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Chapter 1 

General Introduction 

 

Overview of the mental diseases in worldwide 

 As population numbers and average age increase worldwide, so do the number 

of people with mental disorders. Mental health is defined by the World Health 

Organization (WHO) as “a state of well-being in which every individual realizes his or 

her own potential, can cope with the normal stresses of life, can work productively and 

fruitfully, and is able to make a contribution to her or his community” (WHO, a). 

Unfortunately, one in three individuals experience a disrupted state of well-being during 

their lifetime (Ginn and Horder, 2012; Steel et al., 2014). According to Marquez and 

Saxena (2016), the social costs of mental- and substance-use disorders are striking, with 

reported estimates of at least 10 percent of the world’s population affected. In addition to 

their health impact, mental disorders cause a significant economic burden. In Japan, the 

number of patients with mental disorders including neurodevelopmental disorder, major 

depressive disorder (MDD) and dementia is also increasing, and according to the 

estimation using a disability-adjusted life years estimate, MDD will be placed as second 

highest and dementia on third highest among all diseases by 2020 (Ministry of Health, 

Labor and Welfare of Japan, 2013). It is therefore clear that mental/ psychiatric disorders 

have medical needs that should be addressed as soon as possible. Recently, accumulating 

evidence suggests that there are the metabolic deficits underlying the pathophysiology of 

the mental disorders including MDD and the deficits of circadian rhythms. Here I 

overview the relationships between MDD, circadian rhythm deficit and the metabolic 

disorders as a representative of mental health disorders. 
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MDD and metabolic deficits 

 MDD is one of the most common and severe mental illnesses, with WHO 

estimates at 300 million individuals affected globally (WHO, b). In addition to mood 

symptoms, individuals with MDD experience impaired physical, occupational, and social 

functioning (Kessler et al., 2003). According to the Diagnostic and Statistical Manual of 

Mental Disorders-5 (DSM-5), individuals are diagnosed with MDD when five (or more) 

of the nine symptoms, including continuous depressed mood and recurrent suicidal 

ideation, have been present during the same two-week period (American Psychiatric 

Association, 2013). The most severe consequence of MDD is suicide, and up to 15% of 

individuals with recurrent MDD commits suicide (Kessler and Bromet, 2013; Whiteford 

et al., 2013). Suicidality (ideation, plans, and attempts) is a significant cause of injury and 

mortality worldwide, ranking as the 14th most common cause of death by the WHO 

(Nock et al., 2008). In Japan, more than 30,000 individuals commit suicide every year. 

 There are many approaches for the treatment of MDD, such as cognitive 

behavioral therapy, transcranial magnetic stimulation, and bright light therapy. However, 

the main treatment is drug therapy using antidepressants. Many antidepressants such as 

selective serotonin (5-hydroxytryptamine: 5-HT) reuptake inhibitor and serotonin 

noradrenaline (NA) reuptake inhibitor have been developed based on “monoamine 

hypothesis” – the impaired 5-HT or NA neurotransmission in the brain. However, these 

drugs take several weeks to exert their antidepressant effects in clinic. Furthermore, 30% 

patients with MDD do not respond to any treatment as revealed by the Sequenced 

Treatment Alternatives to Relieve Depression (STAR*D) Study funded by the National 

Institute of Mental Health (Rush et al., 2006; Sinyor et al., 2010). Thus, we are only 

beginning to understand the full complexity of the pathophysiology of MDD, with even 
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the detailed mechanisms underlying existing antidepressants yet to be revealed. 

 A large body of evidence gathered over the past two decades suggests close links 

between mental disorders including MDD and circadian rhythms defects and metabolic 

disorders such as Diabetes Mellitus (DM) and obesity. For example, Anderson et al. 

(2011) estimated that one-quarter of patients with DM experience depressive episodes 

during their lifetime. In addition, Timonen et al. (2005) found that insulin resistance and 

severity of depressive symptoms were positively correlated. Thus, approaches based on 

metabolism might reveal new strategies for treating MDD. 

 

Circadian rhythm and metabolic deficits 

 Circadian rhythm is the term used to describe the physiological and behavioral 

24-hour cycle experienced by most organisms, including the sleep/wake cycle. It is 

known to be affected by many other factors such as hormonal levels, eating, and drinking. 

The main role of circadian rhythms is hypothesized as adjusting to the environmental 

changes associated with light/dark cycles, e.g., increasing body temperature and blood 

pressure at the time when an organism is most active. The circadian rhythms have been 

known to be controlled by the suprachiasmatic nucleus (SCN), and the secretion of 

melatonin (Mohawk et al., 2012; Sollars and Pickard, 2015; Tordjman et al., 2017). The 

production and secretion of melatonin in the pineal gland is strictly regulated by light: 

lower plasma melatonin levels maintained during the day and peaking late at night. 

 Misalignment between the circadian system and the external environment can 

have a pronounced impact on physiologic functioning. The circadian rhythm sleep-wake 

deficit (CRSWD) such as jet lag disorder is one of the example of this misalignment 

(Williams et al., 2016). Millions of people in the world suffer from this disorder because 
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of its substantial negative impact on the quality of life (QOL) (Drake et al., 2004; Sack et 

al., 2007; Williams et al., 2016). Several mental disorders such as bipolar disorder and 

schizophrenia have also been linked to dysfunctional circadian rhythms (Brissos et al., 

2013; Soreca, 2014). The treatment of sleep disorders including insomnia and CRSWD 

varies from cognitive behavioral therapy to drug therapy: primary treatments for insomnia 

such as cognitive behavioral therapy, benzodiazepines. However, about 40% of patients 

with chronic insomnia do not reach sustained remission with these treatments (Morin et 

al., 2009). For CRSWDs, melatonin agonists and/or supplementation and light exposure 

are applied, although there is only scant data on the effectiveness of these treatments 

(Morgenthaler et al., 2007). 

 Evidence has been accumulating regarding the relationship between the 

circadian deficits and peripheral metabolic dysregulation. For example, an 

epidemiological study revealed that shift workers such as nurses are at high risk of 

developing obesity and metabolic syndrome (Brum et al., 2015; Laermans and 

Depoortere, 2016). Specifically, there have been reported the relationship between DM 

and sleep disorder (Watanabe et al., 2010; Holliday et al., 2013; McNeil et al., 2013). In 

addition, melatonin regulation is impaired both in patients with DM (Peschke et al., 2006) 

and in streptozotocin (STZ)-treated diabetic rats (Velasco et al., 1988). In contrast, a study 

demonstrated that human islet amyloid polypeptide (HIP) rats showed normal circadian 

rhythms and melatonin secretion (Qian et al., 2017). Thus, the relationship between 

metabolic disorders, including hyperglycemia, and aberrant circadian rhythms of 

melatonin is controversial. 

 

D-serine and mental disorders 
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 There is abundant evidence implicating dysfunction of neurotransmitters in the 

brain with the pathophysiology of a wide variety of the central nervous system (CNS) 

diseases. For example, the serotonergic and noradrenergic neurotransmissions are known 

markedly dysregulated in MDD (Agren, 1980; Syvalahti, 1987). In the brain, these 

neurotransmitters are mainly synthesized mainly from amino acids via enzymatic reaction. 

Thus, amino acids are important molecules for the function of the brain. 

 D-Serine is a unique endogenous substance enriched in the brains of mammals 

at high concentrations (Hashimoto et al., 1992; Nishikawa, 2011). D-serine have been 

found to function as a co-agonist of NMDA receptor (Mothet et al., 2000; Stevens et al., 

2003), and be involved in a variety of higher brain functions including learning and 

memory. In addition, accumulating evidence suggests that impaired of D-serine signaling 

is involved in a variety of mental disorders including schizophrenia and MDD (Bendikov 

et al., 2007; Malkesman et al., 2012). Specifically, the involvement of reduced D-serine 

signaling in schizophrenic patients has been investigated. For example, the D-serine 

levels and D/L-serine ratio were significantly decreased in the cerebrospinal fluid (CSF) 

(Bendikov et al., 2007) and in plasma (Yamada et al., 2005) of schizophrenia patients. 

 As described above, D-serine has received recent attention because of its 

relevance to a variety of mental disorders. However, generally when testing the effects of 

D-serine on specific behavioral changes in studies, the effective dose of D-serine was 

very high both in humans (30 mg/kg/day) and in animals (0.8–1.0 g/kg) due its low blood-

brain barrier (BBB) penetration potency. This will lead to induce off-target related 

peripheral side effects. Thus, selective increases in the extracellular D-serine levels in the 

target brain region are desirable. One approach to achieve this is to inhibit the uptake of 

D-serine into the cells in the brain (Helboe et al., 2003; Brown et al., 2014). 
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Purpose 

 In order to reveal the pathophysiology and the relationship between metabolic 

disorder and the mental diseases, I studied behavioral deficits and the underlying 

pathophysiology in Spontaneously Diabetic Torii (SDT) fatty rats, which mimic the 

T2DM comorbid with obesity. In Chapter 2, I investigated whether SDT fatty rats exhibit 

a depression-like phenotype, impaired hypothalamic-pituitary-adrenal (HPA) axis and 

altered neurotransmitter levels in several brain regions such as cortex and hippocampus. 

In Chapter 3, I examined the circadian rhythms of behavior as well as plasma metabolic 

parameters (glucose, triglyceride (TG), total cholesterol (TC)) and melatonin 

concentrations in SDT fatty rats. Moreover, I also investigated the mRNA expressions of 

melatonin-synthesizing enzymes in the pineal gland.   

 In chapter 4, in order to get a better understanding of regulation mechanism of 

the synaptic D-serine, I focused on Na+-independent alanine-serine-cysteine transporter1 

(asc-1), a transporter involved in the regulation of extracellular D-serine levels (Fukasawa 

et al., 2000) using a novel compound, (1)-amino(1-(3,5-dichlorophenyl)-3,5-dimethyl-

1H-pyrazol-4-yl) acetic acid (ACPP).  
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Chapter 2 

Depression-related behavioural and neuroendocrine changes in the SDT 

fatty rat, an animal model of Type 2 Diabetes Mellitus 

 

INTRODUCTION 

 Depression is known to be frequently associated with DM. One report estimated 

that one-quarter of patients with DM experience depressive episodes during their lifetime 

(Anderson et al., 2001). Moreover, depression and DM are known to interact reciprocally. 

For example, DM affects the brain negatively, leading to impaired cognitive function not 

only in the clinical setting (Strachan et al., 1997; Akisaki et al., 2006), but also in animal 

models of DM (Liu et al., 2016; Cai et al., 2017). Similarly, depression can lead to 

decreased quality of life and worse long-term prognosis in patients with DM by increasing 

the incidence of diabetic microangiopathies (Schmitz et al., 2014). Thus, it is important 

that comorbid depression in patients with DM is diagnosed and treated as early as possible. 

However, the underlying brain pathophysiology of DM patients with depression remains 

incompletely understood. 

 Several studies have investigated depression-related changes in animal models 

of DM. For example, STZ-induced diabetic mice were reported to show longer periods 

of immobility in FST, suggesting depression-like behaviour (Amorim et al., 2017; Aswar 

et al., 2017). In addition, STZ-diabetic rats exhibit an abnormal stress response, 

characterised by the excessive secretion of corticosterone when exposed to acute stress; 

this abnormal stress response is frequently observed in depressed patients, suggesting 

hyperactivation of the HPA axis (Chan et al., 2002). 
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 Moreover, recent studies have revealed biochemical changes in the brains of 

animal models of DM. For example, Badawy et al. reported that markers of oxidative 

stress and neurotransmitter concentrations were elevated in the brains of STZ-diabetic 

rats (Badawy et al., 2015). Changes in neurotransmitter concentrations in STZ-diabetic 

rats have also been reported by Ezzeldin et al., who demonstrated altered levels of 

dopamine, NA, and 5-HT in several brain regions, including the cerebral cortex, 

hypothalamus and brain stem (Ezzeldin et al., 2014). These findings suggest that changes 

in various neurotransmitters may play a role in the pathophysiology of comorbid 

depression in DM. However, such findings are based on artificially induced animal 

models of DM. A growing body of evidence suggests that DM is a complicated disease 

that involves both genetic and environmental factors. Moreover, metabolic deficits, 

including insulin resistance, are frequently observed in the condition. Thus, it is 

preferable to use animal models that comprise the same features. 

 The SDT fatty rat is a novel animal model of T2DM that develops not only 

hyperglycaemia, but also hyperlipidaemia and insulin resistance from a young age 

(Katsuda et al., 2015). In the present study, we investigate whether SDT fatty rats show 

depression-like behaviour using a forced swimming test (FST). The FST has frequently 

been used for the screening of antidepressants and assessment of depressive features in 

animal models of depression and transgenic or knockout rodents (Cryan and Mombereau, 

2004; Reus et al., 2011; Zhao et al., 2017). In addition, we examined several 

neuroendocrine features, including HPA axis activity and associated neurotransmitters 

levels in the brains of SDT fatty rats. 

 

MATERIALS AND METHODS 



9 

 

Animals 

 All experimental procedures were conducted in compliance with the Guidelines 

for Animal Experimentation of Japan Tobacco Biological/Pharmacological Research 

Laboratories. The animal protocol was designed to minimize pain or discomfort to the 

animals.  

 Experiments were conducted in 8- to 12-week old male SDT fatty rats and age-

matched SD rats as the control group (CLEA Japan, Tokyo, Japan). Two to three rats 

were group housed in bracket cages in a climate-controlled room (mean ± standard 

deviation) temperature 23 ± 3°C, humidity 55 ± 15%) under a 12-hour light–dark cycle 

(lights on at 0800 hours). Rats had free access to a commercial diet (CRF-1; Charles River 

Japan, Yokohama, Japan) and water. 

 

Forced swimming test 

 The FST procedure used in the present study was based on that described by 

Porsolt et al. (Porsolt et al., 1977; Porsolt et al., 1978), although the pretest was not 

conducted in the present study. Briefly, a cylinder (20 cm × 50 cm) was filled with water 

to 40 cm above the bottom and the temperature was maintained at 22 ± 1°C. Rats were 

habituated in the testing environment in the experimental room for more than 1 hour, after 

which they were gently placed into the cylinder and assessment began.  

 The duration of immobility was measured automatically for 5 min using an 

automated video tracking and analysing system (EthoVision XT). The water was replaced 

between each test. After the test, rats were dried with paper towels and returned to their 

home cage. Behaviour was classified as immobile, mobile or high mobile based on the 

system’s algorithm.  



10 

 

 

Locomotor activity 

 The spontaneous locomotor activity (SLA) of rats was assessed using a 

Supermex apparatus (Muromachi Kikai, Tokyo, Japan). An infrared beam sensor was 

placed on top of an acrylic cage. Rats were placed individually into the cage and the 

number of movements over a 3-hour period (1400–1700 hours) was counted in 10-min 

bins. Rats had free access to food and water during measurements. 

 

Stress exposure, Dexamethasone (DEX) challenge and measurement of 

corticosterone 

Swimming stress-induced changes in plasma corticosterone concentrations were 

assessed. The experiment was performed in the morning (0900–1200 hours) and rats were 

acclimated to the experimental room for 1 hour before exposure to stress. The apparatus 

to induce swimming stress was the same as that used in the FST described above. Rats 

were subjected to 2-min swimming stress. Immediately after stress exposure, rats were 

roughly dried with paper towels and returned to their home cages. Blood samples were 

collected from the tail vein by cutting the edge with razors at 0 min (baseline; before 

exposure to stress), and subsequently 30, 60 and 120 min thereafter. Plasma was separated 

by centrifugation (15,000 g, 5 min, 4°C) and stored at −80°C until analysis. 

The DST was performed as follows. First, SDT fatty and control rats were 

injected with DEX (50 µg/kg, s.c., in 0.1% dimethylsulphoxide saline) or vehicle at 1200 

hours and returned to their home cages. At 1700 hours, blood samples were collected 

from the tail vein as described above. Plasma corticosterone concentrations were 
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determined by Enzyme-linked immunosolvent assay (ELISA) (YK240; Yanaihara 

Institute, Shizuoka, Japan) according to the manufacturer’s instructions. 

 

Measurement of brain neurotransmitters 

 To measure neurotransmitters in the brain, after behavioural testing rats were 

decapitated and he PFC, hippocampus and brain stem were dissected out and stored at 

−80°C until use. Rat brain tissues were homogenized using a multi-bead shaker 

(MB701C; Yasui Kikai, Osaka, Japan) in ice-cold methanol by adding 4 parts methanol 

per gram brain tissue. 5-HT, NA, glutamate and GABA were extracted from the brain 

homogenate (20 µL) with deproteinization and concentrations were simultaneously 

measured by liquid chromatography (UFLC; Shimadzu, Kyoto, Japan) coupled with 

tandem mass spectrometry (API5000, AB Sciex, Framingham, MA, USA). 

 

Statistical analysis 

 Results are expressed as the mean ± standard of error of the mean (SEM). 

Comparisons between two groups were made using unpaired t-tests or Welch tests. The 

time-courses of locomotor activity and stress-induced increases in corticosterone was 

analysed using two-way repeated analysis of variance (ANOVA). All data were analysed 

using Excel (Microsoft, Bellevue, WA, USA) or EXSUS software (CAC Croit, Tokyo, 

Japan). Two-sided P < 0.05 was considered significant. 

 

RESULTS 

Forced swimming test 
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 First, we performed the FST to investigate whether SDT fatty rats exhibit 

depression-like behaviour. The swimming pattern was automatically classified as 

immobile, mobile or highly mobile using an EthoVision system (Noldus, Wageningen, 

The Netherlands), as described in the Materials and Methods. The SDT fatty rats were 

observed to spend significantly longer periods immobile (P < 0.001) and to exhibit 

significantly shorter mobile (P < 0.001) and highly mobile (P < 0.001) periods than 

control SD rats (Figure 1A–C).  

To rule out the possibility that these observations were due to decreased motor 

activity, SLA was measured for 3 hours (from 1400 to 1700 hours) when the FST was 

performed. The SDT fatty rats showed a tendency for greater locomotor activity than 

control SD rats (Figure 2A; P = 0.061), with mean ± SEM total activity counts of 4884.3 

± 651.3 and 3285.6 ± 461.9, respectively (Figure 2B). 

 

Changes in basal and stress-induced plasma corticosterone concentrations 

 Because it is known that patients with depression exhibit hyperactivation of basal 

HPA activity, as well as aberrant hormonal responses to stress, we measured changes in 

basal and stress-induced plasma corticosterone concentrations in SDT fatty rats. As 

shown in Figure 3A, basal corticosterone levels were significantly higher in SDT fatty 

rats than in control SD rats (P < 0.05).  

 Conversely, the extent of increased corticosterone induced by 2-min swimming 

stress was almost the same in SDT fatty and control SD rats (Figure 3B). However, 

plasma corticosterone concentrations 120 min after exposure to swimming stress 

exhibited a tendency to remain higher than baseline in SDT fatty rats, whereas they 
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returned to baseline levels in control SD rats. However, the difference between the two 

groups was not significant because of wide inter-individual variability (P = 0.38). 

 

DST 

 The results reported above suggest that the negative feedback function of the 

HPA axis may be impaired in SDT fatty rats. Therefore, a DST was used to evaluate the 

effects of DEX on natural increases in plasma corticosterone levels in the evening. 

Significantly higher basal corticosterone concentrations were observed in SDT fatty rats 

than control SD rats in the early evening (1730 hours; Figure 4; P < 0.05). However, 

plasma corticosterone levels were significantly suppressed by DEX to a similar extent in 

SDT fatty and control SD rats (Figure 4; P < 0.001). 

 

Neurotransmitter levels 

 To provide an insight into the mechanisms that result in depression-like 

behaviour in SDT fatty rats, we investigated 5-HT, NA, glutamate and GABA 

concentrations (Figure 5). Changes to these neurotransmitters are known to be involved 

in depression in several brain regions, including the prefrontal cortex (PFC), 

hippocampus and brain stem.  

 In SDT fatty rats, 5-HT concentrations in the PFC were significantly lower (by 

~50%) than in control SD rats (Figure 5A; P < 0.01). In addition, glutamate levels were 

significantly lower in the PFC of SDT fatty than in control SD rats (P < 0.05). In the 

hippocampus, glutamate and GABA levels were significantly higher in SDT fatty than 

control SD rats (P < 0.01 and P < 0.05, respectively; Figure 5B). However, there was no 

change in NA concentrations in either brain region in SDT fatty compared with control 
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SD rats. We did not observe any changes in neurotransmitter levels in the brain stem 

(Figure 5C). 

 

DISCUSSION 

 In the present study, we found that SDT fatty rats exhibited a depression-like 

behavioural and biochemical phenotype, as shown by increased immobility in the FST, 

aberrant plasma corticosterone concentrations and altered neurotransmitter levels in the 

brain. These results suggest that SDT fatty rats have at least some depression-like features. 

In the FST, SDT fatty rats exhibited depression-like behaviour characterised by 

increased time spent immobile, as well as decreased time spent mobile or highly mobile. 

These behavioural changes may result from the ‘fatty’ features of SDT fatty rats. 

However, body weight did not differ between the control SD and SDT fatty rats. 

Moreover, there were no differences in SLA between the control SD and SDT fatty rats, 

suggesting that increased immobility of SDT fatty rats in the FST was not due to 

decreased locomotor activity. Taking these results into consideration, we suggest that 

SDT fatty rats exhibit depression-like features.  

Several behavioural tests to assess depression-like phenotypes have been 

developed other than the FST, including the sucrose preference test and the novelty-

induced suppression of feeding test (Cryan and Mombereau, 2004). Therefore, whether 

SDT fatty rats also exhibit depression-like features in these tests should be investigated 

in future studies. There are also well-known sex differences in stress vulnerability, as well 

as in the incidence of stress-related disorders in men and women (Seney and Sibille, 2014). 

Female SDT fatty rats exhibit DM from a young age, as reported previously (Ishii et al., 
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2010), and further investigation is needed to elucidate sex differences in depression-like 

behaviours in SDT fatty rats. 

Several studies have suggested a relationship between DM and psychiatric 

deficits, demonstrated by increased immobility time in the FST in STZ-diabetic mice 

(Amorim et al., 2017; Aswar et al., 2017), and decreased time spent in an open arm in the 

elevated plus maze test (anxiety-like behaviour) (Thorre et al., 1997). More recently, 

another study demonstrated that rats with diabetes induced by a combination of high fat 

diet and STZ exhibit various depression-like behavioural deficits, such as decreased 

sucrose preference and increased latency to feeding in the novelty suppression of feeding 

test (Qiu et al., 2016). Details of the depression-like phenotypes exhibited by DM models 

have been described elsewhere (Reagan, 2012). Our finding that SDT fatty rats show 

depression-like behavioural changes provides further support for previous studies that 

have used classical animal models of DM.  

 We also observed that SDT fatty rats show higher basal plasma corticosterone 

concentrations in both the morning and early evening. Enhanced basal secretion of 

corticosterone throughout the light phase may reflect disrupted circadian rhythms 

associated with corticosterone secretion, which are frequently observed in diabetic 

patients (Cameron et al., 1984; Roy et al., 1993), although nocturnal corticosterone levels 

in SDT fatty rats remain to be determined.  

 Aberrant basal HPA activity has also been observed in other models of DM. For 

example, STZ-diabetic rats, as well as obese Zucker rats, have increased basal 

corticosterone levels (De Nicola et al., 1976; Meehan et al., 1986; Plotsky et al., 1992; 

Chan et al., 2002). In addition, changes in the circadian corticosterone cycle have been 

observed in the urine of STZ-diabetic rats (Scribner et al., 1991). The findings of the 
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present study confirm these previous observations. However, when exposed to 2 min of 

swimming stress, the extent by which plasma corticosterone concentrations increased in 

SDT fatty rats was comparable between the SDT fatty and control SD rats, although there 

was a tendency for a delayed return to baseline levels in the SDT fatty compared with 

control SD rats. Unfortunately, we did not observer a significant delay in corticosterone 

compared with control rats due to wide inter-individual variation. This variability in SDT 

fatty rats may result from differences in the development of hyperglycaemia. Indeed, 

although previous studies suggested that SDT fatty rats develop hyperglycaemia from a 

young age (Katsuda et al., 2015), the animals used in the present study showed a wide 

range of plasma glucose concentrations. 

 Finally, we found that 5-HT and glutamate levels were significantly lower in the 

PFC of SDT fatty compared with control SD rats, while hippocampal glutamate and 

GABA levels were significantly higher in SDT fatty rats. A large body of evidence 

suggests deficits in the serotonergic system as one underlying pathophysiology of 

depression. For example, Korf and van Praag reported decreased levels of 5-

hydroxyindole acetic acid, a 5-HT metabolite, in the CSF of depressed patients (Korf and 

van Praag, 1971). In addition, 5-HT2A receptor binding is increased in the PFC of 

postmortem brains of depressed patients and patients who have committed suicide, 

although this has not been observed in all studies (Hrdina et al., 1993; Ono et al., 2001; 

Oquendo et al., 2006). The finding of decreased 5-HT levels in the PFC of SDT fatty rats 

in the present study probably partly reflects these clinical findings. In contrast, STZ rats 

reportedly have normal baseline 5-HT levels in the PFC, in contrast with a blunted 

increase in 5-HT observed in response to acute stress (Miyata et al., 2007). The 

mechanisms underlying these differences in basal 5-HT levels in the PFC between SDT 
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fatty and STZ rats remain unclear. However, one possibility is that the differences may 

be due to deficits in metabolic parameters in SDT fatty rats, such as insulin resistance or 

hyperleptinaemia (Masuyama et al., 2005). Consistent with this hypothesis, leptin is 

known to attenuate 5-HT synthesis and the firing of serotonergic neurons in the brain 

(Yadav et al., 2009). Further investigations are required to determine whether 

serotonergic activity is altered in the SDT fatty rat. 

Contrary to the observed decreases in 5-HT and glutamate in the PFC, we 

observed significant increases in glutamate and GABA in the hippocampus of SDT fatty 

rats compared with controls. Considerable evidence suggests that impaired 

glutamatergic/GABAergic signalling can lead to a variety of psychiatric diseases, 

including depression, anxiety disorders and schizophrenia (Olkkola and Ahonen, 2008; 

Murrough et al., 2017). This is because both these neurotransmitters are critical for the 

modulation of excitation and inhibition of neuronal activity in the brain (Fee et al., 2017; 

Foss-Feig et al., 2017). The SDT fatty rat appears to provide a novel animal model for 

psychiatric diseases associated with an excitatory–inhibitory imbalance.  

A few studies have reported deficits in glutamate signalling in the hippocampus 

of rat models of DM. For example, Yang et al. demonstrated that glutamate and D-serine 

levels were significantly higher in the hippocampus of STZ rats than in the control group 

(Yang et al., 2015). The authors also observed functional changes in glutamatergic 

signalling with marked impairment of the induction of long-term potentiation (LTP) by 

high-frequency stimulation in the hippocampal CA1 area of STZ rats, which may reflect 

the neural basis of cognitive deficits in STZ rats. Taking these findings into consideration, 

SDT fatty rats may also exhibit deficits in LTP and cognitive function. Future studies are 

needed to investigate cognitive functions, as well as to elucidate the details of glutamate 
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signalling. In addition, studies are needed to investigate the cause of these 

neurotransmitter impairments; that is, whether the effects of hyperglycaemia on 

neurotransmitters are direct or indirect, via factors such as inflammation and/or oxidative 

stress. 

 In conclusion, SDT fatty rats exhibited depression-like behaviours, as well as 

altered baseline HPA axis activity. Furthermore, neurotransmitter levels were impaired 

in brain regions associated with the pathophysiology of depression. The findings of the 

present study suggest that the SDT fatty rat is a useful model for studies trying to elucidate 

the pathophysiology of DM with comorbid depression. 
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Table 1. Body weight and plasma parameters in control SD and SDT fatty rats.  

 

Data are represented as the mean ± SEM. **P < 0.01 compared with control SD rats 

(Welch test); †P < 0.01 compared with control SD rats (Student’s t-test). 
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Figure 1. Depression-like behaviour of SDT fatty compared with control SD rats in the 

forced swimming test (A–C). Behaviour was automatically classified as immobile (A), 

mobile (B), or highly mobile (C). Data are represented as the mean ± SEM (n = 10 per 

group). ***P < 0.001 compared with control SD rats (Student’s t-test). 
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Figure 2. Time course of spontaneous locomotor activity (A) and total activity (B) over 

the 3-hours observation period. Data are represented as the mean ± SEM (n = 10 per 

group).  
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Figure 3. Plasma corticosterone concentrations (A) at baseline and (B) after 2-minutes 

swimming stress in control SD and SDT fatty rats. The time course of plasma 

corticosterone concentrations after swimming stress is represented as changes from 

baseline. Data are represented as the mean ± SEM (n = 10 per group). *P < 0.05 compared 

with control SD rats with (Student’s t-test). 
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Figure 4. Plasma corticosterone concentrations after vehicle or DEX administration in 

control SD and SDT fatty rats. Data are represented as the mean ± SEM (n = 8 per group). 

*P < 0.05 compared with vehicle-treated control SD rats (Welch test). ###P < 0.001 

compared with vehicle-treated rats of the same strain (Welch test). 
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Figure 5. 5-HT, NA, glutamate (Glu), and GABA levels in the (A) frontal cortex, (B) 

hippocampus and (C) brain stem of control SD and SDT fatty rats. Data are represented 

as the mean ± SEM (n = 4–5 per group). *P < 0.05, **P < 0.01 compared with control 

SD rats (Student’s t-test). 
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Figure 6. Schematic illustration of the putative pathophysiology underlying diabetes-

related depression. Hyperactivation of HPA axis as well as the impaired 

neurotransmission of 5-HT, glutamate (Glu) and GABA in the PFC and hippocampus 

(Hippo) observed in the SDT fatty rats may play roles in diabetes-related depression-like 

behavior. 
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Chapter 3 

SDT fatty rat, a novel animal model of type 2 diabetes mellitus, shows 

blunted circadian rhythms and melatonin secretion 

 

INTRODUCTION 

 It is well-known that mammals have circadian rhythms not only for many kinds 

of behaviors, such as the sleep–wake cycle and feeding behavior, but also for several 

fundamental physiological functions, including hormone secretion. The circadian rhythm 

is organized by the so-called clock genes (e.g. period, circadian locomotor output cycles 

kaput, and brain and muscle Arnt-like protein, among others) in the SCN of the brain as 

“master regulators”, with the amplitude and/or phase of the rhythm modulated in response 

to extracellular stimuli such as light (Brainard et al., 1988), feeding (Asher et al., 2010), 

and melatonin (Akerstedt et al., 1979). 

 Circadian rhythms and metabolic function are known to be reciprocally linked 

(Bass and Takahashi, 2010). For example, it has been reported that impairment of 

circadian rhythms leads to the development of diabetes via the induction of abnormal 

insulin secretion, decreased sensitivity to insulin, and exacerbated inflammation (Van 

Cauter et al., 1991; Boden et al., 1996). In contrast, patients with diabetes reportedly 

exhibit circadian rhythms of blood pressure and plasma cortisol concentrations (Cuspidi 

et al., 2006; Pistrosch et al., 2007), suggesting that metabolic functions substantially affect 

circadian rhythms. However, the mechanisms underlying the disrupted circadian rhythms 

in diabetes remain to be fully elucidated, because the metabolic disorders are very 

complex, with many factors, including hyperglycemia, obesity, and hypertension, 

involved. Several animal models of DM have been reported to exhibit deficits in circadian 
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rhythms. For example, STZ-diabetic rats exhibit a blunted circadian rhythm of locomotor 

activity with a normal phase entrainment (Velasco et al., 1988), whereas Zucker obese 

rats, an animal model of T2DM, exhibit a phase advance and blunted amplitude of 

locomotor activity (Mistlberger et al., 1998).  

 Melatonin, a hormone secreted from the pineal gland in the brain, is known as a 

regulator of many physiological circadian rhythms including the sleep–wake cycle 

(Cajochen et al., 2003). Growing evidence suggests an important role for melatonin in 

DM. For example, melatonin is known to decrease plasma insulin concentrations in 

humans (Boden et al., 1996) and rodents (Rasmussen et al., 1999; Nishida et al., 2003; 

Tresguerres et al., 2013). Moreover, the physiological increase in nocturnal plasma 

melatonin concentrations is not observed in diabetic patients, especially those with 

neuropathy (O'Brien et al., 1986). Similarly, Peschke et al. reported reduced diurnal 

circulating melatonin levels in patients with T2DM, suggesting that melatonin secretion 

is impaired in DM patients (Peschke et al., 2006). Similarly, several animal models of 

DM have been reported to exhibit aberrant plasma melatonin concentrations. For example, 

plasma melatonin concentrations at midnight are attenuated in Goto-kakizaki (GK) rats, 

and melatonin synthesis efficiency is decreased (Frese et al., 2009). Conversely, Peschke 

et al. reported that melatonin synthesis was increased in the pineal glands of STZ-diabetic 

rats (Peschke et al., 2008). Moreover, another study demonstrated that diabetic rats 

transgenic for HIP rats, an established non-obese model of T2DM, showed normal 

circadian rhythms and melatonin secretion (Qian et al., 2017). Thus, the relationship 

between metabolic disorders, including hyperglycemia, and aberrant circadian rhythms 

of melatonin is still controversial. 

 SDT fatty rat is a novel animal model of T2DM, that not only hyperglycemia, 
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but also hyperlipidemia and insulin resistance from a young age (Katsuda et al., 2015). In 

the present study we investigated whether SDT fatty rats show impaired circadian 

rhythms of SLA, plasma metabolic parameters, and plasma melatonin concentrations, as 

well as changes in the expression of Arylalkylamine-N-acetyltransferase (Aanat) and 

acetylserotonin O-methyltransferase (Asmt) mRNA, which encode the rate-limiting 

enzymes for melatonin synthesis (Ebihara et al., 1986; Roseboom et al., 1998; Rath et al., 

2016) in the pineal glands of SDT fatty rats. 

 

MATERIALS AND METHODS 

Animals 

 The present study was performed in compliance with the Guidelines for Animal 

Experimentation of Japan Tobacco Biological/Pharmacological Research Laboratories. 

The animal protocol was designed to minimize pain or discomfort to the animals. SDT 

fatty rats and age-matched SD rats (as controls) were used in the study. The age of animals 

used in each experiment were as follows: 8 weeks of age for SLA, measurement of plasma 

glucose, TG, TC and melatonin concentrations; 12 weeks of age for measurement of 

mRNA expressions. All rats were obtained from CLEA Japan (Tokyo, Japan). Rats were 

housed in groups of two to three per bracket cage in a climate-controlled room 

(temperature 23 °C ± 3 °C, humidity 55% ± 15%) under a 12-hour light–dark cycle (lights 

on at 0800 hours), with free access to a commercial diet (CRF-1; Charles River Japan, 

Yokohama, Japan) and water.  

 

Locomotor activity 
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 The SLA of rats was assessed using a Supermex apparatus (Muromachi Kikai, 

Tokyo, Japan). An infrared beam sensor was set on top of a Plexiglas cage and the number 

of movements was counted. Activity was integrated every 1 hour. SLA was measured 

during the 12-hour light–dark cycle for 5 days. Rats had free access to food and water 

during the measurements.  

 

Blood sampling and measurement of metabolic parameters and melatonin 

 Blood samples were collected from the tail vein at 1000, 1600, 2100 and 0400 

hours by cutting the edge of the tail with a razor. Plasma was separated by centrifugation 

(15,000 ×g for 5 min at 4°C) and stored at -80°C until analysis. Metabolic parameters, 

namely plasma glucose, TG, and TC concentrations, were measured using an automatic 

analyzer (HITACHI Clinical analyzer 7180; Hitachi, Tokyo, Japan). Plasma melatonin 

concentrations were determined using a commercially available ELISA kit (RE54021; 

IBL International, Hamburg, Germany) according to the manufacturer’s instructions. 

 

Sample preparation for mRNA measurement 

 Rats were killed by decapitation, and the pineal gland was dissected at 0400 

hours under dim red light. Ribonucleic acid (RNA) from the pineal gland was extracted 

using the RNeasy mini kit (Qiagen, Valencia, CA, USA). RNA was quantified using the 

Nanodrop D8000 (Thermo-Scientific, Wilmington, DE, USA). The purity of RNA 

samples was assessed using the ratio of absorbance at 260/280 nm and samples with an 

absorbance ratio of 1.8–2.0 were used to prepare complementary deoxyribonucleic acid 

(cDNA). The RNA was transcribed into cDNA using high-capacity cDNA reverse-

transcription kits with RNA inhibitors (Applied Biosystems). The reaction mixture was 
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incubated for 10 min at 25°C, for 2 h at 37°C, and then for 5 s at 85°C. The cDNA was 

stored at -20°C until use. 

 

Quantitative reverse transcription polymerase chain reaction 

 Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was 

performed in a 20-μL reaction mixture with an automated sequence detector combined 

with StepOne plus (Applied Biosystems). The reaction mixture was created using 

TaqMan Gene Expression Master Mix (Applied Biosystems) and contained 

approximately 50 ng synthesized cDNA, 0.9 μmol/L primers, 0.25 μmol/L probes or 

TaqMan gene expression assays on demand and Universal Maser Mix (primer/probe set). 

The reaction mixture was incubated for 2 min at 50°C and then 10 min at 95°C, followed 

by 40 cycles of 15 s at 95°C and 60 s at 60°C. The expression of beta-actin (Actb; 

purchased from Applied Biosystems), Aanat (Rn00664873_g1) and Asmt 

(Rn00595341_m1) was investigated using TaqMan gene expression assays and the 

Universal Maser Mix (primer/probe set), with the expression of Aanat and Asmt in each 

sample normalized against that of Actb.  

 

Statistical analysis 

 Results are expressed as the mean ± SEM. Comparisons between control SD and 

SDT fatty rats were performed using two-way ANOVA with post hoc tests where 

appropriate for SLA and plasma parameters over time, whereas qRT-PCR data were 

compared using unpaired t-tests. All data were analyzed using Excel (Microsoft Corp., 

Bellevue, WA, USA) or EXSUS software (CAC Croit, Tokyo, Japan). Two-sided P value 
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of < 0.05 was considered significant. A P value of < 0.05 was considered statistically 

significant. 

 

RESULTS 

Circadian rhythms of SLA in SDT fatty rats 

 In order to investigate whether there were any disruptions to circadian rhythms 

of SDT fatty rats, the SLA of control SD and SDT fatty rats was monitored over a period 

of 5 consecutive days. As shown in Figure 7, SLA during the dark phase was significantly 

lower in SDT fatty than control SD rats (P < 0.001). In addition, SLA during the first 1 

hour during the light phase (0800–0900 hours) was markedly decreased in SDT fatty 

compared with control SD rats. However, the SLA in the light phase of SDT fatty rats 

was slightly high compared with control SD rats, though total activity did not differ 

significantly between the two groups. 

 

Circadian rhythms of metabolic parameters in SDT fatty rats 

 It is well known that several metabolic parameters, including glucose and TG, 

show circadian rhythms regulated by diet and/or hormones. This led us to investigate 

whether glucose, TG, and TC exhibit aberrant circadian rhythms in SDT fatty rats. 

Comparisons of plasma glucose, TG, and TC concentrations in control SD and SDT fatty 

rats are shown in Figure 8A–C. Two-way ANOVA of the circadian pattern of plasma 

glucose revealed significant effects of group (F1, 8 = 16.0, P < 0.01), time (F3, 24 = 29.3, P 

< 0.001) and their interaction (F3, 24 = 14.4, P < 0.001). Post hoc analysis using the Aspin-

Welch test revealed that plasma glucose concentrations were significantly higher in SDT 

fatty than control SD rats at 1600 (P < 0.05), 2100 (P < 0.01) and 0400 hours (P < 0.05). 
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Two-way ANOVA of the circadian pattern of plasma TG showed significant effects of 

group (F1, 8 = 17.0, P < 0.05) and time (F3, 24 = 4.6, P < 0.05). Post hoc analysis using the 

Aspin-Welch test revealed that plasma TG concentrations were significantly higher in 

SDT fatty than control SD rats at all time points measured (i.e. 1000, 1600, and 0400 

hours [P < 0.05 for all], as well as at 2100 hours [P < 0.01]). Unlike glucose and TG 

concentrations, there were no obvious changes in TC in either strain, with TC 

concentrations in the range 80–100 mg/dL in control SD rats and 100–120 mg/dL in SDT 

fatty rats. Plasma TC levels peaked at 0400 hours in control SD rats, compared with 1000 

hours in SDT fatty rats. Two-way ANOVA of the circadian pattern of plasma TC showed 

significant effects of group (F1, 8 = 8.9, P < 0.05), but not time (F3, 24 = 2.7, P > 0.05). Post 

hoc analysis using the Aspin-Welch test revealed that plasma TC concentrations were 

significantly higher in SDT fatty than control SD rats at 1000 (P < 0.01) and 2100 (P < 

0.05). 

 

Circadian rhythms of plasma melatonin 

 In order to obtain an insight into the mechanism(s) underlying the aberrant 

circadian rhythms in SDT fatty rats, we measured plasma melatonin concentrations. As 

shown in Figure 9, there was an obvious circadian rhythm for melatonin in control SD 

rats, with low concentrations during the light phase (1000 and 1600 hours) and early dark 

phase (2100 hours), with the greatest increase in contrast during the night (0400 hours). 

Two-way ANOVA and subsequent post hoc analysis revealed significant effects of time 

(F3, 42 = 16.0, P < 0.001) but not group (F1, 14 = 1.9, P = 0.19). Their interaction was 

significant (F3, 42 = 7.4, P < 0.001) on changes over time in plasma melatonin 

concentrations between the control SD and SDT fatty rats. Plasma melatonin 
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concentrations were significantly higher in SDT fatty than control SD rats at 1600 (P < 

0.05) and 2100 hours (P < 0.01), but were significantly lower at 0400 hours (P < 0.01). In 

addition, the total melatonin production was also analyzed and found that there was a 

tendency for higher in SDT fatty rats than control SD rats, with the area under curve value 

of 1949.1 ± 163.0 pg·day/mL, 2422.7 ± 206.2 pg·day/mL (SD rats v.s. SDT fatty rats, P 

= 0.093). 

 

Expression of melatonin-synthesizing enzymes 

 The observation that SDT fatty rats showed blunted circadian rhythms of plasma 

melatonin led us to investigate whether the expression of Aanat and Asmt mRNA, 

enzymes important for melatonin synthesis, in the pineal gland of SDT fatty rats was 

impaired compared with control SD rats at night, when melatonin expression was highest. 

Although there were no significant differences in Aanat and Asmt mRNA expression in 

the pineal glands of the two groups, there was a tendency for higher Aanat and Asmt 

mRNA expression in SDT fatty ompared with control SD rats (Figure 10). 

 

DISCUSSION 

 In the present study, we found that 1) SDT fatty rats showed aberrant circadian 

rhythms of SLA, 2) the circadian fluctuations of plasma glucose, TG, and TC 

concentrations were found more apparent in SDT fatty rats and 3) these rats exhibited 

blunted circadian rhythms of plasma melatonin secretion, even though the mRNA 

expression of melatonin-synthesizing enzymes did not differ significantly from that in the 

control SD rats.  
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 Because rats are generally nocturnal, their activity increases in the dark phase 

and decrease markedly during the light phase. However, SLA in SDT fatty rats was 

decreased during the dark phase, with a tendency for higher SLA compared with control 

SD rats during the light phase. This observation suggests that SDT fatty rats have blunted 

circadian rhythms of SLA. In addition, the entrainment by light stimuli seemed normal in 

the SDT fatty rats, as revealed by the observation that the SDT fatty rats exhibited the 

same SLA pattern was observed in SDT fatty rats over a period of 5 consecutive days of 

monitoring, although actograms were not measured in the present study. The findings of 

the present study confirm those of previous reports demonstrating impaired circadian 

rhythms in animal models of T2DM. For example, Zucker obese rats, an animal model 

for T2DM with mutations in the leptin receptor, exhibit a phase advance and a decreased 

amplitude of activity and body temperature (Mistlberger et al., 1998). In addition, Otsuka 

Long-Evans Tokushima Fatty rats have been reported to show decreased nocturnal 

locomotor activity before developing hyperglycemia (Sei et al., 1999). Furthermore, STZ-

diabetic rats, an animal model of type 1 DM, also show a blunted circadian rhythm for 

locomotor activity, but no phase shift (Velasco et al., 1988). Together, these findings 

suggest that hyperglycemia and/or obesity may induce blunted circadian rhythms while 

phase entrainment is preserved.  

 Circadian rhythms are known to be affected by food-taking behavior (Abe et al., 

1989; Stephan, 2002). As our previous studies have revealed that SDT fatty rats show 

hyperphagia (Ohta et al., 2014; Toriniwa et al., 2018), this feature may underlie the 

deficits of circadian rhythm in the SDT fatty rats. Although there is no data on the food 

intake pattern of SDT fatty rats, the relatively higher SLA during light phase may reflect 
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the food-taking. Consistent with this, plasma glucose, TG and TC concentrations are 

significantly higher than control SD rats even in the light phase as well as the dark phase. 

 As mentioned in the Introduction, diabetes and impaired circadian rhythms are 

known to be closely linked (Bass and Takahashi, 2010). In addition, Yoda et al. recently 

reported that the increased HbA1c associated with poor glycemic control in the T2DM 

induces sleep disorder with exacerbated sleep quality (Yoda et al., 2015). Furthermore, 

those authors demonstrated that sleep disorders in T2DM can increase the risk of 

cardiovascular events via aberrant hypertension in the morning. Future study 

investigating the relationship between hyperglycemia and the quality of sleep in SDT 

fatty rats are needed in order to elucidate the underlying pathophysiology. 

 In addition to the impaired circadian rhythm of SLA in SDT fatty rats, the rhythm 

of melatonin secretion was blunted in SDT fatty compared with control SD rats. 

Melatonin signaling, including its synthesis and secretion is known to be suppressed by 

light inputs from eyes, and usually reaches peak values at night both in humans and 

rodents (Lewy et al., 1980; Bartness et al., 1993; Aoki et al., 1998). Consistent with this, 

in the present study, melatonin concentrations in control SD rats were low during the light 

and early dark phase and were highest in samples collected at 0400 hours. In contrast, 

melatonin concentrations during the light phase (1600 hours) and at 2100 hours were 

higher in SDT fatty than control SD rats, whereas they were lower at 0400 hours in the 

SDT fatty rats, suggesting that SDT fatty rats have blunted circadian rhythms of melatonin 

secretion. To get an insight into the mechanism underlying this aberrant melatonin 

secretion, we investigated the mRNA expression of melatonin-synthesizing enzymes in 

the pineal glands of SDT fatty rats by focusing on the peak time of melatonin secretion 

(0400 hours). Unexpectedly, there was no significant difference in the expression of Aanat 
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and Asmt between the SDT fatty and control SD rats, while there was a tendency for 

higher expression in the SDT fatty rats.  

 In the present study, we did not investigate the levels of Aanat and Asmt proteins 

nor the precursors of melatonin including tryptophan and 5-HT in the pineal gland of SDT 

fatty rats. Thus, further study is required in order to expand the understanding about the 

alteration of melatonin synthesis of SDT fatty rats. One possibility is that no obvious 

changes in the mRNA expression in the SDT fatty rats was due to a time lag between the 

mRNA expression and the protein production. Thus, in addition to the time-course 

measurement of melatonin protein, the time-course of mRNA expression is needed in 

order to unveil the exact melatonin synthesis regulation in the SDT fatty rats. Similar 

findings have been reported by Frese et al., who demonstrated that melatonin synthesis 

was impaired in the pineal glands of GK rats (Frese et al., 2009). They also found that the 

mRNA expression of three of four melatonin-synthesizing enzymes (i.e. tryptophan 

hydroxylase, aromatic amino-acid decarboxylase, and Asmt) was significantly increased 

in the pineal gland of GK rats. Based on these findings, the authors suggested that the 

upregulated mRNA expression may be a compensatory response to a decrease in the 

efficiency of melatonin synthesis. Although melatonin content and its synthesis in the 

pineal gland of SDT fatty rats were not investigated in the present study, it may be that a 

similar compensatory response occurs in SDT fatty rats. Meanwhile, the mRNA 

expression of Aanat was decreased by approximately 50% in GK rats in contrast to SDT 

fatty rats. The findings from the present study confirm the findings of Frese et al in part, 

however, the opposite direction of changes in Aanat mRNA expression between the two 

studies suggests that the mechanism regulating melatonin synthesis in the pineal gland 

may differ between these two rat strains.  
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 Altered melatonin secretion in diabetic patients has also been reported. For 

example, the physiological increase in nocturnal plasma melatonin concentrations was 

not observed in diabetic patients, especially those with neuropathy (O'Brien et al., 1986). 

Similarly, Peschke et al. reported reduced diurnal circulating melatonin levels in T2DM 

patients (Peschke et al., 2006). The findings of the present study support these clinical 

findings. Moreover, a relatively large clinical case control study suggested that the 

decreased nocturnal melatonin secretion may be the cause of T2DM (McMullan et al., 

2013). It is important to investigate any intervention such as anti-diabetics will improve 

the circadian rhythm deficits as well as the symptoms of T2DM. Such an investigation 

should be performed in the future in order to judge the validity of this model as a T2DM 

comorbid with circadian rhythm deficit. 

The results of the present study provide important evidence of the deficits in the 

circadian rhythms, as well as dysregulation of melatonin secretion, in animal models of 

T2DM. Unlike other animal models of DM, SDT fatty rats develop not only 

hyperglycaemia, but also hyperlipidaemia and insulin resistance from a young age as 

described in the Introduction. Thus, given the findings in this study, SDT fatty rats may 

be a useful animal model for investigating the relationship between deficits in the 

circadian rhythm and metabolic dysfunction. 
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Figure 7. Circadian rhythm of SLA in control SD and SDT fatty rats. (A) Hourly averages 

of SLA over a 24 hour-period for 5 consecutive days under a standard light–dark cycle 

(the shaded area indicates the dark phase). (B) Total activity during the light and dark 

phases in control SD and SDT fatty rats. Data are the mean ± SEM (n=8 in each group). 

***P < 0.001 compared with control SD rats (Aspin-Welch test). 
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Figure 8. Circadian rhythms of plasma metabolic parameters in control SD and SDT fatty 

rats: (A) glucose, (B) triglyceride, and (C) total cholesterol. Data are the mean ± SEM 

(n=5 in each group). *P < 0.05, **P < 0.01 compared with the control group at the same 

time point (two-way ANOVA with post hoc Aspin-Welch tests). 
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Figure 9. Circadian rhythm of plasma melatonin concentrations in control SD and SDT 

fatty rats. Data are the mean ± SEM (n=5 in each group). *P < 0.05, **P < 0.01 compared 

with the control group at the same time point (two-way ANOVA with post hoc Aspin-

Welch tests). 
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Figure 10. Relative expression of (A) Aanat and (B) Asmt mRNA in the pineal gland of 

control SD and SDT fatty rats at night (0400 hours). Data are the mean + SEM (n=6 in 

each group). There were no significant differences in Aanat and Asmt expression between 

the two strains (P > 0.05, Student’s t-test). 
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Figure 11. Schematic illustration of the putative pathophysiology underlying diabetes-

related deficits in the circadian rhythms. The blunted circadian rhythm of melatonin 

secretion observed in SDT fatty rats may at least in part play a role in the impaired 

circadian rhythm of SLA.  
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Chapter 4 

A novel Na+-independent alanine-serine-cysteine transporter 1 inhibitor 

inhibits both influx and efflux of D-serine 

 

INTRODUCTION 

 Schizophrenia is a devastating neuropsychiatric disorder characterized by 

positive symptoms, negative symptoms, and cognitive deficits. The cause of this disease 

remains unclear, but several hypotheses have been proposed from clinical and preclinical 

studies (Ross et al., 2006, WHO, c). Dopaminergic hyperactivation is considered to be 

involved mainly in the positive symptom of schizophrenia because this symptom is 

improved by treatment with dopamine D2 antagonists (Kuepper et al., 2012). 

Hypofunction of NMDA receptors may underlie all three symptoms because NMDA 

receptor antagonists, such as phencyclidine or ketamine, induce both psychotic symptoms 

and cognitive deficits in rodents and primates as well as in humans (Krystal et al., 1994; 

Taffe et al., 2002). In addition, glutamate levels in the CSF of schizophrenic patients are 

reportedly lower than those in healthy controls (Hashimoto et al., 2005). These clinical 

and preclinical findings suggest that the activation of NMDA receptors is a promising 

strategy for schizophrenia treatment. D-serine and glycine are NMDA receptor co-

agonists known to activate the NMDA receptor allosterically.  

 It has been reported that the number of glycine binding sites increased in the 

postmortem brains of schizophrenic patients, whereas the D-/L-serine ratio decreased 

(Ishimaru et al., 1994; Bendikov et al., 2007), suggesting that decreases in D-serine or 

glycine signaling may play a role in the pathophysiology of schizophrenia (Labrie et al., 

2012; Nunes et al., 2012). In fact, adjunctive treatments with D-Serine or glycine in 
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addition to the stable antipsychotic regimen of patients ameliorated several symptoms, 

including cognitive deficits, in small clinical trials (Tsai et al., 1998). Moreover, D-serine 

improved the cognitive dysfunction induced by an NMDA receptor antagonist, MK-801, 

in rats (Karasawa et al., 2008; Shimazaki et al., 2010). The effective dose of D-serine was 

very high in both humans (30 mg/kg/day) and animals (0.8–1.0 g/kg), and the possibility 

of off-target and D-serine related peripheral side effects are concerns. Thus, selective 

increases in the extracellular D-serine levels in the target brain region are desirable, in 

which one approach is to inhibit the uptake of D-serine into the cells in the brain (Brown 

et al., 2014).  

 Transporters involved in the regulation of extracellular D-serine levels have been 

identified, i.e., asc-1, ASCT1 and ASCT2. These transporters are known to transport 

small neutral amino acids without stereoselectivity (Fukasawa et al., 2000; Ribeiro et al., 

2002). In particular, asc-1 exhibits a CNS-enriched expression pattern including spinal 

cord and selective expression in neurons (Fukasawa et al., 2000). Furthermore, the uptake 

of D-serine was greatly reduced in the synaptosomes obtained from the hippocampus of 

asc-1 knockout mice (Rutter et al., 2007). These observations suggest that asc-1 is a major 

contributor to extracellular D-Serine uptake in the brain. It has been reported that SMLC, 

an asc-1 inhibitor patented by Lundbeck (Deerfield, IL; patent No. WO2003077998A1), 

inhibits D-serine uptake in human asc-1-expressing HEK293 cells as well as increasing 

the extracellular D-serine levels in the rat ventral hippocampus and medial prefrontal 

cortex (Ishiwata et al., 2013), which suggests that asc-1 inhibition can increase the 

extracellular D-Serine levels in the brain. Recently, Sason et al. (2017) reported that a 

novel asc-1 inhibitor, Lu AE00527, decreased the release of D-serine from rat brain slices 

and inhibited long-term potentiation, suggesting that asc-1 mediates tonic D-serine 
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release (Sason et al., 2017). 

 For the current study, we conducted high throughput screening to obtain a potent 

asc-1 inhibitor. After optimization of the hit compound, we identified ACPP. 

Modification of amine and carboxylic acid moieties in ACPP decreased asc-1 inhibitory 

activity, and introduction of substituents on the benzene ring in ACPP increased asc-1 

inhibitory activity. We then examined the role of asc-1 in rat brains using ACPP as a 

chemical probe. 

 

MATERIALS AND METHODS 

Animals 

 Wistar rats (CLEA-Japan, Shizuoka, Japan) were used for primary neuronal 

culture. SD rats (Charles River, Tokyo, Japan) were used for primary astrocyte culture 

and in the microdialysis experiments. The rats were given food and water ad libitum and 

were maintained in groups under a 12-hour light–dark cycle (lights on at 0700). The rats 

were allowed to adapt to the environment for at least 1 week before the experiments. All 

animals were maintained and sacrificed according to the guidelines of the Takeda 

experimental animal care and use committee. 

 

Chemical Treatment 

 ACPP was synthesized in our laboratory (>99.9% ee, tR1, CHIROBIO T). The 

specific optical rotation, [a]25 D166.08 (c50.407, MeOH), was measured by Sumika 

Chemical Analysis Service (Osaka, Japan). D-Serine and choline chloride (ChCl) were 

purchased from Wako Pure Chemical Industries (Osaka, Japan), and SMLC was 

purchased from Sigma-Aldrich (St. Louis MO). D-[3H]Serine was obtained from 
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PerkinElmer Life and Analytical Sciences (Waltham, MA). For the in vitro experiments, 

the compounds were dissolved in assay buffer containing sodium chloride (NaCl) or ChCl 

before application to the cells after dilution with the assay buffer at the indicated 

concentrations. For the in vivo microdialysis experiments, the compounds were dissolved 

in Ringer’s solution at the indicated concentrations. 

 

Construction of Chinese Hamster Ovary (CHO) Cells That Stably Expressed human 

asc-1 

 A CHO cell line that stably expressed human asc-1 (hAsc-1; NCBI reference 

sequence NM_019849) was constructed by transfecting cells with hAsc-1-pcDNA3.1 

expression plasmid, followed by selection with 500 μg/ml Geneticin. Cells were cultured 

routinely in Ham’s F-12 medium supplemented with 10% heat-inactivated fetal bovine 

serum (FBS) and 1% G418 in a 5% CO2/95% air atmosphere. 

 

Rat Primary Cultures 

 Primary cortical neurons were prepared from embryonic day 18 Wistar rat 

embryos (CLEA-Japan), as described previously (Onishi et al., 2011). Briefly, cortical 

fragments of eight litters were dissociated into single cells with a papain-containing nerve 

cell dispersion kit (Sumitomo Bakelite, Akita, Japan) and resuspended in nerve cell 

culture medium (Sumitomo Bakelite). The neurons were seeded onto poly-D-

lysine/laminin-coated 96-well plates (BD Biosciences, Franklin Lakes, NJ) at a density 

of 30,000 cells per well and cultured in Neurobasal medium supplemented with 2% B27 

for days in vitro 13–19 to perform the uptake assay. 

 Primary astrocyte cultures were prepared from the cortex of eight pups of SD 
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rats at postnatal day 3. Briefly, the cells were isolated with a papain-containing nerve cell 

dispersion kit, as described above, and then cultured in DMEM/F12 with 10% heat-

inactivated FBS. After the cells had grown to confluence, they were shaken for 1 hour at 

200 rpm to remove the microglial cells and oligodendrocytes and then cultured for an 

additional 2 weeks. After the cells had grown to confluence at passage 1, they were 

cryopreserved at –80°C as a stock. Before the assays, cryopreserved astrocytes were 

thawed in plating medium and transferred to noncoated 96-well plates at a density of 

30,000 viable cells per well and then used at DIV 3.  

 

D-Serine Uptake and Efflux Assay with Cell Cultures  

 Primary cultures or CHO cells that stably expressed hAsc-1 were cultured in 96-

well plates and loaded with 100–400 nM D-[3H]Serine in NaCl-containing buffer (NaCl-

buf; 135 mM NaCl, 1.5 mM KCl, 1.0 mM KH2PO4, 1.2 mM MgSO4, 1.2 mM CaCl2, 5.0 

mM D-glucose, and 5 mM HEPES; pH 7.4) or ChCl-containing buffer (ChCl-buf) in 

which the NaCl in the NaCl-buf was replaced with ChCl. The uptake assay was performed 

with 100 nM D-[3H]Serine for 15 min with hAsc-1-expressing CHO cells with 100 nM 

D-[3H]Ser for 30 min in the primary neurons or with 200 nM D-[3H]Serine for 30 min in 

the primary astrocytes. In all of the experiments, the uptake of D-[3H]Serine was 

terminated by washing the cells twice with ice cold buffer. The radioactivity was 

monitored by adding Microscint PS (PerkinElmer) to the cells. Kinetic constants were 

calculated by a nonlinear regression curve fitting in Prism 5 (GraphPad Software; LaJolla, 

CA). Competitive inhibition was analyzed with the equation Km(app) = Km x (1 + [I]/Ki), 

where Km(app) is the Km in the presence of the inhibitor. In the D-[3H]Serine release 

experiments, the cells were preloaded with 400 nM D-[3H]Serine for 30 min. 
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Subsequently, the wells were washed twice with ice-cold buffer and exposed to ChCl-buf 

containing ACPP, SMLC, and D-Serine for 30 min at room temperature. The intracellular 

D-[3H]Serine level (intra-D-Serine) immediately after preloading was regarded as the 

baseline (no efflux), and the remaining intra-D-Serine after incubation with drugs was 

determined after lysing with Microscint PS. The degree of D-serine release was calculated 

with the formula (no efflux – intra-D-serine x 100)/no efflux. 

 

Quantitative TaqMan PCR Analysis 

 The primer and probe sequences were as follows: (rat asc-1) probe, Fam-5’-

CTCCATGGCCTGCCTGATGCTCC-3’; F-primer,5’-CAGCCACAGCCTCTCGAG 

TAC-3’; R-primer, 5’-TGGAGCTGTTCACCCATGTC-3’, and (rat ASCT2) probe, 

Fam-5’-CTGCCCATCGGCGCCACC-3’; F-primer, 5’-CAAACACATCAGCCGGTTC 

AT-3’; R-primer, 5’-GCTGCCCCGTCCATATTG-3’. These sequences were designed in 

Primer Express (Applied Biosystems, Foster City, CA). Standard curves were generated 

with serial dilutions of known quantities of standard template DNA (Sigma Genosys, 

Spring, TX). TaqMan PCR assays for each gene target were performed in duplicate with 

cDNA samples or standard DNA in 384-well optical plates with an ABI Prism 7700 

sequence detection system (Applied Biosystems). For each TaqMan reaction, the cDNA 

or standard DNA was mixed with 2 x TaqMan Universal PCR master mix (Applied 

Biosystems), 100 μM of sense primer, 100 μM antisense primer, and 10 μM TaqMan 

probe. The PCR parameters were 50°C for 2 min, 95°C for 10 min, 40 cycles at 95°C for 

15 sec, and 60°C for 1min. The data were analyzed in SDS 2.2.2 (Applied Biosystems). 

The increase in the fluorescence intensity of the reporter dye (DRn) was plotted against 

the cycle number. The threshold cycle (Ct) was calculated as the cycle number where 
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DRn crossed the threshold. The cDNA copy number in each sample was calculated from 

the Ct by linear interpolation with the standard curve; the unit used in Table I is the copy 

number. 

 

Microdialysis Technique 

 Male SD rats were anesthetized with 50 mg/kg (intraperitoneal) somnopentyl 

(Dainippon Sumitomo Pharma, Osaka, Japan), and guide cannulas (AG-8; Eicom, Kyoto, 

Japan) were stereotaxically implanted into the ventral hippocampus (coordinates 5.6 mm 

posterior to bregma, 25.0 mm lateral, 7.0 mm ventral to dura). The rats were allowed to 

recover from surgery for at least 2 days. On the day of the experiment, rats were randomly 

assigned to eight groups: vehicle-treated group (n = 5), ACPP 10 μM-treated group (n = 

6), ACPP 100 μM-treated group (n = 4), and ACPP 1,000 μM-treated group (n = 5) for 

the test with ACPP and vehicle-treated group (n = 6), 0.1 mM SMLC-treated group (n = 

6), 1 mM SMLC-treated group (n = 6), and 10 mM SMLC-treated group (n = 6) for the 

test with SMLC. A microdialysis probe (A-I-8-02; Eicom) was inserted through the guide 

cannula. The probes were connected via a dual-channel swivel to a microinjection pump. 

Filtered Ringer’s solution (145 mM NaCl, 3 mM KCl, 1 mM MgCl2, 1.2 mM CaCl2) was 

perfused for the duration of the experiment at a constant flow rate of 1 μL/min. After 

perfusion for more than 2 hr to allow baseline stabilization, a sampling of the dialysate 

was initiated. A 40-min sampling regime was used throughout the experimental period. 

SMLC and ACPP were dissolved in filtered Ringer’s solution and diluted at the indicated 

concentration. Ringer’s solution was infused locally into the ventral hippocampus via the 

implanted dialysis probe for 2 hr before switching to Ringer’s solution containing SMLC 

or ACPP, with additional infusion for 2 hr to allow sample collection. The collected 
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samples were stored at -80°C until analysis by HPLC. After the experiments, the dye was 

injected into the site of the dialysis probe to determine whether the dialysis probe was 

inserted correctly into the ventral hippocampus (data not shown). No rats were excluded 

because of misinsertion in this study. The average of the D-serine concentrations during 

the period preceding vehicle or drug treatment (three measurements were performed 

every 40 min) was used as the baseline (100%). Individual data were expressed as 

percentages relative to this baseline period. Mean and SEM were obtained for the results 

with four to six animals and were calculated for the corresponding periods. Area under 

the curve (AUC) was calculated for the concentration vs. the time in plots for the dialysate 

D-Serine levels at 0–120 min post injection. 

 

Measurement of D-Serine in Rat Brain Dialysate by HPLC 

 To quantify the D-serine level by HPLC with fluorometric detection, an aliquot 

of each sample was derivatized for 2.5 min with N-acetyl-L-cysteine (Wako Pure 

Chemical Industries) and o-phthaldialdehyde (Wako Pure Chemical Industries) at room 

temperature. The derivatized sample was applied immediately to the HPLC system 

(HTEC-500; Eicom). The column (EX-3; Eicom) was operated at a constant flow rate of 

0.5 mL/min at room temperature. Mobile phase A was 0.1M acetate buffer (pH 6.0) 

containing 18% methanol, and mobile phase B was acetate buffer containing 40% 

methanol. The amino acid derivatives were separated with a linear gradient from mobile 

phase A to B over 28 min. 

 

Statistical Analysis 

 Data are expressed as mean ± SEM and were analyzed by one-tailed Williams’ 
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test; P < 0.025 was considered significant. All analyses were performed in SAS System 

8 (SAS Institute, Cary, NC). 

 

RESULTS 

Inhibitory Activity of ACPP 

 We performed in vitro high-throughput screening using a D-[3H]Serine uptake 

assay in cells that stably expressed hAsc-1, and we identified ACPP from the Takeda 

Chemical Library (Fig. 12). As shown in Figure 13A, the hAsc-1-expressing cells used 

for high-throughput screening exhibited robust uptake of D-[3H]Serine, which was 

attenuated almost completely (98.3%) by 10 mM cold D-Serine (n = 3). ACPP inhibited 

the uptake of D-[3H]Serine in a concentration-dependent manner, with an IC50 of 0.72 ± 

0.13 μM (n = 3), and SMLC had an inhibitory effect, with an IC50 of 78.9 ± 18.0 μM (n 

= 3; Figure 13B). As shown in Figure 13C, D, ACPP had a competitive inhibition pattern 

according to the Lineweaver-Burk plot analysis. The Km value for D-serine was 8.68 μM, 

and treatment with ACPP increased the Km to 71.3 μM. To evaluate ACPP in native cells, 

we examined the effects of ACPP on the D-[3H]Serine uptake activity using primary 

neurons and primary astrocytes derived from rat cortex. As shown in Figure 14A, both 

ACPP and SMLC showed a concentration-dependent inhibition of D-[3H]Serine uptake 

in the primary neurons under Na+-free conditions, with IC50 values of 0.89 ± 0.30 μM (n 

= 3) and 50.7 ± 14.4 μM (n = 3), respectively. In contrast, in the uptake assay with primary 

astrocytes under NaCl-existing condition, ACPP had no inhibitory effect, whereas SMLC 

inhibited the uptake of D-[3H]Serine in a concentration-dependent manner, with an IC50 

of 27.4 ± 3.6 μM (n = 3; Figure 14B). Some previous studies have also indicated that 

ASCT2 plays a role in the control of D-serine in astrocytes (Shao et al., 2009). Gene 



52 

 

expression analysis by TaqMan PCR demonstrated that asc-1 mRNA was selectively 

detected in rat primary neurons, whereas ASCT2 mRNA was more robustly expressed 

than asc-1 mRNA in rat primary astrocytes (Table 2). This observation suggests that 

ACPP selectively affects the activity of asc-1 in neurons. 

 

Effects of asc-1 Inhibitors on the Extracellular D-Serine in Rat Hippocampus 

 To investigate the effects of ACPP on the extracellular D-serine levels in the 

brain, we monitored the extracellular D-serine levels by microdialysis in rats. SMLC and 

ACPP were infused locally into the ventral hippocampus via a dialysis probe, and the D-

serine levels in the collected dialysate were determined by HPLC. As reported previously 

(Ishiwata et al., 2013), SMLC significantly increased the extracellular D-serine levels up 

to approximately 150% of the baseline levels in a concentration-dependent manner (n = 

6) relative to vehicle treatment (n = 6, P < 0.025; Figure 15A, C), as revealed by Williams’ 

test. In contrast, ACPP significantly decreased the extracellular D-serine levels (n = 4–6) 

relative to vehicle treatment (n = 5, P < 0.025; Figure 15B, D), as revealed by Williams’ 

test.  

 

Effects of asc-1 Inhibitors on the Efflux of D-Serine 

 asc-1 has been reported to function as an exchanger in which the release of 14C-

labeled amino acids preloaded into oocytes expressing asc-1 was enhanced by adding its 

substrate extracellularly, i.e., alanine (Fukasawa et al., 2000). In addition, Rosenberg et 

al. (2010) showed that D-alanine enhanced the release of endogenous D-serine via asc-1 

in both asc-1-expressing cells and rat hippocampal slices (Rosenberg et al., 2010). Thus, 

we investigated the effects of ACPP and SMLC on the efflux of D-[3H]Serine using D-



53 

 

[3H]Serine-preloaded hAsc-1-expressing CHO cells. The asc-1-expressing CHO cells 

exhibited the spontaneous efflux of preloaded D-[3H]Serine, with approximately 30–40% 

efflux during incubation for 30 min. As shown in Figure 16A, the extracellular addition 

of cold D-Serine significantly enhanced the efflux of D-[3H]Serine in a concentration-

dependent manner (n = 6, P < 0.025). SMLC also significantly enhanced the efflux of D-

[3H]Serine in a concentration-dependent manner (n = 6, P < 0.025; Figure 16B). In 

contrast, ACPP did not affect D-[3H]Serine efflux under the same experimental 

conditions (n = 6; Figure 16C). 

 Figure 14 illustrates the difference of mode of action between SMLC and ACPP. 

From the finding from in vitro and in vivo experiments, we found a clear difference 

specifically on the D-serine efflux from the neuron, suggesting asc-1 plays a critical role 

in tonic regulation of the synaptic D-serine levels in the brain. 

 

DISCUSSION 

 To obtain a novel asc-1 inhibitor, we performed in vitro D-[3H]Serine uptake 

assays with cells that stably expressed hAsc-1, and we identified ACPP. SMLC had a 

moderate inhibitory activity, with an IC50 of 78.9 ± 18.0 μM (Figure 14B), which was 

similar to the potency reported previously, whereas ACPP had an inhibitory activity, with 

an IC50 of 0.72 ± 0.13 μM in the same assay. This result suggests that ACPP has an 

inhibitory activity that is approximately 100 times more potent than that of SMLC. 

 ACPP had inhibitory effects on hAsc-1-expressing cells and rat primary neurons 

in a competitive manner with similar IC50 values (Figure 13B, 14A) but no inhibitory 

effect on rat primary astrocytes (Figure 14B). In this study, primary neurons isolated from 

Wistar rats and astrocytes isolated from SD rats were used. These data are in line with 



54 

 

our previous observation of asc-1 expression in primary neurons but not in the primary 

astrocytes in SD rats (Matsuo et al., 2004). Gene expression analysis by TaqMan PCR 

demonstrated that asc-1 was intensely expressed in primary neurons but was rarely 

expressed in primary astrocytes (Table 2). In addition, ASCT1 and volume-regulated 

anion channels, which are known to play roles in D-Serine regulation, are also expressed 

in astrocytes (Yamamoto et al., 2001). Given these observations, it is possible that ACPP 

selectively acts on neuronal asc-1 against other transporters involved in D-serine transport. 

Our results are also in line with previous studies demonstrating that asc-1 is restricted to 

neurons and plays an important role in the dynamics of its substrates in neurons 

(Fukasawa et al., 2000; Rosenberg et al., 2010). On the other hand, SMLC inhibited the 

uptake of D-serine in both neurons and astrocytes (Figure 14A, B). In vitro, ACPP 

inhibited both uptake and efflux of D-Serine, suggesting that asc-1 has both of these 

activities. Therefore, whether asc-1 inhibitor results in upregulation or downregulation of 

extracellular D-serine levels may be affected by equilibration determined by intracellular 

and extracellular levels. 

 Inhibition of asc-1 by SMLC in the brain is considered to increase the 

extracellular D-serine levels according to microdialysis analyses (Ishiwata et al., 2013). 

We replicated SMLC increase of the extracellular D-serine levels in the rat ventral 

hippocampus in a concentration-dependent manner (Figure 15A, C). We were surprised 

to discover that ACPP, unlike SMLC, significantly decreased the extracellular D-serine 

levels in a concentration-dependent manner (Figure 15B, D). asc-1 is reported to work as 

an exchanger that mediates both the uptake and efflux of asc-1 substrates (Fukasawa et 

al., 2000), so we hypothesized that the opposite effects of ACPP and SMLC on the 

hippocampal extracellular D-serine levels were the result of differences in their impacts 
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on the substrate efflux function of asc-1 rather than influx. ACPP prevented the efflux of 

D-[3H]Serine in hAsc-1-expressing CHO cells, whereas SMLC enhanced the substrate 

efflux in a concentration-dependent manner (Figure 16A,B). These results suggest that 

ACPP might decrease the extracellular D-serine levels by inhibiting the efflux of 

endogenous D-Serine from the neurons, whereas SMLC increases the extracellular D-

serine levels by enhancing the efflux of D-serine, and that SMLC is not an inhibitor but 

works as the substrate of asc-1. We cannot explain the difference in these mechanisms of 

action, but a previous analytical study with a choline transporter showed that the velocity 

of a substrate analog affected the transport rate of the labeled substrate when it was 

presented on the trans side of the membrane (Deves and Krupka, 1979). Assuming that 

asc-1 follows this proposed model, it is possible that ACPP is a substrate with a different 

transport velocity compared with D-serine and SMLC. Additional kinetic studies with 

radiolabeled ACPP and SMLC are required to test this hypothesis.  

 A large body of evidence supports the idea that NMDA hypofunction is 

associated with the pathophysiology of schizophrenia, and NMDA activation via 

increasing D-serine levels is an attractive approach. We originally hypothesized that the 

main function of asc-1 in the brain is D-Serine uptake and that inhibition of asc-1 can 

increase the synaptic D-serine levels (Helboe et al., 2003; Xie et al., 2005; Rutter et al., 

2007). However, ACPP was found to decrease the extracellular D-serine levels. Our data 

are in line with a very recent study showing that a novel asc-1 inhibitor, Lu AE00527, 

decreased the release of D-serine from rat brain slices and inhibited LTP (Sason et al., 

2017). These data indicate that asc-1 modulates synaptic D-serine levels via efflux 

mechanisms and that inhibition of asc-1 results in the reduction of D-serine levels in the 

brain. This is an unexpected finding; however, NMDA inhibition is also useful for some 
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disorders other than schizophrenia, such as stroke and MDD. For example, chronic 

corticosterone exposure and isolation stress significantly reduced NMDA receptor 

subunit 1 (NR1) expression in rodents (Cohen et al., 2011; Hermes et al., 2011). 

Malkesman et al. (2012) showed the antidepressant-like effects of D-serine in multiple 

behavioral tests including the FST, female urine sniffing test, which is a non-operant test 

for measuring reward-seeking behavior in rodents based on interest in sniffing pheromone 

odors from the opposite sex and learning helplessness model in 5-HT-depleted rodents. 

In addition, they also tested the behavior of NR1 knockout mice and found that NR1 

knockout mice and found depression-like behaviors in the above tests that did not respond 

to D-serine (Malkesman et al., 2012). Additional preclinical characterization of ACPP for 

these disorders should be considered in the future. The upregulation of the D-Serine levels 

by SMLC observed in the current study and by others may result from the inhibition of 

another transporter. In fact, SMLC inhibited D-serine uptake in astrocytes, in which asc-

1 expression level is low (Figure 14B) (Sason et al., 2017). 
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Figure 12. Chemical structure of ACPP. 

 

 

 

 

 

Table 2 Different Expression Patterns of asc-1 and ASCT2.  

*Data are expressed as the copy number. 

†Under detection limit. 
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Figure 13. Inhibitory effect of ACPP on D-[3H]Serine in the uptake assay with hAsc-1-

expressing CHO cells. A: Uptake of D-[3H]Serine by hAsc-1-expressing CHO cells and 

inhibition by 10 mM cold D-Ser. Data are mean6SEM from three independent 

experiments expressed as percentages relative to the control. B: Concentration-dependent 

inhibition of uptake by ACPP and SMLC. C: Uptake of D-[3H]Serine in the absence 

(control) and presence (ACPP) of 3 μM ACPP. Each point represents mean ± SEM from 

of four to six wells. D: Lineweaver-Burk plot of the data from C. Inset: Plot of the data 

without three data points of high 1/S for clarity. 
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Figure 14. Effects of ACPP and SMLC on the uptake of D-[3H]Serine in rat primary 

neurons (A) and primary astrocytes (B). Data are mean ± SEM from three independent 

experiments expressed as percentages relative to the control. 
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Figure 15. Effects of intrahippocampal perfusion of SMLC and ACPP on the extracellular 

D-serine levels in freely moving rats. The time course is shown for the D-serine levels (A, 

B) and AUCs over 0–120 minutes (C, D). Bars in A, B represent the duration of local 

drug infusion. Data are mean ± SEM, n = 4–6 per group. *P < 0.025 vs. vehicle-treated 

group, parametric Williams’ test. 
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Figure 16. Effects of D-Ser (A), SMLC (B), and ACPP (C) on the efflux of D-[3H]Serine 

preloaded into hAsc-1-expressing CHO cells. Data are the percentage efflux of preloaded 

D-[3H]Serine. *P < 0.025 vs. vehicle-treated group, parametric Williams’ test. 
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Figure 17. Illustration of the difference of mode of action between SMLC and ACPP. 

ACPP has a unique mechanism of action in vitro as revealed by the observation that ACPP 

inhibited the efflux as well as uptake of D-serine in contrast to a well-known asc-1 

inhibitor, SMLC, which inhibited only uptake. Under these profiles, ACPP reduced the 

extracellular D-serine levels in the rat brain whereas SMLC increased it. 
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Chapter 5 

General Discussion 

 

Mechanism of depression 

 Mental disorders severely affect patient QOL, and the number of people with 

mental disorders is expected to grow as the world population increases and society 

becomes more stressful. Although a variety of antidepressants have been developed, 

populations of patients remain whose symptoms are not improved even using drug 

combinations. For example, approximately 30% of patients with depression are defined 

as treatment-resistant and show no response to any of the antidepressant drug classes 

(Mitani et al., 2006). Some of the most common symptoms of MDD are characterized by 

decreases in motivation and blunted ability to feel reward (anhedonia) (Nestler et al., 

2002). Specifically, excessive anhedonia leads to recurrent suicidal ideation without a 

specific plan, which is one of the features of MDD (American Psychiatric Association, 

2013). Thus, the finding in this study should be a clue to investigate the pathophysiology 

of depressive state observed in the T2DM using SDT fatty rats. In addition, a large amount 

of evidence suggests that the HPA axis is hyperactivated in patients with MDD (Knorr et 

al., 2010; Carroll et al., 1976; Choi et al., 2018). Moreover, corticosterone has been known 

to increase plasma glucose. According to this, the increased corticosterone secretion 

increases the plasma glucose, which probably accelerates hyperglycemia shown in SDT 

fatty rats. In addition, the increase in the plasma corticosterone is reported to reduce the 

hippocampal volume (Zhang et al., 2015). Although it remains unclear what causes the 

hypersecretion of corticosterone, this vicious cycle between high plasma corticosterone 

and hyperglycemia may underlie the pathophysiology of the depression-like behavior in 
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SDT fatty rats.  

 Moreover, there is also an evidence suggesting that patients with MDD exhibit 

cognitive impairments in its acute phase (Hammar and Ardal, 2009; Rock et al., 2014). It 

is reported that the high plasma corticosterone secretion probably plays a role in such 

impairment (Egeland et al., 2005). In addition, the impaired neurotransmissions such as 

5-HT and glutamate found in this study are known to play roles in the cognitive functions 

(Logue and Gould, 2014; Volk et al., 2015). Although cognitive functions were not tested 

in this study, it is worth testing whether SDT fatty rats exhibit cognitive impairments in 

the future because it may reveal the mechanism of the cognitive deficits in MDD.  

 

Mechanism of blunted circadian rhythm 

 There have been reported that STZ-treated rats/mice and GK rats, which is a non-

obese insulin-independent DM model, exhibit the deficits in the circadian rhythms 

(Velasco et al., 1988; Frese et al., 2009). Unlike these models, SDT fatty rats has many 

features of the insulin resistance as well as obesity, which is the majority of T2DM in 

clinic (Katsuda et al., 2015). Thus, the finding of deficits in the circadian rhythms in SDT 

fatty rats seems worthwhile in terms that SDT fatty rat may be a suitable animal model to 

help more deep understanding of the pathophysiology in human. Consistent with the 

previous report which demonstrated the deficits in the melatonin secretion in GK rats 

(Frese et al., 2009), the circadian rhythms of plasma melatonin were blunted in SDT fatty 

rats. In contrast, this is the first report that the circadian rhythms of plasma metabolic 

parameter were impaired in the animal models of DM. Consistent with these observations, 

studies in shift workers provide evidence for the link between disrupted sleep cycles and 

elevated triglyceride levels, even after adjusting for other factors such as dietary intake 
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(Karlsson et al., 2001; Mohebbi et al., 2012). Interestingly, Tsujino et al. (2006) 

demonstrated that 5-HT levels in the PFC were significantly higher in the animal model 

of autism, which also shows an aberrant sleep–wake cycle (Bendikov et al., 2007). In this 

study, the SDT fatty rats showed reduced 5-HT contents in the PFC. However, although 

the direction of change is opposite to the previous findings, the deficits in 5-HT 

transmission might disturb the sleep–wake cycle.  

 As mentioned above, the deficits in the circadian rhythms is suggested to closely 

linked with a variety of mental disorders as well as metabolic disorders. The findings that 

SDT fatty rats exhibited not only depression-like behavior but also the deficits in the 

circadian rhythms suggest that SDT fatty rats can be a good tool for investigating the 

interrelationship between depression, circadian rhythm and metabolic disorder.  

 

D-serine signaling in CNS diseases 

 The importance of D-serine in normal brain function and its fluctuation in many 

CNS diseases has been gaining attention year by year (Guercio and Panizzutti, 2018). 

Thus, a more comprehensive understanding of synaptic D-serine in the brain is highly 

needed. Most of the approaches thus far involved activating D-serine signaling to 

investigate the role of D-serine have been dosing D-serine itself both in clinical and 

preclinical testing. However, the dosage of D-serine was high due to its low BBB 

penetration (Karasawa et al., 2008; Shimazaki et al., 2010). As expected, dosing high 

amount of D-serine is reported to induce off-target related peripheral side effects. For 

example, a single administration of D-serine at a dose of 750 mg/kg caused a selective 

necrosis to the pars recta region of the renal proximal tubules in the rat (Ganote et al., 

1974).  



66 

 

 To investigate the regulation mechanism at synapse, I focused on asc-1, which 

is specifically located at synapse. Asc-1 has long been an attractive therapeutic drug target 

for schizophrenia according to one report showing the increase of synaptic D-serine levels 

by SMLC (Helboe et al., 2003). However, the findings in this study has revealed that the 

role of asc-1 was contrary to what it used to believed. Moreover, these findings potentially 

provide the usefulness of ACPP as a good tool compound for investigating the role of 

synaptic D-serine in a variety of CNS diseases. Indeed, accumulating evidence suggest 

that activation of D-serine signaling plays a role in the pathophysiology of MDD or 

circadian rhythm deficits. For example, significantly higher D-serine levels in serum 

(Griffin, 1989) and in CSF (Madeira et al., 2015) have been reported in the patients with 

MDD. In a very recent study performed by Ishiwata et al. (2018), the D-serine levels in 

the CSF of patients with MDD correlated with the severity. In contrast, ketamine is also 

known to exert an antidepressive effect both in humans and rodents (Berman et al., 2000; 

Lai et al., 2014; Murrough et al., 2015). Thus, the precise role of NMDA receptor 

signaling in modulation of mood is yet to be understood. 

 In addition to the role of D-serine as a critical regulator in the brain function, D-

serine is known to have a potential role in the metabolic function. Long-term (8-weeks) 

treatment with D-serine is reported to effectively suppress high fat diet intake resulting in 

reduced weight gain (Sasaki et al., 2015; Suwandhi et al., 2018). However, D-serine also 

induces hyperglycemia, and strongly impairs glucose tolerance due to impaired insulin 

secretion from pancreatic beta cells (Suwandhi et al., 2018). Thus, further investigation 

is required to elucidate the role of D-serine in the pathophysiology of depression-like 

behavior and the deficits of circadian rhythms observed in SDT fatty rats. 

 



67 

 

Conclusion 

 In conclusion, I found the CNS-related behavioral deficits and the 

pathophysiology of SDT fatty rat, a novel animal model of T2DM. Furthermore, I also 

found the ideal tool compound for testing physiological role of D-serine and found a novel 

role of asc-1 in the brain. As described above, the metabolic deficits including DM and 

obesity substantially affect the brain function and can lead to CNS diseases such as MDD 

and the deficits in circadian rhythm and vice versa. It can be hypothesized that an aberrant 

D-serine signaling may be a central key factor that links CNS diseases including MDD, 

deficits in circadian rhythms and schizophrenia with metabolic dysfunction. It is very 

important to modulate the levels of D-serine to a physiologically achievable level in the 

appropriate site - close to the NMDA receptor. In the future, this hypothesis should be 

investigated using ACPP, which is the only compound available for above testing at this 

time, in order to unveil the pathophysiology underlying the above hypothesis. 
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