(PPI) (Fig. 4.3 A and B). The novel object recognition assay is based on the propensity of rodents 

to explore a novel object more than a familiar one. Impairments in recognition 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 animal 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 non-relevant sensory information 

(Swerdlow et al., 2001). The PPI assay is commonly employed in rodent models of schizophrenia 

as a correlate for psychosis. These three 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 



119 
 

of the core symptoms of schizophrenia and as such presents face validity.  However, a reliable 

animal model of schizophrenia must predict responsiveness to current available antipsychotic 

drugs (predictive validity).  

We therefore tested whether the repeated methionine administration model possesses predictive 

validity by assessing the reversal of the behavioral abnormalities by two well-established 

prototypical antipsychotic drugs that are known to show efficacy in humans. Haloperidol is a D2 

antagonist and is known to possess good efficacy against positive symptoms, but poor efficacy 

against negative symptoms. Clozapine, 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 stereotypic behavior), induced by MET, are 

reversed by haloperidol and clozapine at doses that do not induce any behavioral changes in naïve 

mice (Fig. 4.4 A and B, Fig. 4.6 A and B). On the other hand, clozapine but not haloperidol 

reverse the negative symptoms (increased immobility) induced by MET (Fig. 4.4 C). Further, 

both haloperidol and clozapine reverse MET induced PPI deficits (Fig. 4.5 B). However the dose 

of clozapine that reverse the PPI deficits also affect startle reactivity in both naïve and MET 

treated animal (Fig. 4.7 A and 4.5 A). We also have shown that clozapine but not haloperidol can 

reverse the memory deficit in the novel object recognition assay (Fig. 4.5 D). These findings are 

of particular interest, since these two drugs show dissimilarity in managing human cognitive 

symptoms. This also shows that the pharmacological profiles of the two drugs differentially 

impact the assays. 

Our results are in agreement with the majority of pre-clinical and clinical studies which have 

shown that positive symptoms of schizophrenia are reversed by both typical and atypical 

antipsychotics (Crespo-Facorro et al., 2006; Bradford et al., 2010), and that atypical but not 

typical antipsychotics can reverse negative symptoms and cognitive deficits (Noda and 
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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 cortex. Interestingly, 

Dong et al, (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 

atypical antipsychotic clozapine but not by the typical antipsychotic haloperidol. The mechanism 

by which clozapine 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 clozapine, risperidone, 

and olanzapine but not by typical antipsychotics (haloperidol) (Oranje et al., 2002; Kinkead et al., 

2005). However, in other animal models haloperidol is effective in improving the PPI deficit 

(Dirks et al., 2003; Onogi et al., 2010). This is also the case in our model where haloperidol and 

clozapine reverse the PPI deficit. Our finding showing that clozapine decreased the startle 

response is in agreement with other studies that reported similar effect of high doses of clozapine 

(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 clozapine in these mice 

(Olivier et al., 2001; Ouagazzal et al., 2001; Dirks et al., 2003).  

While the construct validity is out of 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 showed that MET treatment of mice induced an increase of brain S-

adenosylmethionine (SAM), and reduced reelin and GAD67 of the GABAergic interneurons in 

various cortical and hippocampal areas (Tremolizzo et al., 2002). 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, showed 
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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 

(Tueting et al., 2010). Further studies are required to fully substantiate the construct validity of 

this model with regard to the involvement of different neurotransmitters’ systems, and neuronal 

functional changes.  

In conclusion, we were able to show that the behavioral impairments induced by the repeated 

MET treatment are consistent with those observed in schizophrenia patients. We therefore 

propose MET treatment as an animal model recapitulating several symptoms of schizophrenia. 

Our model relies on the use of an essential amino acid which 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 and 

potential antipsychotics, such as DHCB and l-THP.  
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Fig. 4.1 
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Figure 4.1. General effects of methionine (750 mg/kg, i.p. twice a day, 7 days) administration. 

(A) Body weight during 7 days of methionine injections (n = 10). Two way ANOVA revealed no 

significant drug effects:  F 1,36 = 0.32, P = 0.5768. Data are presented as means±S.E.M.  

(B) Nociceptive response in the tail flick assay (n = 10). t = 0.8488, P = 0.4072. Unpaired student 

t test: saline vs MET, N.S., not significant; Data are presented as means±S.E.M.  

(C) Distance travelled in central area of the open field box in the first 5 and 10 minutes (n = 8). 

5minutes, t = 0.3826, P = 0.7077; 10 minutes, t = 1.031, P = 0.3201. Unpaired student t test: 

saline vs MET, N.S., not significant. Data are means±S.E.M. (n=8) 

(D) Latency to fall in the rotarod assay (n = 8). t = 0.4135, P = 0.6855. Unpaired student t test: 

saline vs MET, N.S. not significant; Data are presented as means±S.E.M.  
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Fig. 4.2 
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Figure 4.2. Effect of methionine on the locomotion, stereotypy, social interaction and forced 

swim assays. 

(A) Distance mice travelled in 60 minutes of the locomotion assay (n = 8-9). t=3.429, P = 0.0037. 

Unpaired student t test:  saline vs MET, **P < 0.01. Data are presented as means±S.E.M. 

 (B) Stereotypic counts in 60 minutes of the locomotion assay (n = 8-9).  t = 2.450, P = 0.027. 

Unpaired student t test:  saline vs MET,*P <0.05. Data are presented as means±S.E.M.  

(C) Time mice spent interacting with empty cup and control mice in the social interaction assay 

(n = 13). Two way ANOVA revealed significant drug effects:  F 1,48 = 5.58, P = 0.0222. 

Bonferroni post hoc test: empty cup vs control mice, *** P < 0.001. Data are presented as 

means±S.E.M.  

(D) Immobile time in the forced swimming assay (n = 9). t = 5.264, *** P < 0.0001. Unpaired 

student t test: saline vs MET, *** P < 0.001. Data are presented as means±S.E.M.  
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Fig. 4.3 
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Figure 4.3. Effect of methionine on the prepulse inhibition (PPI), novel object recognition (NOR) 

and inhibitory avoidance assays. 

(A) Startle reactivity of the PPI assay (n = 29). t = 1.795, P = 0.0781. Unpaired student t test: 

saline vs MET, N.S., not significant. Data are presented as means±S.E.M.  

(B) Prepulse inhibition ratio of the PPI assay (n = 28). Two way ANOVA revealed a significant 

drug effect:  F 1,162 = 17.56, P < 0.0001. Bonferroni post hoc test: saline vs MET, * P < 0.05.; 

Data are presented as means±S.E.M.  

(C) Time mice spent exploring both the new and old objects during test session in the NOR assay 

(n = 10). Two way ANOVA revealed no significant drug effect:  F 1,36 = 3.95, P = 0.0544.  

Bonferroni post hoc test: new object vs old object, *** P < 0.001, N.S., not significant. Data are 

presented as means±S.E.M. (D) Discrimination index of the NOR assay:  t = 8.379, P < 0.0001. 

Unpaired student t test: saline vs MET, *** P < 0.001. Data are presented as means±S.E.M.  

(E) Latency to enter the dark chamber in both training and retention session in the inhibitory 

avoidance assay (n = 8). Two way ANOVA revealed significant drug effects:  F 1,28 = 5.38, P = 

0.0279. Bonferroni post hoc test:  saline vs MET, ** P < 0.01, N.S., not significant. Data are 

presented as means±S.E.M.  

(F) Percentage of animals avoiding entering dark chamber in retention session in the inhibitory 

avoidance assay (n = 8). t = 2.256, P = 0.0406. Unpaired student t test: saline vs MET, * P < 0.05. 

Data are presented as means±S.E.M.  
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Fig. 4.4 
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Figure 4.4 Effect of haloperidol and clozapine on locomotion, stereotypy and forced swim assays 

in methionine treated mice.  

(A) Effect of haloperidol (0.1 mg/kg, i.p.) and clozapine (1.0 mg/kg, i.p.) on the distance mice 

travelled of the locomotion assay in methionine treated mice (n = 7-11). One way ANOVA 

revealed a significant drug effect:  F 3,33 = 15.70, P < 0.0001. Bonferroni post hoc test: vehicle vs 

other three drug groups, *** P < 0.001; MET vs MET+HAL (CLZ), 
##

 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 the stereotypic 

counts of the locomotion assay in methionine treated mice (n = 7-11). One way ANOVA revealed 

a significant drug effect:  F 3,33 = 12.85, P < 0.0001. Bonferroni post hoc test: vehicle vs drug, ** 

P < 0.01; MET vs MET+HAL (CLZ), 
###

 P < 0.001. Data are presented as means±S.E.M.  

(C) Effect of haloperidol (0.25, 0.5 mg/kg, i.p.) and clozapine (2.5, 5.0 mg/kg, i.p.) on the 

immobile time of the forced swimming test in methionine treated mice (n = 8-15). One way 

ANOVAs revealed significant drug effects: vehicle/- vs other five drug groups, F 5,53 = 19.58, P < 

0.0001. Dunnett’s post hoc test: *** P < 0.001; MET vs MET+HAL (CLZ), F 4,43 = 12.86, P < 

0.0001. Dunnett’s post hoc test: 
#
 P < 0.05, 

###
 P < 0.001. Data are presented as means±S.E.M.  
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Fig. 4.5 
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Figure 4.5. Effect of haloperidol and clozapine on prepulse inhibition and novel object 

recogniton assays in methionine treated mice.  

(A) Effect of haloperidol (0.25, 0.5 mg/kg, i.p.) and clozapine (2.5, 5.0 mg/kg, i.p.) on the startle 

reactivity in methionine treated mice (n = 10-18). One way ANOVAs revealed significant drug 

effects: vehicle/- vs other five drug groups, F 5,74 = 3.768, P = 0.0043; MET vs MET+HAL (CLZ), 

F 4,57 = 4.016, P = 0.0061. Dunnett’s post hoc test: MET vs MET+HAL (CLZ), 
##

 P < 0.01. Data 

are presented as means±S.E.M. 

 (B) Effect of haloperidol (0.25, 0.5 mg/kg, i.p.) and clozapine (2.5, 5.0 mg/kg, i.p.) on the 

prepulse inhibition ratio in methionine treated mice (n = 11-19). Two way ANOVAs revealed 

significant drug effects: vehicle/- vs other five drug groups, F 5,228 = 29.01, P < 0.0001. 

Bonferroni post hoc test: * P < 0.05, ** P < 0.01, *** P < 0.001; MET vs MET+HAL (CLZ), F 

4,177 = 33.50, P < 0.0001. Bonferroni post hoc test:  
##

 P < 0.01,
 ###

 P < 0.001. 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 the time mice spent 

exploring both the new and old objects during test session in methionine treated mice (n = 8). 

Two way ANOVA revealed significant drug effects: F 3,56 = 6.85, P = 0.0005.  Bonferroni post 

hoc test: new object vs old object, * P < 0.05, *** P < 0.001, N.S., 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 the discrimination 

index in methionine treated mice (n = 8). One way ANOVA revealed a significant drug effect: F 

3,28 = 8.150, P = 0.0005. Bonferroni post hoc test: vehicle vs other three drug groups, *** P < 

0.001; MET vs MET+HAL (CLZ), 
##

 P < 0.01, N.S., not significant. Data are presented as 

means±S.E.M.  
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Fig. 4.6 
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Figure 4.6. Effect of haloperidol and clozapine in the locomotion, the stereotypy and the forced 

swim assays in naïve mice.  

(A) Dose response of haloperidol (0.1, 0.25, 0.5 mg/kg, i.p.) and clozapine (1.0, 2.5, 5.0 mg/kg, 

i.p.) in the distance mice travelled of the locomotion assay (n = 6-11). One way ANOVA revealed 

a significant drug effect: F 6,46 = 12.93, P < 0.0001. Dunnett’s post hoc test: vehicle vs drug, *** 

P < 0.001. Data are presented as means±S.E.M.  

(B) Dose response of haloperidol (0.1, 0.25, 0.5 mg/kg, i.p.) and clozapine (1.0, 2.5, 5.0 mg/kg, 

i.p.) in the stereotypic counts of the locomotion assay (n = 6-11). One way ANOVA revealed a 

significant drug effect: F 6,47 = 10.31, P < 0.0001. Dunnett’s post hoc test: vehicle vs drug, * P < 

0.05, *** P < 0.001. Data are presented as means±S.E.M.  

(C) Dose response of haloperidol (0.1, 0.25, 0.5 mg/kg, i.p.) and clozapine (1.0, 2.5, 5.0 mg/kg, 

i.p.) on the forced swimming test in naïve mice (n = 7-10). One way ANOVA revealed a 

significant drug effect:  F 6,51 = 2.940, P = 0.0153. Dunnett’s post hoc test. Data are presented as 

means±S.E.M.  
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Fig. 4.7 
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Figure 4.7. Effect of haloperidol and clozapine on the prepulse inhibition, the novel object 

recognition assays in naïve mice.  

(A) Dose response of haloperidol (0.1, 0.25, 0.5 mg/kg, i.p.) and clozapine (1.0, 2.5, 5.0 mg/kg, 

i.p.) in the startle reactivity (n = 11-17). One way ANOVA revealed a significant drug effect: F 

6,87 = 2.532, P = 0.0263. Dunnett’s post hoc test: vehicle vs drug, * P < 0.05. Data are 

means±S.E.M. 

 (B) Dose response of haloperidol (0.1, 0.25, 0.5 mg/kg, i.p.) and clozapine (1.0, 2.5, 5.0 mg/kg, 

i.p.) in the prepulse inhibition ratio (n = 10-16). Two way ANOVA revealed no significant drug 

effect: F 6,255 = 1.43, P = 0.2029. Data are presented as means±S.E.M.  

(C) Dose response of haloperidol (0.1, 0.25, 0.5 mg/kg, i.p.) and clozapine (1.0, 2.5, 5.0 mg/kg, 

i.p.) in the total exploration time on identical objects in training session (n = 6-9). One way 

ANOVA revealed a significant drug effect: F 6,45 = 17.76, P < 0.0001. Dunnett’s post hoc test: 

vehicle vs drug, ** P < 0.01, *** P < 0.001. Data are presented as means±S.E.M.  

(D) Dose response of haloperidol (0.1, 0.25, 0.5 mg/kg, i.p.) and clozapine (1.0, 2.5, 5.0 mg/kg, 

i.p.) in the time mice spent exploring both the new and old objects during test session (n = 6-9). 

Two way ANOVA revealed no significant drug effect: F 6,90 = 0.72, P = 0.6343. Bonferroni post 

hoc test: new object vs old object, * P < 0.05, *** P < 0.001, N.S., not significant. Data are 

presented as means±S.E.M.  

(E) Dose response of haloperidol (0.1, 0.25, 0.5 mg/kg, i.p.) and clozapine (1.0, 2.5, 5.0 mg/kg, 

i.p.) in the discrimination index (n = 6-9). One way ANOVA revealed a significant drug effect: F 

6,45 = 7.108, P < 0.0001. Dunnett’s post hoc test: vehicle vs drug, * P < 0.05, *** P < 0.001. Data 

are presented as means±S.E.M.  
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Chapter 5 

A Prenatal Methionine-induced Animal Model of 

Schizophrenia 

ABSTRACT 

Background: Environmental exposure during gestation can lead to permanent alterations in the 

expression of genes that are crucial for the development and lead to increased susceptibility to 

certain diseases in adults. Our previous study showed that adult male mice administered with l-

methionine for 7 days transiently exhibit all three types of schizophreinia-like symptoms which 

can be differentially reversed by typical and atypical antipsychotics. To further mimic the 

developmental deficits and the pubertal onset of the symptoms as seen in patients, we 

investigated whether prenatal methionine administration in pregnant female mice could lead to 

behavioral, neurodevelopmental and genetic changes in the offspring. 

Methods: L-methionine (MET) was administered to pregnant mice twice a day for 7-8 days from 

gestational day 14 until delivery and the male offspring were selected.  

Results: We found that the male offspring from the prenatal MET treatment exhibit behavioral 

responses that reflect all three types of schizophrenia-like symptoms (positive, negative or 

cognitive deficits) as monitored in a battery of behavioral assays. Moreover, these male offspring 

show reduced excitatory synaptic connection and dysregulated expression of several neuronal 

activity regulated genes that are known to be involved in neurodevelopment, synaptic plasticity 

and learning and memory function. Further, these responses were differentially reversed by 

typical (haloperidol) and atypical (clozapine) antipsychotics in ways that parallel their effects in 

clinical treatments.  
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Conclusion: We report that the prenatal MET treatment in pregnant female affected the male 

offspring permanently in a developmental aspect, which recapitulates several features of 

schizophrenia. We have established the face, predictive and preliminary construct validity for this 

model. Our model may offer an additional tool for understanding the etiology of schizophrenia 

and also assessing novel antipsychotics. 
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INTRODUCTION 

Schizophrenia is a complex heterogeneous psychiatric disorder. The etiology of schizophrenia is 

yet fully understood. It involves multi neurotransmitter systems (Snyder, 1981) (Carlsson et al., 

1997) (Benes and Berretta, 2001; Raedler et al., 2007; Meltzer and Massey, 2011) which is 

affected by both genetic (and epigenetic) and environmental factors (Lewis and Lieberman, 2000; 

Lewis and Levitt, 2002; van Os et al., 2010). Within the scope of epigenetic factor, DNA 

methylation stands as a prominent one. DNA methylation relies on the transfer of a methyl group 

to the cytosine of CpG dinucleotides. The methyl group is provided by S-adenosylmethionine 

(SAM) which derives from methionine, an essential amino acid that we intake from foods 

(Loenen, 2006). Our previous study described in chapter 4 and also other group showed that adult 

mice receiving sub-chronic L-methionine overdose treatment exhibited all three types of 

schizophrenia-like symptoms and an epigenetic mechanism was proposed for at least some of the 

symptoms (Tremolizzo et al., 2002; Wang et al., 2015). Our model relies on an essential natural 

amino acid and on an intervention that is relatively simple and time-effective. However, our 

preliminary data show that the symptoms induced by methioine in adult mice are transient, which 

weakened in 3 days after methionine withdrawal. Studies show that the hypermethylation level of 

reelin promoter regions which induced by methionine treatment declined by 50%, 6 days after 

methionine withdrawal and normalized 9 days after the withdrawal compared to saline group 

(Dong et al., 2007). Moreover, our adult model does not mimic the pubertal onset of the 

symptoms seen in schizophrenia patients. 

Environmental exposure to psychological stress, malnutrition or viral infection during gestation 

can lead to permanent alterations in the expression of genes that are crucial for the development 

and lead to increased susceptibility to schizophrenia in adults (Mednick et al., 1994; Brown et al., 

1996; Susser et al., 1996; Brown, 2011; Levine et al., 2014). Several animal models that based on 

the exposure of animal to stresses, immune challenges and toxics during pregnancy lead to 
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disruption of behavioral, neurochemical and structural parameters in adult offspring that 

recapitulate features of schizophrenia, which confirmed the sensitivity of the developing brain to 

environmental interventions (Borrell et al., 2002; Koenig et al., 2005; Zuckerman and Weiner, 

2005; Moore et al., 2006; Fatemi et al., 2008). Recently, one study showed the level of DNA 

methylation is different in children, whom were conceived in different seasons with fluctuations 

in the dietary intake of their mothers (Dominguez-Salas et al., 2014).  

Therefore, to further mimic the developmental aspects and the pubertal onset of the symptoms of 

schizophrenia, we investigated whether prenatal methionine administration in pregnant mice 

could lead to behavioral, neurodevelopmental and genetic changes in the offspring. 

MATERIALS AND METHODS 

Animals and Breeding Procedure 

Swiss Webster mice, 8-9 weeks age, were obtained from Charles River Laboratories (Wilmington, 

MA). One male and two female mice were group-housed for breeding purpose and maintained on 

a 12-hours light/dark cycle (light on at 7:00 am) with food and water available ad libitum. 

Pregnant mice were individually housed from the thirteen 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 administrations 

L-Methionine (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 hydroxide. Pregnant 
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mice that mated with the same male mouse were administered with MET (750 mg/kg, 15 ml/kg, 

s.c.) or saline twice a day (9:00 am/3:00 pm) for seven to eight consecutive days from the 

fourteen day of pregnancy (gestational day 14) until delivery. 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 minutes before the test, respectively. In the prepuls 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 minutes 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 minutes before the training 

session. Dosages of the drug were selected based on the previous study (Wang et al., 2015). 

mRNA Microarray Analysis 

Microarray experiments and analysis were performed as previously described (Heerdt et al., 

2012). Whole brain tissues were dissected from the male mice. Total RNA was extracted (Qiagen) 

according to the manufacturer's protocol.  RNA samples with A260/A280 absorbance ratios 

between 2.00-2.20 were used for reverse-transcribed into cDNA and analyzed by "whole-

transcript transcriptomics" using the GeneAtlas microarray system (Affymetrix) and 

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 using Gene Analysis (Affymetrix). 

Genes with a minimum fold change of 1.5 were selected. For the full list of the dysregulated 

genes see Table 2. 

Quantitative Real-Time PCR 

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

extracted (Qiagen) and reverse-transcribed (Thermo Fisher) following manufacturer’s 
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instructions. RT-qPCR was performed using SYBR Green reagents (Life Techonologies), and 

analyzed by ABI 7000 sequence detection system (Applied Biosystems) with gene specific 

primers as previously reported (Nagasaki et al., 2006). Three to four animals were used for 

analysis per treatment group. 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’ 

ARC-Rev:    3’-GCGGCAGGTGGCGGGGTGATG-5’ 

NPAS4-For:  5’-GTCTTGCCTGCATCTACACTCG-3’ 

NPAS4-Rev:  3’-TGGCCCAGATGCTCGCTCACACT-5’ 

FGF1-For:     5’-GCAACGGGGGCCACTTCTT-3’ 

FGF1-Rev:     3’-ATATACACTTCGCCCGCACTTTC-5’ 

GAPDH-For: 5’-TGGCACAGTCAAGGCTGAGA-3’ 

GAPDH-Rev: 3’-CGCTCCTGGAAGATGGTGAT-5’ 

5-methylcytosine (5-mc) Quantification Assay 

The global DNA methylation level was determined by using Methylflash
TM

 Methylated DNA 

Quantification Kit (Epigentek) as previously described (Brown et al., 2015). Briefly, the kit 
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measures the 5-mC content as a percentage of the total cytosine in with a 100 ng of DNA sample. 

The 5-mC in DNA was detected using capture and detection antibodies and then quantified 

colorimetrically by reading the absorbance at 450 nm in a microplate spectrophotometer. The 

percentage of 5-mC in genomic DNA was calculated as: cytosine methylation %=[(ODsample - 

ODnegative control)/amount of input sample]/[(ODpositive control - ODnegative control) x 2/amount of positive 

control] x 100. The negative control is an unmethylated polynucleotide containing 50% cytosine, 

the positive control is a methylated polynucleotide containing 50% 5-methylcytosine, and 2 is a 

factor used to normalize 5-methylcytosine in the positive control to 100%. The assay was 

performed in duplicate according to manufacturer’s instructions. 

Behavioral Tests 

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 inter-assay interval was adapted from previously published reports 

(McIlwain et al., 2001; Paylor et al., 2006). 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 was performed as described before (McNamara et al., 2006).  

Mice were placed into a locomotion test chamber (40 x 40 cm, Med Associates, Inc.), and 

allowed to habituate 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 
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were recorded and analyzed by Activity Monitor 5 software (Med Associates, Inc.). 

Open Field Assay 

The open field assay was performed 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 x 24 cm 

square in the middle of test chamber. 

Rotarod Assay 

The rotarod assay was performed as described before with slight modifications (Duangdao et al., 

2009). Mice were briefly trained to maintain their position on the rotarod apparatus (TSE 

Systems, Inc.) before the test session. The training session consisted of a 5 minutes interval with 

an initial speed of 10 rounds per minute (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 session consisted of a 7 minutes 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 automatically by an infrared beam located below the rotating rod. 

Social Interaction and Novelty Assay 

The social interaction and novelty assay was performed as described before (Kaidanovich-Beilin 

et al., 2011). The apparatus for the social interaction test is comprised of a rectangular three-

chamber 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 
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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 social interaction phase and social novelty 

phase. In the social interaction phase, 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 three chambers for 10 minutes. The duration and number of direct contacts 

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

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

doors closed. A second control mouse was 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 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.). 

Spontaneous T Maze Alternation Assay 

The spontaneous T maze alternation assay was performed as described previously (Risbrough et 

al., 2014). 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, Inc.) and allowed 30 seconds 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 
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arm sliding door was closed and the mice were allowed to explore the arm for 30 seconds 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 x (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 (McQuown et al., 2011). This task consists of a training 

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

and were habituated to the experimental apparatus 10 minutes a day for 3 consecutive days 

without objects (2 hours after the morning 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 two identical objects (For NOR: PVC male pipe adapter, white, 1.5 inch x 2.2 inch; PVC 

female hose mender, green, 1.4 inch x 2.2 inch; For LOR: shrub spray, black, 1.25 inch x 2.5 inch) 

and allowed to explore for 10 minutes. Exploration was defined as occurring when an animal 

faced an object by 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 with 

the retention test. During NOR 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. During LOR retention tests, mice 

were allowed to explore the experimental apparatus for 5 minutes 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 
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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) x 100%]. Tests were video recorded and analyzed by ANY-

MAZE software (Stoelting  Co.). 

Prepulse Inhibition (PPI) Assay 

The PPI assay was measured as previously described (Duangdao et al., 2009).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, Inc.). 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 minutes acclimation with 65 dB 

background noise. The PPI session consisted of five different trials: no-stimulus trials, 3 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 interstimulus interval, 

followed by a 40 ms duration startle stimulus at 120 dB. Test sessions began with 5 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 intertrial interval of 8–23 seconds 

(mean 15 seconds) and ending with 5 presentations of the p120 trial. The amount of PPI is 
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calculated as a percentage score for each acoustic prepulse intensity: % PPI= 100-([(startle 

response for prepulse+pulse trials)/ (startle response for pulse-alone trials)] x 100). The 

magnitude of the response was calculated as the average response to all of the startle or prepulse 

trials. 

Forced Swim Assay 

The forced swim assay was performed as previously described (Can et al., 2012). Mice were 

placed individually in a transparent glass cylinder containing water (24 cm high, 14.5 cm 

diameter, 14 cm water depth) at 23-25°C and forced to swim. Mice were videotaped for 6 

minutes, and the immobility time (time spent passively floating) was recorded for the last 4 

minutes, after discarding activity in the first 2 minutes during which an animal tries to escape. 

ANY-MAZE software was used to record and analyze immobility (Stoelting  Co.).   

Tail Flick Assay 

The tail flick assay was performed as described before (Zhang et al., 2014). In brief, acute 

nociceptive response was measured by using an electronically controlled tail-flick analgesimeter 

(UGO Basile Biological Research Apparatus, 7360 Tail Flick) that integrated both a thermal 

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. 

Contextual Fear Conditioning Assay 

The Contextual Fear Conditioning Assay was performed as previously described (Errico et al., 

2008). Mice were handled 1 minute a day for 3 days before training. For the training session, 
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mice were placed in the conditioning chamber (TSE Systems, Inc.) for 2.5 minutes before 

receiving a 0.7 mA scrambled foot shock lasting for 2 seconds. After an additional 30 seconds 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 seconds in an interval of 5 seconds. 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 minutes and their freezing behavior were 

assessed during this period (retention session). Freezing behavior was scored as freezing (1) or 

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

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

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 was used for experiments. Slices were first incubated in sucrose-containing ACSF 

for 30 minutes–one hour 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 (Xu et al., 2010; San Antonio et al., 2014). For laser scanning photostimulation (LSPS) 

experiments, the microscope objective was switched from 60x to 4x. Stock solution of MNI-

caged- l-glutamate (Tocris Bioscience) 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 
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experiments, photostimulation was usually applied to 16×16 patterned sites (with an inter-site 

space of 100 μm
2
) 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 (EPSC) responses at the holding potential around -70mV, which was based upon the 

empirically determined GABAergic reversal potentials at the recorded mouse ages. 

Photostimulation data analysis has been described in detail (Shi et al., 2010). 

Data analysis 

Graphpad Prism (GraphPad Software, Inc.) 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. 

RESULTS 

Effect of prenatal MET-overload on behavioral phenotype in male offspring 

Pregnant female mice were administered with L-methionine (MET 750 mg/kg) or saline twice a 

day seven to eight consecutive days from gestational day 14 until delivery. During this third 

trimester, we closely monitor the general health condition of the dam. In general, the methionine 

treatment does not affect the dam weight, food intake and pregnancy duration. The treatment 

neither affects the number of the progeny nor the gender ratio (data not shown). 

The prenatal overexposure to methionine however did affect several behavioral responses of the 

male progeny that mimics schizophrenia-like symptoms. 

Positive symptoms: The methionine group exhibits approximately a two-fold increase in their 

horizontal and vertical activities, indicated by the increase in total distance mice travelled and 

vertical counts (P < 0.05, Fig. 5.1 A and B). They also display a greater level of stereotypic 
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behaviors (P < 0.01, Fig. 5.1 C). These results suggest that the male offspring affected by 

prenatal MET overload are hyperactive and display behavioral phenotypes that are related to the 

positive symptoms of schizophrenia. 

Negative symptoms: In the social interaction assay, the methionine group display less interaction 

with the unfamiliar mice (P > 0.05, Fig. 5.1 D) than did the saline group (P < 0.001, Fig. 5.1 D).  

Right after the social interaction phase, a second unfamiliar mouse was placed inside the previous 

empty cup that located in the opposite side chamber for social novelty phase. We show that the 

methionine group display less interaction with the new unfamiliar mice (P > 0.05, Fig. 5.1 E) 

than did saline group (P < 0.05, Fig. 5.1 E). These results indicate that the male offspring affected 

by prenatal MET overload exhibit impaired sociability and social recognition. In the forced swim 

assay, however, the methionine group display similar level of immobility time with the saline 

group (P < 0.001, Fig. 4.2 D), suggesting unaffected motivated affection .These assays reflect 

some of the negative symptoms of schizophrenia. 

Sensorimotor gating behavior and cognitive symptoms: We studied the effect of prenatal MET 

overload on sensorimotor gating behavior in the male offspring. The methionine group shows a 

significant increase in their startle reactivity when compared to the saline group (P < 0.05, Fig. 

5.1 G), and they exhibit significantly decreased PPI ratios (P < 0.05, Fig. 5.1 H and I) suggesting 

an impairment in sensorimotor gating function. In the novel object recognition assay which is 

testing hippocampus independent function, both groups spend more time exploring the new 

object than the old object (P < 0.01, Fig. 5.2 A). However, the methionine group shows 

significant decrease of discrimination index when compared to the saline group (P < 0.001, Fig. 

5.2 B). In the location dependent recognition assay which tests hippocampus dependent function, 

the methionine group does not discriminate the objects in the old and new location as does the 

saline group (P > 0.05, Fig. 5.2 C, P < 0.001, Fig. 5.2 D). These results indicate that the male 

offspring affected by prenatal MET overload exhibit object recognition in both hippocampal 
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dependent or independent paths. As we noticed the prominent difference of both group in the 

location dependent object recognition assay, we further evaluated these animals in another two 

spatial related learning and memory paradigms. In the contextual fear conditioning assay, both 

groups barely exhibit freezing behavior (no difference between treatments, P > 0.05, Fig. 5.2 E) 

before the foot-shock stimulus during the training session. And both groups exhibit similar level 

of increase in the freezing behavior percentage immediately after the foot-shock stimulus (P > 

0.05, Fig. 5.2 E). In the retention session, however, the methionine group exhibit a significant 

decrease in the freezing behavior percentage compared to the saline group (P < 0.01, Fig. 5.2 E). 

In the spontaneous T maze alternation assay, the methionine group also shows a decrease in the 

percentage of arm choice alternation. Together these results suggest cognitive deficits in these 

male offspring affected by prenatal MET overload, in particular with spatial related learning and 

memory function. 

While the male offspring exhibit behavioral phenotypes that represent all three types of 

schizophrenia like symptoms, they travelled the same amount of distance in the center area in the 

open field assay (P > 0.05, Fig. 5.3 A), display the same level of motor coordination in the 

rotarod assay (P > 0.05, Fig. 5.3 B) and the same level of nociceptive response in tail flick assay 

(P > 0.05, Fig. 5.3 C). The prenatal MET overload does not have any evident pathological effects 

nor does it affect mice body weight throughout the entire growth period (P > 0.05, Fig. 5.3 D and 

E). Nonetheless, the methionine group exhibits a significant decrease of the whole brain weight 

in both the absolute value and the brain/body weight ratio, compared to saline group (P < 0.05, 

Fig. 5.3 F and G). The decrease of brain weight in the methionine group may indicate the 

morphological changes in the brain or retarded brain development. 

Effect of prenatal MET-overload on synaptic connection and genetic alternation in male offspring 

The behavioral changes in the male offspring affect by the prenatal MET overload urged us 
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further investigate the construct validity that underlying their behavioral phenotypes. 

Because the male offspring affect by the prenatal MET overload exhibit prominent deficits in 

spatial related learning and memory functions, we first investigated whether the prenatal MET 

overload affect synaptic connection in the hippocampus, in particular CA 1region. The LSPS 

approach is applied for effective and detailed local circuit mapping.  It involves first recording 

from a single neuron, then sequentially stimulating at other sites to evoke action potentials from 

neurons in those sites through spatially restricted glutamate release; recording from the potential 

postsynaptic neuron allows one to determine if there is actual synaptic input from that particular 

site. We show that the photostimulation responses of the recorded CA 1 pyramidal neurons 

(example somatic locations indicated as the red circles in Fig. 5.4 B for saline group and in Fig. 

5.4 E for methionine group) to direct uncaged glutamate activation are significantly weaker in the 

methionine group, compared to the saline group (example red traces shown in Fig. 5.4 C for 

saline group and in Fig. 5.4 F for methionine group). The quantitative analysis of the direct 

uncaging responses for both groups is shown in Fig. 5.4 G (P < 0.01). In addition, we show that 

the intrinsic membrane excitability of the CA 1 neurons of the methionine group is not affected 

(Fig. 5.4 H, P > 0.05). These data suggest that the CA1 excitatory pyramidal neurons in the male 

offspring affected by prenatal MET overload tend to have reduced local excitatory synaptic 

connections. 

To determine which genes’ expression are affected by the prenatal MET overload, we carried out 

a global brain mRNA microarray analysis covering around 28000 genes. We found 120 genes 

displaying changes in expression (with more than 1.2 fold change, shown in Table 5.2), but out of 

these only 6 genes display a change that was more than 1.5 fold (P < 0.05, Table 5.1). Within 

these 6 genes, Npas 4, Arc, Dusp 1, Fos and Egr 2 expression are downregulated while only Fgf 1 

expression is upregulated. Results of quantitative real-time PCR confirmed our microarray 

findings demonstrating a significant decrease in the amount of Npas 4, Arc and Egr2 mRNA (P < 
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0.05, Fig. 5.5 A to C) and an increase of Fgf 1 mRNA without statistical significance (P > 0.05, 

Fig. 5.5). 

In addition, we show that the global 5-mc level is not affected by prenatal MET overload in male 

offspring brain tissue (P > 0.05, Fig. 5.6). 

Effect of antipsychotics on the prenatal MET-overload induced schizophrenic-like phenotype in 

male offspring 

Because these male offspring affected by prenatal MET overload display behaviors reflecting 

schizophrenic-like symptoms, we investigated the effects of two antipsychotic drugs on these 

behaviors. We chose haloperidol and clozapine as representative of the typical and atypical 

antipsychotics, respectively. 

We show that a single injection of haloperidol (0.1 mg/kg) or clozapine (1.0 mg/kg) reverse the 

locomotor hyperactivity and stereotypic behavior of the methionine group (P < 0.01, Fig. 5.7 A 

and B). In the social interaction and novelty assay, however, both haloperidol (0.1 mg/kg) and 

clozapine (1.0 mg/kg) failed to reverse the social novelty deficit in the methionine group (P > 

0.05, Fig. 5.7 D). Only clozapine is able to reverse the social withdrawal symptom in the 

methionine group (.P < 0.05, Fig. 5.7 C). In terms of cognitive deficits, in the PPI assay, although 

the effects of haloperidol (0.25 mg/kg) or clozapine (2.5 mg/kg)  on the reversal of PPI deficits 

are not statistically significant compared to the methionine group, their average PPI ratio are 

neither statistically different from the saline group. In the novel object recognition assay, only 

clozapine (1.0 mg/kg) but not haloperidol (0.1 mg/kg) is able to reverse the object recognition 

deficit (P < 0.001, Fig. 5.7 F). The discrimination index of the clozapine treated group is neither 

statistically different with the saline nor the methionine group (P > 0.05, Fig. 5.7 G). 

DISCUSSION 
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Previous studies showed that adult mice receiving sub-chronic methionine overdose treatment 

exhibited all three types of schizophrenia-like symptoms (Tremolizzo et al., 2002; Wang et al., 

2015). In the present study, we introduced the environmental factor during pregnancy into our 

model. We administered overdose methionine to the pregnant mice instead, during the third 

trimester which is important for brain development of the progeny and then evaluate the male 

offspring. Our results demonstrate for the first time that, the male offspring from the prenatal 

MET treatment exhibit all three types of schizophrenia like symptoms from age week 6 to week 

14 (which mimic the pubertal hood to adulthood), including hyperactivity (Fig. 5.1 A and B), 

enhanced stereotypy (Fig. 5.1 C), social withdrawal (Fig. 5.1 D), prepulse inhibition deficit (Fig. 

5.1 H and I), social and object recognition deficit (Fig. 5.1 E and 5.2 A and B), and spatial related 

learning and memory deficit (Fig. 5.2 C to F). We show these male offspring display normally in 

terms of anxiety (Fig. 5.3 A), depression (Fig. 5.1 F), pain (Fig. 5.3 C) and motor coordination 

(Fig. 5.3 B) related behaviors. Though the prenatal MET overdose treatment has no effect on the 

body weight of the male offspring (Fig. 5.3 D and E), the treatment decreases their whole brain 

weight (Fig. 5.3 F and G). The decrease in the brain weight may indicate developmental deficits 

and further morphological changes in the brain. To study the neurodevelopment aspect, we 

applied immunohistochemistry with neuronal markers indicating different stage of the neuronal 

development (von Bohlen Und Halbach, 2007). Our preliminary data (not shown) show a 

decrease in number of doublecortin (Dcx, a marker of immature neurons and neuronal migration) 

positive cells in the dentate gyrus of hippocampus in the male offspring from the prenatal MET 

treatment, indicating a lower level of neuronal migration in these mice. Current studies are 

undergoing with BrdU (a marker of new born neurons indicating cell proliferation) and NeuN (a 

marker of mature neurons indicating cell maturation) immunostaining. Further morphological 

investigation on the brain tissue slides, in particular focusing on cortex, hippocampus and 

ventricle volumes need to be determined. 
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It is noteworthy that the male offspring from the prenatal MET treatment exhibit more prominent 

spatial related learning and memory deficits. Therefore, we investigated whether the hippocampal 

synaptic connection changes in these male offspring. The LSPS results show that the CA 1 

excitatory pyramidal neurons in the methionine group exhibit reduced local excitatory synaptic 

connections upon direct uncaging glutamate stimulation (Fig. 5.4). The essential role of 

hippocampal CA 1 NMDA receptor-dependent synaptic plasticity in spatial memory had been 

demonstrated for years (Tsien et al., 1996; Bannerman et al., 2014). The reduced CA 1 excitatory 

synaptic connection of the male offspring from the prenatal MET treatment may explain their 

impaired spatial learning and memory function. Further long term potentiation (LTP) and long 

term depression (LTD) experiments need to be carried out for confirming the impaired synaptic 

plasticity in the hippocampal region. 

On the other hand, our microarray analysis revealed a group of prominent neuronal activity-

regulated genes, including Npas 4, Arc, Fos and Egr 2, are downregulated globally in the male 

offspring from prenatal MET treatment (Table 5.1). This treatment, however, only upregulated 

Fgf 1 mRNA level. These results were confirmed with quantitative real-time PCR (Fig. 5.5). All 

these genes are known to play important roles in a variety of cellular processes including 

neurodevelopment, neurotransmission, neuronal plasticity, and learning and memory (Loebrich 

and Nedivi, 2009; Leslie and Nedivi, 2011). Within these genes, the one which expression is most 

affected by the prenatal MET treatment is Npas4. This neuronal activity dependent transcriptional 

factor promotes excitatory/inhibitory homeostasis by regulating the formation of inhibitory 

synapses on excitatory neurons (Lin et al., 2008). It has been shown that Npas 4 regulates 

transcriptional program involving several other neuronal activity regulated immediate early genes 

(Ramamoorthi et al., 2011), such as Arc, c-Fos and Egr1 which have also been shown playing 

important role in synaptic plasticity and cognitive functions (Chowdhury et al., 2006; Plath et al., 

2006; Alberini, 2009; West and Greenberg, 2011). Further, studies show that Npas4-KO mice 
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exhibit social deficits, and display deficits in pre-pulse inhibition, learning and working memory, 

and cognitive flexibility (Coutellier et al., 2012; Jaehne et al., 2015). Recently, it has been shown 

that Npas4 enhances the dendritic synapse development by regulating Dcx in the new born 

olfactory bulb interneurons (Yoshihara et al., 2014). It is feasible that consistent downregulation 

of these plasticity-related neuronal genes may underlie the synaptic connective impairment in the 

male offspring from the prenatal MET treatment and further indicates their phenotypic deficits. 

On the other hand, Fgf 1 has been shown to be critical for neurogenesis in the adult dentate gyrus 

(Terwisscha van Scheltinga et al., 2013). Deficits in neurogenesis in Fgfr1 mutant mice are 

accompanied by a severe impairment of LTP in the hippocampus (Zhao et al., 2007). Moreover, 

the overexpression of Fgf 1 has been constantly associated with schizophrenia (Huang et al., 

2014). Our current study is focusing on determine the mechanism behind the dysregualtion of 

these genes, in particular Npas 4, as it has been shown as a critical upstream regulator. Altered 

DNA methylation has been proposed having an important role in the pathogenesis of 

Schizophrenia and as a target mechanism for drug discoveries (Nishioka et al., 2012; Grayson and 

Guidotti, 2013; Guidotti and Grayson, 2014). Previous studies showed the hypermethylation on 

GAD 67 and reelin promoter regions accounts for the reduced those gene expressions in 

GABAergic interneuron in MET treated adult mice (Dong et al., 2005). Therefore, further studies 

need to be carried out to determine whether DNA methylation accounts for the dysregualtion of 

these neuronal activity- regulated genes within different brain regions upon expression. In 

addition, we show that the global DNA methylation level is not affected by the prenatal MET 

treatment (Fig. 5.6). This result is consistent with our hypothesis that only certain genes (such as 

genes in the microarray results we showed) within certain brain regions are affected by the MET 

treatment as well as with what previous study demonstrated in the adult model (Dong et al., 2008). 

Finally, the differentiated reversal of the behavioral symptoms in the male offspring by 

haloperidol and clozapine provided preliminary predictive validity to our current study (Fig. 5.7). 
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Taken together, the effect of prenatal MET treatment in the male offspring meet the face, predict 

validity and reveal preliminary construct validity as a valid animal model of schizophrenia. In 

particular if DNA methylation is responsible for the genetic alternations in our model, this model 

may be suitable for validating new compounds targeting or possessing DNA demethylation 

properties in the future.  
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Fig. 5.1 
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Figure 5.1. Effect of prenatal methionine overload in male offspring assessed by the locomotor 

activity, the stereotypy, the social interaction and novelty, the forced swim and the prepulse 

inhibition (PPI) assays.  

(A) Distance mice travelled in 60 minutes of the locomotion assay (n = 11). Unpaired student test 

(t = 3.622, P = 0.0017): saline vs MET, **P < 0.01. Data are presented as means±S.E.M. 

(B) Vertical counts in 60 minutes of the locomotion assay (n = 11). Unpaired student test (t = 

2.174, P = 0.0419): saline vs MET, *P < 0.05. Data are presented as means±S.E.M. 

(C) Stereotypic counts in 60 minutes of the locomotion assay (n = 11). Unpaired student test (t = 

3.497, P = 0.0023): saline vs MET, **P < 0.01. Data are presented as means±S.E.M. 

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

assay (n = 10-11). Two way ANOVA revealed a significant object effect (F 1,38 = 15.44, P = 

0.0003) and drug x object interaction (F 1,38 = 4.621, P = 0.0380) followed  by Bonferroni post 

hoc test: empty cup vs unfamiliar mouse, *** P < 0.001, N.S., not significant. Data are presented 

as means±S.E.M. 

(E) Time mice spent interacting with old and new control mice in the social novelty assay (n = 

10-11). Two way ANOVA revealed a significant drug effect (F 1,38 = 6.914, P = 0.0123) and 

object effect (F 1,38 = 6.293, P = 0.0165) followed  by Bonferroni post hoc test: old vs new control 

mouse, * P < 0.05, N.S., not significant. Data are presented as means±S.E.M. 

(F) Immobile time in the forced swimming assay (n = 23-25). Unpaired student test (t = 0.3805, P 

= 0.7053) revealed no significant drug effect: N.S., not significant. Data are presented as 

means±S.E.M. 

(G) Startle reactivity to pulse stimulations in the PPI assay (n = 11-13). Unpaired student test (t = 

3.459, P = 0.0022): saline vs MET, **P < 0.01. Data are presented as means±S.E.M. 
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(H) Prepulse inhibition ratios against three prepulse stimulations in the PPI assay (n = 11-13). 

Two way ANOVA revealed a significant drug effect (F 1,66 = 22.25, P < 0.0001) and prepulse 

effect (F 2,66 = 43.43, P < 0.0001) followed  by Bonferroni post hoc test: saline vs MET, *P < 

0.05, N.S., not significant. Data are presented as means±S.E.M. 

(I) Average PPI ratio in the PPI assay (n = 11-13). Unpaired student test (t = 3.396, P = 0.0026): 

saline vs MET, **P < 0.01. Data are presented as means±S.E.M. 
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Fig. 5.2 
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Figure 5.2. Effect of prenatal methionine overload in male offspring assessed by the novel object 

(NOR) and location-dependent object recognition (LOR), the contextual fear conditioning and the 

T maze spontaneous alternation assays.  

(A) Time mice spent exploring both the new and old objects during test session in the NOR assay 

(n = 10-12). Two way ANOVA revealed a significant object effect (F 1,40 = 73.97, P < 0.0001) 

and drug x object interaction (F 1,40 = 16.31, P = 0.0002) followed  by Bonferroni post hoc test: 

old object vs new object, ** P < 0.01, *** P < 0.001. Data are presented as means±S.E.M. 

(B) Discrimination index in the NOR assay (n = 10-12). Unpaired student test (t = 4.761, P = 

0.0001): saline vs MET, ***P < 0.001. Data are presented as means±S.E.M. 

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

LOR assay (n = 12-14). Two way ANOVA revealed a significant location effect (F 1,48 = 16.63, P 

= 0.0002) and drug x object interaction (F 1,48 = 37.39, P < 0.0001) followed  by Bonferroni post 

hoc test: old location vs new location, *** P < 0.001, N.S., not significant. Data are presented as 

means±S.E.M. 

(D) Discrimination index in the LOR assay (n = 12-14). Unpaired student test (t = 7.580, P < 

0.0001): saline vs MET, ***P < 0.001. Data are presented as means±S.E.M. 

(E) Percentage of the freezing behavior in contextual fear conditioning assay (n = 12-15). Two 

way ANOVA revealed a significant drug effect (F 1,75 = 3.985, P = 0.0496), stage effect (F 2,75 = 

57.52, P < 0.0001) and drug x stage interaction (F 2,75 = 4.311, P = 0.0168) followed  by 

Bonferroni post hoc test: saline vs MET, ***P < 0.001, N.S., not significant. Data are presented 

as means±S.E.M. 
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(F) Percentage of the alternation choice mice made in the T maze spontaneous assay (n = 11-12). 

Unpaired student test (t = 3.667, P = 0.0014): saline vs MET, ***P < 0.001. Data are presented as 

means±S.E.M. 
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Fig. 5.3 
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Figure 5.3. Effect of prenatal methionine overload in male offspring assessed by the open field, 

the rotarod, the tail flick assays, body weight and brain weight.  

(A) Distance mice travelled in the central area of the open field box for the first 5 and 10 minutes 

(n = 12). Unpaired student test (5 min: t = 0.5913, P = 0.5604; 10 min: t = 0.7543, P = 0.4587) 

revealed no significant drug effect: N.S., not significant. Data are presented as means±S.E.M. 

(B) Latency to fall off the rotarod in the rotarod assay (n = 12). Unpaired student test (t = 0.4226, 

P = 0.6767) revealed no significant drug effect: N.S., not significant. Data are presented as 

means±S.E.M. 

(C) Nociceptive response of tail flick latency in the tail flick assay (n = 12). Unpaired student test 

(t = 1.010, P = 0.3235) revealed no significant drug effect: N.S., not significant. Data are 

presented as means±S.E.M. 

(D) Body weight of the male offspring from age 4 weeks to 11 weeks (n = 23-25). Two way 

ANOVA revealed no significant drug effect (F 1,46 = 1.074, P = 0.3055). Data are presented as 

means±S.E.M. 

(E) Body weight of the male offspring at age 14 weeks (n = 21). Unpaired student test (t = 0.2026, 

P = 0.8405) revealed no significant drug effect. Data are presented as means±S.E.M. 

(F) Whole brain weight of the male offspring at age 14 weeks (n = 21). Unpaired student test (t = 

4.710, P < 0.0001): saline vs MET, ***P < 0.001. Data are presented as means±S.E.M. 

(G) The brain to body weight ratio of the male offspring at age 14 weeks (n = 21). Unpaired 

student test (t = 2.241, P = 0.0306): saline vs MET, *P < 0.05. Data are presented as 

means±S.E.M. 
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Fig. 5.4 
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Figure 5.4. Effect of prenatal methionine overload in male offspring assessed by laser scanning 

photositmulation of the hippocampal CA1 pyramidal neurons. 

(A) Example of a hippocampal slice image from saline group with the superimposed 

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

recorded pyramidal neuron. Stimulation sites are spaced at 90μm x 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 (i.e., glutamate 

uncaging). 

(B) Example of photostimulation evoked response traces from saline 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 (EPSCs). 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 shown as the red and blue traces in (C). 

(C) The red trace is an example of the direct response to glutamate uncaging on the cell body 

(excluded for further analysis) from saline 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 photostimulation evoked response traces from methionine group in most sites 

shown at (D). The small red circle indicates the recorded cell body location. Different forms of 
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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 saline and methionine group (n = 

11-13, 3-4 animal per group).Unpaired student test (t = 2.937, P = 0.0076): saline vs 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 saline and 

methionine group (n = 11-12, 3-4 animal per group). Two way ANOVA revealed no significant 

drug effect (F 1,105 = 1.602, P = 0.2085). Data are presented as means±S.E.M. 
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Fig. 5.5 
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Figure 5.5. Relative global mRNA levels of Npas 4(A), Arc (B), Egr 2 (C) and Fgf 1 (D) genes 

in the mice brain assessed by quantitative real-time PCR (n = 3-4). Unpaired student test (Npas 4: 

t = 8.444, P = 0.0011; Arc: t = 2.684, P = 0.0363; Egr 2: t = 4.977, P = 0.0042; Fgf 1: t = 1.026, P 

= 0.3444): saline vs MET, *P < 0.05, **P < 0.01, N.S., not significant. Data are presented as 

means±S.E.M. 
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Fig. 5.6 
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Figure 5.6. Percentage of global 5mc methylation of the whole mice brain (n = 10). Unpaired 

student test (t = 1.260, P = 0.2239) revealed no significant drug effect: N.S., not significant. Data 

are presented as means±S.E.M. 
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Fig. 5.7 
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Figure 5.7.  Effects of typical and atypical antipsychotics on the schizophrenia-like symptoms in 

the prenatal methionine overload male offspring. 

(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 = 8-9). One way ANOVAs 

revealed a significant drug effect (F 3,30 = 9.417, P = 0.0002) followed by Dunnett’s post hoc test: 

vehicle vs other three groups, **P < 0.01, N.S., not significant; MET vs 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 = 8-9). One way ANOVAs revealed a 

significant drug effect (F 3,30 = 5.240, P = 0.0050) followed by Dunnett’s post hoc test: vehicle vs 

other three groups, *P < 0.05, N.S., not significant; MET vs 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 (F 1,64 = 16.46, P = 0.0001) and drug x object interaction (F 1,38 = 5.560, P = 0.0019) 

followed by Bonferroni post hoc test: empty cup vs unfamiliar mouse, *P < 0.05, *** P < 0.001, 

N.S., 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 (F 1,64 = 1.785, P = 0.1863) followed by Bonferroni post hoc test: old vs 

new control mouse, **P < 0.01, N.S., 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 = 16-19). One way ANOVAs revealed a 

significant drug effect (F 3,65 = 3.331, P = 0.0248) followed by Dunnett’s post hoc test: vehicle vs 
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other three groups, *P < 0.05, N.S., not significant; MET vs other three groups, N.S., 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 (F 3,64 = 2.791, P = 0.0475), object effect (F 1,64 = 62.28, P < 0.0001) and 

drug x object interaction (F 3,64 = 4.775, P = 0.0046) followed by Bonferroni post hoc test: old 

object vs new object, *** P < 0.001, N.S., 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 (F 3,28 = 4.481, P = 0.109) followed by Dunnett’s post 

hoc test: vehicle vs other three groups, *P < 0.05, **P < 0.01, N.S., not significant; MET vs other 

three groups, N.S., not significant. Data are presented as means±S.E.M. 
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Table 5.1 

Effect of prenatal methionine preload in male offspring on the gene expression in mRNA 

microarray analysis (fold change more than 1.5) 

 

* Unpaired one way between subject ANOVA  

  

Gene Symbol Description Fold of change P value * 

Npas4 Neuronal PAS domain protein 4 -2.37 0.000692 

Arc 
Activity regulated cytoskeletal-
associated protein -1.9 0.011941 

Dusp 1 Dual specificity phosphatase 1 -1.77 0.009036 

Fos FBJ osteosarcoma oncogene -1.76 0.01398 

Egr 2 Early growth response 2 -1.68 0.009506 

Fgf 1 Fibroblast growth factor 1 +2.17 0.04005 
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Table 5.2 

Complete list of dysregulated genes of prenatal methionine preload in male offspring in the 

mRNA microarray analysis (fold change more than 1.2) 

Upregulated Downregulated 

1600012F09Rik  Itgb5  1110059G10Rik  Nkiras1  

1700072H12Rik  Klc1  1700084C01Rik  Npas4  

5730408K05Rik  Mid1  A430033K04Rik  Npsr1  

Abcb8  Mir485, Mirg  AA415398  Ntf3  

Abhd16a  Mir665  Arc  Nup35  

Adck4  Naga  Armcx1  Pcdhb3  

AF366264  Noc2l  Btg2  Pcgf3  

Arhgap4  Olfr153  Bves  Per1  

Arxes1, Arxes2  Plscr4  Ccdc90a  Per2  

Bbs12  Rasa4  Ccng2  Phospho2  

BC048609  Rln3  Cdh9  Plk3  

Bfsp2  Rnasel  D230037D09Rik  Pnrc1  

Brix1  Rpl13a  D4Bwg0951e  Prrg1  

Casp9  Rps12  Dusp1  Pstpip2  

Ccl28  Rps23, Gm5148  Egr1  Rarb  

Clec2l  Rps27a  Egr2  Rbl2  

Cpxm1  Sec61b  Fam161b  Rbm17  

Edem2  Slc11a1  Fos  Snapc5  

Fam181a  Slc1a6  Foxf2  Tsnax  

Fam203a  Smoc1  Frzb  Ttc13  

Fgf1  Snora16a  Gcnt1  Uck2  

Gle1  Snora73b  Gin1  Vma21  

Gm14420  Snord49b  Gm10661  Wdr60  

Got2  Stac  Gm1976  Xlr3a, Xlr3c, Xlr3b  

Heatr7a  Tgm2  
Gm8300,Gm5662, Gm2022, 
Gm2016  Xlr3b, Xlr3c, Xlr3a  

Hsd17b7  Urm1  Gpr151  Xlr3c, Xlr3b, Xlr3a  

Icam1  Zfp738  Gpr45  Zbtb2  

  
Hexim1  Zfp109  

  
Ip6k2  Zfp111  

  
Junb  Zfp180, LOC676710  

  
Llph, Gm14535, Gm12952  Zfp418  

  
Llph, Gm14535, Gm12952  Zfp667  

  
Mc4r  Zfp68  
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CONCLUSION 

In summary, we established adult and prenatal animal models of schizophrenia utilizing l-

methionine. Both models revealed face and predictive validity. We further revealed preliminary 

construct validity for the prenatal methinoine overload in animal model of schizoprehian. The 

adult model may offer an additional tool for assessing novel and potential antipsychotics. The 

prenatal model may be suitable for validating new compounds targeting or possessing DNA 

demethylation properties in the future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




