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ABSTRACT 

 

Alten, B. The Effects of the GSK-3 Inhibitor TDZD-8 on Bipolar-like Behavioral 

Phenotype Induced by High Fructose Corn Syrup Consumption in Adolescent Rats, 

Hacettepe University Institute of Health Sciences Medical Pharmacology Doctor of 

Philosophy Thesis, Ankara, 2018. Children and adolescents are the top consumers of 

high fructose corn syrup (HFCS) sweetened beverages. Even though the 

cardiometabolic consequences of HFCS consumption in adolescents are well 

characterized, the neuropsychiatric consequences have yet to be determined. 

Adolescent rats were fed with 11% weight/volume carbohydrate containing HFCS 

solution, which is strikingly similar to the sugar-sweetened beverages of human 

consumption. HFCS-fed adolescent rats displayed bipolar-like behavioral phenotype 

along with hyperexcitability in hippocampal CA3-CA1 synapses. This synaptic 

hyperexcitability was associated with increased presynaptic release probability and 

increased pool of AMPA receptors to be incorporated to the postsynaptic membrane, 

possibly due to decreased expression of the neuron-specific α3-subunit of Na+/K+-

ATPase (NKA) to 18±7% of control and an increased ser845-phosphorylation of GluR1 

subunits of AMPA receptors to 4.6±1.25 times of control, respectively. TDZD-8 

treatment was found to restore behavioral and electrophysiological disturbances 

associated with HFCS consumption by inhibition of Glycogen Synthase Kinase-3 (GSK-

3), the most probable mechanism of action of lithium for its mood-stabilizing effects. 

Even though hippocampal neuroinflammation and local insulin resistance were 

suggested as other mechanistic links tying HFCS consumption to the emergence of 

bipolar-like behavioral phenotype, we failed to show such a link. This dissertation 

showed that HFCS consumption in adolescent rats led to bipolar-like behavioral 

phenotype with neuronal hyperexcitability, which is known to be one of the earliest 

endophenotypic manifestations of bipolar disorder. 

Key Words: High fructose corn syrup, bipolar disorder, insulin resistance, GSK-3, 

hyperexcitability, inflammation, adolescent, Na+/K+-ATPase, AMPA 

Supported by Hacettepe   University   Scientific   Research   Projects Coordination 

Unit, Project Number: TSA-2017-15515. 
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ÖZET 

 

Alten, B. Adölesan Sıçanlarda Yüksek Fruktozlu Mısır Şurubu Tüketimi ile 

İndüklenen Bipolar Benzeri Davranışsal Fenotipe GSK-3 İnhibitörü TDZD-8’in 

Etkileri. Hacettepe Üniversitesi Sağlık Bilimleri Enstitüsü Tıbbi Farmakoloji Doktora 

Tezi, Ankara, 2018. Çocuklar ve adölesanlar yüksek fruktozlu mısır şurubu (YFMŞ) ile 

tatlandırılmış içeceklerin baş tüketicileridirler. Adölesanlarda YFMŞ tüketiminin 

kardiyometabolik sonuçları iyi biliniyor olsa da nöropsikiyatrik sonuçları halen ortaya 

konamamıştır. Adölesan sıçanlar içeriği insan tüketimine sunulan tatlandırılmış 

içeceklere çok benzeyen %11 ağırlık/hacimce karbonhidrat içeren YFMŞ solüsyonuyla 

beslenmiştir. YFMŞ ile beslenmiş adölesan sıçanlar bipolar benzeri davranışsal fenotip 

ile beraber hipokampal CA3-CA1 sinapslarında hipereksitabilite göstermişlerdir. Bu 

sinaptik hipereksitabilite artmış presinaptik salıverilme ihtimali ile postsinaptik 

membrana yerleşebilecek AMPA reseptör havuzundaki artış ile ilişkilidir. Bu 

değişimlerden sırasıyla Na+/K+-ATPaz’ın (NKA) nöron spesifik α3 altbiriminin 

ifadesinin kontrolün %18±7’sine kadar azalması ve AMPA reseptörlerinin GluR1 

altbiriminin ser845 fosforilasyonunun kontrolün 4.6±1.25 katı kadar artması 

sorumludur. TDZD-8 tedavisi YFMŞ tüketimi ile ilişkili hem davranışsal hem de 

elektrofizyolojik bozuklukları lityumun da duygudurum stabilleyici etkilerinin 

mekanizması olarak bilinen Glikojen Senteaz Kinaz-3 (GSK-3) inhibisyonuyla geri 

çevirmiştir. Hipokampal nöroinflamasyon ve local insülin direnci YFMŞ tüketimiyle 

bipolar benzeri davranışların ortaya çıkışını açıklayabilecek diğer mekanizmalar olarak 

öne sürülmüş olsa da bu tez böyle bir ilişkiyi ortaya koyamamıştır. Bu tez, adölesan 

sıçanlarda YFMŞ tüketiminin, bipolar bozukluğun en erken endofenotipik 

belirteçlerinden olan nöronal hipereksitabilite ve bipolar benzeri davranışsal fenotipe 

yol açtığını göstermiştir. 

Anahtar Kelimeler: Yüksek Fruktozlu Mısır Şurubu, Bipolar Bozukluk, İnsülin Direnci, 

GSK-3, Hipereksitabilite, İnflamasyon, Adölesan, Na+/K+-ATPase, AMPA  

Destekleyen Kurumlar: Hacettepe Üniversitesi Bilimsel Araştırmalar Birimi 

Koordinasyon Merkezi, Proje Numarası: TSA-2017-15515.
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1. GENERAL INFORMATION 

 

1.1. Western Diet and the Global Epidemic of Type 2 Diabetes Mellitus 

 

Consumption of processed foods rich in saturated fats and refined sugars has 

become increasingly prevalent throughout the globe since the introduction of the 

industrial revolution (1). This diet style was named as western diet and shown to 

underlie many chronic disturbances of Western civilizations, such as obesity, 

dyslipidemia, hypertension, hyperglycemia and insulin resistance. Among other 

factors, the increased consumption of western diet has been contributing to the 

increased prevalence of diabetes globally, doubling it from 4.7% in 1980 to 8.5% in 

2014 (2).  

 

Insulin resistance and preceding type 2 diabetes mellitus (T2DM) is one of the 

most common causes of mortality both by itself and by its complications. According 

to the World Health Organization (WHO), the total burden of deaths directly from 

diabetes in 2012 has been estimated to amount to 1.5 million (2). However, an 

additional 2.2 million deaths are attributable to cardiovascular diseases and chronic 

kidney diseases related to hyperglycemia, which is higher-than-optimal but lower 

than the diagnostic threshold for T2DM (2). In 2014, about 422 million adults aged 

over 18 throughout the globe were living with diabetes, and it should be noted that 

this estimation must be much higher as the proportion of undiagnosed diabetes can 

be as high as 30-50%, even in the high-income countries (2, 3).  

 

In parallel with the global trends, Turkey has also been threatened by the 

increased prevalence of obesity, insulin resistance, and preceding T2DM: According 

to the 2013 TURDEP-II study, about 6.5 million Turkish adults are suffering from 

diabetes. In the last 12 years, the increase in the prevalence of diabetes, glucose 

intolerance and obesity are 90%, 106% and 35%, respectively (4). 
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1.1.1.  High Fructose Corn Syrup (HFCS) is the number one nutritional factor 

causing the increased prevalence of insulin resistance and T2DM. 

 

Even though the definition of western diet includes both saturated fats and 

refined simple sugars, recent studies suggest that it is the increasing fructose 

consumption that disrupts glucose metabolism the most. New technologies brought 

out by the industrial revolution allowed the mass production of HFCS in the early 

1970s and the consumption of HFCS has been increased approximately %1000 in the 

following 20 years (5, 6). When total energy intake was controlled for, 

aforementioned increased consumption of HFCS is the number one nutritional factor 

causing the increased prevalence of T2DM (7). In concordance with, the prevalence 

of T2DM is 20% higher in countries with higher availability of HFCS compared to 

countries with lower availability, independent of obesity (8).  

 

The most commonly used form of HFCS, called HFCS-55, contains 

approximately 55% of fructose, 41% of glucose and 4% of other sugars. Even though 

it was initially thought to be a better replacement for sucrose, which is composed of 

bound glucose and fructose, HFCS was shown to have more detrimental effects on 

the overall well-being of consumers because of its free fructose content. Fructose in 

amounts close to usual daily consumption, apart from other simple sugars, can cause 

systemic insulin resistance quickly even in completely healthy young adults (9). There 

has been a debate whether the increased total caloric intake or fructose itself cause 

the insulin resistance. It was clearly demonstrated that fructose itself is the cause of 

fatty liver, impaired glucose tolerance and insulin resistance in three major insulin-

responsive tissues, namely liver, fat, and muscle, independent of total caloric intake 

(10). As reviewed previously (11), fructose can cause each of the phenomena 

associated with the metabolic syndrome by distinct mechanisms. (I) Fructose is 

metabolized independently of insulin in liver and bypasses the rate-limiting step of 

glycolysis catalyzed by phosphofructokinase, rapidly increasing available hepatic 

acetyl-coA levels. Increased acetyl-coA is diverted to fatty acid synthesis, causing 
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fatty liver and hypertriglyceridemia. (II) Excess circulating lipids are taken up by 

myocytes, which leads to muscle insulin resistance. (III) Byproducts of fructose 

metabolism in liver activate several protein kinases, which trigger serine 

phosphorylation and subsequent inactivation of IRS-1, leading to hepatic insulin 

resistance. (IV) Fructose metabolism by fructokinase depletes intracellular ATP in 

hepatocytes, generating the waste product of uric acid. Uric acid inhibits endothelial 

nitric oxide synthase, promoting hypertension. (V) Fructose is a gluconeogenic 

precursor and also induces the transcription of enzymes of gluconeogenesis, 

increasing hepatic glucose output. 

 

1.1.2. Fructose has been consumed more and more for the last 30 years 

and adolescents are the top consumers. 

 

Humans face this much of fructose consumption for the first time in their 

history of thousands of years. Before 1900’s, majority of fructose were consumed by 

means of fruits and vegetables (containing naturally occurring fructose). Both are less 

concentrated sources of fructose. In addition, they contain fibers, which is known to 

limit the absorption of fructose from the gut. As a result, the daily consumption of 

fructose approximates to 15 grams (4% of total calories) in 1900’s. Around 1970’s, 

when industrial revolution allowed mass and low-cost production of HFCS (added 

fructose), fructose intake had increased to 37 grams per day (7% of total calories). It 

was about 55 grams per day (10% of total calories), by 1994 (12). Today, fructose is 

mainly consumed within sugar-sweetened beverages, as HFCS is the sole caloric 

sweetener in soft drinks in majority of countries (12, 13). Different from fruits and 

vegetables, sugar-sweetened beverages are considered as one of the most 

concentrated sources of fructose available to human consumption. Since 1970’s, 

total and added fructose consumption have been increasing, whereas naturally 

occurring fructose intake has been decreasing or remaining constant (5). Nowadays, 

total of 74% of fructose ingested comes from foods and beverages other than whole 

fruits and vegetables (12). In addition, consuming fructose with soft drinks comes 



 4 

with several challenges apart from the fructose itself: (I) It has been shown that intake 

of beverages does not cause a corresponding reduction in intake of other food, 

suggesting that calories coming from beverages are add-on (6). (II) One study 

analyzing the sugar content and composition of several popular sugar-sweetened 

beverages found that many of the beverages contain more fructose than it is 

disclosed by the producers or otherwise assumed (14). (III) Sugar-sweetened 

beverages are most commonly consumed by adolescents (ages 12-18 years) (12). 

Biologically speaking, adolescent brain is much more vulnerable to reward-driven 

behavior, such as consumption of highly palatable HFCS. In addition, still developing 

prefrontal cortex causes diminished behavioral control on this highly sensitive 

reward-driven feeding behavior (15). These explain why adolescents consume almost 

73 grams of fructose per day (%12 of total calories), while the mean daily fructose 

consumption for all age groups is around 55 grams (12). Moreover, adolescents 

consuming sugar-sweetened beverages are more likely to suffer from low intake of 

plain water (16). 

 

1.1.3. HFCS consumption in adolescence period is associated with 

premature cardiometabolic diseases, but the neuropsychiatric consequences have 

yet to be determined. 

 

Adolescence period is one of the developmental periods, which is known to 

determine the individual’s overall lifelong health (17). It has been shown that excess 

fructose consumption in adolescence period results in increased visceral adipose 

mass, impaired glucose tolerance, increased systolic blood pressure and dyslipidemia 

(18). Unfortunately, the majority of diseases caused by excess fructose consumption 

in adolescence do not become overtly apparent until adulthood and they develop 

cardiometabolic diseases at a younger age, resulting in premature deaths and 

disability in adulthood. Even though the metabolic consequences of HFCS 

consumption in the adolescent period have been relatively well known (6), the 

neuropsychiatric consequences have yet to be determined. 
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1.2. Western Diet, Central Insulin Resistance and Learning-Memory and 

Mood Disorders 

 

Today, it is well known that insulin resistance in the key developmental 

periods, such as adolescence, results in cardiometabolic diseases of adulthood. 

However, recent studies suggest that patients with insulin resistance are also at risk 

for learning-memory and mood disturbances (19-25).  

 

A review of the literature showed that patients with T2DM have an increased 

risk of developing any kind of dementia, including Alzheimer’s disease (26), which 

was given the name of “Type 3 diabetes” because of the close association between 

Alzheimer’s and T2DM (27). In addition, impaired glucose tolerance in humans was 

shown to be associated with poorer cognitive status and hippocampal atrophy (28, 

29). Even though the exact mechanism of how insulin resistance influences learning-

memory has not been fully elucidated yet (30), several studies have already shown 

the negative impact of western diet on hippocampal functions (31-36). 

Unfortunately, only a handful of studies investigated the neuropsychiatric 

consequences of exclusively high fructose consumption so far (37, 38). The most 

recent one showed that HFCS consumption in adolescent rats caused impairments in 

hippocampal spatial learning and memory while the adult rats were spared from the 

detrimental effects of HFCS (37). In a study conducted by Kanoski et al., it was shown 

that western diet disrupted hippocampus-dependent learning and memory tasks 

after the first 72 hours of the diet, whereas hippocampus-independent cognitive 

functions remained intact for almost a month (39). This clearly demonstrates that 

hippocampus-dependent functions are much more sensitive to western diet 

consumption and insulin resistance (39, 40). In addition, only a week of feeding with 

western diet was shown to be enough to cause structural alterations in the synaptic 

organization of hippocampus (41). If one considers that western diet can cause such 

detrimental changes in hippocampal structure and functions in the matter of days, 
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one can speculate that these changes most likely occur due to more fast pacing 

changes instead of more late-developing consequences, like vascular complications 

of insulin resistance and T2DM in the brain. 

 

Even though considerable attention has been given to learning and memory, 

less is known about mood disturbances seen in insulin resistance. Many studies 

reported increased prevalence of insulin resistance and T2DM in patients diagnosed 

with unipolar depression and bipolar disorder, and vice versa (25, 42-50). The 

literature up-to-date highly suggests that there is a mechanistic link in between 

insulin resistance/T2DM and mood disturbances, however several limitations do 

exist: (I) Almost all studies conducted so far are cross-sectional. This prevents to 

investigate the temporal relationship between the two, if there is any. (II) As both are 

chronic conditions, it is difficult to determine the temporal order. (III) Diagnosing 

mood disorders is relatively tentative, causing discrepancies between studies. (IV) 

Medications that are used to treat psychiatric conditions, such as antipsychotics and 

antidepressants, may cause weight gain and insulin resistance. However, a 

retrospective study of 243 patients with different psychiatric diagnoses, bipolar 

disorder was found to be a predictor of diabetes diagnosis, independent of the effects 

of medication use (20). This suggests that there should be an intrinsic relationship 

between diabetes and bipolar disorder apart from the risk of weight gain and insulin 

resistance due to medication use. A review of 7 large cohort studies conducted 

between 2009 and 2015, and found that age- and gender-adjusted risk for bipolar 

disorder was increased in patients with diabetes, and vice versa (50). To sum up, 

accumulating data strongly indicates that mood disorders, especially bipolar 

disorder, and insulin resistance have a link that has yet to be revealed. 

 

  Traditionally, the central nervous system had been known as insulin 

insensitive, however starting from the late 1970s, insulin receptors were found to be 

distributed in different parts of the brain. It should be noted that their distribution is 

quite heterogeneous: Insulin receptors are most abundant in limbic structures, 
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mainly in olfactory bulb and hippocampus (51-54). Interestingly, the brain functions 

disrupted in the state of insulin resistance are the functions supported mainly by 

limbic structures, namely emotion, mood, behavior, learning, and memory.  

 

The existence of insulin receptors in so-called insulin insensitive brain raises 

the first question that should be asked: What is/are the function(s) of insulin 

receptors in the central nervous system? Moreover, the overlapping features of the 

localization of insulin receptors in brain with the brain functions disrupted in insulin 

resistance cannot be explained as a simple coincidence. This raises the second one: 

What is the underlying mechanism that links the insulin resistance to the mood and 

learning-memory deficits seen in patients with T2DM? So far, no certain answer to 

either of the questions above has been revealed. 

 

In order to understand the functions of insulin receptors in the brain, several 

studies introduced insulin to the central nervous system without altering plasma 

insulin and/or glucose concentrations. Majority of studies introduced insulin to both 

humans and animals intranasally and showed that insulin has direct effects on the 

central nervous system, improving learning and memory (55-60). The same results 

were reproduced when insulin was given intracerebroventricularly to mice (61). 

When the expression of insulin receptors and IRS in hippocampal neurons were 

decreased by genetic manipulations and viral vectors carrying siRNAs, hippocampal 

learning and memory were found to be impaired (62, 63). In addition, insulin receptor 

mRNA and protein levels have been shown to increase in hippocampus just an hour 

after animals were exposed to a hippocampus-dependent spatial learning task (64). 

These results showed that insulin and its receptors in the central nervous system 

have an undeniable role in normal functioning of hippocampal learning and memory.  

 

1.2.1. It is still a mystery whether brain itself is insulin resistant, insulin 

deficient or is exposed to hyperinsulinemia in case of insulin resistance. 
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What could be the fast pacing change linking western diet consumption, 

insulin resistance and hippocampal dysfunction? It is still controversial whether 

neurons are insulin resistant, insulin deficient or are exposed to hyperinsulinemia in 

T2DM (30). There are several studies published so far, each suggesting a different 

mechanism.  

 

Even though it is not still fully understood how insulin crosses the blood-brain 

barrier, several studies showed that it must cross by a saturable mechanism involving 

some kind of protein transporter (65-70). This saturation was found to occur at insulin 

concentrations maintaining euglycemia, so central nervous system should be 

protected from high circulating levels of insulin in physiological conditions (69). 

However, several factors have been shown to affect insulin transport through the 

blood-brain barrier. Diet-induced obesity decreased insulin transport through the 

blood-brain barrier (71, 72). The diabetic state itself increased insulin uptake into the 

central nervous system and this increase was thought to be due to long-lasting 

changes in the levels of glucose, insulin and other neuroendocrine agents (73, 74). 

One of these agents was shown to be triglycerides (72), which is known to increase 

abruptly upon feeding with high fructose. 

 

1.2.2. Brain can be insulin resistant just like other insulin-responsive 

tissues. 

 

Only a handful of studies so far showed disturbances in the neuronal insulin 

receptor signaling pathway, resulting in insulin resistance. Mielke et al. showed that 

lysates of whole brains obtained from rats fed with high fructose responded less to 

stimulation with insulin (75). Liu et al. showed that 12 weeks of high-fat feeding in 

mice caused insulin resistance in the whole brain, by showing decreased 

phosphorylation of secondary messengers of insulin signaling pathway (76). It is 

crucial to review the insulin signaling pathway and its effects on the central nervous 

system, in order to appreciate brain insulin resistance and its complications. 
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1.2.3. Brain insulin receptors respond to insulin as peripheral insulin 

receptors do. 

 

As reviewed by Plum et. al. (77), insulin exerts its biological effects by binding 

to membrane-bound insulin receptors, which belong to the receptor tyrosine kinase 

family. When insulin binds to extracellular a2 domains of insulin receptors, b2 

domains bearing kinase activity start autophosphorylating each other on tyrosine 

residues. Subsequently, intracellular insulin receptor substrates (IRS) become 

phosphorylated by IR, allowing it to interact with adapter proteins, namely PI3K, 

Grb2, and Syp. Afterward, adapter proteins successfully activate downstream 

secondary messengers. Two main different cascades are activated by insulin signaling 

system as a result: Ras-Raf-MEK-ERK cascade and PI3K-Akt cascade. Even though the 

cellular responses evoked by either of the cascades have been investigated 

separately in the central nervous system, the crosstalk between the two complicates 

the interpretation. 

 

1.3. Possible Mechanisms Linking Insulin Resistance to Learning-Memory 

and Mood Disturbances 

 

1.3.1. AMPA Receptors and Synaptic Strength 

 

Growing evidence suggests that glutamatergic neurotransmission and 

neuroplasticity plays a central role in the pathophysiology and treatment of several 

mood disorders, specifically bipolar disorder (78, 79). As glutamate is the major 

excitatory neurotransmitter in the mammalian brain and has an undeniable role in 

synaptic plasticity, glutamate and its receptors gained significant attention.  

 

Glutamate is synthesized as a byproduct of Krebs cycle or transamination of 

oxoglutarate in neurons or regenerated from recycled Glutamine given by glia. Then, 
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it is transported into synaptic vesicles, in which they reside until Ca2+ induced 

presynaptic release machinery is triggered. When released, glutamate rapidly binds 

and activates its receptors, which can be divided into two: ionotropic and 

metabotropic. Ionotropic glutamate receptors are further divided into three: AMPA 

receptors, NMDA receptors, and Kainate receptors. Enzymatic cleavage is not used 

as a mechanism to terminate glutamate action in the synapse instead, glutamate is 

taken up by excitatory amino acid transporters (EAATs) into glia. Glia synthesizes 

glutamine from glutamate and delivers it to neurons as a substrate for glutamate 

synthesis.  

 

AMPA receptors are responsible for the fast excitation at the majority of 

synapses by the Na+ influx and rapidly depolarizes the membrane when bound with 

glutamate. However, glutamate binding is not enough to activate NMDA receptors 

by itself. Postsynaptic membrane depolarization repels Mg2+ in the pore of NMDA 

receptors, allowing both Na+ and Ca2+ influx, which further depolarizes the 

membrane and activates secondary signaling pathways related to synaptic plasticity. 

 

Specifically, the modulation of AMPA receptor trafficking has gained attention 

because of being a target for the two most common mood stabilizing agents: lithium 

and valproate (80). Chronic treatments with therapeutically relevant concentrations 

of lithium or valproate were shown to decrease the synaptic expression of GluR1 

subunit of AMPA receptors in the hippocampus by attenuating ser845-

phosphorylation of GluR1 (81-83). Normally, increased ser845-phosphorylation of 

GluR1 creates a readily available pool of AMPA receptors to be incorporated into the 

synapses. This increased AMPA receptor density in synapses is necessary for the 

emergence of bipolar-like behavioral phenotype, as AMPA antagonists attenuate 

amphetamine-induced hyperactivity, one of the most valid animal models of mania 

(81). In addition to postsynaptic alterations, presynaptic changes were also linked to 

BD. One study reported increased glutamate levels is in postmortem human bipolar 

brains (84). In addition, both lithium and valproate were shown to decrease the 
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synaptic glutamate levels by increasing its reuptake (85, 86). In addition, long-lasting 

treatment with lithium was shown to inhibit NMDA receptor-mediated Ca2+ influx, 

protecting from excitotoxicity (87, 88). Glutamate levels were found to be increased 

in all mood states in brains of patients with bipolar disorder (89). Last but not least, 

a recent study showed that hippocampal neurons of patients with BD had 

hyperexcitability, which was reversed by lithium only in neurons derived from 

patients who also clinically responded to lithium (90). Thus, neuronal 

hyperexcitability is considered one of the earliest endophenotypic manifestations of 

BD. Interestingly, the neuronal excitability was shown to be modulated by diet. 

Ketogenic diet, a low carbohydrate diet, has been used for the treatment of 

intractable seizure disorders for many decades and shown to counter neuronal 

hyperexcitability both in vivo and in vitro (91, 92). A recent case report demonstrated 

the efficacy of ketogenic diet in the treatment of BD (93). 

 

The principal cascade regulating synaptic strength, plasticity, and neuronal 

survival seems to be the PI3K-Akt cascade (94, 95). In addition, learning, which 

involves synaptic plasticity, itself both triggers and requires activation of Akt (96, 97). 

PI3K-Akt cascade can be activated by various ligands, including but not limited to 

BDNF, NGF, NMDA, and insulin. Insulin has been shown to cause endocytosis of 

AMPA receptors in GluR2 dependent manner. Then these AMPA receptors become 

eliminated from the recycling machinery (98-101). As AMPA receptors are implicated 

in the majority of the excitatory synaptic transmission in hippocampus, insulin, by 

activating PI3K, results in a depression of excitatory synaptic transmission. 

Interestingly, insulin, just like NMDA receptor activation, also causes insertion of 

AMPA receptors to the neuronal membrane, however the subunit involved is GluR1 

(102). When stimulated by insulin, GluR1 containing AMPA receptors accumulate in 

extrasynaptic sites (102). However, GluR2 containing AMPA receptors are directly 

endocytosed from synaptic sites (102). This difference in insulin-induced 

spatiotemporal pattern of AMPA receptor distribution may explain the overall 

decrease in synaptic strength when insulin is introduced to hippocampal slices (103). 
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This is in concordance with the hypothesis of central insulin resistance giving rise to 

neuronal hyperexcitability, which was shown to be closely associated with bipolar 

disorder. Insulin also modulates NMDA receptor activity, which is known to be a key 

factor in learning and memory (104-106). 

 

1.3.2. Na+/K+-ATPase  

 

Apart from the changes in AMPA receptor trafficking, alterations in Na+/K+-

ATPase (NKA) levels and/or activity may also cause neuronal hyperexcitability. One 

of the prominent hypotheses for the mechanism of BD is that a primary or secondary 

dysfunction of NKA predisposes or even directly causes the clinical manifestations. 

This hypothesis was first proposed almost half a century ago (107), and later 

supported and expanded by further evidence (108). NKA is a vital membrane-bound 

transporter, which maintains the electrochemical gradient of excitable cells to 

function properly. NKA consists of a catalytic α-subunit, which determines all the 

major properties of the NKA, and a regulatory β-subunit. In the central nervous 

system (CNS), α-subunit exists as three isoforms: α1 and α2 are found in both neurons 

and glia, whereas α3 is exclusively expressed in neurons (109). Several single 

nucleotide polymorphisms across all three α isoforms in CNS have been associated 

with the BD (110). Furthermore, intracerebroventricular administration of ouabain, 

an inhibitor of NKA, is widely recognized as a valid animal model of mania (111). Mice 

carrying an inactivating mutation in neuron-specific α3-subunit of NKA showed a 

behavioral phenotype resembling those of patients with BD in a recent study (112). 

It is still not known how this decrease in NKA amount and/or activity translates to the 

behavioral changes evident in patients with BD. Nevertheless, several mechanisms 

were proposed (108): (I) less negative resting membrane potentials causing 

hyperexcitability, (II) secondary impairments of Na+/Ca2+ exchangers causing 

intracellular Ca2+ overload, (III) activation of signal transduction pathways directly by 

NKA or indirectly by increased intracellular [Ca2+]. The last proposal was linked to the 

PI3K-Akt pathway, modulating the activity of glycogen synthase kinase 3 (GSK-3). 
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Interestingly, diabetes has been shown to decrease the amount and/or activity of 

NKA in skeletal muscles, heart ventricular muscle and peripheral nerves (113), as well 

as in different brain regions (114). The region with the greatest and most significant 

decrease in NKA activity in the brain was the hippocampus (114), which was known 

to be involved in the pathophysiology of bipolar disorder. 

 

1.3.3. Glycogen Synthase Kinase 3 (GSK-3) 

 

GSK-3 is a serine/threonine kinase, which phosphorylates more than a 

hundred substrates (115). Thus, it is a critical secondary messenger involved in many 

signaling pathways, linking insulin receptor signaling pathway to learning, memory 

and mood disturbances. T2DM, Alzheimer’s disease and several other 

neurodegenerative diseases, bipolar disease, unipolar depression, chronic 

inflammatory conditions, and several cancers were found to be directly related to 

GSK-3 and its activities.  

 

As reviewed by Hur and Zhou (116), GSK-3 was initially identified as a key 

regulatory enzyme in glycogen metabolism (117). Soon after, its significant role in the 

central nervous system was recognized. GSK-3 has two different isoforms, namely 

GSK-3a and GSK-3b, that are encoded by separate genes, but have similar homology 

in structure over 85%. The ratio of homology increases further in their kinase 

domains, approximating to 97%. This extreme homology in between two provides 

both the capability of perpetuating similar biological processes, and little is known 

about the isoform-specific functions, if there are any. However, the major one found 

in the central nervous system is GSK-3b.  

 

Apart from the majority of kinases, GSK-3 has a constitutive activity in resting 

conditions and becomes phosphorylated on serine residues and inhibited in response 

to several upstream signals. The major family that is responsible to regulate GSK-3 is 

Akt, whose activity is induced by insulin/growth factor receptor tyrosine kinase 
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signaling (118). In addition, many of the substrates of GSK-3 should be 

phosphorylated first, also known as primed, so that GSK-3 can phosphorylate those 

more efficiently (119). This substrate-specific control provides another layer of 

regulation, which aids GSK-3 to coordinate a lot of cellular functions with a great 

specificity, even though it can phosphorylate dozens of substrates. Additional 

mechanisms to regulate GSK-3 is to regulate its localization in subcellular levels and 

its interactions with GSK-3 binding proteins (120). 

 

Diabetes is associated with hyperactivity of GSK-3. 

 

When insulin binds IR and triggers insulin receptor signaling, activated Akt 

phosphorylates constitutively active GSK-3b on Ser9, decreasing its activity. Thus, in 

state of insulin resistance, GSK-3 remains highly active (121). Increased GSK-3 activity 

has been reported in patients with T2DM and obesity-prone animal models of T2DM 

(122, 123). Even though GSK-3 hyperactivity is the result of upstream 

unresponsiveness to insulin, it also aggravates insulin resistance by phosphorylating 

IRS-1, making it more and more unresponsive to actions of IR (124, 125). As expected, 

GSK-3 inhibitors have been shown to alleviate insulin resistance in both patients with 

T2DM and animal models of T2DM (126-131). 

 

GSK-3 is the single most important target for mood stabilizers, and increased 

GSK-3 activity is associated with both manic- and depressive-like behaviors. 

 

Lithium has been the first-line treatment for prevention of mood swings of 

bipolar disorder for almost 50 years. The primary effect of lithium is its strong 

antimanic effect. In addition, lithium has a weak antidepressant activity and an ability 

to augment the effects of conventional antidepressants when used in combination 

(132). More importantly, lithium has a specific antisuicide effect independent from 

mood-stabilization (133), as lithium reduces the risk of suicide also in patients who 

are not responders to lithium treatment (133). Since mortality due to suicide 
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approximates to almost 15% in patients with bipolar disorder, lithium has been and 

will be the mainstay treatment for these patients.  

 

Even though lithium is just a simple cation and has been extensively used for 

many years, its mechanism of action was relatively recently revealed: It has been 

shown that lithium exerts its mood-stabilizing effects by inhibiting GSK-3 at 

concentrations relevant for the treatment of bipolar disorder (134, 135). Lithium 

inhibits GSK-3 by both directly and indirectly (Figure 1.1). First, lithium competes with 

Mg2+, which causes a direct inhibition of GSK-3 (136). Second, lithium was shown to 

augment the inhibitory phosphorylation of GSK-3, causing an indirect inhibition of it 

(137, 138). This indirect inhibition appears to be mediated by a feedback loop 

involving regulation of protein phosphatase-1 or increased Akt activity following 

lithium treatment (138, 139). As indirect inhibition tends to occur more slowly and 

longer lasting, it may explain why lithium should be administrated chronically to exert 

its therapeutic effect in bipolar disorder. This also supports the ability of lithium to 

inhibit GSK-3 to a greater extent than would be possible based on only the direct 

inhibitory action (Ki of 2 mM) at very low therapeutic concentrations approximating 

1 mM (140). Even with both mechanisms of inhibition, lithium can only moderately 

inhibit GSK-3 at this low concentration. This may be a therapeutic advantage, as 

complete inhibition of GSK-3 would have widespread consequences, yielding a wide 

variety of side effects. Nowadays, several specific GSK-3 inhibitors were shown to 

have mood-stabilizing effects on animal models, suggesting that the primary mode 

of action of lithium is, indeed, inhibition of GSK-3 (141-144). Haploinsufficiency of 

GSK-3 mimics the behavioral actions of lithium (145). In addition, many of the drugs 

used in the treatment of bipolar disease, such as valproate, lamotrigine, 

antipsychotics, and antidepressants, have been shown to inhibit GSK-3 by increasing 

inhibitory serine phosphorylation (146).  
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Figure 1.1. Mechanisms of inhibition of GSK-3 by lithium. Lithium inhibits GSK-3 by 
both competing with Mg+2 (direct inhibition) and enhancing inhibitory serine 
phosphorylation of GSK-3 (indirect inhibition). 

 

Apart from the clues obtained from lithium therapy, transgenic animal studies 

also implicate the involvement of GSK-3 in bipolar disorder. For instance, transgenic 

mice overexpressing GSK-3 was validated as an animal model of hyperactivity and 

mania (147). GSK-3 hyperactivity is not only implicated in mania-like behavior, but 

also important in unipolar depression. Beaulieu et al. showed that 5-HT deficiency is 

associated with overactive GSK-3, which causes depressive behaviors. 

Pharmacological and genetic approaches reducing the activity of GSK-3 alleviated the 

depressive behaviors caused by 5-HT deficiency (148). In addition, GSK-3 is also 

implicated in social behaviors (149). Interestingly, Polter et al., changed serine to 

alanine at 9th position, preventing the inhibitory Ser9 phosphorylation of GSK-3b. 

These modified animals displayed susceptibility to amphetamine-induced 

hyperactivity and to stress-induced depressive-like behaviors (150). Even though it 

seems confusing that overactivity of GSK-3 causes both manic- and depressive-like 

behaviors, the mood-stabilizing action (strong antimanic and weak antidepressant 

effects) of lithium can be explained by its inhibitory actions on GSK-3. However, 
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studies in transgenic animals overexpressing GSK-3 suggest that GSK-3 

overexpression should be considered as not producing a resistance to depressive-like 

behaviors, but rather as inducing behavioral changes suggestive of mania-like effects 

(147, 151). 

 

GSK-3 is also implicated in learning-memory and several GSK-3 inhibitors are 

in clinical trials to treat Alzheimer’s disease. 

 

Studies conducted with transgenic animals overexpressing GSK-3 in the brain 

led to the discovery that GSK-3 is crucial for normal learning and memory processes. 

GSK-3 overexpressing transgenic mice were found to have spatial learning and 

memory deficits (152-154). Same studies showed that GSK-3 is tightly associated with 

LTP and LTD, which are known to be the best cellular representations of learning and 

memory. GSK-3 overactivity caused impairments in LTP. In addition, it was shown to 

decrease some of the key proteins involved in presynaptic release machinery, 

postsynaptic NMDA and AMPA receptor subunits and related structural scaffolding 

proteins (155). Inhibition of GSK-3 restored LTP and synapse-associated impairments. 

Another study showed that induction of LTP itself caused GSK-3 inhibition, allowing 

the expression of short- and long-lasting changes associated with LTP induction and 

maintenance (156). In addition, LTP induction can block LTD expression via GSK-3 

inhibition, which is thought to permit the initial consolidation of learned information 

(157).  

 

As mentioned before, insulin was found to enhance endocytosis of AMPA 

receptors, thus decreasing AMPA receptor-mediated excitatory synaptic 

transmission. A recent study showed that GSK-3 inhibitors caused a similar reduction 

in AMPA receptor-mediated excitatory synaptic transmission by increasing 

internalization of AMPA receptors, which was occluded by insulin (158). This suggests 

that insulin may facilitate the endocytosis of AMPA receptors via GSK-3 inhibition. 
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GSK-3 is vital in inflammation and GSK-3 inhibitors provide a strong anti-

inflammatory action. 

 

Interestingly, all the diseases mentioned previously share a common feature: 

chronic inflammation. It may or may not be a major contributing factor, nonetheless, 

inflammation accompanies T2DM, mood disorders (mainly bipolar disorder), and 

neurodegenerative diseases (with a focus on Alzheimer’s disease). By promoting 

inflammation (159), GSK-3 may also link these disorders to each other, apart from 

proposed hypotheses of insulin resistance causing GSK-3 overactivity.  

 

GSK-3 is required to produce the most important pro-inflammatory cytokines, 

namely Interleukin-1beta (IL-1b), Interleukin-6 (IL-6), Tumor necrosis factor-alpha 

(TNF-a), whereas it decreases the production of the major anti-inflammatory 

cytokine, Interleukin-10 (IL-10) (159). This elucidates the anti-inflammatory effects of 

GSK-3 inhibitors, allowing animals to survive from otherwise lethal dose of 

lipopolysaccharide (159). Several other studies showed the anti-inflammatory effects 

of GSK-3 inhibition in animal models of arthritis, colitis, peritonitis, and endotoxemia 

(160-163).  

 

The main rationale to use GSK-3 inhibitor in order to treat T2DM is its 

beneficial effects on glucose intolerance mentioned previously. However, 

inflammation is commonly associated with T2DM, and inhibition of GSK-3 may have 

additional therapeutic potential by alleviating inflammation. As reviewed by Pickup 

(164), patients with T2DM were found to have increased circulating levels of acute 

phase reactants, IL-6 and TNF-a. Moreover, IL-6, which is known to orchestrate this 

acute phase reactant response, was found to increase gradually, as T2DM gets more 

severe (165, 166). Interestingly, circulating TNF-a is increased only in established 

overt T2DM, but not in impaired glucose tolerance (167). There are several studies 

suggesting different mechanisms that may explain how TNF-a and IL-6 augment 

insulin resistance: Interestingly, just like GSK-3 (125), TNF-a can phosphorylate and 
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reduce the activity of IRS-1, halting insulin receptor signaling and causing insulin 

resistance (168). On the other hand, IL-6 was shown to modulate gene expression to 

decrease insulin sensitivity (169-171). Even though it is still not fully understood 

whether this inflammatory response is a primary event causing insulin resistance or 

a secondary event caused by many biochemical alterations evident in T2DM, it is 

certain that inflammation plays an important role in T2DM. If one considers the 

boosting effect of GSK-3 on IL-6 and TNF-a, one can appreciate the added benefit 

that GSK-3 inhibitors would yield by decreasing inflammatory state associated with 

T2DM. 

 

Similar to T2DM, many neuropsychiatric diseases are also associated with 

inflammation. This association was first suggested when Smith claimed that cytokines 

released from macrophages as a cause of depression, also known as macrophage 

theory of depression, more than 20 years ago (172). Today, it is known that 

inflammation is relevant to many neuropsychiatric diseases, including but not limited 

to Alzheimer’s disease, major depressive disorder and bipolar disorder (173-175). 

Even though it will be discussed in greater depth in the following chapters, it should 

be noted that inflammation must be considered as one of the possible mechanisms 

linking T2DM to neuropsychiatric diseases. GSK-3 may also be a favorable drug target 

to reverse this disruptive inflammatory link in between these diseases mentioned. 

 

1.4. Treatment with GSK-3 Inhibitors 

 

After the discovery of lithium providing mood stabilizing effects by inhibition 

of GSK-3, much effort has been directed to develop novel GSK-3 inhibitors for a wide 

variety of indications with an improved side-effect profile.   

 

Basically, GSK-3 inhibitors developed up-to-date can be divided into three 

major categories according to their mechanism of inhibition (Table 1.1.) (176): (I) The 

first category includes cations, such as lithium, zinc, and tungstate, which were shown 
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to inhibit GSK-3 by competing with Mg2+. An indirect inhibitory pathway for lithium 

was also revealed and is discussed above. (II) The second category includes natural 

and synthetic inhibitors of GSK-3, which compete with ATP for ATP binding domain 

of GSK-3. However, a typical human cell has more than 500 different protein kinases, 

all of which share a similar ATP-binding domain. Targeting this mostly homologous 

pocket comes with an expense: These inhibitors are not very selective for GSK-3 and 

resulting side-effects from inhibition of other kinases bring out serious drawbacks for 

them to reach clinics. (III) The third and the last category includes inhibitors targeting 

GSK-3 from domains other than the ATP-binding pocket. These non-ATP-competitive 

inhibitors provide more selectivity than those targeting the ATP-binding pocket, since 

they bind to regions unique to GSK-3, but not to other kinases. This is of utmost 

importance for treatment with GSK-3 inhibitors, for having the therapeutic effect 

while avoiding side-effects from non-specific kinase inhibition. 

 

Small heterocyclic thiadiazolidinone (TDZD) family of inhibitors was the first 

developed family as a non-ATP-competitive inhibitor of GSK-3 (177). Even though 

their exact mechanism of action has yet to be confirmed, a possible interaction with 

cysteine 199, a key residue located in the active site of GSK-3, was suggested (178). 

As expected, TDZD was not shown to have any inhibitory action on various kinases, 

including PKA, PKC, and CDK1/cyclin B (177). TDZD-8 is one of the most well-

characterized inhibitors among this family (Figure 1.2.). Even though it has not 

reached clinical trials yet, it has been used in many animal models with success. 

 

 
Figure 1.2. Structure of TDZD-8. 
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Table 1.1. Classification of GSK-3 inhibitors. Adapted from the review by Eldar-
Finkelman and Martinez (176). 

 

Side effects are the major challenge with GSK-3 inhibitors. First, it is obvious 

that inhibitors targeting domains other than ATP-binding pocket should be used to 

achieve selectivity of inhibition. Even though the selective inhibition of GSK-3 with 

non-ATP-competitive inhibitors can be achieved, there is still a huge concern raised 

related to the wide variety of cellular processes that GSK-3 regulate. Many think that 

inhibition of GSK-3 would prevent cells from functioning normally. However, one 
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should consider that in many disease states, GSK-3 activity has already been 

increased. Inhibition would reduce this overactivity to normal levels, but not below 

normal. Another theoretical side effect associated with GSK-3 inhibition is to have 

increased risk of developing cancer due to disruption of b-catenin/Wnt pathway. 

However, more than 50 years-experience with lithium did not show any increased 

risk of developing any type of malignancy. In fact, recent studies suggested a 

decreased cancer risk with lithium treatment in patients with bipolar disorder (179, 

180). 
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2. INTRODUCTION 

 

2.1. Metabolic Characterization of HFCS Consumption in Adolescent Rats 

 

As previously mentioned in the first chapter, HFCS consumption has been 

considered as the most important nutritional cause of T2DM worldwide (7). 

Unfortunately, adolescents are the top consumers of HFCS through consumption of 

sugar-sweetened beverages (12). The widespread use of HFCS as an additive 

coincides with the emergence of articles reporting the increased incidence of T2DM 

in children and adolescents (181). There has been a debate regarding the causality of 

increased consumption of HFCS sweetened beverages and increased prevalence of 

obesity (182-189). Studies showed that decreasing sugar-sweetened beverage 

consumption reduces obesity among children and adolescents (190, 191). Some 

argued that HFCS and sucrose were essentially the same and there was no reason to 

believe that HFCS poses a metabolic risk (182). However, HFCS was shown to cause a 

higher fructose exposure due to more rapid absorption kinetics with significantly 

different acute metabolic effects (192). Some studies showed that children 

consuming sugar-sweetened beverages had an increased risk of developing obesity 

once they reach into adulthood (193-195). Regardless of the obesogenic effect of 

HFCS sweetened beverages, it has been very well shown that HFCS consumption 

caused insulin resistance with associated hyperinsulinemia and dyslipidemia (196). 

 

Many human studies have already shown the detrimental effects of fructose 

consumption. For instance, one study examined the effects of either glucose or 

fructose-sweetened beverages providing 25% of daily energy intake for 10 weeks. 

Even though both groups completed the study with the similar amount of weight 

gain, those consumed fructose suffered from insulin resistance, increased fasting 

plasma glucose levels and increased hepatic de novo lipogenesis, 

hypertriglyceridemia, increased LDL and apoB levels (197).  When healthy normal-

weight male volunteers consumed sugar-sweetened liquids in a double-blind, 
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randomized, cross-over trial, high fructose consumption was associated with 

impaired insulin sensitivity, higher LDL, total cholesterol and free fatty acids when 

compared with high glucose consumption (9). In another human study, sugar-

sweetened beverage consumption was associated with increased liver fat, increased 

visceral fat and increased triglyceride levels (198). A meta-analysis of prospective 

cohort studies of sugar-sweetened beverage intake demonstrated that individuals in 

the highest quantile of sugar-sweetened beverage intake (most often 1-2 

servings/day) had a 26% greater risk of developing T2DM (199). In a subcohort of EPIC 

(European Prospective Investigation into Cancer and Nutrition) study, one serving of 

sugar-sweetened beverage consumption was significantly associated with an 

increased risk of developing T2DM, even after adjustments were made for total 

energy intake and body mass index (200). When these detrimental effects of 

increased fructose consumption through sugar-sweetened beverages were 

considered, one should not be surprised to see a 35% higher risk of coronary artery 

disease and all-cause mortality in individuals who are frequent consumers of sugar-

sweetened beverages (201, 202). 

 

Rodents studies showed that HFCS consumption resulted in increased body 

fat, notably in the abdominal region and triglyceride levels when rats were allowed 

to consume HFCS in both short-term (8 weeks) and long-term (6-7 months) (203). 

One interesting study demonstrated that consumption of 15% fructose-containing 

solution increased visceral adiposity, even though the total energy intake remained 

constant as mice decreased their chow intake (204). Furthermore, the pattern of lipid 

accumulation in case of fructose feeding was quite similar to that is observed in 

humans with metabolic syndrome (205, 206). 

 

To begin with, we performed the metabolic characterization of HFCS 

consumption in adolescent rats. Adolescent rats of HFCS group (of age 21 days) were 

fed with 11% weight/volume carbohydrate containing HFCS solution which was 

designed to mimic the sugar-sweetened beverages available to human consumption. 
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This approach was thought to be a better representation of real world compared to 

exaggerated diets containing excessive amounts of carbohydrates and saturated fats 

incompatible with human consumption. In addition, the duration of HFCS 

consumption was somewhat shorter compared to previous studies. Here, rats were 

fed with HFCS solution for 4 weeks and an additional 2 weeks during their behavioral 

tests were performed. This 4-week time period covers the entire adolescence period 

of rats, starting from the postnatal day 21 to day 64. Metabolic characterization was 

performed with oral glucose tolerance test. OGTT was chosen as it is one of the most 

physiologic representations of the handling of glucose in response to insulin. As high 

fructose feeding as short as 7 days was already shown to disrupt glucose tolerance 

and induce insulin resistance (207-209), no further tests were performed.  

 

2.2. Behavioral Characterization of HFCS Consumption in Adolescent Rats 

 

Western diet was associated with learning and memory disturbances in both 

rodents and humans. However, very little is known about the specific effects of 

exclusive HFCS consumption on mood disorders. 

 

Majority of studies investigated the eating habits in patients with learning-

memory and mood disturbances, however the effect of diet on learning-memory and 

mood disturbances gained attention just recently. As cardiometabolic diseases are 

the number one killer in patients with bipolar disorder, the manipulation of diet and 

other cardiovascular risk factors is highly crucial (210). Today, diet was shown to be 

as crucial to psychiatry as it is to endocrinology, cardiology, and gastroenterology 

(211). A recent systematic review found an evidence of unhealthy dietary patterns 

and poorer mental health in children and adolescents (212). The pattern of diet 

consumed during early developmental periods was shown to determine the 

behavioral and emotional impairments later in life (213, 214). 
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Even though many studies showed how diet alters mood in general and 

specifically in depression, evidence to the association between diet and bipolar 

disorder is poor. For instance, a couple of meta-analyses demonstrated that 

consumption of western diet increases the odds of having depression whereas 

healthy Mediterranean style diet is protective from depression (215-217). 

Furthermore, positive diet interventions were shown to improve the outcomes of 

depression and anxiety (218, 219). Comorbid insulin resistance causes a more chronic 

course with rapid cycling of bipolar disorder (220, 221). After carefully reviewing the 

literature regarding the association between diet and bipolar disorder, Lopresti and 

Jacka discussed that whether “diet has a causative role in bipolar disorder or is simply 

a lifestyle based factor associated with this disease” (222). Beyer and Payne further 

reviewed the most recent literature and suggested that more studies are needed to 

explore the possibility that diet actually causes and/or worsens bipolar disorder 

(223). As there are only a handful of studies focusing on this subject, more and more 

data must be obtained before ending the discussion for good.  

 

As clinical studies investigating the relationship between diet and bipolar 

disorder are already scant, the preclinical studies investigating the mechanism tying 

the two are almost none existent. A few showed how diet may affect hippocampal 

formation in general. A recent study demonstrated that hippocampal spatial learning 

and memory tasks were impaired upon short-term feeding with 11 w/v carbohydrate 

containing HFCS solution in adolescent rats. However, adult rats were spared from 

the detrimental effects of HFCS consumption in the same study (37). Similarly, high 

fructose feeding for 7 weeks in mice resulted in impairments in LTP and LTD, 

reduction in hippocampal neurogenesis and hippocampal dysfunction, leading to a 

decrease in hippocampal learning and memory (224). Unfortunately, the complete 

behavioral characterization of adolescent rats fed with HFCS has not been performed 

before. That’s why we performed behavioral characterization of rats fed with HFCS 

and try to categorize the observed findings as discrete learning-memory and mood 

disorders. 
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2.3. Electrophysiologic and Molecular Characterization of HFCS 

Consumption in Adolescent Rats 

 

We demonstrated that HFCS consumption in adolescent rats led to 

development of bipolar-like behavioral phenotype, including spontaneous 

hyperlocomotion, decreased anxiety, increased risk-taking behavior, increased 

social/sexual reward-seeking behavior and increased sensitivity to behavioral despair 

paradigm with subtle learning deficits and preserved long-term memory which were 

readily reversible with the inhibition of GSK-3, which is known as the most probable 

mechanism of action of lithium for its mood-stabilizing effects. BD is a genetically 

heterogeneous, highly heritable and devastating condition with a mean prevalence 

of 1.8% in children and adolescents (225). It is the fourth leading cause of disability-

adjusted life years among the adolescents (226). Even though several plausible 

mechanisms have already been suggested, the etiology and pathophysiology of BD 

have yet to be elucidated. 

 

As introduced in the first chapter, alterations in the synaptic structure, 

transmission, and plasticity, reduced levels and/or activity of NKA and inflammation 

have been suggested as the underlying pathophysiology of BD. Neuronal 

hyperexcitability is one of the most commonly reported alterations associated with 

bipolar disorder. A recent high impact study demonstrated that hippocampal-like 

neurons obtained from patients with bipolar disorder with the aid of induced 

pluripotent stem cell technology showed neuronal hyperexcitability. In addition, this 

observed hyperexcitability was particularly reversed by lithium only in neurons 

obtained from patients who also responded to lithium (90). This study clearly 

demonstrates that hyperexcitability is not only a coincidental feature seen with 

bipolar disorder, but also a feature contributing to the pathophysiology of it. Several 

other studies reported bipolar disorder associated with neuronal hyperexcitability 

and mood-stabilizing agents attenuates this hyperexcitability by various mechanisms 
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of action. For instance, increased glutamate levels were found in brains of patients 

with bipolar disorder in postmortem examinations (84, 227). In addition, a meta-

analysis showed increased glutamate levels in brains of bipolar patients measured by 

magnetic resonance spectroscopy (228, 229). In concordance, mood stabilizing 

agents were shown to decrease glutamate levels. For instance, the first-line mood 

stabilizer lithium was shown to decrease synaptic glutamate levels by increasing its 

reuptake (85, 230, 231). In addition, chronic lithium treatment was shown to be 

protective from excitotoxicity of excess glutamate (87, 88). Similar to lithium, 

anticonvulsants having mood-stabilizing activity, most notably valproate, was also 

shown to decrease synaptic glutamate levels (86).  

 

Apart from the regulation of amount of glutamate released into the synaptic 

cleft, AMPA receptor trafficking has also gained attention as both lithium and 

valproate target it (83). Both lithium and valproate decrease synaptic expression of 

AMPA receptors by attenuating the ser845-phosphorylation of GluR1 subunit, 

dissipating the readily available pool of AMPA receptors to be incorporated into the 

postsynaptic membrane (80-83). This postsynaptic AMPA receptor insertion is crucial 

for the emergence of bipolar-like behavioral phenotype, as AMPA receptor 

antagonists attenuate amphetamine-induced hyperactivity (81). Interestingly, the 

neuronal excitability was shown to be modulated by diet. Ketogenic diet, a low 

carbohydrate diet, has been used for the treatment of intractable seizure disorders 

for many decades and shown to counter neuronal hyperexcitability both in vivo and 

in vitro (91, 92). A recent case report demonstrated the efficacy of ketogenic diet in 

the treatment of BD (93). 

 

We further aimed to characterize the HFCS-fed rats in respect to 

aforementioned aspects. Our last effort was to find out whether observed bipolar-

like behavioral changes were associated with alterations in either synaptic strength, 

levels of NKA or inflammation, that can be reversed by inhibition of GSK-3. 
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3. MATERIALS AND METHODS 

  

3.1. Animals. Male Wistar rats of 21 days of age (Kobay, Ankara, Turkey), 

weighing approximately 45-55 grams at the time of arrival, were housed as triplets 

on a 12:12h light:dark schedule in a temperature (21°C) and humidity (40%) 

controlled room. All animals had access to tap water or 11% w/v carbohydrate 

containing HFCS solution and chow ad libitum, unless stated otherwise. For the 

behavioral tests and electrophysiology experiments, 27 male Wistar rats used. 

Additional 15 rats were used for intracerebroventricular insulin injections and 

immunoblotting. Rats were given at least a week for acclimation prior to any 

procedure and handled extensively during this period. All experiments and tissue 

harvesting were done in the light cycle. All procedures were approved by the 

Hacettepe University Animal Experimentations Local Ethics Board. 

 

3.2. Experimental Groups. The diets and treatments allocated to groups are 

shown in the table (Table 3.1.). 

 
 

Group 
 

Diet 
 

Treatment 

Control Tap water + Chow Vehicle 

(1% DMSO – 99% saline) HFCS HFCS solution containing 

%11 w/v carbohydrate 

+ Chow 
HFCS + TDZD-8 

TDZD-8 dissolved in 

1% DMSO – 99% saline 

Table 3.1. Experimental groups and their corresponding diets and treatments. 

 
3.3. Diets. Control group had ad libitum access to tap water and chow, 

whereas HFCS group had ad libitum access to HFCS solution containing %11 w/v 

carbohydrate and chow. Chow and liquid consumption were tracked weekly. Diets 

were started when rats were on postnatal day 21 and continued for 6 non-

interrupted weeks (Figure 3.1.). 
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Figure 3.1. Experimental timeline. 

 

3.4. Treatment Preparation and Administration. TDZD-8 (supplied by Dr. Ana 

Martinez, Spain) was dissolved in anhydrous DMSO (40 mg/ml). Afterward, the TDZD-

8 solution in DMSO was aliquoted and stored at -80°C. When needed, the aliquoted 

stock solution was left in room temperature to thaw. Normal saline was added to 

reconstitute the anhydrous DMSO stock solution of TDZD-8, reaching a final 

concentration of 0,4 mg/ml in 1% DMSO – 99% saline. This solution was briefly 

vortexed to obtain the final solution used to administer TDZD-8 intraperitoneally. 2 

mg/kg of TDZD-8 was administered once daily for 14 days from day 29 to 42. The 

TDZD-8 dose was determined from previous literature (232). Control group and HFCS 

group received equivalent volume (5 ml/kg) of vehicle treatment, which was 

composed of 1% DMSO – 99% saline. 

 

3.5. Oral Glucose Tolerance Test. In order to assess the glucose tolerance, 

rats were undergone OGTT after receiving 14 days of vehicle or TDZD-8 treatment. In 

order to provide an easy access to tail vein blood, their tail tips were cut (2-3 mm in 

length) using sterile technique a day prior to OGTT. Rats were fasted for 6 hours prior 

to the experiment. Blood samples were obtained at the following time points by 

gently removing the clot from the tail tip: 15 minutes prior to glucose administration 

(-15 min), just before the glucose administration (0 min), and 15, 30, 45, 60, 75, 90, 

and 120 minutes after the glucose administration. 2 mg/kg of glucose was 

administered by oral gavage at 0 min. After removal of the blood clot, the first drop 

of blood was removed by sterile gauze, and the second drop obtained by gently 



 31 

milking the tail was used to assess blood glucose levels. Blood glucose readings were 

done by calibrated Accu-Chek Performa Nano (Roche, Switzerland). 

 

3.6. Sacrification and Dissection of Fat Pads. After experiments were 

completed, rats were sacrificed by rapid decapitation. Total trunk blood was 

collected and centrifuged at 7.000g for 10 minutes. Serum was separated and stored 

at -80°C until further use. Before exposing the abdominal cavity, the inguinal fat pad 

was dissected by a midline cut lifting the skin but preserving the remaining layers of 

the abdominal wall. Afterward, the abdominal cavity was exposed further advancing 

the midline cut. Testicles were pulled into the abdominal cavity in order to better 

visualize the epididymal fat pats and dissect them. Later on, the mesenteric fat pad 

was scraped from the first part of the duodenum to cecum. The liver was dissected. 

Kidneys were removed and prerenal fat pads dissected. Retroperitoneal fat pads 

were dissected starting from the sacral region towards the diaphragm. In order to 

dissect the subscapular fat pads, a horizontal cut was made starting from the thoracic 

region, extending from the axilla, reaching to the subscapular region. The skin was 

scraped off towards the back of the neck to visualize and dissect the subscapular fat 

pad. All the fat pads dissected kept on a cold plate and weighted immediately by a 

precision scale. 

 

3.7. Behavioral Tests. After a week of treatment with either vehicle or TDZD-

8, rats were tested in a series of behavioral experiments. Rats were given an hour to 

acclimate to the testing room prior to the intraperitoneal injections. All rats received 

either vehicle or TDZD-8 treatment half an hour before the behavioral experiments. 

The order of experiments was determined from the least stressful one to the most 

stressful one. All behavioral tests were conducted in a specialized room, which was 

composed of two different chambers connected to each other by a sound and 

lightproof sliding door. The first chamber consisted of a computer system equipped 

with the behavioral tracking software, was connected to the cameras in the second 

chamber in order to visualize and track the rats during behavioral experiments. All 
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apparatuses were black, in order to create a contrast difference between the 

background and white rats to have a more sensitive tracking of the animals. 

 

3.8. Open Field Arena. Open field arena is extensively used to primarily assess 

the locomotion of animals. It is also secondarily helpful to assess anxiety-like and 

exploratory behaviors. The test apparatus was a square glass chamber (45x45x45 cm) 

with a black disposable base plate. A camera was placed a meter above the base 

plate. Four distinct visual cues (red circle, blue cross, green triangle and magenta 

square) were attached on each wall of the glass chamber. In between experiments, 

the black base plate was changed and the glass chamber was wiped with 70% EtOH 

to remove any olfactory cues left by the previous rat. Briefly, rats were placed and 

allowed to explore the arena for 1 hour. The total distance traveled was recorded as 

a measure of locomotion (Figure 3.2.).  

 

 
Figure 3.2. Apparatus of open field arena. Inlet: Image captured by the camera above 
the apparatus during the behavioral testing. 

 
3.9. Elevated Plus Maze. Elevated plus maze is used to assess the anxiety-like 

behaviors and is known to be superior to the open field arena for this particular 
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purpose. The apparatus is an elevated maze (1 meter above the ground) which is 

composed of four perpendicular arms (40 cm long and 15 cm wide), forming a plus 

shape. Two of the arms, facing each other are open (open arms). The remaining two 

are enclosed with 45 cm high walls (closed arms). A camera was placed 1,5 meters 

above the maze. Briefly, rats were placed at the junction of these four arms, facing 

towards an open arm. They were allowed to explore the apparatus for 5 minutes. The 

apparatus was wiped with 70% EtOH in between experiments. This test relies on the 

rats’ propensity toward the dark, enclosed spaces (closed arms), and the fear of 

heights/open spaces (open arms). The time spent and distance traveled in arms were 

recorded. Increased time spent and/or distance traveled in open arms reflects of anti-

anxiety behavior (Figure 3.3.). 

 

 
Figure 3.3. Apparatus of elevated plus maze. Inlet: Image captured by the camera 
above the apparatus during the behavioral testing. 

 

3.10. Passive Avoidance Task. Passive avoidance task is a measure of ability 

to learn and remember to suppress a specific response (get into the dark 

compartment) to avoid from a noxious stimulus (inescapable foot shock). This test 
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requires an intact hippocampus, as well as an intact amygdala. The apparatus 

consisted of two neighboring compartments (26x30x30 cm) divided by an upward-

sliding door. One of the compartments (light compartment) was enclosed with 

transparent acrylic and illuminated by a halogen lamp (2800 K 1980 lm). The other 

compartment (dark compartment) was enclosed with black opaque acrylic with no 

obvious light inside. The base of the apparatus consisted of steel rods placed 

intermittently with gaps of 1,5 cm in between. The steel rods were connected to a 

control unit, which enabled the experimenter to apply predetermined current. This 

type of passive avoidance task relies on the innate preference of rats for the dark 

compartment, and the suppression of this innate preference after an inescapable 

foot shock (Figure 3.4.).  

 

Passive avoidance task was conducted at three different stages: (I) 

Habituation, (II) Training, and (III) Test. (I) In the habituation stage, a rat was placed 

in the middle of the light compartment and the door in between the compartments 

was opened 5 seconds later. The latency of the rat to get into the dark compartment 

was recorded. The door was closed immediately after, and the rat was returned to 

its cage. (II) 5 minutes after, the rat was placed into the light compartment for the 

training stage. In this stage, when the rat entered the dark compartment, the door 

closed and an inescapable foot shock (square waves of 3 s of duration, 50 Hz, 1 mA) 

was applied through the steel rods. The rat was returned to its cage. (III) 24 hours 

after the training stage, the rat was placed in the light compartment for test stage. In 

this phase, the rat was subjected to the same procedure as in the habituation phase. 

The latency of the rat to enter the dark compartment was recorded. If the rat did not 

enter the dark compartment in 300 s, the experiment was terminated and the rat 

was returned to its cage. 
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Figure 3.4. Apparatus of passive avoidance. 

 

3.11. Morris Water Maze. Morris water maze is widely used to study 

hippocampus-dependent spatial learning and memory. However, this test is very 

sensitive to manipulations of normal brain functions also related to brain areas other 

than hippocampus. This is why water maze can be used almost like a screening test 

to confirm the “normality” of the brain function. The water maze apparatus was a 

black circular pool with the diameter of 180 cm. The pool was filled approximately 

half-way with warm water (22-23°C). The interior of the pool was featureless as 

possible, except for 4 visual cues (red circle, blue cross, green triangle and magenta 
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square) attached (Figure 3.5.). The pool was divided into 4 equal quadrants by two 

imaginary axes intersecting each other perpendicularly. The intersecting axes defined 

the east, west, south, and north points of the pool. The quadrants were named 

according to the axes limiting them: northeast, northwest, southeast, and southwest 

(Figure 3.6.). A black cylindrical platform (height of 40 cm, diameter of 12 cm) was 

placed in the middle of the northwest quadrant. The platform was hidden as it was 

submerged 1-2 cm below the water surface. A camera was placed above the center 

of the pool. The test was composed of two different stages: (I) Acquisition, and (II) 

Probe. (I) The acquisition stage was composed of 4 subsequent days. In each 

acquisition day, each rat was undergone 4 different trials with intervals of 10 minutes 

in between. The rats were placed into the pool, facing towards the pool wall. The 

starting position in each trial was different in order to prevent the rat to memorize a 

path to platform instead of spatially learning where the platform was. In addition, the 

order of this different starting positions was also different in different acquisition 

days (Table 3.2.). After the rat was placed into the water, it was given 2 minutes to 

find the platform. If the animal fails to find it within the allotted time, it was gently 

guided by the experimenter towards the platform. When the rat found the platform, 

it was kept there for 15 seconds in order to appreciate and learn where the platform 

was located compared to visual cues. The latency to find the platform was measured 

and recorded by the behavior tracking software. Rats who are able to learn where 

the platform was, should have decreasing latencies with increasing number of trials. 

(II) 48 hours after the last trial of acquisition stage, a probe trial was given in order to 

assess the long-term memory. In probe trial, the hidden platform was removed. The 

rat was placed into the water from a novel starting point, that it had not been used 

before. This ensured that its quadrant preference was an indication of true spatial 

memory, rather than a memorized specific swim path. The rat was allowed to swim 

for 60 seconds. Time spent in target quadrant (the quadrant where the platform was 

located in the acquisition stage) was measured by the behavior tracking software.  
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Figure 3.5. Morris Water Maze. (A) Apparatus of Morris water maze. (B) 
Representative sample of tracking. Left first acquisition day, Right last acquisition 
day. (C) Image captured by the camera above the apparatus during the behavioral 
testing. 

 
Figure 3.6. Virtual quadrants of Morris water maze. Hidden platform is located at the 
middle of the NW quadrant. 

 

 

 

 

 

 

 

Table 3.2. Starting positions according to the acquisition days and the trials of Morris 
Water Maze. 

Trials 
Acqusition Days 

1 2 3 4 

1 S SW NE E 

2 E S SW NE 

3 SW NE E S 

4 NE E S SW 

A B 

C 
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3.12. Forced Swim Test. Forced swim test is the experimental paradigm of 

learned helplessness. It has been traditionally used to assess the depressive-like 

behavior and is a useful measure to assess antidepressant-like activity in rats. The 

apparatus was a 50 cm tall glass cylinder (diameter of 20 cm) which was filled to a 

depth of 30 cm with warm water (23-25°C). 20 cm space was left at the top so that 

the rat cannot escape. A camera was placed to the side of the cylinder (Figure 3.7.). 

The test was composed of 2 stages: (I) Pretest and (II) Swim test. (I) In pretest stage, 

a rat was gently placed into the cylinder and kept in there for 15 minutes. At the end 

of the session, the rat was removed from the water, gently dried with towels and 

returned to its cage. In this session, the rat was supposed to learn that there is no 

way for him to escape. 24 hours after the pretest, the swim test was performed. (II) 

In swim test, the rat was subjected to the same procedure, except that the session 

lasted 5 minutes. The time spent immobile was assessed by the behavior tracking 

software. The immobile behavior in the swim test is thought to reflect the failure to 

keep performing escape-directed behavior due to the behavioral despair learned in 

the pretest. 

 

 
Figure 3.7. Apparatus of forced swim test. 
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3.13. Female Urine Sniffing Test. Female urine sniffing test is a non-operant 

test used to assess the sexual reward-seeking behavior (hedonic behavior). This test 

depends on the appetitive response of male rats towards the pheromonal odors 

found in the urine of female rats. In order to maximize the attractiveness of the urine, 

it was collected from the female rats, who were found to be in the estrus phase of 

their cycle. 

 

3.14. Determination of the Phase of Estrous Cycle of Female Rats. Rodent 

estrous cycle is divided into 4 stages: proestrus, estrus, metestrus, and diestrus. In 

order to determine the stage of which the female rat is going through, rapid 

identification of cells collected via vaginal lavage was performed. Briefly, 100 µl of 

normal saline was drawn to a sterile pipette. The tip of the pipette was gently 

introduced from the opening of the vagina. Quarter to half (25-50 µl) of the total 

volume of saline was expelled and drawn back quickly. This was repeated 4 to 5 times, 

which was enough to collect a sufficient number of cells. The fluid of vaginal lavage 

was placed on a glass slide and kept in room temperature, allowing it to completely 

dry. The dry slide was stained with crystal violet for 1 minute and subsequently 

washed with dH2O for another minute. Approximately 15 µl of glycerol was placed 

on top of the smear and covered with a coverslip.  The slides were examined under 

light microscopy to identify the cell types, making possible to determine the phase of 

estrous cycle. Estrus cycle was characterized by the presence of cornified squamous 

epithelial cells, which were packed as dense clusters. 

 

Urine from female rats was collected freshly using a metabolic cage before 

every experiment. The apparatus used for FUST is an acrylic chamber (26x30x30 cm), 

in which the cotton swab was placed. One hour before the test, the rats were 

habituated to the testing environment, including the cotton swab. The test was 

composed of 2 subsequent stages. (I) For the first stage, the tip of the cotton swab 

was dipped in sterile water and placed into the apparatus. The rat was placed into 

the apparatus and allowed to explore for 3 minutes, during which the sniffing 
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duration was measured. The rat was returned to its cage and allowed to rest for 45 

minutes. (II) In the second stage, the tip of the cotton swab was dipped in the freshly 

collected urine sample of female rats in estrus phase. The rat was subjected to the 

same procedure afterward. In both stages, the behavior of rats was recorded by a 

camera, in order to assess the time sniffing afterward. The time male rats spent 

sniffing the cotton tip dipped in female estrus urine was used to assess the hedonic 

behavior. 

 

 
Figure 3.8. Sniffing behavior of a rat in female urine sniffing test. Image captured by 
camera next to the apparatus during the female urine sniffing behavioral testing. 

 
3.15. In vivo Electrophysiology. Rats were anesthetized by intraperitoneal 

administration of 1,4 g/kg urethane (Sigma Aldrich). The depth of anesthesia was 

confirmed by the absence of paw withdrawal reflex. Afterward, the rat was placed to 

the rat stereotaxic surgical frame (Stoelting Co., IL, USA). The body temperature of 

the rat was kept constant at 36.8°C throughout the experiment with the help of 

homoethermic blanket and its control unit (Harvard Apparatus, MA, USA). A midline 

incision exposing both bregma and lambda was made. The horizontal and vertical 

alignment of the rat in the stereotaxic frame was performed according to the bregma 
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and lambda before further proceeding with the experiment. The coordinates that 

were used to open burr holes and target specific brain areas were obtained from 

Paxinos Rat Brain Atlas. 3 individual burr holes were opened for a ground electrode, 

a stimulating electrode, and a recording electrode (Figure 3.9.). The coordinates 

according to the bregma was given in the table (Table 3.3.). A gold-plated ground 

electrode was placed caudal to lambdoid suture, in contact with dura mater. 

 

Targeted 

Structure 
Electrode 

Anteroposterior 

(mm) 

Mediolateral 

(mm) 

Depth 

(mm) 

VHC Stimulating -1,2 0,1 4,5 

CA1 Recording -3,9 2,2 2,5 

Table 3.3. Coordinates targeting VHC and CA1 of the hippocampus. 

 

Figure 3.9. Image of rat skull captured from dissection microscope showing bregma, 
lambda, burr holes providing access to VHC and CA1, and ground. Inlet. Schematic 
representation of recording and stimulating electrodes and their corresponding 
targets in the hippocampus. (SC Schaffer collaterals, DG dentate gyrus) 
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The Schaffer collaterals passing through the VHC were stimulated every 20s 

with 0.1ms pulses using a stimulator (S44, Grass Instruments, RI, USA) isolated from 

the recording system with a stimulus isolation unit (SIU5, Grass Instruments) to evoke 

CA1 field excitatory postsynaptic potentials (fEPSPs) and field population spikes 

(pSpikes). The locations of both electrodes were optimized in order to obtain the 

maximal response possible. The evoked fEPSPs and pSpikes from stratum radiatum 

and stratum pyramidale were recorded and amplified with a headstage (Batiray, 

YSED, Turkey) and an amplifier (Kaldiray EX-2C, YSED) and digitized by a data 

acquisition system (PowerLab 8/SP, ADInstruments, Australia). Data recordings and 

analysis were done by using LabChart software (AD Instruments, Australia) and 

MiniAnalysis (Synaptosoft Inc., GA, USA), respectively. Input-output curves were 

constructed by applying stimuli with increasing intensities, ranging from 1V to 15V. 

The slopes of fEPSPs and the amplitudes of pSpikes were normalized according to the 

maximal response obtained from that particular recording. Paired-pulse facilitation 

and inhibition phenomena were assessed by applying paired-pulses with varying 

interpulse intervals at a stimulus intensity evoking 50% of the maximum response. 

The rats were sacrificed afterward and hippocampi were extracted as described 

below for qPCR and ELISA experiments. 

 

3.16. Sacrification and Extraction of Hippocampi. Rats were rapidly sacrificed 

by decapitation. Whole brains were isolated and put in ice-cold PBS (Sigma Aldrich, 

Germany) solution. Afterward brains were put on an ice-cold plate for further 

dissection. First, the cerebellum was gently removed. Then, a midline cut was made 

to separate two cerebral hemispheres from each other. One kept on the plate for 

dissection, whereas the other was put into the ice-cold PBS solution. Frontal cortex 

and midbrain were removed using a scalpel. Afterward, two blunt plastic instruments 

were used to dissect the hippocampus without harming it. The second hippocampus 

was isolated likewise. The whole dissection, beginning from decapitation to 

extraction of both hippocampi, lasted less than a minute. The hippocampi were put 

into either ice-cold RNAlater (Qiagen, Germany) for qRT-PCR or homogenizing buffer 
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containing protease and phosphatase inhibitor cocktails (see below) for 

immunoblotting. 

 

3.17. Protein Isolation. A commercially available plasma membrane protein 

extraction kit (ab65400, Abcam, UK) was used to specifically isolate plasma 

membrane proteins. The isolation was performed according to the manufacturer’s 

protocol. Briefly, the isolated tissues were immersed in 2-3 volume of an ice-cold 1X 

Homogenizing Buffer that includes both protease inhibitor (included in ab65400 kit) 

and phosphatase inhibitor (ROCHE PhosSTOP, Roche Diagnostics, Germany) cocktails. 

The samples were sonicated until completed lysed. Then, the homogenate was 

centrifuged at 700xg for 10 minutes at +4°C, by which, the total protein fraction was 

acquired. The cytosolic protein fraction was acquired by further centrifuging at 

10,000xg for 30 min at +4°C. Then, the pellet was further used for the purification of 

plasma membrane proteins following the manufacturer’s protocol. Both isolated 

cytosolic and plasma membrane protein fractions were stored at -80°C in aliquots. 

 

3.18. Determination of Protein Levels of Lysates. For western blot analysis, 

protein concentrations were determined using commercially available RC DC Protein 

Assay Kit (BIO-RAD, CA, USA) using bovine serum albumin (BSA) as the standard. 

Briefly, BSA standards were prepared in different concentrations ranging from 0,2 to 

1.4 mg/ml. The reagent A’ was prepared by adding 20 µl reagent S to 1 ml reagent A. 

5 µl of the standards and unknown samples were put into designated wells of 96 well 

plate. Afterwards, 25 µl of reagent A’ and 200 µl reagent B were added to each well. 

The plate was mixed for 5 seconds and incubated at room temperature for 15 

minutes. Finally, absorbance of each well at 750 nm was measured by using a 

spectrophotometer (ThermoFisher Scientific, USA). Protein concentrations of 

unknown samples were determined according to the standard curve constructed by 

the BSA standards.  

 



 44 

3.19. Immunoblotting. Extracted protein samples (10 μg) from rat 

hippocampus were loaded and ran on a 10% acrylamide gel (BIO-RAD TGX Stain-

Free™ FastCast™ Acrylamide Solution, BIO-RAD) at 90 V for 90 minutes. Protein was 

transferred to PVDF membranes using BIO-RAD Trans-Blot® Turbo™ Transfer System 

at 25 V for 7 minutes. Blots were blocked for 1 hour at room temperature with 5% 

nonfat dry milk in TBS-T Blotting-Grade Blocker (BIO-RAD), and subsequently probed 

with their relevant antibodies at 1:1000 dilution overnight at 4°C. Anti-Rabbit-ECL 

secondary (ABCAM) at a concentration of 1∶100000 was applied for 1 hour at room 

temperature, blots were briefly washed in TBS-T and then TBS, then incubated with 

ECL substrate (Immobilon™, Millipore, MA, USA) for 5 minutes in the dark. Exposures 

were performed using Kodak GEL Logic 1500 Transilluminator Integrated Imaging 

System (Kodak, NY, USA). The intensities of the target bands were normalized 

according to the intensities of the corresponding beta-actin bands. Relative change 

of protein levels was reported as fold changes of the control group. 

 

3.20. RNA Isolation. Hippocampus was taken from RNAlater solution and 

washed with PBS to remove excess RNAlater. Afterwards, it was put into a new DEPC-

treated microcentrifuge tube. 1 ml of TRI reagent was added and the tissue was 

homogenized using a sonicator. It was incubated at room temperature for 10 

minutes. Obtained solution was centrifuged at 12,000 x g at 4°C for 10 minutes. The 

supernatant was taken into a new microcentrifuge tube and the pellet was discarded. 

200 µl of chloroform was added to supernatant and vortexed for 30 seconds to 

completely dissolve the supernatant. The clear solution was incubated at room 

temperature for 3 minutes. Then, it was centrifuged at 12,000 x g at 4°C for 15 

minutes. This centrifugation yields a three-phasic suspension. The lower phase 

contained proteins and the middle phase contained DNA. The upper phase containing 

RNA was taken to a new microcentrifuge tube. The last 2 steps (solubilization in 

chloroform and centrifugation) were repeated to remove any DNA and/or protein 

contamination in the upper phase. 200 µl chloroform was added and centrifuged one 

more time to avoid any DNA and protein contamination. Upper phase was solubilized 
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with 500 µl isopropanol. It was vortexed until the turbidity fades. 2 µl glycogen was 

added and incubated at -20°C for 40 minutes. Following the incubation, the sample 

was centrifuged at 12,000 x g at 4°C for 25 minutes. The supernatant was discarded 

and the pellet was washed with 1 ml of 75% ethanol. The sample was centrifuged at 

7,500 x g for 5 minutes at 4°C. The ethanol was discarded and the microcentrifuge 

tube left open to allow air dry of any ethanol left. Finally, 35 µl of nuclease-free water 

was added to dissolve isolated total RNA in the pellet. The final RNA containing 

solution was incubated at 65°C for 10 minutes in order to eliminate any possible 

clusters of DNA and/or protein due to contamination or avoid any interference of 

qPCR by RNAlater solution. The concentrations of RNA samples, A260/A280 and 

A260/A230 ratios were determined by NanoDrop 2000 (ThermoFisher Scientific, USA).  

 

3.21. Primer Synthesis. The primers were designed according to the NCBI 

gene database. The primers were designed to encompass at least one intronic 

sequence, binding to the end of the previous exon and the beginning of the next one. 

Thus, the possibility of primers to bind to intronic sequences, which can be found in 

potentially contaminating DNA, was reduced. This provides an additional increased 

specificity towards primer-specific mRNAs. The selected forward and reverse primers 

are listed in the table (Table 3.4.). The primers were synthesized by Sentegen 

Biotechnology (Ankara, Turkey). These primers were both used for cDNA synthesis 

and the quantitative real time polymerase chain reaction. The amount of nuclease 

free dH2O that should be added to obtain a 100 µM main stock was given by the data 

sheet provided by the manufacturer. A 25 µM intermediatery stock was prepared 

from the 100 µM main stock. Finally, 5 µM working solution was prepared by further 

diluting the intermediatery stock. This working solution of 5 µM was used for all 

experiments. 
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Gene Type of Primer Primer Sequence (5’-3’) 
Melting 

Temperature (°C) 

dH2O (µl) for 100 

µM stock 

ATP1A1 
Forward Primer TCCTTAAGCGTGCAGTAGCG 54 2098 

Reverse Primer CTCATCTCCATCACGGAGCC 56 1864,7 

ATP1A2 
Forward Primer TAGCATACGAAGCGGCTGAG 54 1647,7 

Reverse Primer GATCATGCCGATCTGTCCGT 54 1790,8 

ATP1A3 
Forward Primer GCCAAGATGGGGGACAAAAA 52 1874,5 

Reverse Primer TGCACGCAGTCGGTATTGTA 52 1762,6 

GAPDH 
Forward Primer TCCCATTCTTCCACCTTT 46 990,2 

Reverse Primer TAGCCATATTCATTGTCATACC 49 1740,6 

Table 3.4. Primers used in cDNA synthesis and qPCR experiments. 

 
3.22. cDNA Synthesis. A commercially available RevertAid First Strand cDNA 

Synthesis Kit (ThermoFisher Scientific, Germany) was used to convert RNAs to cDNA 

for qPCR studies. The volumes of the RNA samples for cDNA synthesis was adjusted 

according to the concentration of each sample. The cDNA synthesis was performed 

according to the protocol provided by the manufacturer. Gene-specific primers were 

used in cDNA synthesis to increase the specificity. The reagent volumes used in cDNA 

synthesis reaction are shown in the table (Table 3.5.). 

 

Reagent Volume 

Template RNA According to RNA concentration of the lysate 

Gene specific Forward Primer (5 µM) 2 µl 

Gene specific Reverse Primer (5 µM) 2 µl 

5X Reaction Buffer 4 µl 

RiboLock RNase Inhibitor (20 U/µl) 1 µl 

10 mM dNTP Mix 2 µl 

Reverse Transcriptase Enzyme (M-

MulV) (200 U/µl) 
1 µl 

Nuclease-free dH2O Complete to 20 µl 

Total Volume 20 µl 

Table 3.5. Reagents and their corresponding volumes for cDNA synthesis. 
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3.23. Quantitative Real Time Polymerase Chain Reaction (qRT-PCR). 

SybrGreen Jump Start qRT-PCR kit (Sigma Aldrich, Germany) was used for the qRT-

PCR reactions and the reactions were performed according to the manufacturer’s 

instructions. The reactions were run by using the Corbett Rotor-Gene 6000 (Qiagen, 

Germany) and the results were reported with the instrument’s software. To make 

sure that the reactions were specific for each gene, melting curves were obtained 

and analyzed for each reaction. Moreover, all reactions were performed as 

duplicates. Each run also contained a non-template control to make sure that there 

was no amplification of primers or formation of primer-dimers that may interfere 

with the results. The optimized qRT-PCR reaction conditions were given in the 

following table (Table 3.6.). 

 

 

 

 

 

 
Table 3.6. Reagents, their corresponding volumes and reaction conditions for qRT-
PCR experiments. 
 

The threshold cycles for each sample were determined. The expression levels 

of target genes relative to housekeeping gene were calculated using the following 

formula. This formula allows the calculation of expression levels even if the reaction 

efficiencies are not equal. 

 

𝑅𝑎𝑡𝑖𝑜	 = 	
(𝐸*+,-.*)01*	2.3.	45	63*.,.7*	(843*,49:7+;<9.)

(𝐸=4>7.?..<@3-)01*	A4>7.?..<@3-	-.3.	(843*,49:7+;<9.)
 

Reagent Volume 

SybrGreen Mix 10 µl 

Forward Primer (5 µM) 1,6 µl 

Reverse Primer (5 µM) 1,6 µl 

MgCl2 2,4 µl 

cDNA 2 µl 

dH2O 2,4 µl 

Total Volume 20 µl 

94°C 2 min  

94°C 15 sec 
30 cycles 

60°C 60 sec 

Melt 60°C - 90°C 
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where Etarget is the reaction efficiency for gene of interest; Ehousekeeping is the reaction 

efficiency of housekeeping gene (GAPDH); DCt is the difference between the Ct 

values of control and treated samples. 

 

3.24. ELISA. Commercially available ELISA kits (Elabscience, MD, USA) for rat 

TNF-α, IL-1β, and IL-6 were performed according to the manufacturer’s instructions. 

The total protein levels of hippocampal lysates were determined by using RC DC 

Protein Assay (Bio-Rad, CA, USA). Absorbance measurements were carried out by 

Multiskan GO spectrophotometer (Thermo Fisher Scientific). 

 

3.25. Statistical Analysis. Data were presented as means ± standard errors. 

Statistical analyses were performed by GraphPad Prism (GraphPad Software Inc., CA, 

USA). Student’s t-test or analysis of variance (ANOVA, one-way or two-way) followed 

by Tukey’s post-hoc test was used when there were 2 or 3 groups to compare, 

respectively. p<0.05 was considered statistically significant. *, †, and ‡ were used to 

demonstrate statistical significance between the values of control vs. HFCS, HFCS vs. 

TDZD-8, and control vs. TDZD-8, respectively. 
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4. RESULTS 

 

4.1. Chow and Liquid Consumption. In the first week, the average liquid (tap 

water) consumption of control group was 678±24.4 mL/cage, whereas the average 

liquid (11% w/v carbohydrate containing HFCS solution) consumption of HFCS group 

was 775±47.3 mL/cage. Even though HFCS was consumed more than tap water by 

their corresponding groups, the difference in between was not statistically significant 

in the first week. Beginning from the second week, HFCS group consumed more liquid 

compared to control group, which was also statistically significant (Figure 4.1. A). 

Even though HFCS group consumed more liquid compared to control group, HFCS-

fed rats significantly reduced their mean chow intake starting from the first week 

(Figure 4.1. B). 

 

  
Figure 4.1. Weekly liquid and chow consumption. (A) Weekly liquid consumption. 
HFCS group had a significantly higher mean consumption of liquid compared to the 
control group, starting from the second week. (B) Weekly chow consumption. HFCS 
consumption caused a significant reduction in weekly chow consumption throughout 
the tracking period of a month. Some error bars are not clearly visible due to very 
small standard errors of mean. ***p<0.001, ****p<0.0001 between control vs. HFCS. 
(n=9/group). 

 

4.2. Weight. There was no difference in mean body weights of control and 

HFCS group rats initially. Even though there was a considerable trend of control group 

having greater mean body weights, this difference was not statistically significant in 

A B 
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the first 2 weeks. Starting from day 17, the control group had significantly higher 

mean body weight compared to that of HFCS group. It should be noted that the rats 

of both groups had appropriate weight gains according to their growth charts; 

however, the amount of weight gain was different in control and HFCS groups (Figure 

4.2.) 

 

 
Figure 4.2. Body weights. The mean body weight of the HFCS group was slightly less 
than that of the control group, starting from the day 17. Some error bars are not 
clearly visible due to very small standard errors of mean. *p<0.05 between control 
vs. HFCS. (n=9/group) 

 
4.3. Oral Glucose Torelance Test. Rats were challenged with oral glucose 

tolerance test (Figure 4.3. A) to measure glucose intolerance as a sign of insulin 

resistance and T2DM. Initially, the mean fasting blood glucose levels (at -15 min) of 

control, HFCS and TDZD-8 groups were 81.2±3.21 mg/dL, 130±3.41 mg/dL and 

109±3.92 mg/dL, respectively. HFCS group had significantly higher mean fasting 

blood glucose level compared to both control and TDZD-8 groups (Figure 4.3. B) 

(Tukey’s multiple comparisons test, Control vs. HFCS, HFCS vs. TDZD-8 and Control vs. 

TDZD-8, p<0.0001, p<0.01 and p<0.001, respectively). Just before glucose 

administration through gastric lavage, the fasting blood glucose measurements were 

repeated to test whether stress changed the initial measurement. However, the 

mean fasting glucose level remained significantly higher in HFCS group compared to 
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both control and TDZD-8 groups. HFCS consumption and TDZD-8 treatment were 

shown to have a significant effect on how rats handle glucose in OGTT (two-way 

ANOVA, group effect, F(2,22)=11.48, p=0.0004). After the glucose administration, all 3 

groups reached to peak at 15 min, and the mean blood glucose levels at peak of 

control, HFCS and TDZD-8 groups were 186±6.28 mg/dL, 195±7.97 mg/dL and 

197±6.77 mg/dL, respectively. Even though there was no statistical significance in 

between groups at the peak, HFCS group had a higher mean blood glucose level. After 

the peak, the mean blood glucose levels of HFCS and TDZD-8 groups dropped 

suddenly whereas that of control group declined smoothly. Thereafter, the mean 

blood glucose levels of both control and TDZD-8 groups continued to decline until 

they reached to similar levels prior to glucose administration, whereas the mean 

blood glucose level of HFCS group remained constant and resulted in significantly 

higher 2-hour postprandial blood glucose levels than control and TDZD-8 groups 

(Figure 4.3. B): The blood glucose levels of HFCS remained high compared to those of 

control and TDZD-8 rats (Control 101±1.4 mg/dL, HFCS 133±5.93 mg/dL, TDZD-8 

106±4.08 mg/dL, F(2,22)=16.6, p<0.0001). Previous studies showed that area under the 

curve (AUC) of OGTT may be a better index for glucose intolerance, insulin resistance 

and diabetes than fasting plasma glucose and 2-hour postprandial glucose levels. 

Both HFCS consumption and TDZD-8 treatment had a significant effect on the area 

under the curve of OGTT (ANOVA, F(2,22)=8.46, p=0.0019). Here, HFCS group had 

significantly higher AUC compared to control group and TDZD-8 treatment reversed 

HFCS-induced increase in the AUC back to control levels (Tukey’s multiple 

comparisons test, Control vs. HFCS and HFCS vs. TDZD-8, p<0.05 and p<0.01, 

respectively) (Figure 4.3. C). 
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Figure 4.3. Oral Glucose Tolerance Test. (A) Oral Glucose Tolerance Test. (B) Fasting 
and 2-hour postprandial blood glucose levels. (C) Area under the OGTT curve. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 between control vs. HFCS. †p<0.05, 
††p<0.01, †††p<0.001, ††††p<0.0001 between HFCS vs. TDZD-8. ‡p<0.05, ‡‡p<0.01, 
‡‡‡p<0.001 between control vs. TDZD-8. (n=10/group for control and HFCS, 
n=5/group for TDZD-8). 

 

  

B C 

A 
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4.4. Fat Pads. HFCS consumption and TDZD-8 treatment had a significant 

effect on the fatty body mass of rats (ANOVA, F(2,26)=7.00, p=0.0037). Even though 

HFCS group had a lower total body mass compared to control group at the end of a 

month of tracking period, the mean ratio of fatty mass to total body mass was 

significantly higher (Control 3.76±0.2%, HFCS 4.54±0.2%, Tukey’s multiple 

comparisons test, Control vs. HFCS, p<0.05), suggesting an increase in fatty mass with 

a reduction in lean body mass. Furthermore, TDZD-8 treatment failed to revert HFCS-

induced increase in fatty mass (TDZD-8 4.79±0,2%, Tukey’s multiple comparisons 

test, HFCS vs. TDZD-8, not significant) (Figure 4.4.). 

 

 
Figure 4.4. Ratio of weight of fat pads to total body weight. 

 

4.5. Open Field Arena. To measure the spontaneous locomotion of rats, the 

open field arena test was utilized (Figure 4.5.). There was a significant effect of HFCS 

consumption and TDZD-8 treatment on the distance traveled in open field arena 

(ANOVA, F(2,21)=7.39, p=0.0037). In the 60 min of tracking period, control group 

traveled 18.5±4.47 m, whereas HFCS group traveled 34.6±3.78 m, suggesting 

spontaneous hyperlocomotion associated with HFCS consumption (Tukey’s multiple 

comparisons test, Control vs. HFCS, p<0.05). Furthermore, TDZD-8 group traveled 

15.3±2.98 m, which shows TDZD-8 treatment restored HFCS-induced spontaneous 

hyperlocomotion (Tukey’s multiple comparisons test, HFCS vs. TDZD-8, p<0.01). 
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Figure 4.5. Open Field Arena. (A) Distance traveled in open field arena. (B) 
Representative track plots of rats from their corresponding groups. *p<0.05, 
between control vs. HFCS. ††p<0.01 between HFCS vs. TDZD-8. (n=8/group). 
 
 

4.6. Elevated Plus Maze. To measure anxiety-related behaviors, elevated plus 

maze was utilized (Figure 4.6.). There was a significant effect of HFCS consumption 

and TDZD-8 treatment on the time spent (ANOVA, F(2,24)=6.21, p=0.0067) and 

distance traveled (ANOVA, F(2,24)=8.01, p=0.0022) on the open arms. Control group 

spent a mean of 6.01±2.46 s on the open arms, whereas HFCS group spent a mean of 

42.7±13.7 s. Furthermore, TDZD-8 group showed a similar response to that of the 

control group, spending 7.62±3.82 s. Tukey’s multiple comparisons tests further 

revealed that HFCS group spent significantly more time and traveled more distance 

on the open arms of elevated plus maze compared to both control and TDZD-8 groups 

(Tukey’s multiple comparisons tests, Control vs. HFCS and HFCS vs. TDZD-8, p<0.05). 

 

A B
1 
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Figure 4.6. Elevated Plus Maze. (A) Time spent in open arms of elevated plus maze. 
(B) Averaged heat maps of groups. *p<0.05, between control vs. HFCS. †p<0.05 
between HFCS vs. TDZD-8. (n=9/group). 

 
4.7. Female Urine Sniffing Test. To measure both sexual and social reward-

seeking hedonic behaviors, the female urine sniffing test was utilized (Figure 4.7.). All 

three groups had similar mean duration of sniffing when presented with distilled 

water (Control 4.01±1.01 s, HFCS 4.88±0.96 s, TDZD-8 3.79±0.99 s) and all three 

groups sniffed significantly more after presented with female urine (Control 8.08±1.4 

s, HFCS 14.04±1.47 s, TDZD-8 6.24±2.12 s, two-way ANOVA, stage effect 

F(1,21)=21.8, p=0.0001). When presented with female urine, HFCS consumption and 

TDZD-8 treatment had a significant group effect on the mean time of duration of 

sniffing (two-way ANOVA, group effect F(2,21)=6.24, p=0.0075). Post-hoc tests 

revealed that HFCS group had a greater mean duration of sniffing compared to both 

control and TDZD-8 groups (Tukey’s multiple comparisons test, Control vs. HFCS and 

HFCS vs. TDZD-8, p<0.01 and p<0.001, respectively). 

 

A B 
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Figure 4.7. Female Urine Sniffing Test. **p<0.01 between control vs. HFCS. 
†††p<0.001 between HFCS vs. TDZD-8. (n=9/group). 

 

4.8. Forced Swim Test. To measure the behavioral despair in response to 

learned helplessness, forced swim test was utilized. There was a significant effect of 

HFCS consumption and TDZD-8 treatment on the immobility time at the forced swim 

test (ANOVA, F(2,24)=4.84, p=0.0171). Control group had a mean immobility duration 

of 28.9±4.12 s, whereas HFCS group had a greater mean immobility duration of 

45.9±4.61 s (Tukey’s multiple comparisons test, Control vs. HFCS, p<0.05). TDZD-8 

treatment successfully reverted the HFCS-induced greater immobility back to control 

levels with a mean immobility duration of 29.9±4.30 s (Figure 4.8.) (Tukey’s multiple 

comparisons test, HFCS vs. TDZD-8, p<0.05)  

 

 
Figure 4.8. Forced Swim Test. *p<0.05 between control vs. HFCS. †p<0.05 between 
HFCS vs. TDZD-8. (n=9/group). 
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4.9. Passive Avoidance Task. To assess spatial learning and memory, which 

relies on intact hippocampal functions, both passive avoidance task and Morris water 

maze were utilized. Passive avoidance task also requires an intact amygdala as well 

as an intact hippocampus. In the shock phase, all three groups showed a similar 

latency to enter into the dark compartment, where rats received an inescapable foot 

shock. 24 hours the foot shock, the same experiment was repeated, called the test 

phase. In the test phase, none of the rats entered the dark compartment in order to 

avoid the foot shock (Figure 4.9.). Thus, neither HFCS consumption nor TDZD-8 

treatment was unable to affect the behavior in the passive avoidance task compared 

to control group. 

  

 

Figure 4.9. Passive Avoidance Test. 

 

4.10. Morris Water Maze. Morris water maze has been considered as one of 

the best methods to assess hippocampus-dependent spatial learning and memory as 

well as the general normality of the brain. The mean swim speeds of each group were 

not statistically significant from each other (Control 0.24±0.005 m/s, HFCS 

0.24±0.005 m/s, TDZD-8 0.23±0.004 m/s, ANOVA, F(2,456)=0.474, p=0.622), 

suggesting that the rats did not suffer from any motor disability and the differences 

in latency to platform were indeed due to alterations in cognitive functions (Figure 

4.10. B). A two-way ANOVA detected a significant group difference through all four 

acquisition days (two-way ANOVA, group effect, F(2,420)=6.90, p=0.0011), however 
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Tukey’s multiple comparisons test revealed a statistically significant difference only 

in the first acquisition day  (Figure 4.10. A).  In the first acquisition day, HFCS-fed rats 

were significantly worse at finding the hidden platform (Tukey’s multiple 

comparisons test, Control 64.0±6.8 s vs. HFCS 84.2±7.4 s, p<0.01). In addition, TDZD-

8 failed to restore this HFCS-induced deficit and resulted in a mean latency of 

87.6±7.0 s (Tukey’s multiple comparisons test, Control vs. TDZD-8, p<0.01; HFCS vs. 

TDZD, p>0.05). Even though there was a trend of greater mean latency periods of the 

HFCS group throughout the remaining three acquisition days, no statistical 

significance was reported. On the final acquisition day, all three groups demonstrated 

a similar mean latency period to the platform (Control 12.6±1.8s, HFCS 16.3±2.4s, 

TDZD-8 17.9±3.2s) 

 

  
Figure 4.10. Morris Water Maze. (A) Latency to find the hidden platform in Morris 
water maze. (B) Averaged swim speeds of groups. **p<0.01 between control vs. 
HFCS, ‡‡p<0.01 between control vs. TDZD-8. (n=9/group). 

 
 In concordance with the last acquisition day, the probe trial, which was 

performed 48 hours the last acquisition trial, yielded similar results. Each group spent 

a similar duration in the target quadrant, where the platform was located during the 

acquisition trials (Figure 4.11.) (Control 26.4±2.37 s, HFCS 25.3±1.97 s, TDZD-8 

25.1±2.75 s). Thus, ANOVA was unable to detect a statistically significant difference 

in between groups at the probe test (ANOVA, F(2,24)=0.0901, p=0.9141). 

 

A B 
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Figure 4.11. Time spent in target quadrant in the probe trial of Morris water maze. 

 
4.11. Input-Output Curves. In order to assess the changes in the synaptic 

strength of HFCS-fed rats, Schaffer collaterals were stimulated and field potentials 

from the stratum radiatum (synaptic layer) of CA1 region were recorded. The input-

output curve of fEPSP slopes shifted significantly towards left in the HFCS group, 

whereas TDZD-8 caused a rightward-shift, turning HFCS-induced hyperexcitability 

back to normal (two-way ANOVA, group effect, F(2,23)=4.66, p=0.02) (Figure 4.12.). 

In addition, when electrode was placed into stratum pyramidale (soma layer), the 

input-output curves yielded a similar trend to that observed in stratum radiatum 

(Figure 4.13.). 

 

 

Figure 4.12. (A) Input-output curve recorded from stratum radiatum. (B) 
Representative recordings from stratum radiatum. I/O traces were selected from the 

 

A 

B 

 



 60 

responses to stimuli of 7V. Traces from control group were depicted grey, whereas 
traces from HFCS and TDZD-8 groups were depicted black. 

 

 
Figure 4.13. (A) Input-output curve recorded from stratum pyramidale. (B) 
Representative recordings from stratum pyramidale. I/O traces were selected from 
the responses to stimuli of 7V. Traces from control group were depicted grey, 
whereas traces from HFCS and TDZD-8 groups were depicted black. 

 
4.12. Paired Pulse Facilitation/Depression. As a form of short-term plasticity, 

paired pulse facilitation/depression phenomena were studied. When two stimuli 

with 20 ms of interpulse interval were applied to the hippocampal CA3-CA1 synapses 

of control rats, the second fEPSP slope was higher than the first, demonstrating the 

presynaptic Ca2+ accumulation caused by two sequential stimuli, causing increased 

glutamate release after the second stimulus. However, HFCS group showed 

significantly less facilitation after the second stimulus than the control group, 

suggesting an increased presynaptic release probability causing depletion of 

glutamate containing vesicles when no time was given to replenish the stores. In 

addition, TDZD-8 treatment was unable to restore this impairment in stratum 

radiatum paired-pulse facilitation (Figure 4.14.) (at 20 ms interpulse interval, Control 

1.86±0.08, HFCS 1.52±0.12, TDZD-8 1.58±0.13; Tukey’s multiple comparisons test, 

A 
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Control vs. HFCS and Control vs. TDZD-8, p<0.0001). With greater interpulse intervals, 

no significant differences were found between groups (Figure 4.14.). 

 

 
Figure 4.14. (A) Paired-pulse paradigm in stratum radiatum. (B) Representative 
recordings from stratum radiatum. Paired-pulse traces were given for interpulse 
intervals of 20 ms and 1000 ms. Traces from control group were depicted grey, 
whereas traces from HFCS and TDZD-8 groups were depicted black in their 
corresponding columns. 

 
 In order to assess the activity of GABAergic interneurons fine-tuning the 

cumulative response of the pyramidal neurons, the recording electrode was placed 

into the stratum pyramidale (soma layer) to record field pSpikes. In paired-pulse 

paradigm, there were no significant differences between groups in any of the 

interpulse intervals applied (Figure 4.15.), suggesting that GABAergic, the main 

inhibitory system, was spared from the effects of HFCS consumption in this study. 
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Figure 4.15. (A) Paired-pulse paradigm in stratum pyramidale. (B) Representative 
recordings from stratum pyramidale. Paired-pulse traces were given for interpulse 
intervals of 20 ms and 1000 ms. Traces from control group were depicted grey, 
whereas traces from HFCS and TDZD-8 groups were depicted black in their 
corresponding columns. 

 

4.13. AMPA and NMDA Receptors. Ser845-phosphorylation of GluR1 

subunits of AMPA receptors create a readily available pool of AMPA receptors to be 

incorporated to the postsynaptic density. In hippocampi of HFCS fed adolescent rats, 

the ratio of ser845-phosphorylated GluR1 to GluR1 was significantly higher compared 

to control group, which was reversed by TDZD-8 treatment (Figure 4.16.). In addition, 

B 
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HFCS consumption caused a significant decrease in total AMPA receptors, which was 

not reversed with TDZD-8 treatment. In contrast, NMDAR2A and NMDAR2B subunits 

of NMDA receptors were found to be unchanged. 

 
 

 
Figure 4.16. Protein levels of AMPA and NMDA receptor subunits. (A) Relative protein 
levels of ser845-phosphorylated GluR1 subunit of AMPA receptor to GluR1 subunit 
of AMPA receptor normalized to beta actin compared to control group (Control 
1±0.213, HFCS 4.62±1.252, TDZD-8 1.22±0.223, ANOVA F(2,9)=7.45, p<0.05). (B) 
Western blot bands of ser845-phosphorylated GluR1, GluR1 and beta actin. (C) 
Relative protein levels of NMDA2A normalized to beta actin compared to control 
group. (D) Relative protein levels of NMDA2B normalized to beta actin compared to 
control group. 

 

4.14. Na+/K+-ATPase Subunit Expression. As diabetes was shown to cause 

decreased NKA levels/activity in hippocampi, which was also associated with the 

pathophysiology of BD, whether there is a similar decrease in the levels of α-subunits 

of NKA in the hippocampi of HFCS-fed adolescent rats was tested. While no significant 

differences in the mRNA levels of α1- and α2-subunits were observed, a significant 

reduction in the transcription of the neuron-specific α3-subunit was detected in the 

A B 

D C 
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hippocampi of HFCS-fed rats. Moreover, TDZD-8 was unable to restore this reduction 

in transcription of α3-subunit (Figure 4.17.). 

 

 
Figure 4.17. Changes in expression of NKA α-subunit genes. (A) Relative expression 
of ATP1A1 (α1-subunit) normalized to control group. (B) Relative expression of 
ATP1A2 (α2-subunit) normalized to control group. (C) Relative expression of ATP1A3 
(α3-subunit) normalized to control group. 

 

4.15. In vivo Hippocampal Insulin Responsiveness. After 

intracerebroventricular administration of insulin, the ratios of ser473- and thr308-

phosphorylated Akt to total Akt protein levels were found to be similar between 

groups (Figure 4.18.). Thr308-phosphorylated Akt cannot be detected by western 

 

 

B 

C 
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blot unless hippocampi are stimulated by insulin, which confirms the appropriateness 

of intracerebroventricular insulin administration. In addition, no significant 

difference was observed for the ratio of ser9-phosphorylated GSK-3 to total GSK-3 

protein levels (Figure 4.18.), suggesting PI3K-Akt-GSK-3 pathway coupled to insulin 

receptor was not impaired in HFCS-fed adolescent rats.  

 

 
Figure 4.18. Phosphorylated to total protein ratio of Akt and GSK-3 after 
intracerebroventricular insulin administration. (A) Relative protein levels of ser473-
phosphorylated Akt to Akt normalized to beta actin compared to control group. (B) 
Relative protein levels of thr308-phosphorylated Akt to Akt normalized to beta actin 
compared to control group. (C) Relative protein levels of ser9-phosphorylated GSK-3 
to GSK-3 normalized to beta actin compared to control group. 
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4.16. Proinflammatory Markers in Serum and Hippocampus. Here, whether 

HFCS consumption has caused a similar increase in serum and hippocampus was 

tested, indicating systemic inflammation and local neuroinflammation, respectively. 

As expected, the levels of all three proinflammatory markers were found to be 

increased in serum of HFCS-fed rats and returned back to normal in TDZD-8-treated 

rats (Fgure 4.19. A-C). However, the differences of hippocampal levels of TNF-α, IL-

1β, and IL-6 were statistically insignificant between groups (Figure 4.19. D-F), 

excluding hippocampal neuroinflammation in spite of the presence of systemic 

inflammation. 
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5. DISCUSSION 

 

5.1. Metabolic Characterization of HFCS Consumption in Adolescent Rats 

 

Adolescent rats were fed with either tap water or 11 w/v carbohydrate 

containing HFCS solution to mimic the content of sugar-sweetened beverages of 

human consumption. As HFCS is highly palatable (233), the rats consumed more HFCS 

solution when compared to tap water intake. Interestingly, HFCS-fed rats decreased 

their chow intake significantly, which was also previously observed in a similar study 

done with mice (204). Increased HFCS solution with a reduction in chow intake may 

be the underlying reason of why HFCS-fed rats gain significantly less weight after the 

second week of tracking period. This is interesting and not compatible with human 

consumption, because humans tend to drink sugar-sweetened beverages without 

reducing their solid food intake, creating a “caloric surplus”. The reason for this 

discrepancy should be further investigated. 

 

The HFCS group had gained significantly less weight compared to the control 

group. Nevertheless, HFCS-fed rats had a significantly higher ratio of fat pads to total 

body weight. As the majority of fat pads dissected were visceral instead of 

subcutaneous, this difference in fatty body mass was due to increased visceral 

adiposity in HFCS-fed rats. This is parallel with previous studies showing increased 

visceral adiposity upon high fructose feeding. Interestingly, TDZD-8 treatment had no 

effect on the weight ratio of fat pads to total body mass and failed to restore HFCS-

induced visceral adiposity. To the best of our knowledge, there is no previous data 

on how TDZD-8 treatment affects adiposity. 

 

Many studies so far showed that high fructose feeding, including HFCS, caused 

insulin resistance in both rodent, non-human primates and humans (208, 209, 224, 

234). Here, the mean fasting blood glucose level of HFCS group was significantly 

higher compared to that of control group. Even though there are no objective criteria 
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to diagnose a rat as insulin resistant or diabetic, increased fasting blood glucose levels 

were shown to be associated with impaired insulin sensitivity and T2DM. In addition, 

TDZD-8 improved insulin sensitivity and reduced fasting blood glucose levels, as 

expected from a GSK-3 inhibitor (126-131). After the oral glucose load, the control 

and TDZD-8 groups were relatively successful in handling the glucose load, thus 

returning the 2-hour postprandial mean blood glucose levels back to fasting levels. 

However, HFCS group had consistently elevated mean blood glucose levels, related 

to impaired insulin sensitivity. The analysis of area under the OGTT curves further 

showed an impairment in glucose tolerance in HFCS group, which was reversed by 

TDZD-8 treatment. 

 

To sum up, HFCS consumption in adolescent rats resulted in impaired glucose 

tolerance, insulin resistance and visceral adiposity with a reduction in lean body 

mass. The only discordant finding with the human consumption of HFCS was less 

weight gain of HFCS-fed rats. This finding can be explained by the HFCS-induced 

reduction of chow intake, causing a decrease in total energy intake. Inhibition of GSK-

3 partially restored HFCS-induced impairments that are evident in OGTT. 

 
5.2. Behavioral Characterization of HFCS Consumption in Adolescent Rats 

 
HFCS fed adolescent rats displayed spontaneous hyperlocomotion in the open 

field arena experiments as well as increased risk-taking behavior and decreased 

anxiety in elevated plus maze experiments. Female urine sniffing testing was 

significant for increased sexual hedonic behavior in HFCS fed rats. All of these 

behaviors emerged upon HFCS feeding are considered as spontaneously mania-like. 

In contrast, forced swim test showed an increased duration of immobility when HFCS 

fed rats were exposed to behavioral despair, which is traditionally known as 

depressive-like. Even though all the other behavioral changes were readily 

observable spontaneously, increased immobility was only evident after rats were 

exposed to a pre-experiment, in which stress and despair were induced. Broadly, 

these behavioral changes are compatible with bipolar disorder. Unfortunately, both 
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Morris water maze and passive avoidance experiments were failed to show any 

alterations in memory except a mild disturbance in the first acquisition day of Morris 

water maze.   

 

Inhibition of GSK-3 has recently been shown to be the mechanism of action of 

lithium and other commonly used mood-stabilizers for their mood-stabilizing effect. 

(134-139, 146). Recently developed highly specific GSK-3 inhibitors were proven to 

have mood-stabilizing effects on animal models of BD, suggesting that the primary 

mechanism of action of lithium is, indeed, inhibition of GSK-3 (141-144). In addition 

to pharmacological interventions, genetic manipulations of GSK-3 activity further 

support this hypothesis (145, 147, 150). Because of these evidence suggesting the 

critical role of GSK-3 and its inhibition by various drugs used in the treatment of BD, 

we decided to treat HFCS fed rats with TDZD-8, a highly specific novel inhibitor of 

GSK-3 (177). As expected, TDZD-8 treatment reversed the impairments evident in all 

settings except in Morris water maze experiments. 

 
HFCS consumption in comparable amounts to human consumption in 

adolescent rats led to spontaneous hyperlocomotion, decreased anxiety, increased 

risk-taking behavior, increased social/sexual reward-seeking behavior and increased 

sensitivity to behavioral despair paradigm with subtle learning deficits and preserved 

long-term memory; all of which are characteristically seen in patients with bipolar 

disorder. In addition, these behavioral changes associated with HFCS consumption 

were readily reversible with the inhibition of GSK-3, which is known as the most 

probable mechanism of action of lithium for its mood-stabilizing effects. Even though 

there are limitations to define bipolar disorder in a rat (235), spontaneous mania-like 

behavior with susceptibility to behavioral despair, combined with rats being 

responsive to the inhibition of GSK-3 are remarkably suggestive of bipolar disorder. 

 

Only a handful of studies investigated the effects of fructose on different 

domains of mood. For instance, prenatal fructose exposure was found to cause an 

increase in locomotion and impulsivity with a decrease in attention in offspring mice 
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(236). When rats were given bee honey, which is known to be rich of fructose, rats 

displayed hyperlocomotion and decreased anxiety-related behaviors (237). Adult rats 

fed with a solution similar to HFCS (a 10% w/v solution containing 50/50 

fructose/glucose) displayed no significant alterations in locomotion and anxiety-

related behaviors (238). These data suggest that early developmental periods are 

especially vulnerable, whereas adults are spared from the negative outcomes of high 

fructose consumption. This suggestion was confirmed by a study that showed 

periadolescent consumption of fructose led to behavioral impairments whereas 

these impairments were not observed in adult rats fed with fructose (239).  

 
5.3. Electrophysiologic and Molecular Characterization of HFCS 

Consumption in Adolescent Rats 

 
In this study, HFCS consumption resulted in hyperexcitability of CA3-CA1 

synapses as evident by a leftward shift of the input-output curve. It can be explained 

by two different mechanisms. (I) a decrease in the amount of α3-subunit of NKA 

resulting in reduced Ca2+ clearance through reverse function of  Na+/Ca+2 exchanger 

pumps in presynaptic terminals and increasing the glutamate release and (II) 

increased Ser845-phosphorylation of GluR1 subunit of AMPA receptor, facilitating its 

relocation on the postsynaptic terminal. Paired-pulse facilitation and western blot 

data suggested that HFCS consumption caused increased presynaptic release 

probability and increased available pool of AMPA receptors ready to be incorporated 

into the postsynaptic membrane, both of which explain the HFCS-induced neuronal 

hyperexcitability. However, TDZD-8 failed to normalize both impaired HFCS-induced 

paired-pulse facilitation and reduced expression of α3-subunit of NKA even though it 

restored HFCS-induced hyperexcitability with attenuation of HFCS-induced 

phosphorylation of GluR1. When one considers that the ketogenic diet, a low 

carbohydrate diet, attenuates neuronal hyperexcitability by modulating a wide 

variety of different cellular processes (92), no single mechanism should be expected 

to explain how HFCS consumption leads to hyperexcitability. 
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Previous literature showed that lithium did not alter the presynaptic 

glutamate release probability as suggested by previous paired-pulse facilitation 

experiments (81). Similar to lithium, TDZD-8 also did not alter paired-pulse facilitation 

response of HFCS-fed adolescent rats and failed to restore fEPSP2/fEPSP1 ratio 

towards control levels. This is in concordance with the failure of restoration of the 

reduced transcription of α3-subunit in TDZD-8 treated rats. One interesting 

behavioral correlation of impaired paired-pulse facilitation, a form of short-term 

plasticity, would be the subtle learning deficit evident in the first acquisition day of 

MWM (240). 

 

Evidence supporting NKA hypothesis of BD has been accumulating since early 

1950s, including that with Myshkin mice carrying an inactivating mutation in the α3-

subunit of NKA, showing bipolar-like behavioral phenotype (112). It is still not known 

whether this decrease in NKA levels/activity is the primary cause of BD or a secondary 

outcome of an unknown primary process. In addition, the casual relationship 

between the decreased NKA levels/activity with neuronal hyperexcitability should be 

further studied. In our study, the α3-subunit is the only subunit whose expression 

was found to be decreased. This subunit is the only neuron-specific subunit and was 

previously shown to be closely associated with BD. The exact role of this finding in 

the pathophysiology of the observed changes should be further investigated. 

 

Insulin resistance was reported in whole brain tissue as well as in the 

hippocampus in high fructose and high fat fed rats (75, 76). As insulin receptors are 

coupled to PI3K-Akt-GSK-3 pathway, which is known to be a crucial secondary 

signaling pathway related to synaptic plasticity, synaptic structure, learning-memory 

and mood processes. Here, the alterations in phosphorylation levels of Akt and GSK-

3 were assessed through immunoblotting after stimulated with 

intracerebroventricularly administered insulin. No changes were shown, eliminating 

the presence of insulin resistance locally in the hippocampi of HFCS-fed rats. Even 

though HFCS-induced hyperexcitability and associated presynaptic and postsynaptic 
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changes were not due to hippocampal insulin resistance, the PI3K-Akt-GSK-3 pathway 

may still be involved in the process. However, the primary activating ligand/stimulus 

is most possibly something other than insulin. As NKA was also shown to be linked to 

PI3K-Akt pathway, decreased expression of the α3-subunit of NKA may cause 

alterations in this pathway leading to observed changes. Unfortunately, the 

underlying signaling mechanism couldn’t be unrevealed in this study and requires 

further focus in the future. 

 

It is known that both western diet consumption and BD are associated with 

inflammation. Here, we showed that HFCS consumption caused a systemic 

inflammatory response, which was readily reversible with GSK-3 inhibition. Even 

though the results of this study showed many functional changes related to the 

hippocampus, we did not observe local neuroinflammation in the hippocampi of rats 

fed with HFCS for 6 weeks. This finding does not exclude the existence of 

inflammation in other brain regions, which might be involved in the pathogenesis of 

BD, it simply showed that the electrophysiological and molecular changes in the 

hippocampus cannot be explained by the inflammation by itself. 

 

To sum up, HFCS consumption in adolescent rats resulted in hyperexcitability 

of CA3-CA1 synapses of hippocampus, which may explain the behavioral changes 

strikingly similar to those in patients with bipolar disorder. Both presynaptic and 

postsynaptic mechanisms contributed: (I) HFCS consumption led to increased 

presynaptic release probability and (II) increased ser845-phosphorylation of GluR1 

subunit of AMPA receptors, leading to synaptic translocation of AMPA receptors. 

Even though systemic inflammation was evident in HFCS-fed adolescent rats, which 

was reversed by TDZD-8, local hippocampal neuroinflammation was not significant. 
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5.4. Conclusion 

 

This study demonstrated that short-term HFCS consumption in adolescent 

rats caused bipolar-like behavioral changes, including spontaneous hyperlocomotion, 

decreased anxiety, increased risk-taking behavior, increased social and sexual 

reward-driven behavior, increased sensitivity to behavioral despair and subtle 

learning deficits without impairments in long-term memory. Furthermore, these 

changes were responsive to the inhibition of GSK-3, which further supports that the 

observed changes are closely associated with bipolar disorder. The mechanism 

responsible for these changes was suggested to be neuronal hyperexcitability, which 

was due to both presynaptic and postsynaptic alterations. Presynaptic alterations 

include increased presynaptic release probability, which was caused by increased 

intracellular Ca+2 levels activating the release machinery secondary to decreased 

levels of neuronal NKA. GSK-3 inhibition was failed to restore both decreased 

expression of NKA and impaired paired pulse facilitation. Postsynaptic alterations 

include increased ser845-phosphorylation of GluR1 subunits, leading to a readily 

available pool of AMPA receptors to be incorporated into the postsynaptic 

membrane. GSK-3 inhibition successfully reversed increased phosphorylation of 

GluR1 and overall hyperexcitability. Even though previous literature showed 

inflammation is a contributor to insulin resistance, T2DM, major depression and 

bipolar disorder in humans, HFCS consumption did not result in significant 

hippocampal neuroinflammation that might have explained the local changes in CNS. 

However, systemic inflammation or local neuroinflammation in areas other than 

hippocampus may still cause or exacerbate the observed changes. The underlying 

signaling pathway linking all these observed changes could not be revealed in this 

study, however it’s for sure that mechanisms other than hippocampal insulin 

resistance should be looked for. 
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