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1. Schizophrenia and its treatment 

1.1. Definition of schizophrenia 

Schizophrenia is a mental disorder characterized by a breakdown of thought processes and 

poor emotional responsiveness. Common symptoms include auditory hallucinations, 

paranoid or bizarre delusions and disorganized speech and thinking, often accompanied by 

significant social or occupational dysfunction. The onset of symptoms typically occurs in 

young adulthood with prevalence amongst adults reported to be in the range of 0.5-1.5%, 

although estimates tend to vary between studies (Bishara and Taylor 2008). Diagnosis of the 

disease is based on observed behaviour and patient's reported experiences.  Since the 

1950’s, antipsychotics have been a mainstay of therapy. Antipsychotic treatment generally 

decreases the psychotic symptoms and usually allows the patient to experience functional 

recovery in terms of academics, peer relations and family life.  

 

1.2. Schizophrenia treatment 

1.2.1. Typical antipsychotics 

The first generation antipsychotic drugs were developed between 1950 and 1980. They were 

found to be effective in treating the positive symptoms of schizophrenia such as delusions 

and hallucinations albeit showing a lower efficacy in the treatment of the negative symptoms 

such as emotional withdrawal, apathy, avolition and cognitive dysfunction (Lieberman et al. 

2005). Due to their effects on the dopamine D2 receptors (D2R), first generation 

antipsychotics also caused extrapyramidal side effects (acute dystonic reactions, 

pseudoparkinsonism, akathisia) and tardive dyskinesia (Tandon and Jibson 2002) which 

made their long term use problematic (Bishara and Taylor 2008).  

 

1.2.2. Atypical antipsychotics 

In an effort to develop novel agents that would treat both positive and negative symptoms of 

schizophrenia while exhibiting a low propensity for movement disorders, several 

antipsychotic drugs were developed in the 1990s, referred to as “second generation” or 

“atypical antipsychotic drugs” (AAPDs). Although the new drugs showed improved efficacy in 

treating negative symptoms as well as a lower propensity to cause movement disorders (due 

to their lower affinity for D2R), these benefits were accompanied by other side effects. AAPDs 

have adverse metabolic effects (Nasrallah 2008) such as weight gain (Taylor and McAskill 

2000; Nasrallah 2003) and impaired glucose metabolism (Haddad 2004), resulting in an 

increased propensity for obesity and type 2 diabetes. Like conventional antipsychotics, 
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AAPDs are also antagonists of D2R; however they show an additional range of binding 

activity at various other receptor sites. A complete understanding of the mechanism of action 

of AAPDs is important, as it may allow us to improve AAPDs already in use and, perhaps, 

lead to the production of a new generation of drugs without the metabolic side effects 

mentioned. 
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2. Metabolic disorders  

2.1. Maintaining the energy balance  

In healthy subjects, energy balance is maintained by a combination of mechanisms (Figure 

1). In the physiological situation, insulin is released into the circulation to maintain glucose 

homeostasis, i.e. euglycemia (~5.5 mmol/L). After a meal, insulin is released into the 

circulation by pancreatic β-cells, facilitating glucose uptake in the liver, skeletal muscles and 

adipose tissues. In the liver and muscle, glucose is stored as glycogen (glycogenesis) and in 

adipocytes as triglycerides. At the same time, insulin inhibits hepatic glucose production. In a 

fasting state, circulating insulin levels are low, enabling the body to use stored sugar as an 

energy source. Pancreatic α-cells release glucagon which leads to breakdown of glycogen 

stored in the liver into glucose (glycogenolysis) which can then be used as energy source.  

 

2.2. Obesity and Diabetes 

Obesity affects more and more people in the world, and is defined as a body mass index 

(BMI) higher than 30 kg/m2. It is now well established that obese patients are often highly 

susceptible to diabetes mellitus (McNaughton 2013). The total number of people with 

diabetes worldwide is predicted to rise from 171 million in 2000 to 366 million in 2030 (Wild et 

al. 2004).  

There are 2 forms of diabetes. Type 1 diabetes is caused by autoimmune-mediated 

destruction of insulin producing (pancreatic) β-cells, which results in absolute insulin 

deficiency. Patients with type 1 diabetes are treated with exogenous insulin to adjust plasma 

glucose and to prevent ketoacidosis, a life threatening complication of the disease. Type 2 

diabetes is far more common with 285 million people affected in 2010, i.e. 90% of total 

diabetic patients (Williams textbook of endocrinology (12th edition) Philadelphia: 

Elsevier/Saunders. p. 1371-1435. ISBN-978-1-4377-0324-5). It is mainly characterized by 

insulin resistance or insulin secretion defects. When oral anti-diabetic agents fail, patients 

need to be treated with insulin, which may require assessment of daily blood glucose levels 

in order to adjust the dosage, making management of the symptoms very challenging.   

 

2.3. Insulin resistance 

Insulin resistance is a state of hypo-responsiveness of tissues to circulatory insulin. Muscle, 

fat and liver cells are unable to sufficiently respond to insulin and uptake glucose, amino 

acids and fatty acids which results in higher blood glucose and triglycerides levels. Insulin 

resistance concomitant with obesity, however, may cause adverse health effects such as 
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cardiovascular disease and hypertension, owing to the resulting hyperglycemia and 

hypertriglyceridemia. As a consequence, glucose production cannot be sufficiently lowered 

by the liver, resulting in a further increase of plasma glucose levels.  

Causal links between insulin resistance, obesity and dietary factors are not completely 

understood. It is plausible that one factor leads to the other; or that insulin resistance and 

excess body weight are mutually exclusive at the onset, as a consequence of a third factor, 

ending up reinforcing each other. It is also plausible that due to genetic susceptibility, a 

proportion of patients suffering from insulin resistance may be predisposed to certain factors. 

The gold standard for investigating and quantifying insulin resistance is the 

“hyperinsulinemic-euglycemic clamp” so called because it measures the amount of glucose 

necessary to maintain euglycemia while compensating for targeted increased insulin levels. 

Combining the hyperinsulinemic-euglycemic clamp at different insulin plasma concentrations 

with the infusion of a labeled glucose isotope enables the separation of the effects of insulin 

on glucose production and glucose uptake, i.e., hepatic insulin sensitivity and systemic 

insulin sensitivity. 

 

3. Olanzapine 

3.1. Olanzapine profile 

Olanzapine (Ola), a thienobenzodiazepine derivative, was introduced as an atypical 

antipsychotic in 1996 (Bymaster et al. 1996) and has been widely used since then. Ola is 

used to treat schizophrenia as well as depressive episodes associated with bipolar disorder 

and acute manic episodes. Clinical studies indicate that Ola is as effective as haloperidol, a 

first generation antipsychotic, in reducing positive symptoms of schizophrenia and superior in 

reducing negative symptoms (Beasley, Jr. et al. 1996; Tollefson et al. 1997b; Perry et al. 

1997).  

 

3.2. Olanzapine metabolic side effects 

The efficacy and safety of Ola have been extensively studied over many years (Beasley 

1997). Ola like other AAPDs is known to cause metabolic side effects. It has been shown 

that in newly diagnosed schizophrenic patients; 90-100% gained more than 7% of the pre-

treatment body weight in a 1-year follow-up period (Lieberman et al. 2005; McEvoy et al. 

2007; Green et al. 2006; Zipursky et al. 2005). The safety profile of oral Ola revealed 

potential risks for causing a “metabolic syndrome”, consisting of hyperglycemia, 

hyperlipidemia, hyperprolactinemia, elevations in plasma transaminases and weight gain 

(Bishara and Taylor 2008; Chiu et al. 2006). These side effects led the US Food and Drug 
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Administration (FDA) in March 2004 to require a warning in the labeling of the drug about 

hyperglycemia and diabetes risks by Eli Lilly, the only manufacturer of the drug at that time. It 

has been shown that body weight gain is more frequent and more severe in patients treated 

with Ola than in those receiving haloperidol, a typical antipsychotic drug (Tollefson et al. 

1997a; Beasley, Jr. et al. 1997; Lieberman et al. 2005). The prevalence of type 2 diabetes is 

higher in families of patients with schizophrenia (Mukherjee et al. 1989) and approaches the 

prevalence of diabetes observed in families of patients with type 2 diabetes (Cheta et al. 

1990). Moreover, drug naïve schizophrenic patients have been shown to display hepatic 

insulin resistance (van Nimwegen et al. 2008). Thus, schizophrenic patients are at risk to 

develop type 2 diabetes, making it even more important to find a way to circumvent the 

metabolic side effects of AAPDs like Ola. 

 

3.3. Receptor binding and their consequences 

AAPDs have been so called to distinguish them from “typical” antipsychotics that mainly bind 

to one type of receptor (DA). AAPDs have a broader range of action. The focus in this thesis 

will be on Olanzapine. 

Ola has high affinity for a number of receptors including serotoninergic (5-HT2a and 5-HT2c), 

dopaminergic (D1, D2, D3 and D4), histaminergic (H1), adrenergic (α-adrenergic 1), and 

muscarinergic (M1, M2, M3, M4 and M5) receptors (Fuller and Snoddy 1992; Bymaster et al. 

1996; Dwyer et al. 2003; Kapur and Seeman 2001). Binding to one or a combination of these 

receptors has been assumed to be involved in the pathogenesis of the metabolic side effects 

of Ola. For example, antagonists of the 5-HT2 receptor attenuate insulin sensitivity (Gilles et 

al. 2005). Thus, Ola as a 5-HT2a receptor antagonist could potentially lead to decreased 

uptake of glucose and thus increased plasma glucose levels. Moreover, D2 antagonism, an 

effect shared by all antipsychotic drugs, can influence eating behavior (Clifton et al. 1991), 

with an increased food intake resulting from blockade of hypothalamic D2R (Parada et al. 

1988; Reynolds and Kirk 2010). It was also shown in animal experiments that acute (1-week) 

and chronic (12-weeks) Ola treatment significantly down-regulated H1 receptor mRNA 

expression in the arcuate (Arc) and ventromedial nucleus (VMH) of the hypothalamus. In 

contrast, haloperidol and aripiprazole, which are antipsychotics with a lower risk of weight 

gain, failed to show a similar effect (Han et al. 2008). Ola-induced decreased H1 receptor 

binding density in the VMH was associated with increased food intake and weight gain in 

Ola-treated rats compared to those treated with aripiprazole or haloperidol (Han et al. 2008).  
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4. Olanzapine, brain and metabolism  

The brain and more specifically the hypothalamus have a key role in regulation of energy 

balance (Shioda et al. 2008; Valassi et al. 2008) (Figure 2). Increased plasma levels of leptin, 

a hormone secreted by adipose tissue and involved in regulation of energy intake and energy 

expenditure, inhibit neurons in the hypothalamic Arc that co-express the orexigenic 

neurotransmitters neuropeptide Y (NPY) and agouti-related peptide (AgRP), while activating 

the anorexic pro-opiomelanocortin (POMC) neurons that co-express cocaine- and 

amphetamine-related transcripts (CART). Weight gain induced by Ola appears to be 

associated with an increase of leptin levels (Kraus et al. 1999; Melkersson et al. 2000). 
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Another hormone important for regulation of energy balance is ghrelin. It is produced by the 

stomach during fasting and has the opposite effect on Arc neurons than leptin; ghrelin 

inhibits POMC/CART and activate the NPY/AgRP neurons. The association between Ola 

and plasma ghrelin is still debatable. Although some studies report higher serum ghrelin 

levels in patients using Ola (Murashita et al. 2005; Palik et al. 2005; Esen-Danaci et al. 

2008), others found decreased levels (Togo et al. 2004; Tanaka et al. 2008; Basoglu et al. 

2010; van der Zwaal et al. 2012). Many POMC/CART and NPY/AgRP neurons convey their 

information to second-order neurons in the paraventricular nucleus of the hypothalamus 

(PVN) and lateral hypothalamus (LH), such as those containing corticotropin-releasing 

hormone (CRH), thyrotropin-releasing hormone (TRH), Ox, and melanin-concentrating 

hormone (MCH) (Elias et al. 1998). Ox and MCH affect food intake in an orexigenic manner 

(Qu et al. 1996; deLecea et al. 1998; Sakurai et al. 1998; Shimada et al. 1998). Patients 

treated with Ola for 6 weeks showed a decrease in plasma Ox-A levels (Basoglu et al. 2010). 

Animal studies showed that Ola induces activation of Ox neurons in the LH (Wallingford et al. 

2008). Moreover, Ola treatment was shown to decrease energy expenditure and sympathetic 

discharge in association with activation of Ox-A positive neurons (Stefanidis et al. 2009; 

Monda et al. 2008). A possible association between MCH and Ola side effects has not been 

extensively studied. However, a genetic study showed that the common allele of the PMCH 

gene rs7673796 (precursor of MCH) may be associated with a greater BMI in Ola-treated 

schizophrenic patients (Chagnon et al. 2007). 

 

5. Hypothesis: Olanzapine metabolic side effects find their origin in the 

hypothalamus. 

Ola has affinity for serotoninergic, adrenergic, dopaminergic and histaminergic receptors and 

the neurotransmitters for those receptors are involved in energy homeostasis without 

exception. All these receptors can be found both in the central and peripheral nervous 

system and are known to modulate energy homeostasis. Many of them are abundantly 

expressed in the hypothalamus, which is a brain region intensely implicated in the control of 

energy and glucose metabolism as described previously. We hypothesize that the metabolic 

side effects of Ola find their origin in the brain and more specifically in the hypothalamus. In 

Chapter 2, we compare the effects of acute peripheral and central administration of Ola on 

glucose metabolism. We also assessed the metabolic and energetic side effects of chronic 

Ola administration. In Chapter 3, we investigate the possible involvement of the hypothalamic 

neuropeptides Ox and MCH in hyperglycemia and insulin resistance inducing effects of Ola. 
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ABSTRACT 
 
Atypical antipsychotic drugs such as Olanzapine (Ola) induce weight gain and metabolic 

changes associated with the development of type 2 diabetes. The mechanisms underlying 

the metabolic side effects of these centrally acting drugs are still unknown to a large extent. 

We compared the effects of peripheral (intragastric; 3 mg/kg/h) versus central 

(intracerebroventricular; 30 µg/kg/h) administration of Ola on glucose metabolism using the 

stable isotope dilution technique (Experiment 1) in combination with low and high 

hyperinsulinemic-euglycemic clamps (Experiments 2 and 3), in order to evaluate hepatic and 

extra-hepatic insulin sensitivity, in adult male Wistar rats. Blood glucose, plasma 

corticosterone and insulin levels were measured alongside endogenous glucose production 

and glucose disappearance. Livers were harvested to determine glycogen content. 

Under basal conditions peripheral administration of Ola induced pronounced hyperglycemia 

without a significant increase in hepatic glucose production (Experiment 1). The clamp 

experiments revealed a clear insulin resistance both at hepatic (Experiment 2) and extra-

hepatic levels (Experiment 3). The induction of insulin resistance in Experiments 2 and 3 was 

supported by decreased hepatic glycogen stores in Ola-treated rats. Central administration of 

Ola, however, did not result in any significant changes in blood glucose, plasma insulin or 

corticosterone concentrations nor in glucose production.  

In conclusion, acute intragastric administration of Ola leads to hyperglycemia and insulin 

resistance in male rats. The metabolic side effects of Ola appear to be mediated primarily via 

a peripheral mechanism, and not to have a central origin. 
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INTRODUCTION  
 
Atypical antipsychotic drugs (AAPDs) are increasingly replacing the use of typical 

antipsychotics due to their decreased risk for extrapyramidal side effects (Hoiberg and 

Nielsen 2006) and their higher efficacy in the treatment of negative symptoms of 

schizophrenia (Lee et al. 2002; Lublin et al. 2005; Sirota et al. 2006). However, some AAPDs 

are associated with unfavorable metabolic side effects such as weight gain and insulin 

resistance (Lublin et al. 2005; Wetterling 2001). Epidemiologic studies showed that 

Olanzapine (Ola) is one of the AAPDs that causes most pronounced weight gain (Nasrallah 

2008). Also clinically, Ola represents one of the atypical antipsychotics with the greatest risk 

of inducing weight gain, metabolic disturbances or both (Allison et al. 1999). These metabolic 

side effects, especially weight gain, decrease patients compliance (Citrome and Volavka 

2004) even though Ola is a very effective drug in terms of  symptom reduction (Sirota et al. 

2006; van Bruggen et al. 2003). Moreover, weight gain and insulin resistance are risk factors 

for type 2 diabetes and cardiovascular diseases (McIntyre et al. 2001).  

The mechanisms underlying Ola-induced metabolic disturbances are still unclear. Ola is 

known to bind to a number of receptors, such as the histamine H1 receptor (Deng et al. 2010; 

Bymaster et al. 1996), the serotonin 5-HT2c receptor (Davoodi et al. 2008; Huang et al. 2006; 

Kirk et al. 2009), the adrenergic α2 and β3 receptors, the acetylcholine m3 receptor (high 

affinity) and the dopamine 2 (D2) receptor (low affinity) (Kapur et al. 2003; Nordstrom et al. 

1993). In addition, it is not obvious whether the metabolic side effects are mediated by 

central or peripheral effects of the drug. The principal mechanism of action of AAPDs is 

clearly based on their actions in the central nervous system (CNS), but the receptors they 

bind to are also widely expressed in peripheral tissues such as the liver (Kawai et al. 1986; 

Nassar et al. 1986; Imoto et al. 1985; Ruddell et al. 2008; Vatamaniuk et al. 2003). 

In rat models, it has been shown that an acute subcutaneous administration of Ola induces 

insulin resistance by increasing hepatic glucose production and decreasing glucose uptake 

(Chintoh et al. 2008). These findings indicate that the Ola-induced metabolic changes can 

occur rapidly, and even before the weight gain occurs, indicating that these effects are not 

secondary to the weight gain. Two studies investigated possible central effects of Ola using 

acute intracerebroventricular (ICV) infusions of the drug, however, whilst one study reported 

Ola to induce metabolic changes (Martins et al. 2010), the other study found no metabolic 

changes after the central administration (Ferno et al. 2011). Neither of these two studies 

published plasma levels of Ola post-infusion, therefore a possible peripheral effect due to 

leakage cannot be excluded. 
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In order to elucidate the metabolic side effects of Ola and the mechanism thereof, we 

compared the acute effects of a peripheral (intragastric, IG) versus a central (ICV) 

administration of Ola on glucose production and insulin sensitivity using a stable glucose 

isotope dilution technique in combination with hyperinsulinemic-euglycemic clamps.  

 

 

MATERIALS AND METHODS  

Ethic statement 

All experiments were approved by the animal care committee of the Royal Netherlands 

Academy of Arts and Science. 

 

Animals 

Male Wistar rats (Harlan Nederland, Horst, The Netherlands) weighing 300–350 g were 

individually housed (cages 40x25x25 cm) and maintained on a 12h/12h light/dark cycle 

(lights on at 7:00am) at 21±1°C and 60±5% relative humidity. Food (standard rodent chow, 

Teklad) and water were available ad libitum. Experiments 1, 2 and 3 have been performed on 

separate sets of animals.  

 

Drugs 

The dose of Ola chosen in the present studies was selected to parallel the clinical setting 

based on 70% dopamine D2 receptor occupancy, which represents a threshold in humans 

associated with optimal clinical response (Kapur et al. 2003). The route of administration was 

chosen such that a continuous infusion of freshly made solution was possible in freely 

moving, undisturbed animals. Using a surgically implanted IG catheter, animals were treated 

with a primed 36 mg/kg/h infusion during 5 minutes followed by a continuous 3 mg/kg/h 

infusion for 160 minutes (i.e., in total 3.66 mg/rat) of Ola (ChemPacific Corporation, 

Maryland) dissolved in acidified MilliQ water (pH=6). A second set of animals were treated 

with 360 µg/kg/h during 5 minutes and 30 µg/kg/h for 160 minutes (i.e., in total 36.6 µg per 

rat) administered via an ICV cannula, representing 1% of the peripheral dose. Solubility of 

the drug when applied in the ventricular compartment was tested separately and appeared to 

be maintained when added to artificial cerebrospinal fluid at physiological pH. Ola solution for 

IG infusion was prepared in MilliQ water acidified with HCl (1M) and then brought back to pH 

6 using NaOH (1M).  
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Surgical procedures 

After 7 days of habituation, animals were anesthetized by an intramuscular injection of 0.9 

ml/kg Hypnorm (Janssen, High Wycombe, Buckinghamshire, UK) and a subcutaneous 

injection of 0.3 ml/kg Dormicum (Roche, Almere, The Netherlands). Silicon catheters were 

placed into the right jugular vein and the left carotid artery for intravenous infusions and 

blood sampling. The vascular lines were closed using a mix of polyvinylpyruvidon (PVP; 

Sigma-Aldrich Corp., St. Louis, MO), heparin and amoxicillin. For the peripheral study, a 

silicon cannula was placed in the stomach during the same surgery. IG cannulas were placed 

through a 1 cm incision on the left side of the abdomen. For the central study, ICV probes 

were placed unilaterally into the lateral cerebral ventricle using a standard Kopf stereotaxic 

apparatus (Anteroposterior: -0.8mm, Lateral: 2.0mm, Ventral: -3.2mm, Angle: 0). Catheters 

and IG cannulas were fixed on the top of the head of the animal using dental cement. These 

techniques allowed us to perform all our experiments in freely moving animals. Experiments 

were performed only after recovery of the pre-surgical body weight and with animals in 

healthy shape, i.e. 7 – 10 days post-operative recovery. 

 

Experimental procedures 

During the experiments, animals were permanently connected to blood-sampling and 

infusion lines, which were attached to a metal collar and kept out of reach from the rats by 

means of a counter-balanced arm. This allowed all manipulations to be performed outside 

the cages without handling the animals. The metal collars were attached the day before the 

experiment. Before the day of the experiment, food was restricted to 20 g overnight. Two 

hours before the experiment, rats were handled to connect them to the blood sampling and 

infusion lines and all remaining food was removed. 

 

1. Experiment 1: Basal endogenous glucose production 

To assess endogenous glucose production (EGP), [6,6-2H2]glucose was used as a tracer. 

Blood samples were taken at t=-5 min for background enrichment (t=0 was at 11.00 a.m.), at 

t=90, t=95 and t=100 min to determine enrichment during the equilibrium state and every 20 

min from t=120 till t=260 to determine enrichment during the experiment. 

Vehicle (MilliQ water at pH=6 to mimic the pH of the Ola solution for the IG infusion (1 ml/h) 

and Ringer for the ICV infusion (5 µl/h)) started together with a continuous [6,6-2H2]glucose 

infusion via the jugular vein in both groups at t=0. After the t=100 min blood sample (at 12.40 

a.m.), vehicle infusion was changed to Ola or vehicle solution (36 mg/kg/h during 5 min and 3 

mg/kg/h until the end of the experiment for the IG infusion and 360 µg/kg/h during 5 min and 
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30 µg/kg/h till the end of the experiment for the ICV infusion). At the end of the experiment, 

animals were sacrificed by a lethal intravenous injection of pentobarbital. Trunk blood was 

collected for plasma Ola measurements at the end of the experiment. Samples of liver were 

snap frozen in liquid nitrogen and stored for glycogen measurements. 

 

2. Experiments 2 and 3: Hyperinsulinemic-euglycemic clamps 

Both hyperinsulinemic-euglycemic clamp experiments (Experiments 2 and 3) started with a 

continuous [6,6-2H2]glucose infusion and an IG vehicle infusion at t=0. Blood samples were 

collected at t=-5 min for background enrichment, and at t=90, t=95 and t=100 min to 

determine enrichment at the equilibrium state.  

Starting at t=100, insulin (Actrapid 100IU/ml; Novo Nordisk, Alphen aan de Rijn, The 

Netherlands) was administered in a primed (7.2 mU/kg/min for Experiment 2 and 21.6 

mU/kg/min for Experiment 3 during 5 min) – continuous (3 mU/kg/min for Experiment 2 and 9 

mU/kg/min for Experiment 3) intravenous infusion. A variable infusion of a 25% glucose 

solution containing 1% [6,6-2H2]glucose was used to maintain euglycemia, which was 

checked every 10 min by blood sampling. Thirty minutes after the start of the insulin infusion, 

the IG vehicle infusion was replaced by Ola or vehicle (36 mg/kg/h during 5 min and 3 

mg/kg/h till the end of the experiment). At the end of the experiment, five final blood samples 

were collected with a 10 min interval from t=250 till t=290 to determine isotope enrichment 

during the hyperinsulinemic-euglycemic state. At the end of the experiment, animals were 

sacrificed by a lethal intravenous injection of pentobarbital. Trunk blood was collected for 

plasma Ola measurement at the end of the experiment. Samples of liver were snap frozen in 

liquid nitrogen and stored for glycogen measurements. 

 

Laboratory methods/analysis 

Glucose concentrations were determined using a blood glucometer (Abbott BV, Hoofdorp, 

Netherlands). Blood samples were collected in tubes containing heparin on ice and 

centrifuged at +4°C. Plasma was stored at -20°C until further analysis. 

Plasma insulin and corticosterone concentrations were measured using radioimmunoassay 

kits (Millipore, Billerica, USA and MP Biomedicals, Orangeburg, USA, respectively). Plasma 

[6,6-2H2]glucose enrichment was measured by gas chromatography-mass spectrometry 

(GCMS), and EGP was calculated by the methods of Steele (Steele 1959). 

Hepatic glycogen content was measured as described before with minor adaptations  (Van 

der Vies J 1954). Briefly, 10–20 mg snap-frozen liver tissue was homogenized in 1 ml 5% 

trichloroacetic acid and incubated for 30 min at room temperature. After centrifugation for 10 
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min, glycogen was precipitated from the supernatant by adding 2 volumes of 95% ethanol 

and centrifugated for 30 min. The supernatant was discarded and the precipitate dissolved in 

a 1:60 dilution of Lugol’s reagent in 25% (wt/vol) potassium chloride containing 30 mM 

hydrochloric acid. The glycogen content was determined spectrophotometrically at 600 nm 

and normalized against the tissue weight.  

Plasma Ola concentrations were measured by LC/MS/MS coupled to Quattro I Xe, using a 7 

points calibration curve from 0.2 to 200 ng/ml and 3 quality standards (1 – 10 and 100 ng/ml) 

(Laboratoires Fournier, Solvay Pharmaceuticals now Abbott, Daix, France). 

 

Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM). Statistical analysis was 

performed using SPSS version 17.0. A p<0.05 was considered statistically significant. 

For Experiment 1, an ANOVA with repeated measures was performed to compare glucose 

levels, EGP, corticosterone levels and insulin levels. Plasma Ola levels were compared using 

a one-way ANOVA. For non-detectable samples, 0.2 ng/ml (the detection level) was used for 

the statistical analysis. For Experiments 2 and 3, EGP and glucose uptake levels were 

compared using an ANOVA with repeated measures and a post-hoc analysis using one-way 

ANOVA. Plasma corticosterone and insulin levels were compared using ANOVA with 

repeated measures. Finally, liver glycogen contents were compared using a T-test. 

 

 

RESULTS 

Experiment 1: Acute IG administration of Ola induces hyperglycemia, unlike ICV 

administration  

Plasma glucose concentrations were measured before and during the infusion of Ola (IG 

infusion in Figure 1a, ICV infusion in Figure 2a). Control and Ola groups showed similar 

basal blood glucose levels before the IG infusion started (i.e., 5.77 ± 0.37 mmol/L for the 

control group and 5.98 ± 0.17 mmol/L for the Ola-treated group). IG infusion of Ola in rats 

resulted in a significant increase (p<0.001) in glycemia 60 min after the start of the infusion, 

as compared to the control rats. Maximal glycemia levels were reached 2h after the start of 

Ola (8.68 ± 0.43 mmol/L), while the control rats did not show a significant difference (6.15 ± 

0.26 mmol/L) (Figure 1a). ANOVA showed significant effects of Time (p<0.001), Group 

(p=0.001) and Group*Time (p<0.001). Rats receiving an ICV Ola infusion showed no 

significant difference in glycemia as compared to the control rats. Basal blood glucose levels 

were 5.51 ± 0.26 mmol/L and 5.66 ± 0.13 mmol/L and maximally increased to 6.13 ± 0.17 
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mmol/L and 6.23 ± 0.17 mmol/L during the infusion for the control and Ola groups, 

respectively (Group, p=0.635; Figure 2a). 

 

 

EGP was measured by calculating the ratio of labeled and unlabeled glucose in the plasma 

(Figure 1b for IG infusion and Figure 2b for ICV infusion). At the start of the IG infusion of 

Ola, basal EGP was comparable for both groups (53.76 ± 2.14 μmol.kg-1.min-1 for control 

animals and 60.49 ± 5.8 μmol.kg-1.min-1 for Ola animals, p=0.687). Infusion of Ola did not 

show any effect on EGP (Group, p=0.356; Figure 1b). Also during the ICV infusion of Ola, no 
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significant changes in EGP were found (basal EGP 63.99 ± 1.17 μmol.kg-1.min-1 for controls 

and 65.83 ± 3.16 μmol.kg-1.min-1 for Ola animals and, at t=240, experimental EGP 69.9 ± 

9.92 μmol.kg-1.min-1 for controls and 65.7 ± 3.42 μmol.kg-1.min-1 for Ola animals; Group, 

p=0.805; Figure 2b). 

 

 

 

Corticosterone levels showed a steady increase over time in both intragastrically-treated 

groups, with a significant increase in the Ola-treated animals (Group, p=0.039; Figure 1c). In 

the ICV-treated groups, no significant effects of Time or Group were found for the plasma 
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corticosterone concentrations. Neither the IG nor ICV Ola infusion affected plasma insulin 

levels (Figures 1d and 2d) nor glucagon levels (data not shown). 

 

Plasma levels of Ola after IG and ICV administration of Ola 

Plasma Ola levels were assessed at the end of Experiment 1. Plasma Ola concentrations 

after IG infusion of Ola were 285.9 ± 59.6 ng/ml for treated group and non-detectable (i.e., 

limit of detection 0.2 ng/ml) for controls (p<0.001; Figure 3). After ICV administration, plasma 

levels of Ola were significantly lower than after the peripheral infusion (Administration route; 

p<0.001) and there was no significant difference between ICV controls (<0.2 ng/ml) and ICV 

Ola animals (1.78 ± 0.84 ng/ml; p=0.2; Figure 3). 

 

 

  Experiment 2: Acute IG administration of Ola induces hepatic insulin resistance 

During the hyperinsulinemic-euglycemic clamp (Experiment 2), we assessed hepatic insulin 

sensitivity by raising the circulating plasma insulin concentration ~30% above the basal 

concentration of insulin (Figure 4d). Glucose levels were successfully clamped at an average 

of 6.21 ± 0.06 mmol/L, and no significant differences were noticed between the 2 groups 

(Time*Group, p=0.723 and Group, p=0.113; Figure S1). The glucose infusion rate (GIR) 

needed to maintain euglycemia was significantly lower in the Ola-treated animals compared 
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to vehicle-treated animals (Time*Group, p=0.001; Figure S2).  Basal EGP was identical for 

both groups (53.56 ± 4.89 μmol.kg-1.min-1 for controls and 55.4 ± 2.87 μmol.kg-1.min-1 for Ola-

treated rats). The physiological effect of a modest increase in circulating plasma insulin is 

evidenced by the 35% decrease of EGP in the control group (p=0.018). The inhibitory effect 

of insulin was clearly reduced by the Ola infusion resulting in a non-significant 14% decrease 

of EGP (p=0.111; Figure 4a). Vehicle-treated animals showed a lower EGP at the end of the 

insulin clamp compared to Ola-treated animals (p=0.06).  
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Glucose disappearance showed a similar pattern (Figure 4b). Basal levels were identical for 

both groups (53.56 ± 4.89 μmol.kg-1.min-1 for controls and 55.4 ± 2.87 μmol.kg-1.min-1 for Ola-

treated rats), but the insulin-induced increase of glucose uptake was much more pronounced 

in the control group (+26.57 μmol.kg-1.min-1) than in Ola-treated animals (+13.49 μmol.kg-

1.min-1; Time*Group, p=0.048; Figure 4b).  
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The results of the corticosterone data show that while in the control group, plasma 

corticosterone concentrations during the experiment were quite stable, the Ola-treated group 

showed a significant increase of their circulating corticosterone level (18.61 ± 5.70 ng/ml at 

baseline and 314.14 ± 53.46 ng/ml at the end of the experiment; Time*Group, p=0.028; 

Figure 4c).  

 

Experiment 3: Acute IG administration of Ola induces extra-hepatic insulin resistance 

In order to investigate the effect of Ola on glucose disappearance in more detail, we 

performed an additional clamp study, in which circulating insulin concentrations were 

increased >4-fold (Figure 5d). Glucose levels were successfully clamped at an average of 

5.74 ± 0.051, and no significant differences were detected between the 2 groups 

(Time*Group, p=0.628 and Group, p=0.631; Figure S3). The GIR needed to maintain 

euglycemia was close to zero in the Ola group and significantly lower in the Ola-treated 

compared to vehicle-treated animals (Time*Group, p<0.001; Figure S4). 

Basal EGP of the 2 groups did not differ (57.07 ± 9.01 μmol.kg-1.min-1 for the controls and 

44.26 ± 2.40 μmol.kg-1.min-1 for the Ola-treated group, p=0.22). Control animals showed a 

strong decrease of EGP due to high plasma insulin levels, i.e. almost 75% inhibition. Ola-

treated animals, however, showed a milder decrease, i.e., ~50% (Time*Group, p=0.018; 

Figure 5a). The glucose disappearance results showed a comparable pattern: similar basal 

levels, a large insulin-stimulated increase, but a smaller increase for the Ola group (Group, 

p=0.005; Figure 5b).  

Corticosterone data were comparable to the “low” clamp group. The control group showed a 

slight increase of corticosterone during the experiment (21.29 ± 4.99 ng/ml at basal level and 

87.42 ± 21.99 ng/ml at the end of the experiment), whereas the Ola-treated animals showed 

a significant increase of their circulating corticosterone levels (36.19 ± 12.35 ng/ml at 

baseline and 271.45 ± 51.22 ng/ml at the end of the experiment, Group, p=0.035; Figure 5c).  

 

Effect of acute Ola treatment on glycogen storage 

Relative hepatic glycogen content was assessed in all 3 experiments (Figure 6). Although 

mean hepatic glycogen levels appeared to be higher in Ola-treated animals in Experiment 1 

(Figure 6a), this increase did not reach statistical significance (p=0.096). During the “low” 

hyperinsulinemic-euglycemic clamp (Experiment 2), the insulin infusion resulted in a 

physiologic increase in glycogen storage in the control group (as compared with the non-

insulin treated animals in 6a). However, hepatic glycogen levels in Ola-treated animals were 

lower than in the control group (p=0.007) (Figure 6b). During the “high” hyperinsulinemic-
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euglycemic clamp (Experiment 3), hepatic glycogen content of Ola-treated animals again 

were significantly lower than those of the control group (p=0.043) (Figure 6c).  

 

 

 

DISCUSSION 

In this study, we compared the effects of peripheral and central administration of Ola on 

glucose metabolism. Acute IG administration of Ola clearly mimicked the adverse metabolic 

side effects known from clinical studies, as it induced both hyperglycemia and insulin 
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resistance, both at hepatic and extra-hepatic levels. Acute ICV administration of Ola did not 

result in any of these changes, indicating that the initiation of the metabolic side effects of Ola 

is mainly based on a peripheral mechanism. Moreover, our results show that the unfavorable 

effects of Ola can occur independently of weight gain. 

 

Ola side effects: Central vs peripheral?  

Recently Martins et al. (2010) compared the effects of intravenous (IV) and ICV infusion of 

Ola on insulin sensitivity. While the results of their IV administration were comparable to our 

IG administration, the ICV results of that study are in clear contrast with the current study. 

Similar to the subcutaneous administration (Houseknecht et al. 2007) and IV administration 

(Martins et al. 2010) of Ola, our IG route of administration also resulted in hepatic and extra-

hepatic insulin resistance. On the other hand, contrary to the lack of effect of ICV 

administration of Ola in our study, Martins et al. (2010) also reported an induction of hepatic 

insulin resistance with ICV administration. However, there are several differences in the 

experimental design that might explain these contrasting results. Most importantly, the dose 

of Ola used by Martins et al. (2010) was almost 10-fold higher than the dose used in this 

study (i.e., 330 µg/rat for Martins et al. (2010) and a total of 36 µg/rat in this study). Another 

study reporting the ICV administration of Ola (Ferno et al. 2011) showed a transient sedative 

effect after using a 50µg/rat dose but none at 20µg/rat. Our intermediate dose (36 µg/rat) 

indeed showed no sedative effects, but clearly part of the effects in Martins’ study might be 

linked to sedation (Martins et al. 2010). Next, we implanted our ICV cannulas into the lateral 

ventricle instead of the third ventricle, which was targeted in the study of Martins et al. 

(2010).  Several hypothalamic nuclei, involved in the control of energy metabolism, are 

located close to the borders of the third ventricle. Therefore, in Martins’ study, these 

hypothalamic nuclei probably have been exposed to much higher concentrations of Ola than 

in our study. Finally, our study was performed in male Wistar rats and Martins et al. (2010) 

used male Sprague Dawley rats. The measurements of the plasma Ola concentrations that 

we performed in samples taken immediately at the end of the infusion showed a small, but 

detectable, amount of Ola (1.8 ± 0.8 ng/ml) after ICV administration, i.e. ~0.5% of those in 

the IG Ola group (~280 ng/ml). In IG and ICV vehicle groups, plasma Ola concentrations 

were below the detection level. Unfortunately, in the study of Martins et al. (2010) no plasma 

Ola measurements were provided. However, since even with our low dose, Ola passed from 

the ventricle to the plasma, higher doses of Ola most likely will increase the level of Ola in 

plasma even further and thus make it very difficult to distinguish between a central and a 

peripheral effect. In the light of the current data, it is plausible that a combination of the 3rd 
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ventricle injection site and a 10-fold higher dose would possibly result in a leakage of Ola to 

the peripheral circulation. Therefore, the conclusion that metabolic side effects of ICV Ola are 

mediated by the hypothalamus may be erroneous.  

 

Peripheral Ola induces hyperglycemia and insulin resistance  

IG Ola infusion rapidly influenced glucose metabolism, as in basal conditions blood glucose 

concentrations were already increased by 1 mmol/L only 60 minutes after the start of the 

infusion. The clamp experiments (Experiments 2 and 3) showed a clear hepatic and extra-

hepatic insulin resistance that likely contributes to the increased glycemia following Ola 

infusion.  Since in Experiment 1, hepatic glucose production was not significantly increased, 

this would indicate a non-hepatic reduction in glucose uptake as the primary mechanism of 

Ola to induce hyperglycemia. Corticosterone levels of Ola-treated animals were elevated, but 

it is unlikely that this hormone causes the observed hyperglycemia as the increase was not 

sufficient to induce changes in hepatic glucose production. On the other hand, 

glucocorticoids are also involved in the regulation of insulin secretion (Morgan et al. 2009; 

Giorgino et al. 1993), and, although in our study plasma insulin levels remained unchanged 

during Ola treatment, the lack of an increased insulin secretion could facilitate the 

hyperglycemic effect of Ola. Moreover, it has also been shown that glucocorticoids like 

corticosterone can impair insulin signaling, primarily by decreasing total IRS-1 protein 

expression and increasing Ser307 phosphorylation. IRS-1 serine phosphorylation at this site 

had been reported to decrease the affinity of IRS-1 for the insulin receptor and increase IRS-

1 degradation (Aguirre et al. 2002), which seems sufficient to account for the glucocorticoid-

induced decrease of insulin-stimulated glucose uptake in skeletal muscle (Morgan et al. 

2009).  

The clinical syndrome of glucocorticoid excess, Cushing’s syndrome, includes decreased 

insulin sensitivity, hyperglycemia and diabetes. Recently, it has been shown that selective 

glucocorticoid receptor (type 2) antagonists are able to prevent the weight gain in rats 

induced by chronic Ola treatment (Belanoff et al. 2011). Belanoff et al. (2011) suggest that, 

since the weight gain reduction is not mediated by a decrease in food intake, the selective 

glucocorticoid receptor (type 2) antagonist might act on metabolic processes rather than 

controlling appetite. However, the mechanisms underlying glucocorticoid antagonist mediated 

inhibition of weight gain have not been fully elucidated yet. Nevertheless, these data indicate 

the glucocorticoid receptor as an interesting target for preventing the metabolic side effects of 

Ola. 
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In conclusion, we show that the primary side of action for the metabolic side effects of Ola 

are based on a peripheral mechanism, since ICV treatment did not result in any acute 

glucoregulatory changes. Nevertheless, it is still possible that subsequent to these primary 

events in the periphery an afferent signal is transmitted to the central nervous system 

(Stefanidis et al. 2009) and central mechanisms are thus implicated in subsequent steps of 

the metabolic side effects of Ola.  
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ABSTRACT  

Determining the optimal mode of administration of a drug is an important aspect in 

developing an animal model. The chemical and pharmacokinetic properties of a drug can 

markedly influence this. In this article, we describe some of the technical issues encountered 

with different modes of administration of Olanzapine (Ola) whilst developing rat models for 

the metabolic side effects of Ola. 

Due to the short half-life of Ola in rats, simple daily injections do not result in chronic drug 

exposure that is comparable to humans. Previous attempts to circumvent this issue by using 

implantable osmotic minipumps, proved suboptimal due to degradation of Ola in an acidified 

solution kept at body temperature. In vitro experiments revealed that the stability of Ola was 

considerably higher at room temperature compared to body temperature. Furthermore, 

central administration of Ola proved challenging: after intracerebroventricular (ICV) 

administration to male Wistar rats, significant leakage of Ola into the general circulation and 

poor penetration of Ola into brain tissue was observed.  

The aim of this paper is to contribute to the development of future rat models by raising 

awareness of the technical issues that may arise with drug administration to rats in general 

and of Ola specifically. Different options for peripheral and central administration of Ola in 

rats are discussed, together with their advantages and disadvantages. 
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INTRODUCTION 

Since its introduction to the market in 1996, Olanzapine (Ola) has become a widely 

prescribed drug in the treatment of schizophrenia and bipolar disorder (Hermann et al. 2002; 

Leucht et al. 2009; Scherk et al. 2007; Smith et al. 2007). Unfortunately, similar to other 

atypical antipsychotic drugs (AAPDs), the treatment benefits of Ola were soon 

overshadowed by metabolic side effects: significant weight gain, dyslipidemia and 

hyperglycemia frequently occur and have a negative effect on patients compliance (Leucht et 

al. 2009; Lieberman et al. 2005; Newcomer 2007; Parsons et al. 2009; Rummel-Kluge et al. 

2010). Moreover, this increases their cardiovascular risk (Hennekens et al. 2005; Newcomer 

2007). Because the therapeutic effect of Ola remains superior to other AAPDs that show less 

weight gain liability (Komossa et al. 2010; Leucht et al. 2009), research into the mechanisms 

underlying Ola-induced weight gain is of great importance.  

Compared to clinical studies, animal models offer additional opportunities to elucidate the 

mechanisms underlying the metabolic side effects of Ola, which has led to development of 

rat models by several research groups (for review see Boyda et al. 2010). In the process of 

developing suitable rat models for the metabolic side effects of Ola, we encountered several 

technical issues with different modes of administration of Ola, including administration 

directly into the brain, which were mostly due to the chemical and pharmacokinetic properties 

of the drug. This paper describes the issues encountered, in order to serve as a cautionary 

note for other researchers that are interested in investigating the effects of Ola in rats. In 

addition, a number of different approaches to circumvent these issues are described, 

together with the advantages and disadvantages of each approach.  

 

 

Part 1: Chronic peripheral administration 

One of the difficulties in accurately modeling Ola-induced weight gain in rats is the marked 

difference in half-life of the drug, which is ~ 33 hours in humans, compared to ~ 2.5 hours in 

rats (Aravagiri et al. 1999; Callaghan et al. 1999). Once or twice daily administration of Ola in 

rats, therefore, results in marked fluctuations in plasma levels throughout the day and does 

not resemble drug exposure in the human situation. Furthermore, effects occurring at peak 

plasma levels (~30 min) may disappear rapidly after the drug is cleared from the blood.  

In order to circumvent this issue and achieve stable plasma levels for a longer period of time, 

we first used subcutaneously implanted osmotic minipumps to continuously infuse an Ola 

solution and model Ola-induced weight gain in rats (van der Zwaal et al. 2008). However, the 

contents of the osmotic minipumps used to administer Ola for 4 weeks had clearly changed 
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color over the course of the experiment, and we observed a similar discoloration when Ola 

solution was stored in an incubator at 37ºC. This change in color was most likely due to the 

degradation of the drug, as it is known to be sensitive to oxidation (Olesen and Linnet 1998). 

Although it was previously shown that an acidified solution of Ola in water (~ 0.1 mg/ml) kept 

at room temperature for 4 days showed no signs of degradation (Terry et al. 2008), the Ola 

solution used in the minipump experiments had a much higher concentration (up to 42 

mg/ml), and was exposed to a higher temperature for a longer period of time. To estimate the 

speed at which degradation of Ola took place in the interior of an implanted osmotic 

minipump and to determine the influence of temperature on this process, the following in vitro 

experiment was performed. 

 

 

MATERIALS AND METHODS (part 1) 

A stock solution was prepared by solubilizing Ola (Chempacific Corp, Baltimore, USA) in a 

minimum quantity of hydrochloric acid and diluting it with purified water to a concentration of 

42 mg/ml, after which pH was set at ~ 5.5 with 1M NaOH. The concentration of this solution 

was identical to that of the solution in the minipumps implanted in rats receiving the highest 

dose in the minipump paradigm (van der Zwaal et al. 2008). Next, the solution was divided 

over 9 eppendorf containers. One container was immediately frozen and stored at -20ºC. 

Half of the remaining containers was then stored at 37ºC in an incubator, and the other half 

at room temperature (18ºC). Every week thereafter, two containers were frozen and stored at 

- 20ºC: one previously stored at room temperature and the other previously stored in the 

incubator. 

 After 4 weeks, all containers had been frozen and the Ola concentration in each container 

was determined by performing HPLC analysis followed by ultraviolet (UV)-detection, as 

described previously (van der Zwaal et al. 2008). Briefly, a calibration curve (0-200 ng/ml) 

was prepared, a control solution of Ola (40 ng/ml, SKML, the Netherlands) was used as 

quality control and 500 ng promazine HCl (Sigma, Australia) was added to all samples as 

internal standard. After liquid-liquid extraction, plasma samples were analyzed by an Agilent 

1100 HPLC system (Agilent Technologies, Santa Clara, CA, USA). Lower detection limit was 

10 ng/ml. Analysis was performed in duplo for each sample and in a single experimental run.  

 

 

RESULTS (part 1) 

Within one week, the color of the solutions kept in the incubator had already changed from 
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orange to green, whereas the solution kept at room temperature did not show any signs of 

discoloration until the end of week 4. This difference was clearly reflected in the values 

obtained with HPLC analysis (Figure 1). The concentration of Ola in the solution kept at room 

temperature showed only a slight decline (~10%) over the 4 weeks of the experiment, but at 

37ºC the concentration of Ola had declined by nearly 75%.  

 

 

 

 

DISCUSSION (part 1) 

The results of this experiment offer an illustration of the extent to which degradation most 

likely occurs within the interior of an osmotic minipump containing an acidified solution of Ola 

in water. In addition, it explained the marked reduction in plasma levels of Ola that were 

observed after long-term (4 weeks) minipump infusion (van der Zwaal et al. 2008).  

The influence of temperature on the degradation process appears marked, as degradation 

occurred much faster in the samples stored at body temperature than at room temperature. 

This implies that it is possible to chronically deliver a similar Ola solution using a different 

mode of administration, provided the solution is kept at room temperature in order to 

minimize degradation (for example, infusion using an external pump attached to an 

intragastric cannula via a swivel system attached to the home cage).  
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As rats will drink water throughout the dark phase, administration of an acidified Ola solution 

in drinking water results in drug exposure that is more comparable to the human situation 

than after daily injections, although not as constant as with continuous infusion (Perez-

Costas et al. 2008). Degradation of Ola is unlikely to interfere with drug delivery in this 

paradigm, as water bottles are kept at room temperature and can easily be refreshed once a 

week before significant degradation has taken place. A disadvantage of this method, 

however, is the reduction in water intake that occurs secondary to the bitter taste of Ola (van 

der Zwaal et al. 2010).   

Mixing Ola with powdered food available in the home cage of rats is a second option that has 

been used previously in chronic experiments (Victoriano et al. 2009). Although degradation is 

not an issue using this approach, because Ola is in a solid state, effects on food intake may 

occur secondary to altered flavour of the food, which could interfere with its effects on 

feeding. These flavour effects could be overcome by masking the bitter taste of Ola using, for 

example, saccharin mixed with the food. However, added sweetness itself could, in turn, 

have secondary effects on feeding. Such effects would not be expected when Ola (or a 

control solution) is mixed with cookie dough for example, which is offered several times a day 

in addition to regular chow (Weston-Green et al. 2011). In essence, this approach is 

equivalent to delivery via repeated daily injections, which is another option for chronic 

administration. However, due to the very short half-life, Ola would have to be administered 

several times a day in order to achieve fairly stable plasma levels.  
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A depot injection of Ola-pamoate that gradually releases Ola over time could be used as a 

convenient alternative, although this is not yet commercially available (Citrome 2009). In a 

recent paper, Shobo et al. used microinfusion pumps to administer a solution of Ola in 

polyethylene glycol 400 (PEG 400). They examined the stability of this solution (4 mg/ml) in 

an incubator at 37ºC and showed it was stable for at least 42 days (Shobo et al. 2011). 

Therefore, using PEG 400 to solubilize Ola seems an attractive alternative to the acidified 

solution of Ola in water, although, due to the limited reservoir volume, pumps need to be 

refilled percutaneously every 7 days (Shobo et al. 2011). 

Taken together, although rapid degradation of Ola in an acidified aqueous solution limits the 

use of osmotic minipumps for chronic administration, several options remain that can 

circumvent the issue of the short half-life of Ola in rats. These are summarized in table 1.  

 

 

Part 2: Central administration of Ola 

Intracerebroventricular (ICV) administration into the lateral ventricle of the brain is a 

frequently used method to differentiate between the peripheral and central effects of 

substances known to pass the blood-brain barrier. After Ola is administered peripherally, it is 

rapidly absorbed into the brain and maximum concentrations in brain tissue are higher than 

in plasma (approximately 5 times) (Aravagiri et al. 1999). In addition, the half-life in brain 

tissue is longer (approximately 5 hours) than it is in plasma (approximately 2.5 hours) 

(Aravagiri et al. 1999). Because of these pharmacokinetic properties and the fact that the 

brain plays an important role in the regulation of energy balance (Schwartz et al. 2000), we 

hypothesized that the metabolic effects that are observed after peripheral administration of 

Ola are mainly due to actions of the drug in the brain. To test this hypothesis, we investigated 

the effects of administration of Ola through an ICV cannula placed in the lateral ventricle of 

the brain. 

To directly compare the effects of central administration to the effects previously observed 

after peripheral administration (van der Zwaal et al. 2012) an experiment was performed in 

which animals received Ola via intraperitoneal (IP) injections as well as injections via an ICV 

cannula (Experiment 1). Because, in a preliminary experiment, Ola failed to affect locomotor 

activity at ICV doses of 10 and 30 g, a dose of 60 g was administered in this experiment. 

For a rat of 300 g, this dose was approximately 20% of the peripherally administered dose of 

1 mg/kg (which had previously been shown to affect locomotor activity and food intake after 

acute administration (van der Zwaal et al. 2012)). At the end of Experiment 1, plasma 

samples were collected and Ola concentration was determined in order to investigate 
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whether there was any leakage of Ola into the circulation after ICV administration of this 

dose. 

 In a study described previously, the effect of Ola on glucose metabolism after peripheral 

(intragastric, IG) administration was compared to that after ICV administration (Girault et al. 

2012). In this study, IG infusion of Ola led to hyperglycaemia and insulin resistance, whereas 

none of these changes were observed after ICV administration (Figure 2).  

  

 

 

 

 

 

Plasma levels of Ola were also measured at the end of this study (for details see (Girault et 

al. 2012)) and Ola appeared to be detectable in the plasma of over half of the animals 

receiving an ICV injection in this experiment (Table 2), indicating leakage into the circulation 

after ICV administration. After completion of this study, we decided to perform an additional 

experiment to investigate whether brain concentrations after ICV administration of Ola were 

comparable to those after IG administration (Experiment 2). As the brains of the ICV-treated 

animals in the original study had been used for staining, a different set of animals was used 

to examine this. 
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MATERIALS AND METHODS (part 2) 

Experiment 1 

A week after arrival, nine naive male Wistar rats (275-300 g) were equipped with an intra-

abdominal transmitter (TA10TA-F40, Data Science International, St. Paul, Minnesota, USA) 

and an ICV cannula aimed at the lateral ventricle (C313G, Plastics One, Roanoke, USA). 

Surgery was performed under fentanyl/ fluanisone (Hypnorm®, Janssen Pharmaceutica, 

Beerse, Belgium, 0.1ml/100g intramuscular) and midazolam (Dormicum®, Roche, Woerden, 

The Netherlands, 0.05 ml/100g IP) anesthesia. Animals were then individually housed (54 x 

26 x 35 cm plexiglas cages with wood shaving as bedding) in a specific pathogen free facility 

under a 12 h/12h light/dark cycle (lights on at 03:00) at 21 ± 2°C and 60 ± 5% relative 

humidity. Water was available at all times, with standard rodent chow (Special Diet Services, 

UK) freely available except from ZT7 to ZT12. Animals were allowed to recover for 2 weeks 

before the first drug administration.  
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Ola (ChemPacific Corp, Baltimore, USA) was solubilized in a minimum quantity of 

hydrochloric acid and diluted with purified water to the required concentration, after which pH 

was set at ~ 5.5 with 1M NaOH. All injections were administered 30 min before the beginning 

of the dark phase and in a counter-balanced order. On the first two test days, rats received 

IP injection of saline or Ola (1mg/kg). On two other test-days, rats received ICV injections of 

saline or 60 g of Ola in 3 l of saline (infused in ~ 1 min). All test-days were at least 3 days 

apart. Locomotor activity was automatically recorded by receiver plates below the home cage 

every 10 minutes using DSI software (Data Science International, St. Paul, Minnesota, USA).  

At the end of the experiment, placement of the ICV cannula was checked by injection of a 

methylene blue dye 10 minutes before animals were sacrificed. In addition, 30 minutes 

before sacrifice, rats received either an injection of Ola via their ICV cannula (60 g, n=8) or 

an IP injection (1 mg/kg, n=2). After decapitation, trunk blood was collected in lithium-heparin 

coated tubes and brains were removed and dissected. Placement of the cannula was 

considered correct if dye was visible in both the lateral ventricle as well as the 4th ventricle. 

After centrifugation, plasma samples were stored at -20 ºC until HPLC analysis was 

performed to determine Ola concentrations. Statistical analysis was performed using SPSS 

version 20.0. To determine effects on locomotor activity, repeated measures ANOVA was 

performed, followed by paired samples T-test where appropriate. All experimental 

procedures were approved by the Committee for Animal Experimentation of Utrecht 

University and were conducted in agreement with Dutch laws (Wet op de Dierproeven, 1996) 

and European regulations (Guideline 86/609/EEC). 

 

Experiment 2 

A week after arrival, seven naive male Wistar rats (300 g) were equipped with either ICV 

cannula aimed at the lateral ventricle (n=3) or a silicon cannula in the stomach (n=4). 

Surgery was performed under fentanyl/ fluanisone (Hypnorm®, Janssen Pharmaceutica, 

Beerse, Belgium) and midazolam (Dormicum®, Roche, Woerden, The Netherlands) 

anesthesia. ICV cannulas were placed into the lateral cerebral ventricle using a standard 

Kopf stereotaxic apparatus (Anteroposterior: -0.8mm; Lateral: 2.0mm; Ventral: -3.2mm; 

Angle=0). Intragastric (IG) cannulas were placed through a 1 cm incision on the left side of 

the stomach and tunnelled subcutaneously to the skull. IG or ICV cannulas were fixed on the 

skull using dental cement. Animals were then individually housed (40 x 25 x 25 cm plexiglas 

cages with wood shaving as bedding) in a specific pathogen free facility and maintained on a 

12:12 light/dark cycle (lights on at 7:00 a.m.) at 21 ± 1°C and 60 ± 5% relative humidity, and 

given 7-10 days to recover from the surgery. Standard rodent chow (Teklad Global Diets) and 

water were available ad libitum. Ola solutions were prepared by dissolving Ola (ChemPacific 
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Corporation, Baltimore, U.S.A.) in purified water acidified with hydrochloric acid, brought 

back to pH ~6 using NaOH.  

The peripheral group was treated with an IG infusion of 36 mg/kg/h for 5 minutes followed by 

a continuous infusion of 3 mg/kg/h for 160 minutes (i.e., in total ~3.66 mg Ola per rat). The 

central group was treated with an ICV infusion of 360 µg/kg/h for 5 minutes and 30 µg/kg/h 

for 160 minutes (i.e. in total 36.6 µg Ola per rat, representing 1% of the dose of the 

peripheral group). Infusions took place between ZT6 and ZT10. 

At the end of the Ola infusion, rats received a lethal injection of pentobarbital, after which 

brains were collected in 2 ways: either collected fresh and frozen at -20ºC, or perfused with 

PBS (to get rid of any Ola-containing blood that remained in the cerebral vessels) and then 

collected and frozen -20ºC. 

Brain Ola concentrations were measured with a calibration curve based on full brain 

homogenates by LC/MS/MS coupled to Quattro I Xe (Laboratoires Fournier, Solvay 

Pharmaceuticals now Abbot, Daix, France). All experimental procedures were approved by 

the animal care committee of the Royal Netherlands Academy of Arts and Science and were 

conducted in agreement with Dutch laws (Wet op de Dierproeven, 1996) and European 

regulations (Guideline 86/609/EEC). 

 

 

RESULTS (part 2) 

Experiment 1 

Unfortunately, data of three rats had to be excluded due to misplaced ICV cannulas, and of 

two rats because of technical problems. To enable direct comparison of the effects of IP 

injection to ICV injection, only the data of the four remaining rats are presented in Figure 3. 

After IP injection, locomotor activity was clearly reduced by Ola treatment (Figure 3). 

Repeated measures ANOVA of the 12 hours following injection revealed a significant effect 

of treatment (F(1,3)=24.9, p=0.015). Paired samples t-test revealed a significant effect on 

locomotor activity at ZT13 and a trend at ZT14 (p=0.03 and p=0.073 respectively).  

Conversely, after ICV administration of Ola, locomotor activity was not significantly affected 

(Figure 3; ANOVA F(1,3)=0.04, p=0.95).  

Table 3 shows the concentration of Ola in plasma as determined by HPLC analysis. Data is 

shown for the two rats that had received an IP injection and for the four rats with correctly 

placed cannulas that had received an ICV injection. The results show that, after ICV 

injection, Ola was indeed detectable in plasma, indicating leakage into the circulation.  
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Moreover, plasma levels after ICV administration of 60 μg of Ola (which was ~13% of the 

peripherally administered dose) were approximately 25% of the levels observed after 

peripheral administration. Therefore, plasma levels seemed considerably higher than would 

be expected after ICV administration of this dose. 

 

Experiment 2 

Table 4 shows brain concentrations of Ola after IG vs. ICV administration. It shows that brain 

levels after peripheral administration were at least 20-fold higher than after central 

administration of Ola. 

 

  

DISCUSSION (part 2) 

When Ola was administered acutely via an IP injection in Experiment 1, locomotor activity 

was clearly reduced during the first hours after injection, which was in line with previous 

findings (van der Zwaal et al. 2012). In contrast, we failed to observe an effect on locomotor 

activity after acute ICV administration in this experiment. Similarly, we previously observed 

effects of Ola on glucose metabolism after IG administration, but not ICV administration 

(Girault et al. 2012), suggesting that both of these effects are not primarily centrally 

mediated.  

However, plasma Ola levels of ICV-treated rats in Experiment 1 were much higher than 

expected (Table 3), and Ola concentrations were higher than the detection threshold in over 

half of the animals receiving an ICV injection in the experiment investigating glucose 

metabolism, indicating leakage of Ola into the circulation. Moreover, in Experiment 2, brain 
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levels of Ola after ICV administration were much lower than expected, varying from 0,9-61,6 

ng/g, compared to 1424,6-2531,5 ng/g for IG administration (Table 4). The concentration of 

Ola in brain tissue after ICV infusion was therefore only a fraction of that obtained after IG 

infusion (~1%). As the dose administered centrally was 1% of the dose administered 

peripherally, brain concentrations of Ola appeared to be approximately in proportion to the 

administered dose and independent of the route of administration. Taken together, these 

findings strongly suggest that, when Ola was infused into the lateral ventricle, it did not 

penetrate into the brain tissue very well, but was mostly absorbed into the circulation instead.  

This seems remarkable, because Ola is a lipophilic drug that passes the blood-brain barrier 

very well (Aravagiri et al. 1999). Nevertheless, to our knowledge, it is unknown whether Ola 

passes the cerebrospinal fluid (CSF)-brain barrier with similar ease. It has previously been 

shown that marked differences exist in the ability of different compounds to pass the 

ependymal layer (which separates the ventricular system from the brain) and the distance 

that compounds can diffuse into the brain parenchyma after ICV administration. These 

differences even exist between compounds with similar molecular weight and also between 

different brain regions (Maness et al. 1996). Furthermore, after ICV administration of 

radioactively labeled compounds into the lateral ventricle, peak concentrations have already 

passed through the lateral and 3rd ventricles into the 4th ventricle within the first 5 minutes 

(Nagaraja et al. 2005). Any labeled compound that did not diffuse into brain tissue 

surrounding the ventricles, rapidly enters the subarachnoid space and basal cisterns which 

are rich in blood vessels, and although from here some diffusion into brain tissue is possible, 

a large part of the compound is absorbed into the circulation without having entered any 

brain tissue (Ghersi-Egea et al. 1996; Nagaraja et al. 2005). The time it takes for 50% of an 

ICV-administered compound to be cleared from the brain can range from 8 to 60 minutes 

and conversely, the appearance of an ICV-administered compound in the peripheral 

circulation can occur as early as 5 minutes after injection (Ghersi-Egea et al. 1996; Nagaraja 

et al. 2005). If Ola indeed showed poor penetration into the brain parenchyma after ICV 

administration, it is likely that a large part was similarly removed very rapidly from the brain 

and entered the general circulation, thereby resulting in surprisingly high plasma levels. If it 

was the case that all of the 60 µg of ICV-administered Ola in Experiment 1 initially 

“bypassed” the brain and entered the general circulation, this would be equivalent to ~13% of 

the dose administered per IP injection. Presuming that plasma levels after a single dose 

correlate roughly with the administered dose (Aravagiri et al. 1999; Callaghan et al. 1999; 

Citrome et al. 2009), plasma levels would be expected to be ~13% of those observed after IP 

injection, however plasma levels after ICV administration were nearly twice as high as 

expected (~25% of those after IP injection). Most likely, this is due to the marked clearance 
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of IP-administered Ola by the liver, resulting in a large “first-pass” effect and lower plasma 

levels than after, for instance, subcutaneous administration (Choi et al. 2007; Kassahun et al. 

1997).  

In the study determining the effects of Ola on glucose metabolism (Experiment 2), based on 

the administered dose, plasma levels after 3 hours ICV-infusion of Ola (total dose 36.6 µg) 

would have been expected to be approximately 60% of the levels observed after 

administration of dose (60 µg) in Experiment 1 (Girault et al. 2012). However, levels 

measured after ICV administration were below the detection limit in 5 out of 12 rats. Most 

likely, this is due to the fact that the infusion took place over 3 hours, instead of via an acute 

injection. The half-life of Ola is shortest in plasma, as compared to tissues (e.g. brain, liver, 

kidney, lung), whereas the time to peak concentration is similar (~30 minutes) (Aravagiri et 

al. 1999). Thus, with prolonged infusion, Ola is likely to accumulate in tissues with longer 

half-lifes, resulting in much lower plasma levels than after acute injection of the same dose.  

It has previously been suggested that the effects of Ola on glucose kinetics are due to effects 

directly on the hypothalamus, because effects after ICV administration were similar to those 

observed after intravenous administration of Ola (Martins et al. 2010). In this study, a total of 

4.5 mg/kg Ola was delivered intravenously (~1.5 mg/rat) whereas a total of 330 g/rat were 

delivered ICV over a period of 4 hours. Thus, the centrally administered dose was 

approximately 22% of the peripherally administered dose and more than 5 times higher than 

the dose administered in Experiment 1 (described above). As we already observed leakage 

of centrally administered Ola into the circulation after an ICV dose of 60 g of Ola, it is likely 

that considerable leakage into the circulation occurred after ICV administration of 330 g of 

Ola. Moreover, the centrally administered dose of 330 g even approached the dose that 

was administered via a regular IP injection in Experiment 1 (1 mg/kg). It is therefore 

conceivable that the effects on glucose kinetics that were observed after ICV administration 

were still (in part) due to peripheral effects that occurred after leakage of Ola into the 

circulation. To our knowledge, the authors did not determine the concentration of Ola in 

plasma after the different modes of administration, and therefore it remains to be determined 

whether the effects they observed were indeed solely due to effects of Ola in the brain. 

Conversely, one cannot fully exclude central effects based on the absence of an effect of 

ICV-administered Ola as it appears to show poor penetration into brain tissue after ICV 

administration. 

Because regular ICV injections of Ola apparently do not result in effective administration into 

the brain, a different approach is necessary to enable investigation of the centrally mediated 

effects of this drug. Administration directly into the brain tissue could be performed via an 

implanted cannula or microdialysis probe (Diaz-Mataix et al. 2005). When a compound is 
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delivered directly into brain tissue, its removal from the brain is slower than after ICV 

injection, because clearance into the circulation only occurs via the intraparenchymal veins 

(Nagaraja et al. 2005). Furthermore, the required dose would be much lower, and the effect 

on plasma levels would therefore be negligible. A disadvantage of this technique, however, is 

that it is only possible to target one brain area at a time, and it depends on the diffusion rate 

of Ola into the brain parenchyma how large the targeted area will actually be. Moreover, as 

Ola is a compound with a large structure, special care would have to be taken regarding the 

choice of the membrane permeability in case of an experiment using a microdialysis probe. 

Another option to deliver Ola selectively into the brain would be to equip animals with an 

intra-carotid cannula directed to the brain (Cruciani-Guglielmacci et al. 2004), which would 

enable fairly selective infusion into most parts of the brain. A disadvantage of this technique 

is that some leakage into the peripheral circulation will still occur, although this can be 

controlled for by administering the same dose intravenously.  

Finally, it may be possible to administer Ola solution effectively via an ICV cannula if it 

contains an adjuvant that facilitates its absorption into the brain, i.e. DMSO. However, ICV 

administration of adjuvants may cause effects on their own, which would need to be 

controlled for (Nasrallah et al. 2008). In case the adjuvant causes a similar effect as Ola, a 

‘floor’ or ‘ceiling’ effect could thereby mask effects of Ola itself. Furthermore, when Ola is 

peripherally administered and enters the brain via the circulation it distributes fairly evenly 

throughout the brain (Aravagiri et al. 1999). However, after administration of radioactively 

labeled compounds into the lateral ventricle, distribution of the compound is unequal for 

different brain regions and only traces of radioactivity are observed e.g. in the CSF 

surrounding the cerebral cortex (Ghersi-Egea et al. 1996). Therefore, even if an adjuvant is 

used to promote brain penetration, it is still possible that ICV-administered Ola ‘misses’ 

certain brain areas that might be involved in its effects on energy balance, i.e. (sub)cortical 

structures.  
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Taken together, although ICV administration of a regular solution of Ola does not seem an 

effective way to investigate the central effects of Ola, several different approaches remain 

(summarized in table 5).    

 

 

CONCLUSIONS 

The experiments described in this paper clearly indicate that several factors can complicate 

the administration of Ola in a rat model. Due to the short half-life of Ola in rats, simple daily 

injections would not result in chronic drug exposure that is comparable to humans. 

Circumventing this issue by using implantable osmotic minipumps is problematic due to 

degradation of Ola in an acidified aqueous solution at body temperature, whereas 

administration via the drinking water has secondary effects on water intake due to the bitter 

taste. Finally, central administration of Ola appears challenging, due to poor penetration into 

brain tissue and leakage of Ola into the general circulation after ICV infusion.  

The main goal of this paper was to raise awareness of the technical issues concerning 

administration of Ola in a rat model and to hopefully contribute to the development of future 

animal models investigating Ola-induced weight gain. However, similar issues may arise with 

the administration of other drugs as well. During the development of new models 

investigating drug effects in rodents, such issues can have serious consequences for the 

interpretation of results. Therefore, this paper also illustrates the importance of verifying 

whether a chosen mode of drug administration is actually effective, before embarking on 

large-scale experiments.  
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ABSTRACT 
 
Atypical antipsychotic drugs such as Olanzapine (Ola) induce weight gain and metabolic 

changes associated with the development of type 2 diabetes. The mechanisms underlying 

these metabolic side effects are unknown at the moment. In this study, we investigated the 

metabolic changes induced by a chronic treatment, as well as the influence of a chronic 

treatment on the acute effects of Ola on glucose metabolism. 

The effect of chronic Ola treatment (6.5 mg/kg/day, administered via drinking water) on body 

weight, locomotor activity, body temperature, fat distribution and energy expenditure was 

investigated in male rats. After 5 weeks, the animals received an acute Ola challenge 

(intragastric, IG) at 3 mg/kg/h during 160 min to investigate the acute effects of Ola on 

glucose metabolism.  

Chronic Ola-treated animals showed a slight decrease in nocturnal body temperature, and 

increased perirenal fat pad weights as well as plasma leptin. In addition, chronic Ola-treated 

animals showed hyperinsulinemia with unchanged blood glucose concentrations. The acute 

challenge with IG Ola elevated blood glucose levels and endogenous glucose production 

(EGP) in control animals, but not in chronic Ola-pre-treated rats. Chronic Ola-treated animals 

also showed reduced locomotor activity and a higher respiratory exchange ratio.  

Chronic treatment with Ola in rats causes desensitization to its acute effects on glucose 

metabolism but promotes adiposity probably due to a shift from lipids to carbohydrates as an 

energy source. Chronic exposure to Ola changes body fat distribution and insulin sensitivity 

in an unfavourable direction, but it is still unclear what the primary mechanism is. 
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INTRODUCTION  
 
Chronic treatment with atypical antipsychotics is a major and effective therapeutic modality in 

schizophrenic patients (Lieberman et al. 2005). However, it is associated with metabolic side 

effects such as weight gain and hyperglycemia leading to obesity and type 2 diabetes 

(Nasrallah 2008). Olanzapine (Ola) is one of the atypical antipsychotics causing the most 

profound weight gain in patient care (Nasrallah 2008), occurring in up to 80% of patients 

(Umbricht et al. 1994; Masand 2000) and leading to decreased patients compliance.  

Considerable attention has been paid to these metabolic side effects. Rodent studies showed 

that not only chronic but also sub-chronic and acute administration of Ola lead to impaired 

insulin sensitivity (Chintoh et al. 2008a). Chronic administration of Ola has been reported to 

lead to fat accumulation (Cooper et al. 2005; Albaugh et al. 2010; Minet-Ringuet et al. 2006; 

Shobo et al. 2011; van der Zwaal et al. 2010), decreased locomotor activity (Albaugh et al. 

2010; Liebig et al. 2010; van der Zwaal et al. 2010) and increased meal size (van der Zwaal 

et al. 2010) but decreased meal frequency (van der Zwaal et al. 2008). Due to the different 

modes of administration, the absence of plasma Ola measurements and single outcome 

measures in most studies, it is difficult to compare one study to another and to this day, the 

primary mechanism for the metabolic side effects of Ola is still unclear. In an attempt to 

pinpoint the primary event, we combined measures for energy intake, energy expenditure, 

glucose metabolism and plasma Ola measurements in rats chronically treated with Ola. 

Amongst others, we determined whether the glucoregulatory effects of an acute IG treatment 

with Ola were changed when rats were treated with Ola for a longer period of time. We 

hypothesized that chronic treatment with Ola would result in an increased adiposity as a 

consequence of reduced energy expenditure and that long term treatment would alter the 

acute metabolic side effects of the drug.  

 

 

MATERIALS AND METHODS  

Ethic statement 

All experiments were approved by the animal care committee of the Royal Academy of Arts 

and Sciences and are in accordance with the ethical standards laid down in the 1964 

Declaration of Helsinki and its later amendments. 

 

Animals 

Male Wistar rats (Harlan Nederland, Horst, The Netherlands) weighing 170-200 g were 
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individually housed (cages 40x25x25cm) and maintained on a 12h/12h light/dark cycle (light 

on at 7:00am) at 21±1°C and 60±5% relative humidity. Food (standard rodent chow, Harlan) 

and water were available ad libitum.  

 

Drugs 

To prevent degradation of Ola as a result of storage at body temperature in an osmotic 

minipump (van der Zwaal et al. 2008) and to assure a continuous delivery of the drug, we 

administered Ola via the drinking water. This technique has already proven to be efficient in 

numerous studies (van der Zwaal et al. 2010; Llorente-Berzal et al. 2012; Terry, Jr. et al. 

2008; McNamara et al. 2011; Ishii et al. 2003). Water bottles were refreshed every 2-3 days 

to make sure the animals received the intact compound. Adding Ola to the drinking water 

(6.5-7mg/kg/day) reduces total water intake by 30% due to the bitter taste of the drug (van 

der Zwaal et al. 2010). We used water flavoured with quinine (Qui) for the control group to 

balance the reduced drinking as well as eating behaviour. The dose of Qui was chosen 

based on previous studies using Qui administration for the same purpose (Ishii et al. 2003; 

van der Zwaal et al. 2010). All the animals received treatment for 32 days. Water and food 

intake were monitored weekly to allow titration of the Qui concentration in the water. Body 

weight was assessed regularly. 

 

Experiment 1: Glucose metabolism, Ola measurements and adiposity 

1. Animals 

36 animals were divided in 2 groups; half received Qui (control; Qui group) and the other half 

Ola (Ola group) chronically via the drinking water. Each of these 2 groups was further divided 

into 2 experimental groups on the final experimental day: one received MilliQ water (at pH=6 

to mimic the pH of Ola solution, Veh) and the other Ola intragastrically (3 mg/kg/h for 3h). We 

therefore ended up with 4 groups in total: “Qui+Veh”, “Qui+Ola”, “Ola+Veh”, “Ola+Ola”.  

 

2. Surgery 

During the 4th week of treatment, animals were anesthetized by an intramuscular injection of 

0.9 ml/kg Hypnorm (Janssen, High Wycombe, Buckinghamshire, UK) and a subcutaneous 

injection of 0.3 ml/kg Dormicum (Roche, Almere, The Netherlands). Silicon catheters were 

placed into the right jugular vein, the left carotid artery and the stomach according to 

previously described methods (Girault et al. 2012). 

A third of the animals (n=5 receiving Qui and n=6 receiving Ola) were implanted 

subcutaneously with a Thermochron iButton (DS 1922, Maxim, Dallas, Texas) data logger to 
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measure body temperature every 5 min during the data collection period.   

 

3. Experimental day 

The acute experiment was performed only after recovery of the pre-surgical body weight and 

with animals in healthy state, i.e. 7 – 10 days post-operative recovery (end of the 5th week of 

chronic treatment). The route of acute Ola administration was chosen such that a continuous 

3-hours infusion was possible in unrestrained animals. During the acute experiment, animals 

were permanently connected to blood-sampling and infusion lines, allowing all manipulations 

to be performed outside the cage without handling the animal (Girault et al. 2012). Food was 

restricted to 20 g overnight. Rats were handled only once on the experimental day to connect 

them to the blood sampling and infusion lines. Remaining food was removed 2h before the 

experiment. 

To assess EGP, [6,6-2H2]glucose was used as a tracer (Ackermans et al. 2001). Blood 

samples were taken at t=-5min for background enrichment (t=0 was 11.00a.m.), at t=90, t=95 

and t=100min to determine enrichment at the equilibrium state and every 20min from t=120 

until t=260min to determine enrichment during the experiment. 

At t=0, together with the intravenous infusion of the stable glucose isotope an IG infusion of 

vehicle (1 ml/h) was started. At t=100 min (i.e., around 12.40 a.m.), the IG infusion of vehicle 

was changed to Ola or vehicle solution (36 mg/kg/h during 5min and 3 mg/kg/h till the end of 

the experiment).  

At the end of the experiment, animals were sacrificed by an intravenous injection of 

pentobarbital and trunk blood was collected for Ola measurements. Perirenal and epidydimal 

fat pads were dissected and weighed.  

 

4. Laboratory methods/analysis 

Glucose concentration was determined using a glucometer (Abbott). Blood samples were 

collected in tubes containing heparin on ice and centrifuged at +4°C. Plasma was stored at -

20°C until further analysis. 

Plasma insulin and corticosterone concentrations were measured using radioimmunoassay 

kits (Millipore, Billerica, USA for insulin and MP Biomedicals, Orangeburg, USA for 

corticosterone). Plasma [6,6-2H2]glucose enrichment was measured by gas chromatography-

mass spectrometry (GCMS) (Ackermans et al. 2001), and EGP was calculated by the 

methods of Steele (Steele 1959).  

Plasma Ola concentrations were measured by LC/MS/MS coupled to Quattro Premier Xe, 

using a 7 points calibration curve from 0.2 to 200 ng/ml and 3 quality standards (1 – 10 and 
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100 ng/ml) (Laboratoires Fournier, Abbott, Daix, France). Based on the results of the 

untreated animals’ samples, we considered 2 ng/ml as the limit of detection for Ola. 

The stored information of the iButtons was transferred using a Blue Dot receptor adapter 

(DS1402D) to a computer and averages of every 15-min interval were calculated. Analysis 

was performed using iButton Viewer software (Mission Start Delay and One Wire Viewer; 

Maxim, Dallas, Texas). 

 

Experiment 2: Locomotor activity and energy balance 

1. Animals 

16 animals were divided in 2 groups: one received Ola in their drinking water and the other 

one received Qui. 

 

2. Food and water intake and locomotor activity 

Food intake, water intake and locomotor activity were assessed individually (TSE drinking & 

feeding Monitor version 3.26 and TSE InfraMot, TSE systems Bad Homburg, Germany). 

Locomotor activity was assessed as distance travelled in cm per 15 min. Individual analysis 

of O2 consumption (VO2) and CO2 production (VCO2) was done every 15 minutes per cage 

for 90 seconds (gas analyzers: Magnos 16 and Uras 14; ABB, Frankfurt Main, Germany). 

Respiratory Exchange Ratio (RER) was calculated according to the formula: VCO2/VO2. 

Energy expenditure (EE) was calculated according to the formula: 

(CVO2*VO2+CVCO2*VCO2)/1000, where CVO2 and CVCO2 were pre-set values 

(CVO2=3.941 and CVCO2=1.106). 

 

3. Energy status: energy expenditure and respiratory exchange ratio 

The energy status of the animals was assessed during three light/dark cycles on two 

occasions during the course of the chronic treatment: 2 weeks after the start of the treatment 

(Week 2) and during the final week of the treatment (Week 5). 

 

Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM). Statistical analysis was 

performed using SPSS version 17.0. A p<0.05 was considered statistically significant.  

In experiment 1, an ANOVA analysis with repeated measures was performed to compare 

blood glucose levels, EGP, plasma corticosterone and insulin levels and body temperature. 

This analysis consisted of a within-subjects factor Infusion, with two conditions: basal and 

experimental and two between-subjects factors: Chronic and Acute. Each between-subject 



Chapter 2.3 

 

69 

factor consisted of two conditions: Chronic (Qui or Ola), and Acute (Vehicle or Ola). Post-hoc 

analysis was performed using T-tests with Bonferroni correction. 

In experiment 2 (calorimetric cage data), an ANOVA with repeated measures with two within-

subject factors: L/D (for the difference between the light and the dark phase) and Week (for 

the different experimental sessions in Week 2 and 5) and one between-subjects factor 

Chronic (with 2 conditions Qui or Ola) was performed. Post-hoc analysis was performed 

using ANOVAs for separate weeks or L/D phase and T-tests with Bonferroni correction. 

 

 

RESULTS 

Metabolic effects of chronic treatment with Olanzapine (Experiment 1) 

1. Food and water intake 

Measurements of water intake showed that Ola-treated rats drank less than the controls 

(Chronic p=0.001, Figure 1A). However, food intake showed no significant difference 

between the groups (Chronic p=0.579, Figure 1B).  

 

 

 

 

2. Plasma olanzapine levels 

The drinking behaviour of the Ola animals resulted in a drug consumption of 7.15±0.2 

mg/kg/day over the 5 weeks of Ola treatment. Plasma Ola measurements performed at the 

end of the acute experiment in the 5th week showed higher plasma Ola levels after the acute 

IG infusion regardless of the chronic treatment, i.e. 1.5±1.0 ng/ml for “Qui+Veh” group and 

1.0±0.3 ng/ml for “Ola+Veh” group compared to 1005.1±410.6 ng/ml for “Qui+Ola” group and 

1338.9±548.9 for “Ola+Ola” group (Acute p=0.001, Figure 2A). Note that in the animals 

treated chronically with Ola but acutely with vehicle (i.e., “Ola+Veh”) the nocturnal 

consumption of Ola in the chronic treatment did not result in detectable drug levels at the end 
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of the acute experiment (i.e., approximately 8 hours after the last major drinking event). 

Unfortunately no plasma Ola measurements were possible during the dark phase. 

 

 
 

3. Adiposity and leptin levels 

Body weight measurements showed that during the 5 weeks animals grew from 221±1 g at 

day 1 to 355±9 g for the Qui group and 341±4 g for the Ola group at day 31 (Table 1; T-test 

for the body weight at day 31: p=0.003). A lower body weight for chronically Ola-treated male 

rats has also been described previously (van der Zwaal et al. 2010; Albaugh et al. 2011; 

Shobo et al. 2011).  
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Ola treatment induced a slight and non-significant increase (16%) of epidydimal (0.63±0.04% 

vs. 0.73±0.05% of body weight; Chronic p=0.172, Figure 2C) and a significant 49% increase 

of perirenal fat pad weight (0.35±0.02% vs. 0.53±0.05% of body weight; Chronic p=0.011, 

Figure 2D).  

Also plasma leptin levels were elevated after chronic treatment with Ola (Chronic p=0.016, 

Figure 2B), which is in line with the increased adiposity. No additional effects of the acute Ola 

treatment on plasma leptin concentrations were detected (Chronic*Acute p=0.738 and Acute 

p=0.367, Figure 2B).  
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4. Body temperature 

Chronic Ola treatment induced a decrease in body temperature compared to the controls 

(Chronic p=0.021, Figure 3) during most of the dark phase, i.e., when the animals started 

drinking the solution. After lights on, and most likely the arrest of drinking, the hypothermia 

was maintained for about one more hour. During the remainder of the light (i.e., sleep) 

period, body temperature did not differ between control and Ola-treated animals. 
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5. Glucose metabolism 

At the end of the 5th week, an acute experiment was performed to assess the changes in 

whole-body glucose metabolism consecutive to the chronic treatment with Ola. Without 

chronic pre-treatment with Ola, the IG infusion of Ola (“Qui+Ola” group) resulted in a 

significant increase in glycaemia compared to the control group (“Qui+Veh” group) (within the 

chronic Qui groups: Infusion*Acute p=0.044 and Acute p=0.073, Figure 4A). The chronic 

treatment with Ola largely dissipated the hyperglycemic effect of the acute Ola treatment 

(within the chronic Ola groups: Infusion*Acute p=0.723 and Acute p=0.858, Figure 4A). 

The “Qui+Ola” group also showed a significant increase in EGP between the basal and the 

experimental state, whereas the “Qui+Veh” group showed a slight decrease. Within the 

animals treated chronically with Ola, EGP was unchanged in both the Ola- and Veh-treated 

groups (Infusion*Acute p=0.243 and Acute p=0.58, Figure 4B), indicating that the chronic 

treatment blunted the increased EGP due to the acute Ola infusion. 

The acute administration of Ola had a clear stimulatory effect on plasma corticosterone levels 

(Infusion*Acute p=0.01 and Acute p=0.001, Figure 4C). When analysed separately, a 

significant increase of corticosterone was seen after acute Ola in both chronic Qui- (p=0.022) 

and chronic Ola-treated animals (p=0.012). In accordance, no significant effects of the 

chronic pre-treatment per se were noticed.  

Chronic treatment with Ola caused a significant increase of plasma insulin levels (Chronic 

p=0.008, Figure 4D), but the acute treatment with Ola had no significant effects. Neither the 

acute nor the chronic treatment with Ola significantly influenced plasma glucagon 

concentrations during this experiment (data not shown). 

 

Chronic Olanzapine-induced changes in energy metabolism (Experiment 2) 

1. Locomotor activity 

Analysis of locomotor activity showed a clear L/D rhythm with a greater distance travelled 

during the dark phase (L/D p<0.001, Figure 5A). During the dark phase of Week 2, Ola-

treated animals moved significantly less (L/D*Chronic p<0.001 and post-hoc analysis for 

Week 2 separately Chronic p=0.049, Figure 5A).  

 

2. Energy expenditure 

For both groups, EE was higher during the dark phase than the light phase (L/D p<0.001, 

Figure 5B), but no significant differences between the groups were found (Chronic p=0.647, 

Figure 5B). Similar results were found after correcting the data for body weight (Chronic 

p=0.223, data not shown). 



 

 

74 

3. Respiratory exchange ratio 

Finally, the mean RER was always above 0.85. RER levels were higher during the dark 

phase as compared to the light phase for both groups (L/D p<0.001, Figure 5C). RER 

decreased for both the Qui and Ola groups from Week 2 to Week 5 (Week p<0.001, Figure 

5C). Ola-treated animals showed a significantly higher RER during the dark phase than the 

controls (L/D*Chronic p<0.001 and post-hoc analysis for only the dark phase Chronic 

p=0.008, Figure 5D), indicating that the Ola-treated animals were burning more 

carbohydrates.  
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DISCUSSION 

Acute Ola administration resulted in hyperglycemia in the chronic-control group, which was 

partly explained by an increased endogenous glucose production. Interestingly, this acute 

effect of Ola had disappeared in the chronically Ola-treated animals. On the other hand, 

chronic Ola treatment resulted in hyperinsulinemia with no changes in glucose 

concentrations pointing towards insulin resistance as observed previously (Chintoh et al. 

2008b). Chronic treatment with Ola for 5 weeks also resulted in increased relative adiposity 

(i.e. increased perirenal fat pad weights in our study) with increased leptin concentrations. 

Others also showed the same increased perirenal fat pad weights (van der Zwaal et al. 

2010), or only an increase in visceral adiposity (Weston-Green et al. 2012; Raskind et al. 

2007) or even an increase in epidydimal, perirenal and subcutaneous fat pad weights (Minet-

Ringuet et al. 2006). However, this is the first time that this increase in adiposity is shown to 

be associated with changes in body substrate utilization; i.e. rats with chronic Ola treatment 

burned less fat but more carbohydrates compared to controls. Thus, our data suggest that 

chronic Olanzapine treatment affects both substrate utilization and hepatic glucose 

metabolism.  

 

Chronic Ola changes energy substrate 

Ola-treated animals showed an increase in adiposity without changing their total energy 

intake or EE. The data from the calorimetric cages indicate that this might be due to the fact 

that chronic Ola treatment results in a shift of whole body substrate metabolism towards a 

higher use of carbohydrates and less fat oxidation, i.e. higher RER for the chronic Ola 

animals during the dark phase. In a previous study, Albaugh et al. (2012) injected rats twice 

daily with Ola and showed a decreased RER right after the injection, indicating a higher fat 

oxidation. However, the decline in RER slowly returned to control levels over the course of 

the dark cycle with a time course consistent with Ola half-life (2.5 hours in rats) (Albaugh et 

al. 2012). The dose used by Albaugh et al. might be the reason for the different results 

between our studies: 10 mg/kg per bolus injection (intraperitoneal) for Albaugh et al. and only 

7.15 mg/kg orally over 24h in our study. Moreover, in view of the extensive first-pass 

metabolism of Ola (Mattiuz et al. 1997), the systemic availability of Ola is likely to have been 

much lower in our study as compared to Albaugh et al.  

 

Chronic Ola causes hypothermia 

We observed a decreased body temperature during the dark phase which is in line with 

previous studies in rodents (Evers et al. 2010; Stefanidis et al. 2009). Stefanidis et al. (2009) 
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showed that Ola decreases uncoupling protein 1 (UCP1) in brown adipose tissue (BAT), a 

protein used in mitochondria of BAT to generate heat by non-shivering thermogenesis. This 

Ola-induced hypothermia was also observed in patients (Blass and Chuen 2004; Hagg et al. 

2001; Phan et al. 1998). However, our data indicate that this hypothermia did not result in a 

significant decrease in EE.  

 

Chronic Ola blunts the hyperglycemia- and increased EGP-induced by an acute Ola 

administration 

The hyperglycemic effect of acute Ola is well known (Girault et al. 2012; Chintoh et al. 

2008a). However, the hyperglycemia and increased EGP induced by the acute Ola treatment 

was blunted by the chronic pre-treatment with Ola. A comparable desensitizing effect of 

chronic Ola was recently reported by Boyda et al. (2012). But despite this apparent 

favourable effect of the chronic exposure to Ola, another pronounced effect of the chronic 

treatment with Ola was an increase in basal plasma insulin levels. The increased plasma 

insulin levels without a similar increase in plasma glucose levels and the tendency to 

increase basal EGP indicates that the chronic treatment induces insulin resistance, as 

already extensively documented in the literature (for example (Chintoh et al., 2008b). Thus 

the absence of an increased EGP after the acute Ola challenge in the chronic Ola group 

might be explained by the fact that these animals are already insulin resistant and that their 

insulin sensitivity cannot be reduced any further.  

Finally, basal plasma corticosterone levels and acute Ola-induced hypercorticosteronemia is 

not affected by the chronic treatment, and thus does not seem to be involved in changes in 

glucose and EGP induced by the chronic treatment. 

 

Chronic Ola treatment via drinking water: a good model? 

Ola-treated animals showed a decreased body weight compared to the controls. This is not 

the first time such an observation has been made using male rats (van der Zwaal et al. 2010; 

Albaugh et al. 2011; Shobo et al. 2011). Females seem to be more prone to body weight gain 

after the chronic Ola treatment (Davey et al. 2012). However, since the male animals do 

show changes in adiposity and in order to avoid the influence of oestrus cycle, we decided to 

use male animals for our study. Moreover, the absence of body weight gain enabled us to 

show that effects of chronic Ola on insulin sensitivity are not mediated by obesity per se. 

In this study, it was of great importance to be able to compare groups of animals with similar 

patterns of food and water intake in view of the metabolic phenotype expected. Ola treatment 

via the drinking water decreases water intake due to the bitter taste of the solution. Our 
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choice to use Qui-enriched water as a control allowed us to compare groups of animals 

showing a similar reduction in food and water intake. In addition, as humans take Ola orally, 

another advantage of treatment via the drinking water in our rat model is the comparability 

with the human situation where Ola is being taken up via the gastrointestinal tract. Moreover, 

the model also simulates Ola intake during the wake period similar to the human situation. 

Indeed, plasma Ola levels were below the detection level during the light period in animals 

treated chronically with Ola, i.e., the nocturnally consumed Ola was completely cleared from 

the circulation halfway the sleeping phase. Despite this rapid clearance, the long term effects 

of chronic Ola prove that the dose was sufficient for the purpose of our study. 

 

Ola-induced increased leptin levels with no changes in energy expenditure possibly due to 

leptin resistance 

Our study confirmed that chronic treatment with Ola results in an increased adiposity and 

leptin concentrations as previously reported for both rodents and humans (Albaugh et al. 

2010; van der Zwaal et al. 2010; Haupt et al. 2005; Wathen et al. 2012). Increased levels of 

leptin are supposed to reduce food intake and increase EE. In our chronic Ola-treated 

animals, the increase in leptin levels did not seem to have these physiological consequences 

suggesting that Ola may have induced leptin resistance. At present, it is not known via what 

mechanism Ola could induce leptin resistance, but several mechanisms have been 

proposed. Ola may block receptors that interact with the downstream effects of leptin in the 

hypothalamus. Kim et al. (2007) showed that Ola-induced weight gain involves stimulation of 

adenosine monophosphate-activated protein kinase (AMPK) in the hypothalamus, which in 

turn causes an increase in food intake (Kim et al. 2007). Indeed, our data also showed an 

increased food intake during the dark phase but also a reduced food intake during the light 

phase resulting in overall similar 24h food intake (data not shown, Experiment 2). Another 

study using female rats found that Ola treatment decreased food intake during the dark 

phase (especially the second half) but increased it during the light phase, again resulting in a 

similar 24h food intake as the controls (Evers et al. 2010). A second possible mechanism 

was indicated by the experiments of Leinninger et al. as they showed that leptin acts via 

leptin receptor-expressing lateral hypothalamic neurons to modulate the mesolimbic 

dopamine system to suppress feeding (Leinninger et al. 2009). Ola has a high affinity for 

dopamine receptors (Bymaster et al. 1996); therefore it seems worthwhile investigating the 

possibility that Ola causes leptin resistance by blocking dopamine receptors. 
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CONCLUSION 

Chronic Ola treatment results in increased adiposity that is not explained by increased 

energy consumption or decreased EE. The most likely explanation at present is that the 

increased adiposity is secondary to the shift in substrate utilization as a consequence of 

insulin and, possibly, leptin resistance. We also showed that chronic treatment with Ola leads 

to hypothermia and to a desensitization to the acute glucoregulatory effect of the drug. 

Unfortunately, at present the mechanism by which Ola might induce insulin and/or leptin 

resistance remains to be clarified.   
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Orexin, MCH and energy metabolism  
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INTRODUCTION  

In the previous chapter, we focused on the effect of peripheral administration of Olanzapine 

(Ola) on glucose metabolism and insulin sensitivity in rats. Ola, however, also influences 

feeding behavior, locomotor activity and body weight in rats (Evers et al. 2010; van der Zwaal 

et al. 2010). Also, in patients, major weight gain has been described as one of the metabolic 

side effects (Sacher et al. 2008) and there are also reports on Ola inducing increased caloric 

intake (Gothelf et al. 2002).  These Ola-induced behavioral effects imply a role for the brain 

in Ola-induced changes in energy metabolism. The lateral hypothalamus (LH) is an 

interesting candidate for these effects of Ola as it has been implicated in arousal, feeding 

and other motivated behaviors (Sakurai et al. 1998). Moreover it is also an important area for 

the regulation of glucose metabolism. Two neuropeptides orexin (Ox) and melanin-

concentrating hormone (MCH) are expressed abundantly in the LH and known to be involved 

in the control of feeding behavior. Thus, Ox and MCH may be involved in Ola-induced 

metabolic side effects.  

 

 

THE OREXIN SYSTEM 

In the late 1990’s, screening of high-resolution high-performance liquid chromatography 

(HPLC) fractions in a functional assay using multiple cells expressing individual orphan G-

protein-coupled receptors resulted in the isolation of two peptides, named Ox-A and Ox-B 

(Sakurai et al. 1998). Although currently best known for their effects on sleep and arousal, 

the Ox peptides were first identified as regulators of feeding behavior in 1998, which explains 

their name (orexis is the Greek word for appetite) (Sakurai et al. 1998). In the same year, an 

analysis of mRNAs that were restricted to or enriched in the rat hypothalamus, resulted in the 

isolation of a nucleotide sequence encoding a 130 residue protein called prepro-hypocretin 

(HCRT). Sequence analysis indicated that prepro-HCRT yields two peptides, HCRT-1 and 

HCRT-2 (deLecea et al. 1998). Chemical analyses subsequently revealed that HCRT-1 and 

HCRT-2 were identical to Ox-A and Ox-B.  

The neuropeptides Ox-A and Ox-B are expressed by a specific population of neurons in the 

LH area (Elias et al. 1998). Ox-A and Ox-B are derived from a precursor peptide, the product 

of the prepro-Ox gene (Sakurai et al. 1998). Two G-protein-coupled receptors, the Ox-

receptor type 1 (OxR1) and type 2 (OxR2), respond to Ox (Sakurai et al. 1998). OxR1 and 

OxR2 are distributed widely but differentially throughout the brain (Vanitallie 2006).  
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Narcolepsy is a chronic sleep disorder characterized by disrupted nocturnal sleep, excessive 

daytime sleepiness and symptoms of dissociated rapid eye movement sleep. Studies 

showing that Ox KO mice presented a narcoleptic phenotype (Chemelli et al. 1999) led to the 

investigation of Ox levels in narcoleptic patients. Interestingly, patients affected by 

narcolepsy appeared to show low or undetectable levels of Ox in their cerebrospinal fluid 

(Nishino et al. 2000). 

Antagonism of OxR1 is characterized by reduced food intake and weight reduction in rodents 

(Smart et al. 2002). Despite the reduced food intake, the narcoleptic patients with Ox 

deficiency and the animal model with genetic ablation of the Ox neurons tend to be obese 

(Hara et al. 2001; Kok et al. 2003). These findings indicate that the link between Ox and 

energy homeostasis involves an effect of Ox on appetite (Cai et al. 2001; Sakurai et al. 

1998), as well as additional mechanisms implicated in the control of energy metabolism, 

such as energy expenditure. Indeed, when Ox is administered centrally in rodents, they are 

reported to increase not only arousal and food intake but also blood glucose levels, 

sympathetic tone, plasma corticosterone levels, metabolic rate, and locomotor activity 

(Vanitallie 2006; Yamanaka et al. 2003). 

Ox-A regulates plasma glucose concentrations via central and peripheral mechanisms 

(Nowak et al. 2000). Data from our own group clearly showed that increased availability of 

Ox in the central nervous system, either by ICV infusion or by local activation via removal of  

GABA inhibition, increases plasma glucose concentrations through an increase in hepatic 

glucose production (EGP). The stimulatory effect of Ox on EGP is blocked by a hepatic 

sympathetic, but not parasympathetic, denervation (Yi et al. 2009).  

 

 

THE MELANIN-CONCENTRATING HORMONE SYSTEM 

In 1983, the MCH peptide was discovered as a 17 amino-acid cyclic peptide in the pituitary of 

the chum salmon that regulates the aggregation of melanosomes in the skin, thus lightning 

skin color, in response to stress and other environmental stimuli (Kawauchi et al. 1983). 

Processing of prepro-MCH results in the production of 3 neuropeptides: neuropeptide 

glycine-glutamic acid (N-GE), neuropeptide glutamic acid-isoleucine (N-EI) and MCH (Saito 

and Maruyama 2006). In rodents, MCH binds only to MCH-receptor 1 (MCHR1), whereas 

humans also express a second MCH receptor, MCHR2 (Sailer et al. 2001). MCHR1 is a G-

protein coupled receptor expressed throughout the brain (Chambers et al. 1999; Lembo et al. 

1999; Saito et al. 1999; Saito et al. 2001). Peripheral prepro-MCH expression has been 

observed in stomach, intestines and testis (Hervieu and Nahon 1995), whereas peripheral 
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MCHR1 expression is present in many tissues including stomach, eye, adipocytes, pituitary, 

heart, kidney, ovaries, skeletal muscle and tongue (Kolakowski, Jr. et al. 1996; Saito et al. 

1999; Saito et al. 2000; Bradley et al. 2002). Mature and immature RNAs were observed in 

rat brain, thymus, pancreas and adrenal gland (Hervieu and Nahon 1995). 

Magnocellular neurons expressing prepro-MCH are predominantly present in the LH and the 

zona incerta, and project to many brain regions including the olfactory bulb, the prefrontal 

cortex, the striatum, and hindbrain nuclei including the nucleus of the tractus solitaris and the 

parabrachial nucleus (Bittencourt et al. 1992; Sita et al. 2007).  

Prepro-MCH mRNA is up-regulated after fasting or leptin deficiency (Qu et al. 1996; 

Kokkotou et al. 2001), while intracerebroventricular (ICV) injections of MCH increase food 

intake and body weight (Rossi et al. 1997; Della-Zuana et al. 2002; Gomori et al. 2003; Ito et  

al. 2003; Guesdon et al. 2009). Deletion of prepro-MCH in rats resulted in decreased food 

intake, fat mass, leptin levels and energy expenditure (Mul et al. 2010). Likewise, prepro-

MCH KO mice are lean due to decreased food intake and increased metabolic rate (Shimada 

et al. 1998; Kokkotou et al. 2005), while overexpression of MCH in mice causes obesity 

(Ludwig et al. 2001). MCHR1 antagonism decreases food intake and weight gain in adult 

rodents (Shearman et al. 2003; Mashiko et al. 2005; Palani et al. 2005; Handlon and Zhou 

2006; Luthin 2007). 

Kong et al. genetically altered the glucose excitability of MCH neurons (decreasing it by 

expressing ATP-resistant KATP channels and increasing it by deleting uncoupling protein 2 

(UCP2), which is expected to increase glucose-stimulated ATP production). They showed 

that glucose sensing by MCH neurons (either decreased or increased) impacts on peripheral 

glucose homeostasis. They concluded that MCH neurons regulate glucose homeostasis and 

that a combination of glucose-excited neurons (MCH neurons, POMC neurons, and possibly 

other glucose-excited neurons) are likely to play a key role in the maintenance of a 

euglycemic state (Kong et al. 2010). 

 

 

OREXIN AND MCH: COMPLEMENTARY SYSTEMS OF 

THE HYPOTHALAMUS 

Ox neurons are intermingled with MCH neurons in the same region of the LH but represent a 

distinct neuronal population as no co-localization has been found (Sakurai 2005). Ox and 

MCH neurons also display opposite functions regarding their firing pattern. Specifically, Ox 

neurons discharge during waking (Wake-On/Sleep-Off) (Lee et al. 2005), whereas MCH 
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neurons do the opposite: Wake-Off/Sleep-On (Hassani et al. 2009). It is also known that 

there is a reciprocal innervation between Ox and MCH neurons and that MCH attenuates the 

efficacy of glutamatergic synapses on the Ox neurons (Rao et al. 2008). Blocking GABAergic 

activity in the LH will activate Ox neurons, but not the MCH neurons (Alam et al. 2005; Yi et 

al. 2009). The two groups of neurons thus appear to fulfill complementary roles in various 

hypothalamic functions (Tsuneki et al. 2010). In the mouse LH, Ox neurons are of the 

glucose inhibited type, whereas MCH neurons are of the glucose- excited type. 
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Both Ox- and MCH-neurons receive synaptic input from neurons in the arcuate nucleus 

(Arc). Within the Arc, two populations of neurons, POMC/CART (pro-

opiomelanocortin/cocaine- and amphetamine-related transcript) and NPY/AgRP 

(neuropeptide Y/agouti-related peptide), convey their information to second-order neurons in 

the paraventricular nucleus of the hypothalamus (PVN) and LH, such as the corticotropin-

releasing hormone (CRH), thyrotropin releasing hormone (TRH), oxytocin, Ox and MCH 

neurons (Figure 1) (Elias et al. 1998). ICV injection of AgRP, the endogenous antagonist for 

the melanocortin 3 and 4 receptors, results in the activation of Ox neurons, but not of MCH 

and NPY neurons (Zheng et al. 2002). NPY profoundly increases feeding behavior after 

central administration, the most sensitive area being the perifornical area (PeF) (Stanley and 

Thomas 1993) that contains a dense population of Ox and MCH neurons. Indeed, NPY 

neurons in the Arc have been shown to project to the LH (Backberg et al. 2002). mRNA 

levels of prepro-Ox, the Ox precursor, were higher during 24–96 h of sleep deprivation, while 

MCH was unchanged. NPY neurons thus seem to activate Ox neurons during sleep 

deprivation. On the other hand, the Arc also receives projections from the LH, where Ox and 

MCH neurons reside. Thus an increased orexinergic activity during sleep deprivation might 

also activate arcuate NPY neurons, resulting in hyperphagia independent from endocrine 

and metabolic cues from the periphery (Yamanaka et al. 2000).  

 

Leptin is a hormone secreted by adipose tissue (Zhang et al. 1994); its role is to inform the 

brain about the energy status of the adipose tissue so that appropriate changes in appetite, 

metabolism and nutrient partitioning can be initiated by the hypothalamus (Zhang et al. 

1994). Increased levels of leptin reduce food intake and increase energy expenditure. A 

functional link between leptin and Ox is indicated by observations in ob/ob mice, which are 

leptin deficient and show a lower expression of Ox than wild-type mice. If ob/ob mice are 

treated with leptin, the expression of Ox is increased (Yamanaka et al. 2003). Leptin inhibits 

activation of NPY/AgRP neurons and thus, conversely, absence of leptin will increase not 

only NPY levels but also Ox neuronal firing, and thereby Ox release.  

 

Since it has been demonstrated that peripheral injections of Olanzapine result in a strong 

activation of neurons in the LH, in the next two chapters we investigated the possible 

involvement of these two complementary neuropeptide systems on the metabolic side effects 

of Olanzapine. 
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ABSTRACT 

Atypical antipsychotic drugs such as Olanzapine (Ola) induce weight gain and metabolic 

changes associated with the development of type 2 diabetes. The mechanisms underlying 

these undesired side effects are currently unknown. It has been shown that peripheral 

injections of Ola activate neurons in the lateral hypothalamus/perifornical area and that a 

large part of these neurons are orexin (Ox) A-positive. We investigated further the possible 

involvement of the central Ox system in the metabolic side effects of Ola by comparing the 

hyperglycemic effects of an intragastric (IG) Ola infusion between animals treated 

intracerebroventricularly (ICV) with an Ox-1 receptor antagonist (SB-408124) or vehicle. 

As observed in previous studies IG Ola caused an increase in blood glucose, endogenous 

glucose production and plasma glucagon levels. ICV pre-treatment with the Ox-1 receptor 

antagonist did not affect the Ola-induced hyperglycemia or increased plasma glucagon 

concentrations, but the increased endogenous glucose production was blunted by the ICV 

SB-408124 treatment.  

From these results, we conclude that the metabolic side effects of Ola are partly mediated by 

the hypothalamic Ox system.  
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INTRODUCTION  

Treatment with atypical antipsychotic drugs (AAPDs) is associated with significant weight 

gain and metabolic disturbances including hyperglycemia and insulin resistance. Over the 

past decade, particular attention has been paid to one of the AAPDs that causes dramatic 

weight gain, Olanzapine (Ola). However, the exact mechanisms underlying the metabolic 

changes induced by Ola are still far from clear.  

In a first attempt to elucidate the mechanism of the metabolic side effects of Ola, we 

compared the effects of peripheral and central administration of Ola on glucose metabolism 

and showed that intragastric (IG), but not intracerebroventricular (ICV), administration of Ola 

induces hyperglycemia and insulin resistance (Girault et al. 2012). Previously it has also 

been shown that a peripheral injection of Ola (10mg/kg) induces activation of neurons in the 

parvocellular paraventricular nucleus of the hypothalamus (PVN) and the lateral 

hypothalamus/perifornical area (LH/PFA) (Stefanidis et al. 2009) and that a large part of 

these latter neurons are orexin-positive (Stefanidis et al. 2009; Wallingford et al. 2008). Fadel 

et al. reported that among four AAPDs associated most prominently with weight gain, Ola 

activated more orexin (Ox) neurons in the medial LH/PFA than the other three AAPDs (Fadel 

et al. 2002). The Ox neurons in the LH/PFA are potent regulators of body weight, mood, 

arousal and reward (Sakurai 2005). For example, it has been shown that subcutaneous 

injections of both Ox-A and –B stimulate insulin secretion (Nowak et al. 2000). Moreover, 

activation of Ox neurons in the LH/PFA increases blood glucose concentrations via a 

sympathetic stimulation of endogenous glucose production (Yi et al. 2009). Shiuchi et al. 

demonstrated that Ox stimulates glucose uptake in skeletal muscle via its action in the 

ventromedial hypothalamus, which is also mediated via the sympathetic nervous system 

(Shiuchi et al. 2009). Moreover, a peripheral injection of Ola (10mg/kg) blocks the 

sympathetic and hyperthermic response to an ICV injection of Ox-A (Monda et al. 2008). 

Finally, the intravenous injection of an Ox-1 receptor (OxR1) antagonist reverses the number 

of A9 and A10 dopamine cells activated by a subcutaneous injection of Ola (Rasmussen et 

al. 2007b), as well as some of the behavioural effects of antipsychotic drugs (Rasmussen et 

al. 2007a). 

Together, these observations point towards an involvement of the central Ox pathway in the 

metabolic side effects of Ola. We therefore investigated whether an ICV infusion of the OxR1 

antagonist SB-408124 would inhibit the effects of a peripheral injection of Ola on glucose 

metabolism.   
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MATERIALS AND METHODS 

Ethic statement 

All experiments were approved by the animal care committee of the Royal Netherlands 

Academy of Arts and Sciences (Permit number: NIN09.35) and followed the EC Directive 

86/609/EEC for animal experiments. 

 

Animals 

32 male RccHan:WIST rats (Charles River Breeding Laboratories, Sulzfeld, Germany) 

weighing 300–350 g were individually housed (cages 40x25x25 cm) and maintained on a 

12h/12h light/dark cycle (lights on at 7:00am) at 21±1°C and 60±5% relative humidity. Food 

(standard rodent chow, Teklad) and water were available ad libitum.  

 

Drugs 

The OxR1 antagonist 1-(6,8-difluoro-2-methyl-quinolin-4-γl)-3-(4-dimethylamino-phenyl)-urea 

(SB-408124; 50 mmol/L; Sigma-Aldrich Corp., St. Louis, MO, USA) was infused via an ICV 

probe at 0.267 mg/kg/h (100 µM) for 260 minutes. The dose of SB-408124 was similar to Yi 

et al. (2009).  

The dose of Ola chosen in the present study was identical to the effective dose used in our 

previous experiments (Girault et al. 2012). The route of administration was chosen such that 

a continuous infusion of freshly made solution was possible in freely moving, undisturbed 

animals. Using a surgically implanted IG catheter, animals were treated with a primed 36 

mg/kg/h infusion during 5 minutes followed by a continuous 3 mg/kg/h infusion for 160 

minutes (i.e., in total 3.66 mg/rat) of Ola (ChemPacific Corporation, Maryland) dissolved in 

acidified MilliQ water (pH=6). Ola solution was prepared in MilliQ water acidified with HCl 

(1M) and then brought back to pH 6 using NaOH (1M).  

 

Surgical procedures 

After 7 days of habituation, animals were anesthetized by an intramuscular injection of 0.9 

ml/kg Hypnorm (Janssen, High Wycombe, Buckinghamshire, UK) and a subcutaneous 

injection of 0.3 ml/kg Dormicum (Roche, Almere, The Netherlands). Silicon catheters were 

placed into the right jugular vein and the left carotid artery for intravenous infusions and 

blood sampling. The vascular lines were closed using a mix of polyvinylpyruvidon (PVP; 

Sigma-Aldrich Corp., St. Louis, MO), heparin (LEO Pharma, Ballerup, DK) and amoxicillin 

(Centrafarm, Etten-Leur, NL). A silicon cannula was placed in the stomach during the same 



Chapter 3.2 

 

101 

surgery. IG cannulas were placed through a 1 cm incision on the left side of the abdomen. 

ICV probes were placed into the lateral cerebral ventricle using a standard Kopf stereotaxic 

apparatus (Anteroposterior: -0.8mm, Lateral: 2.0mm, Ventral: -3.2mm, Angle: 0). Catheters, 

ICV probe and IG cannula were fixed on the top of the head of the animal using dental 

cement. These techniques allowed us to perform all our experiments in awake and freely 

moving animals. Experiments were performed only after recovery of the pre-surgical body 

weight and with animals in healthy state, i.e. 7 – 10 days post-operative recovery. 

 

Experimental procedures 

During the experiment, animals were permanently connected to blood-sampling and infusion 

lines, which were attached to a metal collar and kept out of reach from the rats by means of a 

counterbalanced arm. This allowed all manipulations to be performed outside the cages 

without handling the animals. The metal collars were attached the day before the experiment. 

Before the day of the experiment, food was restricted to 20 g overnight which is only slightly 

less than the average consumption per night (i.e., 24±2 g) for a rat of that body weight. Two 

hours before the experiment, rats were handled to connect them to the blood sampling and 

infusion lines and all remaining food was removed. 

 

Endogenous glucose production 

To assess endogenous glucose production (EGP), [6,6-2H2]glucose was used as a tracer. 

Blood samples were taken at t=-5min for background enrichment (t=0 was at 11.00 a.m.), at 

t=90, t=95 and t=100 min to determine enrichment during the equilibrium state and every 20 

min from t=120 until t=260 min to determine enrichment during the experimental state. 
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Vehicle (MilliQ water at pH=6 to mimic the pH of the Ola solution) for the IG infusion (1 ml/h) 

and SB-408124 (or Vehicle) (5 µl/h) for the ICV infusion started together with a continuous 

[6,6-2H2]glucose infusion via the jugular vein at t=0. After the t=100 min blood sample (at 

about 12.40 a.m.), vehicle IG infusion was changed to Ola or vehicle solution (36 mg/kg/h 

during 5 minutes and 3 mg/kg/h until the end of the experiment) (Figure 1). At the end of the 

experiment, animals were sacrificed by a lethal intravenous injection of pentobarbital.  

Thus the experiment consisted of 4 experimental groups: “ICV-Veh + IG-Veh” (n=6), “ICV-Veh 

+ IG-Ola” (n=8), “ICV-SB-408124 + IG-Veh” (n=5) and “ICV-SB-408124 + IG-Ola” (n=8). Five 

of the 32 animals had to be excluded from the experiment because of technical problems, i.e. 

blocked cannulas. 

 

Laboratory methods/analysis 

Glucose concentrations were determined using a glucometer (Abbott). Blood samples were 

collected in tubes containing heparin on ice and centrifuged at +4°C. Plasma was stored at -

20°C until further analysis. 

Plasma insulin, glucagon and corticosterone concentrations were measured using 

radioimmunoassay kits (Millipore, Billerica, USA for insulin and glucagon and MP 

Biomedicals, Orangeburg, USA for corticosterone). Plasma [6,6-2H2]glucose enrichment was 

measured by gas chromatography-mass spectrometry (GCMS) (Ackermans et al. 2001), and 

EGP was calculated by the methods of Steele (Steele 1959). 

 

Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM). Statistical analysis was 

performed using SPSS version 17.0. A p<0.05 was considered statistically significant. 

An ANOVA with repeated measures was performed to compare glucose levels, EGP, 

corticosterone, insulin and glucagon levels. If appropriate, post-hoc analysis was performed 

using One-Way ANOVA.  

 

 

RESULTS 

Experiments were performed according to the experimental protocol outlined in Figure 1. The 

IG Ola infusion resulted in a marked increase in blood glucose levels (Time*IG F10,230=5.632; 

p<0.001 and IG F1,23=12.893; p=0.002; Figure 2). Post-hoc analysis showed that IG infusion 

of Ola increased blood glucose in both Veh- and SB-408124-treated animals (IG F1,12=7.95; 
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p=0.015 and IG F1,11=5.167; p=0.044 respectively). No effect of ICV or interaction effect of 

Time*ICV was detected. Treatment with SB-408124 therefore did not influence the 

hyperglycemia induced by Ola. This Ola-induced hyperglycemia could be established via 

different mechanisms. The first mechanism we investigated was a change in endogenous 

glucose production (EGP).  
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IG infusion of Ola caused a significant increase of EGP (Time*IG F10,230=2.865; p=0.002 and 

IG F1,23=6.281; p=0.02, Figure 3a). However, post-hoc analysis of the “ICV-Veh” and “ICV-

SB-408124” groups separately showed that Ola only significantly increased EGP in the “ICV-

Veh” group (IG F1,12=6.402; p=0.026, Figure 3a), and not in the “ICV-SB-408124” group (IG 

F1,11=1.664; p=0.224).  

These results indicate that the ICV infusion of SB-408124 changed (i.e., decreased) the Ola-

induced increase in EGP. The decreased efficiency of Ola in the “ICV-SB-408124” group is 

most clearly reflected in the AUC of the different EGP responses (IG F1,23=6.875; p=0.015, 

Figure 3b), with a reduction of the Ola effect in the “ICV-SB-408124” group of >50%. 

Also changes in plasma corticosterone levels can influence EGP and thus glucose levels. In 

our study, however, plasma corticosterone levels were not changed by the treatments (IG 

F1,23=2.478; p=0.129 and ICV F1,23=0.175; p=0.68, Figure 4).  

 

 

We also assessed possible changes in plasma insulin and glucagon levels, since these 2 

hormones have profound effects on hepatic glucose regulation. ANOVA analysis of the 

plasma insulin levels showed no significant effect of the treatments (IG F1,23=0.288; p=0.597 

and ICV F1,23=0.47; p=0.5, Figure 5). 

Plasma glucagon levels were significantly increased by the Ola treatment as indicated by the 

significant interaction of Time*IG (F4,92=4.208; p=0.004, Figure 6), however, the lack of a 

significant effect of ICV indicates that the ICV-SB-408124 infusion did not affect this Ola-

induced increase of plasma glucagon (ICV F1,23=0.215; p=0.647).  
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DISCUSSION 

We showed that ICV treatment with an OxR1 antagonist blunts the Ola-induced increase in 

EGP, but not its hyperglycemic effect. Previously it had been shown that Ola activates 

neurons in the LH/PFA and that part of these activated neurons contained Ox (Fadel et al. 
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2002; Stefanidis et al. 2009). In addition, it was known already that intravenous injections of 

an OxR1 antagonist block Ola-induced catalepsy, another side-effect of the drug 

(Rasmussen et al. 2007a). Our study is the first to show that also some of the metabolic side 

effects of Ola are mediated via a central mechanism involving the Ox system.  

 

Our group and others have shown previously that Ola administration leads to insulin 

resistance both in experimental animals and humans (Girault et al. 2012; Chintoh et al. 2009; 

Chintoh et al. 2008; Houseknecht et al. 2007; Sacher et al. 2008). Hyperinsulinemic-

euglycemic clamp experiments showed that administration of Ola leads to both hepatic and 

extra-hepatic insulin resistance (Chintoh et al. 2009; Girault et al. 2012). In the current 

experiment, we observed an undisturbed increase in glucose levels in the “ICV-SB-408124 + 

IG-Ola” group while the Ola-induced increase in EGP was blunted by the OxR1 antagonist. 

Since our animals were deprived of food during the experiment (i.e. from 7.00 a.m. onwards), 

the only way to explain the persistent hyperglycaemia is a decrease in glucose uptake that 

was not blocked or even might have been reduced further by the SB-408124 treatment. 

Indeed, Ox has been shown to enhance both glucose production (Yi et al. 2009) and glucose 

uptake (Shiuchi et al. 2009). Therefore, it is to be expected that treatment with an OxR1 

antagonist will reduce both EGP and glucose uptake. However, as our experiments were not 

designed to assess glucose uptake in a quantitative way this remains to be demonstrated 

using a hyperinsulinemic-euglycemic clamp experiment.  

 

ICV administration of Ox stimulates EGP, but only when the sympathetic innervation of the 

liver is intact, indicating a stimulatory effect of central Ox on the sympathetic neuronal outflow 

to the liver (Yi et al. 2009). However, also in this previous experiment, a sympathetic 

denervation of the liver was not able to prevent the stimulatory effect of an ICV Ox-A infusion 

on plasma glucose levels (Yi et al. 2009). The separation of plasma glucose and EGP 

responses indicates that increased central Ox signalling may affect plasma glucose 

concentrations not only through changes in hepatic glucose production but also by affecting 

peripheral glucose uptake. Indeed, Shiuchi et al. demonstrated that, via its action in the 

ventromedial hypothalamus, Ox stimulates glucose uptake in skeletal muscle (Shiuchi et al. 

2009). This effect also turned out to be mediated via the sympathetic nervous system (SNS).  

Conflicting results are reported concerning changes in plasma insulin levels after Ola 

administration. On one hand, patient studies report an increase in insulin levels after chronic 

or sub-chronic treatment (Ou et al. 2012; Melkersson et al. 2011; Melkersson et al. 2000) and 

no changes after acute administration (Kopf et al. 2012). On the other hand, animal studies 



Chapter 3.2 

 

107 

showed that Ola-induced glucose dysregulation can be associated with increased (Boyda et 

al. 2012a; Smith et al. 2011), decreased (Weston-Green et al. 2012) and even unaltered 

insulin levels (Ferno et al. 2011) with no relation with the duration of the treatment. However, 

Boyda et al. showed that chronic treatment with Ola leads to a desensitization of the insulin 

response to an acute challenge with the same drug (Boyda et al. 2012b). Moreover, Ox 

administration leads to an increased insulin secretion in vitro (Nowak et al. 2005; Colombo et 

al. 2003) and in vivo (Adeghate and Hameed 2011). But although Ox is known to be involved 

in the hypothalamic projections to the pancreas (Buijs et al. 2001), Yi et al. found no changes 

in insulin levels after the administration of SB-408124 (Yi et al. 2009). Our results are 

confirming this since none of the treatments we used affected insulin levels.  

 

Clearly the rise in glucagon levels in both Ola-treated groups will also contribute to the 

hyperglycemia and increased EGP. Remarkably, only EGP, and not the increase in glucagon, 

was lowered in the ICV-SB-408124 + IG-Ola group. Thus the increased release of glucagon 

is not mediated by the Ox system. On the one hand, this observation fits with our previous 

results that the ICV infusion of Ox did not affect glucagon release (Yi et al. 2009). On the 

other hand, this also explains why EGP is not completely supressed in the ICV-SB-408124 + 

IG-Ola group, i.e., the non-Ox mediated increased release of glucagon still stimulates EGP. 

 

In the current study, we observed no effects of the OxR1 antagonist on corticosterone levels. 

Also in our previous study we found no evidence for an involvement of the hypothalamo-

pituitary-adrenal (HPA) axis in the Ola-induced glucoregulatory effects (Girault et al. 2012). 

However, Ox is known to have clear neuroendocrine effects, amongst others on plasma 

concentrations of luteinizing hormone (LH), prolactin and thyroid stimulating hormone (TSH) 

(Pu et al. 1998; Hagan et al. 1999; Jones et al. 2001). Various studies reported increased 

plasma concentrations of adrenocorticotropic hormone (ACTH) and corticosterone after ICV 

administration of Ox, suggesting a central effect of the peptide on the activity of the HPA axis 

(Hagan et al. 1999; Ida et al. 2000; Jaszberenyi et al. 2000; Kuru et al. 2000; Russell et al. 

2001; Samson et al. 2007). ICV Ox also leads to a rise in plasma vasopressin (AVP) and 

enhances the release of corticotropin-releasing hormone (CRH) in the PVN (Date et al. 1999; 

Marcus et al. 2001). Thus Ox neurons in the hypothalamus are involved in the central circuits 

that control the activity of the HPA axis (Koob 2008; Winsky-Sommerer et al. 2004). 

Administration of Ola reduces ACTH and cortisol secretion in patients (Cohrs et al. 2006), but 

increases plasma corticosterone levels in rodents (Assie et al. 2008; Girault et al. 2012).  

Other groups have also studied the role of OxR1 and Ox-A in relation with the metabolic side 
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effects of atypical antipsychotics including Ola, be it to a limited extend (Basoglu et al. 2010; 

Stefanidis et al. 2009; Davoodi et al. 2009; Wallingford et al. 2008). Although the localization 

of the OxR1 and Ox-2R has been established, the role of each receptor in glucose 

metabolism has not been clearly defined yet. Funato et al. showed that Ox improves the 

sensitivity to leptin and insulin by an Ox-2R-dependent mechanism (Funato et al. 2009). Both 

leptin and insulin sensitivity seem to be reduced under treatment with atypical antipsychotic 

(Girault et al. 2012; Albaugh et al. 2006), and the current results indicate the implication of 

the OxR1 in the Ola-induced insulin resistance. Clearly more research is needed to 

understand the full implication of Ox, OxR1 and Ox-2R in the atypical antipsychotic-induced 

metabolic side effects. 

 

In conclusion, we showed that the central Ox system is involved in the increased EGP 

induced by the peripheral administration of Ola. The stimulatory effect of Ola on EGP does 

not seem to be mediated via an increased release of glucagon, but an Ox-induced increased 

sympathetic input to the liver. In addition, it may involve Ola-induced changes in glucose 

uptake. 
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ABSTRACT 

Atypical antipsychotic drugs such as Olanzapine (Ola) induce weight gain and metabolic 

changes associated with the development of type 2 diabetes. The mechanisms underlying 

these undesired side effects are currently unknown. Chagnon et al. showed that the common 

allele rs7973796 of the prepro-melanin-concentrating hormone (PMCH) gene is associated 

with a greater body mass index in Ola-treated schizophrenic patients. As PMCH encodes for 

the orexigenic neuropeptide melanin-concentrating hormone (MCH), it was hypothesized that 

MCH is involved in Ola-induced weight gain. We have recently reported that the intragastric 

infusion of Ola results in hyperglycemia and insulin resistance in male rats. In order to test in 

vivo the possible involvement of the PMCH gene in the pathogenesis of Ola side effects, we 

administered Ola intragastrically in wild-type (WT) and PMCH knock-out (KO) rats. Our 

results show that glucose and corticosterone levels, as well as endogenous glucose 

production, are elevated by the infusion of Ola in both WT and KO animals. Thus, the lack of 

MCH does not seem to affect the acute effects of Ola on glucose metabolism. On the other 

hand, these effects might be obliterated by compensatory changes in other hypothalamic 

systems.  
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INTRODUCTION  

Treatment with atypical antipsychotic drugs is associated with significant weight gain and 

metabolic disturbances including hyperglycemia and insulin resistance. Olanzapine (Ola) is 

one of the atypical antipsychotic drugs inducing the most dramatic weight gain (Sacher et al. 

2008). The mechanisms underlying the metabolic changes induced by Ola are still far from 

clear. The susceptibility to body weight changes in psychotic patients due to atypical 

antipsychotics has been hypothesized to partly be of genetic origin. Chagnon et al. in 2004 

used a linkage analysis in 21 families with schizophrenia or bipolar disorders (508 family 

members) and showed linkage of the chromosomal region 12q24 with the phenotype of 

obesity under the use of antipsychotics. This region is located at less than 1 centimorgan 

from the prepro-melanin-concentrating hormone (PMCH) gene, encoding the orexigenic 

neuropeptide melanin-concentrating hormone (MCH) (Chagnon et al. 2004). Later studies by 

the same authors in unrelated patients showed that the common allele rs7973796 of PMCH 

gene is associated with a greater body mass index in Ola-treated patients (Chagnon et al. 

2007). Thus it was hypothesised that Ola may stimulate PMCH expression and release, and 

thereby the development of obesity (Chagnon et al. 2007). 

MCH is expressed in the lateral hypothalamus and the zona incerta (Bittencourt et al. 1992; 

Sita et al. 2007), areas involved in the regulation of eating behaviour and energy 

homeostasis (Qu et al. 1996). MCH neurons project broadly throughout the central nervous 

system, suggesting that MCH may function as a neurotransmitter and/or a neuromodulator to 

regulate behavioural functions (Bittencourt et al. 1992; Skofitsch et al. 1985). Processing of 

PMCH results in the production of 3 neuropeptides: neuropeptide glycine-glutamic acid (N-

GE), neuropeptide glutamic acid-isoleucine (N-EI) and MCH (Saito and Maruyama 2006). 

When injected centrally in rats, MCH stimulates food intake (Qu et al. 1996). Two receptors 

are known in humans: MCH receptor-1 (MCHR1) and -2 (Sailer et al. 2001), while only 

MCHR1 was identified in rodents. Antagonism of this receptor in rodents leads to a 

decreased food intake and weight gain (Shearman et al. 2003). MCHR1-deficient mice have 

normal body weight but are hyperphagic and hyperactive (Marsh et al. 2002). PMCH knock-

out (KO) mice showed reduced body weight and an increased metabolic rate (Shimada et al. 

1998). Conversely mice overexpressing PMCH are obese and insulin resistant (Ludwig et al. 

2001). 

We have shown earlier that intragastric Ola induces hyperglycemia and insulin resistance 

(Girault et al. 2012). In the present study, we determined whether the metabolic side effects 

of Ola persist in rats in the absence of the MCH system using the PMCH KO rat model 

(Smits et al. 2006). We acutely administered Ola intragastrically to PMCH KO and wild-type 
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(WT) rats to investigate the role of MCH in the pathogenesis of the metabolic side effects of 

Ola. 

 

MATERIALS AND METHODS  

Ethic statement 

All experiments were approved by the animal care committee of the Royal Netherlands 

Academy of Arts and Sciences. 

 

Animals 

The PMCH KO rat (Pmch1Hubr) was generated by target-selected ENU-driven mutagenesis 

(Smits et al. 2006). Briefly, high-throughput re-sequencing of genomic target sequences in 

progeny from mutagenized rats revealed an ENU-induced premature stop codon in exon 1 

(K50X) of PMCH gene in a rat (Wistar/Crl background). The heterozygous mutant animal 

was outcrossed to WT Hsd Wistar background for six generations to eliminate confounding 

effects from background mutations induced by ENU. Further details regarding the selection 

of the animals can be found in Mul et al. (Mul et al. 2010). WT littermates (with similar 

genetic backgrounds) were used as controls. PMCH KO rats were viable into adulthood and 

fertile and appeared phenotypically normal despite their lower body weight. Two rats were 

housed together until the surgery, under controlled experimental conditions (12:12-h light-

dark cycle, light period 06:00–18:00, 21 ± 1°C, 60% relative humidity). The standard fed diet 

(semi-high-protein chow: RM3, 26.9% crude protein, 11.5% fat, and 61.6% carbohydrates; 

3.33 kcal/g AFE; SDS, Witham, UK) was provided ad libitum together with water. Only male 

rats were used in the present study. 

 

Genotyping 

Genotyping was done using the KASPar SNP Genotyping System (KBiosciences, 

Hoddesdon, UK; as described in (van et al. 2008) using gene-specific primers (forward 

common: TTAAT ACATT CAGGA TGGGG AAAGC CTTT; reverse wild type: GAAGG 

TGACC AAGTT CATGCT CGATC TTTCT GCGGT ATCTT CCTT; and reverse homozygous: 

GAAGG TCGGA GTCAA CGGAT TCGAT CTTTC TGCGG TATCT TCCTA). All pups were 

genotyped at 3 weeks of age. Genotypes were reconfirmed after experimental procedures. 

 

Drugs 

The dose of Ola chosen in the present study was identical to the effective dose used in our 
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previous experiments (Girault et al. 2012) and selected to parallel the clinical setting based 

on 70% dopamine D2 receptor occupancy, which represents a threshold in humans 

associated with optimal clinical response (Kapur et al. 2003). The route of administration was 

chosen such that a continuous infusion of freshly made solution was possible in freely 

moving, undisturbed animals. Using a surgically implanted intragastric (IG) catheter, animals 

were treated with a primed 36 mg/kg/h infusion during 5 minutes followed by a continuous 3 

mg/kg/h infusion for 160 minutes (i.e., in total 3.66 mg/rat) of Ola (ChemPacific Corporation, 

Maryland) dissolved in acidified MilliQ water (pH=6). Ola solution was prepared in MilliQ 

water acidified with HCl (1M) and then brought back to pH 6 using NaOH (1M).  

 

Surgical procedures 

Animals were anesthetized by an intramuscular injection of 0.6 ml/kg Hypnorm (Janssen, 

High Wycombe, Buckinghamshire, UK) and a subcutaneous injection of 0.15 ml/kg 

Dormicum (Roche, Almere, The Netherlands). Silicon catheters were placed into the right 

jugular vein and the left carotid artery for intravenous infusions and blood sampling. The 

vascular lines were closed using a mix of polyvinylpyruvidon (PVP; Sigma-Aldrich Corp., St. 

Louis, MO), heparin (LEO Pharma, Ballerup, DK) and amoxicillin (Centrafarm, Etten-Leur, 

NL). A silicon cannula was placed in the stomach during the same surgery. IG cannulas were 

placed through a 1cm incision on the left side of the abdomen. Catheters and IG cannulas 

were fixed on the top of the head of the animal using dental cement. These techniques 

allowed us to perform all our experiments in freely moving animals. Experiments were 

performed only after recovery of the pre-surgical body weight and with animals in healthy 

state, i.e. 7 – 10 days post-operative recovery. 

 

Experimental procedures 

During the experiment, animals were permanently connected to blood-sampling and infusion 

lines, which were attached to a metal collar and kept out of reach from the rats by means of a 

counterbalanced arm. This allowed all manipulations to be performed outside the cages 

without handling the animals. The metal collars were attached the day before the experiment. 

Before the day of the experiment, food was restricted to 20 g overnight. Two hours before the 

experiment, rats were handled to connect them to the blood sampling and infusion lines and 

all remaining food was removed. 

 

1. Basal endogenous glucose production 

To assess endogenous glucose production (EGP), [6,6-2H2]glucose was used as a tracer. 
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The method has been reported before in Girault et al. (2012). In brief, blood samples were 

taken at t=-5min for background enrichment (t=0 was at 11.00 a.m.), at t=90, t=95 and t=100 

min to determine enrichment during the equilibrium state and every 20 min from t=120 till 

t=260 min to determine enrichment during the experimental state. 

Vehicle (Veh; MilliQ water at pH=6 to mimic the pH of the Ola solution) for the IG infusion (1 

ml/h) started together with a continuous [6,6-2H2]glucose via the jugular vein at t=0. After the 

t=100 min blood sample (at about 12.40 a.m.), Veh IG infusion was changed to Ola or Veh 

solution (36 mg/kg/h during 5 minutes and 3 mg/kg/h until the end of the experiment). At the 

end of the experiment, animals were sacrificed by a lethal intravenous injection of 

pentobarbital. The experimental procedure is summarized in Figure 1. 

 

 

 

Laboratory methods/analysis 

Glucose concentrations were determined using a glucometer (Abbott). Blood samples were 

collected in tubes containing heparin on ice and centrifuged. Plasma was stored at -20°C 

until further analysis. 

Plasma insulin and corticosterone concentrations were measured using radioimmunoassay 

kits (Millipore, Billerica, USA and MP Biomedicals, Orangeburg, USA, respectively). Plasma 

[6,6-2H2]glucose enrichment was measured by gas chromatography-mass spectrometry 

(GCMS) (Ackermans et al. 2001), and EGP was calculated by the methods of Steele (Steele 

1959). 

 

Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM). Statistical analysis was 

performed using SPSS version 17.0. A p<0.05 was considered statistically significant. A 2-
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way ANOVA with repeated measures was performed to compare glucose levels, endogenous 

glucose production, corticosterone and insulin levels. If appropriate, post-hoc analysis was 

performed using One-Way ANOVA.  

 

 

RESULTS 

On the surgery day, body weight of WT animals was 388.6±12.7g vs. 342.2±5.1g in KO 

animals. Surgery led to a decrease in body weight for 2 to 3 days and then both groups got 

back to pre-surgery weight, i.e. 394.5±14.4g for the WT and 332.8±5.4g for the KO animals. 

Throughout the experiment, body weights of KO animals were significantly lower than that of 

the WT (Genotype p<0.001, Figure 2).  

 

 

 

IG Ola treatment significantly increased blood glucose levels (Time*Treatment p<0.001 and 

Treatment p<0.001, Figure 3) from 4.33±0.20 and 4.16±0.08 mmol/L during the equilibrium 

state to 5.73±0.24 and 6.57±0.51 mmol/L at 160 min after the start of Ola for WT-Ola (32% 

elevation) and KO-Ola (57% elevation), respectively. Although there was a tendency towards 

an interaction effect of Time*Genotype (p=0.064), plasma glucose values of WT and KO 

animals did not differ significantly at any of the time points.  
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Ola treatment also significantly increased EGP (Time p<0.001 and Time*Treatment p=0.007, 

Figure 4), with at the end a 26% increase for the WT-Ola and 11% for the KO-Ola. There was 

no effect of Genotype. 
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Plasma corticosterone levels were increased by the Ola treatment as well (Time*Treatment 

p<0.001 and Treatment p=0.001, Figure 5) from about 10 ng/ml to 261±99 ng/ml for the WT-

Ola group and 240±63 ng/ml for the KO-Ola group. The interaction 

Time*Genotype*Treatment also showed a significant effect (p=0.024), while no effect of 

Genotype was noted. 

 

 

 

 

 

Finally, Ola treatment increased plasma insulin levels (Time*Treatment p=0.012 and 

Treatment p=0.001, Figure 6). Post-hoc analysis showed that this effect was only present in 

the WT animals (p=0.01), i.e. from 1.75±0.24 to 2.25±0.22 ng/ml, whereas in the KO animals 

plasma insulin increased (non significantly) from 1.60±0.22 to only 1.70±0.24 ng/ml. The 

differential effect of Ola in the KO and WT animals is also indicated by the significant effect of 

the interaction Genotype*Treatment (p=0.046).  
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DISCUSSION 

The present study shows that the acute effects of intragastric Ola administration, such as 

hyperglycemia, increased EGP and corticosterone levels, are not significantly affected by the 

absence of hypothalamic MCH expression. Thus, based on the current data in our KO model, 

the hypothesis by Chagnon et al. (2007) “Ola would stimulate PMCH expression and release, 

and lead to development of obesity” is not verified since the acute Ola treatment was still 

able to induce its metabolic side effects in the absence of PMCH gene. But our study only 

tested the involvement of the PMCH gene in the acute metabolic side-effect of Ola. Thus, the 

relation between PMCH expression and release and Ola-induced obesity remains to be 

tested and might still be true. On the other hand, Guesdon et al. showed, that treatment with 

either Ola (1mg/kg/day per os) or the MCHR1 agonist (30μg/rat/day ICV) for 13 days leads to 

increased food intake and body weight starting from the 7th day of treatment (Guesdon et al. 

2010). Combining the two treatments induced an even more pronounced increase in food 

intake and body weight. These data thus also support the idea that Ola- and MCH-induced 

changes in food intake and body weight are mediated by different mechanisms.  
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Ola treatment in schizophrenic patients caused a biphasic insulin reaction to a hyperglycemic 

stimulus, in the first weeks a suppression of insulin secretion was observed and 

subsequently a rebound overcompensation (Chiu et al. 2010). In our rats, administration of 

Ola led to increased plasma insulin concentrations in the WT rats but not in the PMCH KO 

rats, pointing towards a role for MCH in the insulin response to Ola. Indeed, MCH receptor 

mRNA is expressed in rat islets of Langerhans and MCH induces a dose-dependent increase 

in insulin release from insulin-producing cell lines (Tadayyon et al. 2000). MCH mRNA 

expression has been found in the whole pancreas (Hervieu and Nahon 1995) and MCHR1 

expression was identified in primary human and mouse islets (Pissios et al. 2007). Moreover, 

Shimada et al. showed that PMCH KO mice display a 27% decrease in insulin level than WT 

animals (Shimada et al. 1998).  Since our PMCH KO animals did not show changes in insulin 

levels after Ola treatment, we hypothesized that the Ola-induced hyperinsulinemia is 

mediated via a MCH-dependent mechanism, probably taking place in the pancreas. 

Moreover, the increased plasma insulin levels in the WT animals might explain the slightly 

higher glucose levels after Ola treatment in the KO group compared to the WT group. 

 

PMCH expression during early development and puberty is of critical importance for a normal 

energy balance and the loss of PMCH results in permanently disturbed energy balance 

during adulthood (Mul et al. 2010). The role of MCH in energy regulation is well established. 

It should be noted, however, that the entire PMCH gene is inactivated in our KO model which 

means that the neuropeptides N-GE and N-EI are not expressed either. Thus far, no effects 

of N-GE on cellular or physiological events have been demonstrated, but N-EI has been 

implicated in anxiety (Gaston et al. 2011), grooming and locomotor activity (Sanchez et al. 

1997). Moreover, the administration of N-EI modifies levels of noradrenalin and dopamine in 

the brain (Sanchez et al. 2001) and leads to an increased luteinizing hormone release 

(Attademo et al. 2004). Clearly the lack of those neuropeptides could obscure the effects of 

Ola on MCH in our experiments.  

 

Previous studies on MCH-KO mice and PMCH KO rats showed that the gene expression of 

several hypothalamic genes is changed by the KO of this gene (Shimada et al., 1998; (Mul et 

al. 2010). Amongst those changes is a 60% increase of the hypothalamic orexin (Ox) mRNA 

expression in KO animals at 100 days post-natal (PND100) (Mul et al. 2010). Previously, it 

has been shown that a peripheral injection of Ola activates neurons in the paraventricular 

nucleus of the hypothalamus and the lateral hypothalamus/perifornical area (LH/PFA) and 

that a large part of the LH/PFA neurons are Ox-positive (Stefanidis et al. 2009). Data from 
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our own group clearly show that ICV Ox administration increases plasma glucose 

concentrations through an increase in EGP (Yi et al. 2009). Moreover, administration of an 

Ox-1 receptor antagonist prior the administration of Ola blunts the Ola-induced increased 

EGP (Girault et al., In press). Since our animals were over PND100, it could well be that an 

increased Ox expression compensates for the absence of MCH in our study. Especially since 

MCH and Ox neurons are intermingled in the same region of the LH/PFA and MCH has been 

shown to increase feeding (Qu et al. 1996). Moreover, there is a reciprocal innervation 

between Ox and MCH neurons, MCH attenuates the efficacy of the glutamatergic synapses 

on the Ox neurons (Rao et al. 2008) and part of the effect of Ox may be mediated via 

stimulation of MCH signalling. The 2 groups of neurons thus appear to fulfil complementary 

roles in various hypothalamic functions (Tsuneki et al. 2010). Our data on the possible 

involvement of the Ox and MCH system in the metabolic side effects of Ola are in support of 

these complementary roles, as an Ox-1 receptor antagonist reduced the hyperglycemic effect 

of Ola (Girault et al., In press) and MCH-KO tended to increase it (Figure 3). 

 

Chronic treatment with Ola in rats induces fat accumulation (Cooper et al. 2005; Albaugh et 

al. 2010; Minet-Ringuet et al. 2006; Shobo et al. 2011; van der Zwaal et al. 2010), decreased 

locomotor activity (Albaugh et al. 2010; Liebig et al. 2010; van der Zwaal et al. 2010), 

increased meal size (van der Zwaal et al. 2010) but decreased meal frequency (van der 

Zwaal et al. 2008), and decreased body weight (Smith et al. 2011). In our experiment, the 

focus was on the acute effects of Ola in a MCH KO model. Therefore, at present we cannot 

exclude the involvement of the MCH system in more chronic parameters.  

 

In conclusion, our experiment showed that the absence of the MCH system did not 

significantly affect the hyperglycemia, increased EGP and higher plasma corticosterone 

levels induced by an acute administration of Ola. However, it is likely that compensatory 

changes induced by the MCH KO obliterated the effect of an absent MCH system.  
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Many atypical antipsychotic drugs exhibit metabolic side effects in humans. Obesity, diabetes 

mellitus, hypertension, osteoarthritis and lipid abnormalities are the most common threats 

associated with long-term treatment with atypical antipsychotics (Fertig et al. 1998; Taylor 

and McAskill 2000; Wetterling 2001; Newcomer 2005). Unraveling the mechanisms 

underlying these side effects might be advantageous in two ways. First, a better 

understanding of the mechanisms responsible for this drug-induced increased risk of type 2 

diabetes or obesity may lead to new targets or therapies for the treatment of these disorders. 

Secondly, such research may reveal ways to design new antipsychotic drugs with fewer 

(metabolic) side effects. One of the atypical antipsychotics well-known for its metabolic side 

effects is Olanzapine (Ola). But despite its major clinical impact, the mechanisms underlying 

the etiology of its side effects are still poorly understood. In this thesis, we reported several 

experiments aimed to determine the mechanism(s) responsible for the metabolic side effects 

of Ola. 

We hypothesized that just like its antipsychotic action also the metabolic side effects of Ola 

are mediated via the central nervous system. More specifically, we hypothesized that Ola 

acts, either directly or indirectly, on the pre-autonomic neurons in the hypothalamus that are 

involved in the control of glucose and/or energy metabolism. 

 

1. Summary of main findings 

In Chapter 1, the general introduction, we first describe how energy balance is maintained 

and investigated the main mechanisms leading to obesity, insulin resistance and diabetes. 

Then, we give an overview of the pharmacological treatment of schizophrenia, with typical 

and atypical antipsychotics, focusing specifically on Ola and its metabolic side effects. In 

Chapter 2, the first experimental chapter, we studied the acute and chronic effects of Ola on 

glucose and energy metabolism in rats. In the 1st part of this chapter (2.1 and 2.2), we 

compared the acute effects of peripheral and central Ola administration. Acute intragastric 

(IG) Ola administration induced hyperglycemia and hepatic as well as extra-hepatic insulin 

resistance, adverse metabolic side effects also seen in patients. Surprisingly, acute central 

administration of Ola did not induce any of these metabolic side effects. In the second part of 

the chapter (2.3), we assessed energy intake, energy expenditure, temperature, glucose 

metabolism and plasma Ola levels in rats treated chronically (5 weeks) with Ola via drinking 

water. In these animals, basal insulin levels were increased whereas glycemia was 

unchanged, which points towards insulin resistance. In addition, chronic treatment induced 

hypothermia and desensitization to the acute glucoregulatory effects of the drug upon IG 
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treatment, i.e. hyperglycemia and increased endogenous glucose production (EGP).  

The chronic treatment also resulted in increased adiposity with unaltered body weight, 

energy intake and energy expenditure. Our calorimetric study indicated that the increased 

adiposity was associated with a shift in substrate utilization, mainly from lipids to 

carbohydrates, as a consequence of insulin and possibly leptin resistance. The main effects 

of Ola administration are summarized in Figure 1. 

 

 

 

In Chapter 2.1 and 2.3, we focus on the effects of peripheral administration of Ola, since, as 

described in 2.1, we found no glucoregulatory effects of intracerebroventricular (ICV) 

administered Ola. However, Martins et al. showed that Ola administered ICV led to hepatic 

insulin resistance (Martins et al. 2010). As plasma Ola measurements in our study (Chapter 

2.2) showed traces of Ola in the plasma after ICV administration, we concluded that the 

changes seen by Martins et al., using a 10-fold higher ICV dose, may well be due to a 

leakage of Ola from the ventricle compartment to the periphery. However, the apparent 

primary site of action in the periphery does not exclude an involvement of the central nervous 

system in the metabolic side effects of Ola. For instance, the peripheral action of Ola can 
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induce an afferent signal that is transmitted to the central nervous system. This was also 

indicated by the results of Stefanidis et al. who showed that peripheral administration of Ola 

activates neurons in the hypothalamus (Stefanidis et al. 2009). Ola could also penetrate the 

brain from the blood stream. Indeed, as described in chapter 2.2, high levels of Ola were 

found in the brain after IG Ola infusion. Orexin and melanin-concentrating hormone (MCH) 

are two hypothalamic orexigenic peptides. In Chapter 3, we investigate the possible 

implication of orexin and MCH in the metabolic effects of IG administered Ola. ICV orexin-

receptor-1 (OxR1) antagonist administration was able to block the increased EGP induced by 

IG Ola administration, but not its hyperglycemic effect (Chapter 3.2; Figure 2). 

 

 

 

The stimulatory effect of Ola on EGP did not seem to be mediated solely by an orexin-

induced increased release of glucagon, as no differences between OxR1 antagonist-treated 

and vehicle-treated animals were observed in their plasma glucagon response. Therefore, it 

is most likely that the ICV OxR1 treatment blocks an Ola-induced stimulatory effect of orexin 

on the sympathetic input to the liver. Prepro-MCH knock-out (PMCH KO) rats were used to 

study the possible involvement of the MCH system in the Ola-induced changes in glucose 
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metabolism. IG Ola administration induced increased glucose levels, EGP and corticosterone 

levels in both wild-type and PMCH KO rats. The absence of hypothalamic MCH expression 

did not have a significant effect on the Ola-induced changes in glucose metabolism. 

However, since the PMCH KO rats (vs. wild-type (WT) rats) did not show an increase in 

insulin levels after Ola treatment, we hypothesized that the Ola-induced hyperinsulinemia in 

WT animals is mediated via a MCH-dependent mechanism, probably within the pancreas. 

 

 

2. Pharmacological aspects of Olanzapine-induced metabolic side effects 

A definitive cause of schizophrenia has not been established yet, but a prominent hypothesis 

regarding its pathogenesis involves excess neurotransmission at the dopamine (DA) 

receptor. This hypothesis emerged from the discovery of antipsychotic drugs in 1952 (Delay 

et al. 1952) and the work of Carlsson and Lindqvist who identified that these drugs increased 

degradation of DA when administered to animals (Carlsson and Lindqvist 1963). In line with 

this hypothesis, reserpine, another drug effective for treating psychosis, blocked the reuptake 

of DA and other monoamines leading to their dissipation (Carlsson et al. 1957). However, the 

launch of atypical antipsychotics in 1990s questioned the DA theory as the primary cause of 

schizophrenia, since those drugs, which had a much lower affinity for DA receptors, were 

found to be just as effective as classic typical antipsychotic drugs in controlling psychosis, 

and even more effective in controlling the negative symptoms. So even if DA plays an 

important role in the development of schizophrenia, other neurotransmitters might also play a 

pivotal role in its pathogenesis. 

Yoon et al. studied the involvement of the DA system in the metabolic side effects of three 

atypical antipsychotics, Ola, ziprasidone and risperidone. They showed that all three drugs 

induced decreased body weight, food intake, body fat mass and locomotor activity when 

administered to WT male mice which are unexpected results in view of Ola-induced 

metabolic side effects in humans (Yoon et al. 2010). However, when administered to DA D2 

receptor (D2R) KO mice, only animals treated with ziprasidone and risperidone exhibited 

those changes, suggesting that the dominant effect of Ola on metabolic regulation may be 

associated with DA D2R signaling (Yoon et al. 2010). Indeed, Ola acts as a D2R antagonist 

(Bymaster et al. 1996; Moore et al. 1992). D2R KO mice exhibit an impaired insulin response 

to glucose overload, high fasting blood glucose levels, glucose intolerance and possess a 

reduced β-cell mass at 7 months of age (Garcia-Tornadu et al. 2010). In addition, Li et al. 

showed that administration of Ola to the medial prefrontal cortex (mPFC) induced an 

increased mPFC DA efflux that could be blocked by a systemic injection of a serotonin 5-

http://en.wikipedia.org/wiki/Atypical_antipsychotic
http://en.wikipedia.org/wiki/Typical_antipsychotic
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HT1A-receptor antagonist, WAY-100635, but not by telenzepine, a preferential M1-receptor 

antagonist (Li et al. 2009). This shows that 5-HT1A- but not M1-receptors in the mPFC are 

involved in cortical DA efflux induced by Ola (Li et al. 2009).  

Furthermore, the study of Kirk et al., using a female rat model, suggested that 5-HT2C-

receptor antagonism, perhaps with inverse agonism, and concurrent D2R antagonism may be 

the underlying cause of Ola-induced weight gain (Kirk et al. 2009). Other studies 

demonstrated that chronic administration of atypical antipsychotics causes desensitization 

and down regulation of central 5-HT2AR signaling (Singh et al. 2010). Moreover, Muma et al. 

showed that 7 days of treatment with Ola decreases serotonin-stimulated phospholipase C 

(PLC) activity in rat frontal cortex (Muma et al. 2007). Ola is also a potent H1-receptor 

antagonist (Richelson and Souder 2000). As mentioned already in Chapter 1, acute (1-week) 

and chronic (12-weeks) Ola treatment significantly down-regulated H1-receptor mRNA 

expression in the hypothalamic arcuate (Arc) and ventromedial nucleus (VMH). Haloperidol 

or aripiprazole, antipsychotics with a lower risk of weight gain side-effect did not have these 

effects (Han et al. 2008). In addition, Ola decreased H1-receptor binding density in the VMH. 

This altered H1 signaling was accompanied by an increase in food intake and weight gain in 

Ola-treated rats compared to those treated with aripiprazole or haloperidol (Han et al. 2008). 

Coinciding with these findings, a study by Kim et al. (2007) found that Ola activates 

hypothalamic 5’-adenosine monophosphate-activated protein kinase (AMPK), which 

increases food intake and weight gain (Minokoshi et al., 2004), via H1-receptor antagonism. 

These findings suggest that a possible mechanism for Ola-induced weight gain is through a 

drug-induced decrease in the hypothalamic expression of the H1-receptor, blockade of which 

is linked to downstream AMPK activation, resulting in increased food intake that, when 

coupled with an insufficient increase in locomotor activity, contributes to weight gain (Kim et 

al. 2007; Han et al. 2008). 

In conclusion, the metabolic side effects of Ola can be linked to its action on different types of 

receptors.  

 

 

3. Olanzapine and impaired mobilization of stored fuel 

As demonstrated in Chapter 2.3 and also by Albaugh et al. (2010), impaired mobilization of 

stored fuels may be a factor contributing to the increased adiposity observed during chronic 

Ola administration. In a physiological state, stored adipose triglycerides are mobilized 

through lipolysis during the post-absorptive state to conserve glucose as a fuel for the brain. 

In 14h food-restricted rats, Ola administration blunted the increase in plasma FFA and 
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glycerol, suggesting lipolytic impairment (Albaugh et al. 2012). This decreased lipolysis could 

be due to a decreased sympathetic tone. The lowered plasma FFA levels resulted both from 

impaired lipolysis and accelerated fat oxidation (Albaugh et al. 2011). Especially decreased 

lipolysis would contribute to the increased fat accumulation we observe after chronic Ola 

treatment (Chapter 2.3). Vestri et al. also reported stimulatory effects of Ola on lipogenesis 

and inhibitory effects on lipolysis (Vestri et al. 2007). These effects are consistent with the 

results from Albaugh et al. (2012) and help to understand the Ola-induced increased 

adiposity as reported previously.  

 

4. Olanzapine metabolic side effects and the insulin receptor cascade  

Mondelli et al. showed that the acute administration of Ola has a direct effect on the hepatic 

insulin signaling pathway, with a reduction of insulin receptor substrate-2 (IRS-2) levels, 

reduced phosphorylation of glycogen synthase kinase 3-Ser21 (GSK-3α-Ser21) and 

increased phosphorylation of GSK-3β-Ser9 (Mondelli et al. 2013). These effects appeared in 

the absence of an effect on body weight or visceral adipose tissue deposition. The decrease 

in IRS-2 suggests that Ola-induced changes in glucose metabolism are caused by an 

inhibition of the insulin signaling cascade. These data on hepatic insulin resistance are in line 

with ours showing a reduced insulin-induced inhibition of EGP, a decreased insulin-

stimulated glucose uptake and a reduced liver glycogen storage in rats treated with Ola 

(Chapter 2.1.). Moreover in Chapter 2.3, we showed that chronic administration of Ola leads 

to increased insulin levels while basal blood glucose levels are unchanged which points 

towards insulin resistance. Chintoh et al. showed that, indeed, chronic Ola treatment leads to 

both hepatic and extra-hepatic insulin resistance by diminishing the ability of insulin to 

facilitate uptake of glucose into liver and muscle cells (Chintoh et al. 2008). 

 

5. The role of the hypothalamus 

The rate of hepatic glucose production depends on the activities of unidirectional enzymes 

such as phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G-6-

Pase). PEPCK catalyzes the conversion of oxaloacetate to phosphoenolpyruvate, which is 

an important step of gluconeogenesis. G-6-Pase catalyzes the production of free glucose 

from glucose-6-phosphate, which is the final step in both gluconeogenesis and 

glycogenolysis. Ikegami et al. showed that ICV Ola administration leads to increased mRNA 

levels of G-6-Pase in the liver (Ikegami et al. 2013). Previous studies have indicated that the 
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overexpression of G-6-Pase increases glucose production, and causes hyperglycemia and 

glucose intolerance (Trinh et al. 1998). Similarly, Martins et al. also showed increased G-6-

Pase, but also PEPCK gene expression levels after intravenous and ICV Ola treatment 

(Martins et al. 2010). Together these findings strongly suggest that Ola accelerates glucose 

production by increasing G-6-Pase and PEPCK activity. Furthermore, Ikegami et al. also 

demonstrated that ICV Ola activates AMPK in the hypothalamus of non-fasted mice but not 

of fasted mice (Ikegami et al. 2013). They propose that this activated AMPK in the 

hypothalamus can, in turn, stimulate the sympathetic nervous system, and subsequently 

increase G-6-Pase levels via hepatic β-adrenergic receptors thus inducing hyperglycemia. Of 

note, unlike in the study of Martins et al., the dose of Ola injected in the study of Ikegami et 

al. is about 10-fold lower than that is in our study and thus less likely to result in a leakage to 

the periphery. The main difference between ICV experiments in this study compared to the 

study of Martins et al. is the fasting state of the animals. Ikegami et al. showed that ICV Ola 

induces changes only in non-fasted animals and not in fasted animals. On the other hand, in 

our study, all animals were food restricted which might explain the absence of effect. 

 When injected centrally MCH, orexin, as well as neuropeptide Y (NPY), increase food 

intake. Sahu et al. showed that orexin-A and NPY administration have a synergistic action in 

the rat hypothalamus in stimulating feeding, but that orexin-A and MCH have no interaction in 

the regulation of food intake and that NPY and MCH have very little synergistic effect on 

feeding (Sahu 2002). Although MCH and orexin neurons are located in the same brain 

region, i.e., the lateral hypothalamus (LH), and both project to several hypothalamic areas 

implicated in feeding and body weight regulation, the action of those two neuropeptides on 

feeding seems to be independent of each other. This suggests that their action on feeding 

behaviour is via two distinct mechanisms. Ola administration results in the activation of 

neurons in the LH that are orexin- but not MCH-positive (Wallingford et al. 2008). Since part 

of Ola metabolic side effects are blunted by a blockade of the orexin system but not by the 

absence of MCH expression, it will be of great interest to investigate further the activity of the 

orexin pathway under Ola treatment. Interestingly, adult MCH-KO animals show an 

increased hypothalamic orexin mRNA expression (Mul et al. 2010). 

 

It has been shown that subchronic treatment with Ola decreases the expression of 

proopiomelanocortin (POMC)/cocaine- and amphetamine-related transcripts (CART) mRNA 

and increases the expression of NPY/ agouti-related peptide (AgRP) mRNA expression in 

the arcuate nucleus (Arc) (Ferno et al. 2011). The increased NPY/AgRP activity in turn may 
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increase orexin expression in the LH, but could also act independently from orexin to 

increase EGP (Bruinstroop et al. 2012). Decreased POMC/CART and increased NPY/AgRP 

mRNA expression levels seen after Ola treatment are also observed when ghrelin is 

administered centrally (Gao et al. 2013). In fact, some animal studies report increased levels 

of plasma ghrelin after Ola treatment (Weston-Green et al. 2012; van der Zwaal et al. 2012). 

On the contrary, clinical studies report no changes (Smith et al. 2012) or even decreased 

levels of ghrelin (Stip et al. 2012; Tanaka et al. 2008). More investigations will be necessary 

to rule out or establish a possible role of ghrelin in the Ola-induced metabolic side effects, 

perhaps by the use of ghrelin or ghrelin receptor KO animals. Finally, an increase in orexin 

levels in the LH was also shown after acute peripheral Ola administration (Fadel et al. 2002). 

Stefanidis et al. showed that neurons containing orexin were activated after an acute Ola 

treatment (Stefanidis et al. 2009). This is in line with our findings, wherein administration of 

an OxR1 antagonist blunts the increased EGP induced by Ola (Chapter 3.2). Fadel et al. 

showed that a non-orexin set of neurons were also activated in the LH area. More 

importantly, acute treatment with Ola leads to activation of several other hypothalamic nuclei, 

amongst those are the Arc, the dorsomedial nucleus of the hypothalamus (DMH) and the 

paraventricular nucleus of the hypothalamus (PVN) (Stefanidis et al. 2009). Identification of 

the neurotransmission system in those neurons would help to determine further the 

hypothalamic mechanism of Ola metabolic side effects. In the light of those evidences, it 

seems clear that the hypothalamus is involved in the metabolic side effects of Ola; however, 

the exact pathways need further investigation.  

 

In Figure 3, we summarize the information gathered thus far. Ola-increased orexin levels 

may be caused by a direct action of Ola on the LH, via an activation of NPY/AgRP neurons in 

the Arc or via a signal from the brainstem. Once activated, orexin neurons can signal to the 

metabolic organs via the sympathetic nervous system. It is known that orexin plays a key role 

in maintaining hypothalamic and peripheral insulin sensitivity. Shen et al. showed that low 

dose ICV administration of orexin-A decreased the activity of autonomic nerves innervating 

white adipose tissue, thus orexin might affect lipolysis and leptin release via the autonomic 

nervous system (Shen et al. 2008). In Chapter 3.2., we demonstrate that ICV OxR1 

antagonist administration prevented the stimulatory effect of Ola on EGP. Data from our 

group showed that ICV orexin-A administration increases blood glucose concentration 

through an increased hepatic EGP, which can be blocked by a sympathetic – but not a 

parasympathetic- hepatic denervation (Yi et al. 2009).  
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Moreover, via its action in the medial hypothalamus, orexin also stimulated glucose uptake in 

skeletal muscle, mediated via a sympathetic nervous system (Shiuchi et al. 2009). Thus Ola-

induced changes in energy metabolism could involve the hypothalamic orexin- and 

subsequently the sympathetic nervous system. Ola is also known to affect substrate 
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utilization and body fat gain. It is thus plausible that the hypothalamic system might be 

involved in those changes (Joly-Amado et al. 2012). Ola administration affects ghrelin and 

leptin levels, these hormones have physiologically antagonizing effect on POMC/CART and 

NPY/AgRP neurons in the Arc, and lead to increased and decreased food intake respectively 

and have reverse effects on energy expenditure.  

Some of the neurotransmitters involved in the metabolic side effects of Ola, cited in section 

2, are also modulating the activity of orexin neurons. Although orexin neurons do not have 

DA receptors, DA does inhibit orexin neurons by acting on α2-adrenoreceptors (Yamanaka et 

al. 2003; Yamanaka et al. 2006). Serotonin is also known to send inhibitory projections to 

orexin neurons (Tsujino and Sakurai 2009). Thus it is important to keep in consideration that 

Ola can modulate the activity of orexin neurons via its action on those neurotransmitter 

systems as well. 

 

6. Technical difficulties and justification of the animal model 

Generally, animal models are used to perform invasive experiments that, for ethical reasons, 

cannot be performed in healthy volunteers or patients. However, those models have certain 

limits and one should always keep a critical eye on the results obtained using animal models.  

One of the main challenges in these experiments was to deal with the major difference in Ola 

metabolism between humans and rodents, i.e. the plasma half-life time of Ola in humans is 

21-54 hours whereas in rodents it is only 2.5 hours (Aravagiri et al. 1999). As described in 

chapter 2.2., there are a few possibilities to circumvent this problem in animal studies, i.e. 

usage of implantable osmotic minipumps or administration via drinking water. However, each 

approach will have secondary effects that must be taken into account. In chapter 2.2, we also 

discussed that central administration of Ola is problematic, due to poor penetration in the 

brain tissue and leakage to the periphery. Furthermore, Ola clearance has been shown to be 

25% lower in women than in men and also age has a significant impact (Callaghan et al. 

1999). A major sex difference is also seen regarding the effects of Ola treatment in rodents. 

Contrary to humans, Ola administration in rodents causes a significant body weight gain, 

albeit only in females (Davey et al. 2012). However, both genders display an increased 

adiposity upon chronic treatment. The less pronounced effects of Ola on body weight in male 

animals allowed us to study the Ola effects on glucose metabolism independent of changes 

in body mass. 
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Whilst studying the metabolic side effects of Ola, it is also important to consider the 

background of the patients experiencing side effects possibly explaining in part why patients 

suffering from schizophrenia are prone to obesity. For instance, symptoms such as apathy 

and social withdrawal will contribute to the lack of adherence to a proper diet and stimulate 

an overall sedentary lifestyle (Davidson 2002). However, Ola has been shown to result in 

increased body weight gain in both schizophrenic patients and healthy volunteers (Sacher et 

al. 2008), as well as in patients suffering from acute manic episodes. Thus, body weight gain 

after Ola treatment cannot be attributed solely to the patients’ background and symptoms. 

In this thesis, we showed that both acute and chronic administration of Ola lead to metabolic 

side effects with regards to glucose metabolism. We found that the long-term exposure to the 

drug modifies its effect during an acute challenge. Ola has affinity for several receptors and 

an extensive literature concerning the involvement of those receptors is available. We 

decided to focus on probable hypothalamic mechanisms because this brain structure plays a 

key role both in body weight regulation and glucose metabolism. The results in this thesis 

indicate that the metabolic side effects of Ola are partly mediated by the hypothalamic orexin 

system. The mechanisms by which Ola affects this system remain unclear but several 

mechanisms have been proposed in this discussion. Ola might influence the orexin neurons 

in the LH directly, via the POMC/CART and NPY/AgRP neurons in the Arc or even via the 

brainstem (Figure 3). In conclusion, lowering OxR1 activity seems to be efficient in reducing 

the glucoregulatory effects of Ola in rat models and, by inference seems to be an attractive 

therapeutic target. However, the orexin system is involved in various functions including 

sleep regulation, and an OxR1 antagonist concomitantly administered with Ola might lead to 

unwanted effects in patients including disturbed vigilance, therefore use of OxR1 antagonist 

merits further research. 
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ENGLISH SUMMARY 

Schizophrenia is a mental disorder characterized by a breakdown of thought processes and 

poor emotional responsiveness. Since the 1950’s, antipsychotics have been a mainstay of 

therapy for this disease. The first generation of antipsychotics (so-called typical 

antipsychotics) were found to be effective in treating positive symptoms but also caused 

extra-pyramidal side effects including tardive dyskinesia, due to their effects on dopamine D2 

receptors. In the 1990’s, atypical antipsychotics, a second generation of antipsychotics, were 

put on the market and they are now commonly used. This new generation of antipsychotics 

is effective both on positive and negative symptoms, and has a lower propensity to induce 

movement disorders. These new drugs, however, also have a drawback, as these benefits 

are accompanied by adverse metabolic side effects including body weight gain and impaired 

glucose metabolism, increasing the propensity for the development of obesity and type 2 

diabetes. Olanzapine is one of these atypical antipsychotics; its safety profile reveals 

potential risks for causing a “metabolic syndrome” consisting of hyperglycemia, 

hyperlipidemia, elevations in plasma transaminases and weight gain. The mechanisms of 

those metabolic side effects have been of interest to many research groups all over the world 

and they are also the main focus of this thesis. The brain and more specifically the 

hypothalamus have a key role in the regulation of energy balance. The main target tissue for 

antipsychotic drugs such as olanzapine is the central nervous system. We therefore 

hypothesized that the metabolic side effects of olanzapine are explained by off-target effects 

of olanzapine in the hypothalamus. This thesis describes our search for evidence to prove or 

disprove this hypothesis. 

Chapter 1 gives an overview of the metabolic side effects of olanzapine and the limited 

knowledge on their possible mechanism, as well as on our current knowledge on the 

hypothalamic systems that control glucose metabolism. Together this information provides 

the background for the hypothesis to be tested in this thesis.  

Chapter 2 describes the first series of experiments aimed at investigating the metabolic 

effects of centrally or peripherally administered olanzapine in our animal model. In Chapter 

2.1 we compared the effects of an acute peripheral versus central administration of 

olanzapine on glucose metabolism in male rats. We found that in male rats the metabolic 

effects of peripheral acute administration of olanzapine mimicked the adverse metabolic side 

effects known from clinical studies, i.e., hyperglycemia and insulin resistance. However, 

acute administration of olanzapine centrally did not result in any of these changes, indicating 
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that the initiation of the metabolic side effects of olanzapine is mainly based on a peripheral 

mechanism. Nevertheless, in our opinion, these results did not exclude the possibility that 

subsequent to these primary events in the periphery an afferent signal could be transmitted 

to the central nervous system and central mechanisms might thus be implicated in 

subsequent steps of the metabolic side effects of olanzapine. In Chapter 2.2, we describe the 

difficulties we encountered to determine the optimal mode of administration of olanzapine in 

a rat model. In fact, the short half-life of olanzapine in rats (2.5 hours vs. 21-54 hours in 

humans) and its solubility and stability in solution turned out to be quite challenging when 

designing the experiments. Moreover, central administration of olanzapine (in high 

concentrations) seemed to cause leakage into the general circulation, making conclusions 

about the site of origin of the metabolic side effects of olanzapine difficult. In Chapter 2.3, we 

investigated the metabolic changes induced by chronic treatment with olanzapine. We 

combined measures of energy intake, energy expenditure, glucose metabolism and 

measured plasma olanzapine in male rats chronically treated with olanzapine. Acute 

olanzapine administration resulted in hyperglycemia which was partly explained by an 

increased endogenous glucose production. Interestingly, this acute effect of olanzapine 

disappeared in animals who had received olanzapine chronically for 5 weeks. On the other 

hand, rats treated chronically with olanzapine displayed an increased relative adiposity with 

increased leptin levels, which was associated with changes in body substrate utilization but 

not with increased energy consumption or decreased energy expenditure. Finally, chronic 

treatment with olanzapine resulted in nocturnal hypothermia. 

In Chapter 3, we focused on the possible role of the brain and more specifically the 

hypothalamus in the olanzapine-induced changes in energy metabolism. In the first part (3.1) 

of this chapter, we introduced the orexin and melanin-concentrating hormone (MCH) 

neurotransmitter systems. It had been shown previously that peripheral injections of 

olanzapine resulted in a strong activation of neurons in the lateral hypothalamus, a nucleus 

implicated in arousal, feeding and other motivated behaviors. Orexin- and MCH-containing 

neurons are abundantly expressed in the lateral hypothalamus and are known to be involved 

in feeding behavior. In Chapter 3.2, we investigated the possible involvement of the orexin 

system in the metabolic side effects of olanzapine by infusing an orexin-1 receptor 

antagonist, SB-408124, intracerebroventricularly (ICV) together with the peripheral 

administration of olanzapine. We showed that ICV treatment with SB-408124 blunted the 

olanzapine-induced increase in endogenous glucose production, showing the involvement of 

the orexin system in the metabolic side effects of olanzapine. In Chapter 3.3, we investigated 

the possible involvement of the MCH system in the metabolic side effects of olanzapine, as 



 

 

150 

genetic studies had shown that the common allele rs7973796 of the prepro-MCH gene, 

encoding for the neuropeptide MCH, is associated with a greater body mass index in 

olanzapine-treated schizophrenic patients. To do so, we performed acute intragastric 

infusions of olanzapine in both prepro-MCH gene knock-out (KO) and wild-type (WT) rats. 

Administration of olanzapine induced hyperglycemia, increased endogenous glucose 

production and corticosterone levels in both KO and WT rats. However, contrary to the WT 

rats, the prepro-MCH KO rats did not show an increase in insulin levels after olanzapine 

treatment. Therefore, we hypothesize that the olanzapine-induced hyperinsulinemia in WT 

rats might involve a MCH-dependent mechanism, probably in the pancreas.  

In Chapter 4 we conclude that the results of this thesis support the idea that part of the 

metabolic side effects of olanzapine are mediated by the hypothalamic orexin system. 

However, the exact mechanism via which olanzapine affects the orexin system is not clear 

yet as olanzapine might influence the orexin neurons in the lateral hypothalamus 1) directly, 

2) via the POMC/CART and NPY/AgRP neurons in the arcuate nucleus, or 3) via ascending 

projections from the brainstem.  
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NEDERLANDSE SAMENVATTING 

Schizofrenie is een psychische aandoening die gekenmerkt wordt door een karakteristieke 

verstoring van het denken en voelen, en gepaard gaat met wanen en hallucinaties en een 

verlies van emoties. Sinds de jaren ’50 is antipsychotische medicatie beschikbaar. De eerste 

generatie anti-psychotica (de zogenaamde typische anti-psychotica) was zeer effectief in het 

verminderen van de positieve symptomen (de wanen en hallucinaties), maar had ook 

duidelijke extra-pyramidale bijwerkingen zoals tardieve dyskinesie door een effect op de 

dopamine-2 (D2) receptoren. In de ’90 jaren kwam de tweede generatie anti-psychotica op 

de markt, de zogenaamde atypische anti-psychotica, en deze worden nog steeds veel 

voorgeschreven. Deze nieuwe generatie anti-psychotica vermindert niet alleen de positieve, 

maar ook de negatieve symptomen en heeft daarnaast minder extra-pyramidale 

bijwerkingen. Ook deze nieuwe medicijnen hebben echter een duidelijke keerzijde, namelijk 

ongewenste metabole effecten zoals gewichtstoename en een ongunstig 

glucosemetabolisme, met als gevolg een toegenomen risico op obesitas en type 2 diabetes. 

Olanzapine is een van deze atypische anti-psychotica waarvan de bijsluiter een toegenomen 

risico voor verschillende factoren van het metabool syndroom vermeldt, zoals 

hyperglycaemie, hyperlipidaemie, en gewichtstoename. Het mechanisme achter deze 

metabole bijwerkingen heeft de aandacht getrokken van vele onderzoeksgroepen over de 

hele wereld en is ook het belangrijkste onderwerp van dit proefschrift. Het brein en meer 

specifiek de hypothalamus spelen een centrale rol bij de regulatie van het 

energiemetabolisme. Het belangrijkste doelwitorgaan voor anti-psychotica zoals olanzapine 

is het centraal zenuwstelsel. Dit bracht ons tot de volgende hypothese: de metabole 

bijwerkingen van olanzapine worden verklaard door een (ongewenste) werking van 

olanzapine in de hypothalamus. Dit proefschrift beschrijft onze zoektocht naar bewijs om 

deze hypothese te kunnen bevestigen dan wel ontkrachten. 

 

Hoofdstuk 1 geeft een overzicht van de metabole bijwerkingen van olanzapine, de beperkte 

beschikbare kennis over het mogelijke werkingsmechanisme, en van de huidige inzichten in 

de hypothalame mechanismen betrokken bij de regulatie van het glucosemetabolisme. 

Gezamenlijk geeft deze informatie de noodzakelijke achtergrondkennis voor de in dit 

proefschrift te testen hypothese. 

 

Hoofdstuk 2 beschrijft de eerste serie van experimenten gericht op het onderzoeken van de 

metabole effecten van een perifere danwel een centrale toediening van olanzapine in ons 

diermodel. In hoofdstuk 2.1 vergeleken we de effecten van een acute perifere versus een 
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acute centrale toediening van olanzapine op het glucosemetabolisme van de manlijke rat. 

We vonden dat de directe metabole effecten van een perifere toediening van olanzapine in 

hoge mate vergelijkbaar waren met de metabole bijwerkingen bekend uit klinische studies, 

namelijk hyperglycaemie en insulineresistentie. Het feit dat centrale toediening van 

olanzapine echter geen van deze metabole veranderingen veroorzaakte, wijst er op dat de 

oorsprong van de metabole bijwerkingen voornamelijk gebaseerd is op een perifeer 

mechanisme. Deze resultaten sluiten echter niet uit dat als gevolg van deze primaire effecten 

in de periferie een afferent signaal naar het centraal zenuwstelsel gaat en dat op deze wijze 

wel degelijk ook centrale mechanismen betrokken kunnen zijn bij de metabole bijwerkingen 

van olanzapine. In hoofdstuk 2.2 beschrijven we de problemen die we tegenkwamen bij het 

zoeken naar de beste manier om olanzapine toe te dienen in ons ratmodel. De korte 

halfwaardetijd van olanzapine in ratten (2½ uur versus 21-54 uur in mensen), de moeilijke 

oplosbaarheid en de lage stabiliteit in een oplossing bleken namelijk een obstakel te zijn bij 

het ontwerpen van de experimenten. Daarbij bleek ook dat de centrale toediening van 

olanzapine (vooral met de hogere concentraties) resulteert in lekkage naar de systemische 

circulatie, hetgeen conclusies over de oorsprong van de metabole effecten van olanzapine 

moeilijk maakt. In hoofdstuk 2.3 hebben we de metabole effecten na chronische toediening 

van olanzapine onderzocht. In deze studie combineerden we metingen van energie-inname, 

energieverbruik en glucosemetabolisme en bepaalden we de olanzapineconcentraties in 

plasma van manlijke ratten die chronisch met olanzapine werden behandeld. De 

hyperglycaemie veroorzaakt door een acute behandeling met olanzapine werd voor een 

gedeelte verklaard door een verhoogde endogene glucoseproductie. Opmerkelijk was dat dit 

acute effect van olanzapine verdwenen was in dieren die 5 weken chronisch met olanzapine 

waren behandeld. Chronisch met olanzapine behandelde ratten vertoonden echter wel een 

toename in hun vetpercentage en verhoogde plasma leptine spiegels. Deze veranderingen 

gingen gepaard met een veranderd substraatverbuik, maar niet met een toename van de 

energie-inname of een afname van het energieverbruik. Ook veroorzaakte de chronische 

behandeling met olanzapine een lagere lichaamstemperatuur tijdens de donkerperiode. 

 

In hoofdstuk 3 hebben we ons gericht op de mogelijke rol van het brein en meer specifiek de 

hypothalamus in de veranderingen in het energiemetabolisme veroorzaakt door olanzapine. 

Het eerste deel (3.1) van dit hoofdstuk is een beschrijving van de orexine en melanine-

concentrerend hormoon (MCH) bevattende neurotransmitter systemen. Eerdere studies 

hebben laten zien dat perifere injecties van olanzapine resulteren in een sterke activatie van 

neuronen in de laterale hypothalamus, een hersengebied dat sterk betrokken is bij 
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waakzaamheid en eetgedrag. Orexine- en MCH-bevattende neuronen zijn rijkelijk aanwezig 

in de laterale hypothalamus en zijn betrokken bij eetgedrag. In hoofdstuk 3.2 hebben we de 

mogelijke betrokkenheid van het orexine systeem bij de metabole effecten van olanzapine 

onderzocht door het toedienen van een orexine-antagonist, SB-408124,  

intracerebroventriculair (ICV), gelijktijdig met de perifere toediening van olanzapine. De ICV 

toediening van SB-408124 resulteerde in een verminderde olanzapine-geïnduceerde stijging 

van de endogene glucoseproductie, hetgeen er op wijst dat het orexine systeem inderdaad 

betrokken is bij de metabole effecten van olanzapine. In hoofdstuk 3.3 hebben de mogelijke 

betrokkenheid van het MCH systeem bij de metabole effecten van olanzapine onderzocht. 

Dit omdat genetische studies hadden laten zien dat het allel rs7973796 van het preproMCH 

gen, dat codeert voor het MCH neuropeptide, geassocieerd is met een grotere body mass 

index (BMI) in schizofrene patienten die met olanzapine worden behandeld. Om de 

betrokkenheid van het MCH systeem te onderzoeken hebben we MCH-knock out (KO) ratten 

en wildtype (WT) ratten een acute infusie van olanzapine in de maag gegeven. De 

toediening van olanzapine veroorzaakte hyperglycaemie, een verhoogde endogene 

glucoseproductie en verhoogde plasma corticosteron spiegels in zowel de KO als WT dieren. 

In tegenstelling tot de WT dieren vertoonden de KO dieren echter geen verhoging van de 

plasma insuline piegels na de toediening van olanzapine. Wij concluderen dan ook dat de 

olanzapine-geïnduceerde plasma insuline stijging in de WT dieren het gevolg is van 

mechanisme waarin ook MCH betrokken is, waarschijnlijk in de pancreas. 

 

In hoofdstuk 4 concluderen we dat de resultaten van dit proefschrift het idee ondersteunen 

dat een deel van de metabole bijwerkingen van olanzapine gemedieerd worden middels het 

hypothalame orexine systeem. Het preciese mechanisme echter waarlangs olanzapine de 

activiteit van de orexine neuronen beïnvloedt is nog niet duidelijk. Olanzapine zou een direct 

effect op de orexine neuronen kunnen hebben, maar zou hun activiteit ook kunnen 

beïnvloeden via de neuronen in de nucleus arcuatus of via projecties vanuit de hersenstam. 



 

 

154 

PhD Portfolio 

Elodie Marie Girault    

PhD period:  August 2008 – November 2012    

Name PhD supervisors: Prof. dr. Andries Kalsbeek, Prof. dr. Eric Fliers and Dr. Susanne E. 
la Fleur 

 

COURSES 

- Laboratory Animal Science        2008 
- In vivo phenotyping of mutant rodents            2009 
- Degenerative diseases of the nervous system     2009 
- Safe handling with radioactive materials and sources    2009 
- Neuropsychopharmacology        2010 
- Molecular neurobiology        2011 
- Intellectual Property        2012 
- Postdoc Career Development Initiative, Kapellerput, NL    2012 

 
 
Diploma obtained 

- Article 9 (Certification for animal experiments)     2008 
- Radiation Safety level 5B        2010 

 
 
INTERNATIONAL CONFERENCES 
 

- Nutrition, Metabolism and the Brain Colloquium, Amsterdam, NL   2009 
 (Masterclass with oral presentation) 
- 7th FENS Forum of European Neuroscience, Amsterdam, NL   2010 

(Poster presentation) 
- Society for Neuroscience Annual Meeting, San Diego, U.S.A    2010 

(Poster presentation)  
- Endo-Neuro-Psycho meeting, Lunteren, NL     2011 

(Oral presentation + Session organisation)   
- Society for Neuroscience Annual Meeting, Washington, U.S.A.   2011 

(Oral presentation)  
 
NATIONAL CONFERENCES 
 

- Annual ONWAR PhD retreat (Oral & Poster presentations)  2009-2012 
- Annual Amsterdam Center of Metabolism (ACM) PhD retreat   2008-2012 

(Oral presentations) 
- Top Institute Pharma Spring Meeting, Utrecht, NL     2009-2011 

(2x Oral presentation, 1x Poster presentation) 
- Dutch FIGON Meeting, Lunteren, NL      2008-2009 

(Poster presentation) 
- Novel insights in adipose cell functions Colloquium, Paris, FR   2010 

 
 
 



Annexes 

 

155 

- Dutch Endocrine Meeting, Noordwijkerhout, NL     2010 
(Oral presentation) 

- Dutch Diabetes research meeting, Oosterbeek, NL    2010-2012 
(3x Oral presentation) 

 

 

GRANTS, AWARDS and MISCELLANEOUS 

 

- Travelling Stipend from AUF Spinozafonds      2011 

- Session Organiser Award, Endo-Neuro-Psycho meeting, Lunteren, NL  2011 

 

 

PUBLICATIONS LIST 

 

- Girault EM, Yi CX, Fliers E, Kalsbeek A. Orexins, feeding, and energy balance. Prog 
Brain Research (2012) 198: 47-64.  

 

- Girault EM, Alkemade A, Foppen E, Ackermans MT, Fliers E, Kalsbeek A. Acute 
peripheral but not central administration of Olanzapine induces hyperglycemia 
associated with hepatic and extra-hepatic insulin resistance. PLoS One (2012) 7: 
432-44.  

 
- Girault EM, Foppen E, Ackermans MT, Fliers E, Kalsbeek A. Central administration 

of an orexin receptor 1 antagonist prevents the stimulatory effect of Olanzapine on 
endogenous glucose production. Brain Research (2013) 1527: 238-45.  

 
- Girault EM, Toonen PW, Eggels L, Foppen E, Ackermans MT, la Fleur SE, Fliers E, 

Kalsbeek A. Olanzapine-induced changes in glucose metabolism are independent of 
the melanin-concentrating hormone system. Psychoneuroendocrinology (2013) 
http://dx.doi.org/10.1016/j.psyneuen. 2013.06.021.  
 

- Girault EM, Guigas B, Alkemade A, Foppen E, Ackermans MT, la Fleur SE, Fliers E, 
Kalsbeek A. Chronic treatment with Olanzapine increases adiposity by changing fuel 
substrate and causes desensitization of the acute metabolic side effects. Naunyn-
Schmiedeberg’s Archives of Pharmacology (2013), In press. 



 

 

156 

ACKNOWLEDGEMENTS 

 

 

 

 

 

 

 




	1ere  de couv
	Slide Number 1

	DRAFT.elodiegirault.thesis
	p1-2
	Title page thesis E Girault p3-4
	table of contents p5-6
	Chapter 1 page 7-18
	Chapter 2.1 p19-42 (2)
	Chapter 2.2 page 43-62
	Chapter 2.3 page 63-82
	Chapter 3.1 page 83-96 10102013
	Chapter 3.2 p97-114
	Chapter 3.3 page 115-130
	Chapter 4 page 131-146
	annexes page 147-156

	der de couv
	Slide Number 2


