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1. INTRODUCTION 

1.1. General Information 

1.1.1. Cognition, Memory and Dementia 

Cognition can be described as the mind process by which we became aware 

of a stimulant by perception, think about it, decide the nature of the stimulant 

via using our memories and emotions (“cognition | Definition of cognition in 

English by Oxford Dictionaries,” n.d.). These cognitive skills, such as 

consciousness, orientation, attention, registration and short-term memory, 

long-term memory, constructional and visuospatial memory, abstraction and 

conceptualization, executive functions and language are what make us 

human, and enable us to survive and enjoy the everyday life (Monsell, 1981).  

Memory is a cognitive system that enables us to organize and alter the 

information and experiences to a form that can be used by the brain 

(encoding), holding on to it for some period of time (storing) and recalling it 

(retrieving) if needed. There are mainly 3 kinds of memory: working memory, 

short-term memory and long-term memory (Cowan, 2008). Human mind has 

the ability to hold a limited amount of information briefly in a very accessible 

state, and this is named ‘short-term memory (STM)’. When a person is trying 

to keep a phone number in their head until they write it down or remember 

where they parked their car last night, they are using their short-term memory. 

While working memory (WM) may not be so distinguishable from the short-

term memory, it refers to the theoretical framework of the brain areas that are 

temporarily used in processing sensory data. In other words, working memory 

is like brain’s own scratchpad, and it helps the brain to temporarily store and 

process the data. For example, when someone is calculating their shopping 

bill, deciding which groceries to buy, mentally arranging their office area to fit 

another desk for a coworker, they are using their working memory. WM is 

mainly associated with multiple areas of prefrontal cortex. If the information is 

transferred to the next stage and consolidated with long term potentiation 

(LTP), the information can be remembered for much longer, and this is called 

‘long term memory (LTM)’. Somebody remembering their mother’s maiden 
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name or their childhood memories on a vacation are examples of LTM. LTM 

can mainly be divided into 2 groups, declarative and non-declarative 

(procedural). The information of driving a car or riding a bike can be defined 

as non-declarative, while remembering the date of French Revolution or your 

wedding anniversary is declarative. Progressive functional loss of the 

aforementioned memory mechanisms is the main clinical symptom of 

dementia (Cowan, 2008; Kandel, Dudai, & Mayford, 2014). 

 

Figure 1. Memory Types 

Dementia means ‘out of one’s mind’ in Latin (“dementia | Definition of 

dementia in English by Oxford Dictionaries,” n.d.). Dementia as used today is 

a chronic and progressive deterioration of the cognitive skills such as intellect, 

memory and personality without the impairment of consciousness. This 

cognitive decline can be observed clinically as memory loss, impaired 

judgement, difficulty of abstract thinking, loss of communication skills, time 

and place disorientation, neglect of personal care, gait, motor, and balance 

problems, inappropriate behaviors and even hallucinations and paranoia. At 

the structural level, there is significant loss of neurons in cortex and 

hippocampus, resulting with grey matter atrophy that leads to fronto-temporo-

parietal cortical thinning and atrophy in hippocampal, parahippocampal and 
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subcortical areas (Mak et al., 2017).  

Dementia is a disease with vast amount of etiologies (Figure 2). Most common 

form of dementia is Alzheimer’s disease (AD). AD is characterized with 

neuronal loss; formation of amyloid plaques and neurofibrillary tangles and 

major clinical manifestation of the disease is progressive memory loss. There 

is also vascular dementia (VaD), which was previously known as multi-infarct 

dementia and is associated with vascular risk factors such as hypertension, 

diabetes mellitus, and smoking. VaD has a very heterogeneous clinical 

symptom palette, as patients show symptoms depending on the specific brain 

areas where the blood flow is compromised. Another type of dementia is 

Frontotemporal Dementia (FTD), which was previously known as “Pick’s 

Disease”. FTD is characterized by significant frontotemporal atrophy, and the 

prominent clinical symptom is changes in behavior and personality, while the 

memory skills remain intact. The last type of dementia is dementia with Lewy 

bodies (DLB), which manifests with fluctuating changes in alertness and 

attention, and visual hallucinations.  

Although dementia is most common in elderly people, it can also be seen at 

younger people. Alzheimer’s dementia that is seen at a younger person often 

indicates a genetic predisposition, which is called ‘Familial Alzheimer’s 

Disease (FAD)’ and typically has an early onset, which is before age 65. Risk 

factors of FAD include inheritable mutations in the genes of presenilin 1 

(PSEN1), presenilin 2 (PSEN2) and/or amyloid precursor protein (APP). FAD 

has much aggressive course, and a relatively shorter survival time when 

compared to sporadic AD. 
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Figure 2. Dementia Types 

1.1.2. Dementia and Metabolic Diseases 

Dementia became a major healthcare problem, as the mean life span of 

humans got higher in the last decade. In year 2016, more than 46 million 

people were diagnosed with dementia worldwide, and the number is expected 

to triple in 2050 (Prince et al., 2015). A new meta-analysis shows that 7-13% 

of dementia in patients above age 60 is associated with T2DM. Moreover, 

people with T2DM have more risk of developing any type of dementia, and 

they are also 2 times more likely to have Alzheimer’s disease at an older age 

(Chatterjee et al., 2016). Approximately 80% of Alzheimer’s disease patients 

have a glucose metabolism disorder. These numbers are expected to rise, as 

the prevalence of T2DM itself is expected to increase and the lifespan of 

humans are continually rising every year (Prince et al., 2013; Roser, 2018). 

Aside from T2DM, other modifiable factors such as physical inactivity, midlife 

obesity and hypertension, depression, smoking, low education levels have 

also been associated with dementia progression (Barnes & Yaffe, 2011; 
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Norton, Matthews, Barnes, Yaffe, & Brayne, 2014). The association between 

hypertension and cognitive decline has been widely researched, and it seems 

to differ according to age. While midlife hypertension is found to be a relative 

risk factor of AD and dementia, late onset hypertension had no significant 

association. On the contrast, hypotension in late life is significantly associated 

with the risk of cognitive decline and dementia, particularly in elderly people 

who are using antihypertensive drugs (Kennelly, Lawlor, & Kenny, 2009; 

Kloppenborg, van der Berg, Kappelle, & Biessels, 2008; Purnell & Gao, 2009) 

(Figure 3).  

 

Figure 3. Dementia Risk Factors 

Whether T1DM is a risk factor for cognitive decline and dementia is still a 

controversial subject. Early onset T1DM has been shown to be associated 

with several brain structural changes (Ferguson et al., 2003; Marzelli et al., 

2014), and there are many studies that show impaired cognitive functions in 

children and young adults (Li, Huang, & Gao, 2017).  

Three major metabolic diseases investigated in this study are, type 2 diabetes 

(T2DM), type 1 diabetes (T1DM) and hypertension. These diseases and their 

relationship with cognitive decline are described below.  
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1.1.2.1. Type 2 Diabetes (T2DM) 

T2DM is the most common subtype of diabetes and it is mainly characterized 

with hyperglycemia and hyperinsulinemia via peripheral insulin resistance. 

T2DM is a part of a complex syndrome, named ‘metabolic syndrome’, which 

is the combination of several risk factors of cognitive decline. At least three of 

the following conditions characterizes metabolic syndrome: abdominal 

obesity, high blood pressure, high blood sugar, high serum triglycerides and 

low high-density lipoprotein (HDL) levels. High blood sugar levels in this 

description relate to T2DM. Unlike T1DM, which is characterized by the 

deficiency of insulin, T2DM is primarily caused by insensitivity of peripheral 

insulin receptors (Luchsinger, 2012; Roy et al., 2015; Tiehuis et al., 2008; 

Yates, Sweat, Yau, Turchiano, & Convit, 2012). Many studies have linked 

T2DM and insulin resistance (IR) to cognitive decline, vascular dementia and 

Alzheimer’s disease (Biessels, Staekenborg, Brunner, Brayne, & Scheltens, 

2006; Kong, Park, Lee, Cho, & Moon, 2018; Lutski, Weinstein, Goldbourt, & 

Tanne, 2017). Cognitive decline in diabetic patients might be the result of 

hyperglycemia and hyperinsulinemia itself, but it can also be the result of 

diabetes related disorders, such as increased levels of triglycerides, LDL, 

decreased levels of HDL, hypertension, cerebrovascular disease, ischemic 

heart disease and depression (Strachan, Deary, Ewing, & Frier, 1997). 

However, the pathophysiology of this cognitive decline that happens in IR and 

T2DM patients and the effects of these diseases on cerebral microcirculation 

are not yet fully understood.  

1.1.2.2.  Type 1 diabetes (T1DM) 

T1DM is a medical condition characterized by apoptosis of pancreatic β cells 

that in normal conditions secrete insulin. Their apoptosis leads to a little or no 

insulin at the periphery, leading to high levels of blood glucose. Unlike T2DM 

and hypertension, T1DM usually manifests in younger patients, typically 

related to some microvascular complications (Kodl et al., 2008; K. Nunley et 

al., 2015). Cognitive impairment and microvascular complications in T1DM 

patients might be the result of chronic hyperglycemia and episodes of 
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hypoglycemia (K. A. Nunley et al., 2015). Tonoli and al. suggested that T1DM-

associated cognitive decline (T1DMACD) is more severe in adults than 

children, indicating the duration of the disease and its resulting metabolic 

conditions might have an importance (Tonoli et al., 2014). T1DM is a potential 

source of chronic microvascular disease and its effects on cerebral 

microcirculation should be further investigated.  

1.1.2.3.  Hypertension 

Hypertension is a medical condition where the blood pressure is persistently 

elevated. High blood pressure is known to be a very important risk factor of 

stroke and therefore, vascular dementia. It is also the second cause of death 

worldwide and known to be one of the major causes of long term disability 

(Lawes, Bennett, Feigin, & Rodgers, 2004). Also, hypertension is the systemic 

disease most related to WMHs and cognitive decline in elderly patients (de 

Leeuw et al., 2002). It is known that the neuronal tissue loss in stroke patients 

leads to cognitive decline and eventually results with vascular dementia (Ivan 

et al., 2004; Kokmen, Whisnant, O’Fallon, Chu, & Beard, 1996; Mies & 

Paschen, 1984; Pohjasvaara, Erkinjuntti, Vataja, & Kaste, 1997; Tatemichi et 

al., 1994). In a clinical study that consists of 453 stroke patients, 26% was 

found to be demented 3 months after stroke (Desmond et al., 2000). The 

effects of hypertension in intracranial microcirculation are not fully examined. 

However, research has shown that hypertension increases actin levels and 

consequently the contractile properties of the pericytes in the retina (Mitchell 

et al., 2007; Wallow, Bindley, Reboussin, Gange, & Fisher, 1993). The effects 

of hypertension on cerebral microcirculation and pericytes should be further 

investigated. 

1.1.3. Anxiety Disorders in Metabolic Diseases 

The diagnosis of T1DM is associated with psychological distress and 

increased anxiety symptoms due to changes and limitations in the lifestyle of 

pediatric patients (Reynolds & Helgeson, 2011). However, whether the 

accompanying anxiety is due to physiological mechanisms or external social 

factors is still not clear.  
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Similarly, in T2DM patients, depression and anxiety disorders were observed 

in several studies (Ali, Stone, Peters, Davies, & Khunti, 2006; Collins, 

Corcoran, & Perry, 2009; Fisher et al., 2008; Kahl et al., 2015). While there is 

a higher risk of anxiety disorders in T2DM patients, whether this is the reason 

or the result of the disease is still debated (Carroll et al., 2009; Skilton, Moulin, 

Terra, & Bonnet, 2007). 

Anxiety disorders are also concomitant with hypertension in humans. A recent 

meta-analysis showed that anxiety and hypertension is significantly correlated 

in cross sectional studies, and directly associated with each other in 

prospective studies (Pan et al., 2015). Scalco et al. showed that both 

hypotension and hypertension increases the risk of depression and anxiety, 

and anxiety and depression increases the risk of hypertension as well (Scalco, 

Scalco, Azul, & Lotufo Neto, 2005). On the other hand, another meta-analysis 

done in elderly hypertensive patients did not find hypertension as a possible 

risk factor for depression (Long et al., 2015). 

Although anxiety disorders seen in these three major metabolic diseases are 

widely researched, the results have been inconsistent. As there is an 

increased prevalence of these diseases, their effects on the brain should be 

further investigated to increase quality of life of these patients. 

1.1.4. Microcirculation in Metabolic Diseases 

Microcirculation can be defined as vessels lacking the muscular layer and it is 

composed of a complex, branching network of vessels. It consists of small 

arterioles, precapillary arterioles, capillaries, postcapillary venules, and small 

venules. Microcirculatory vessels are responsible for regulation of tissue 

perfusion. In arterioles, smooth muscle cells surrounding vessels control 

vessel diameter via sympathetic innervation and these vessels are around 10-

100um diameter. In precapillary sphincters, the contractile smooth muscle 

cells and pericytes mainly respond to local factors. On the other hand, 

capillaries (vessel diameter of 5-10 um) consist of only tunica intima, a thin 

wall which is appropriate for exchange of nutrients and metabolites. Venules 

have a diameter of 10-200 um, and they have less surrounding smooth muscle 
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cells than arterioles. 

The common microvascular complications of T2DM comprise diabetic 

retinopathy (DR), nephropathy, and neuropathy. In a 10--year follow-up study 

of 5102 patients it has been shown that early diagnosis of diabetes and a good 

control of blood glucose afterwards is associated with reduced risk of 

developing microvascular complications (Holman, Paul, Bethel, Matthews, & 

Neil, 2008). DR is one of the earliest observable complication of T2DM, and 

also a cause of blindness in advanced stages (N. Cheung, Mitchell, & Wong, 

2010). The easily and noninvasively accessible retina is also important for 

following-up other microvascular complications in T2DM patients. A new study 

including T2DM patients with DR shows that there is a decline in regional 

cerebral blood flow (rCBF) at frontal, parietal and occipital lobes and at 

cerebral cortices when compared to T2DM patients without DR using SPECT 

(Zherdiova et al., 2018).  

Arterioles respond to increased blood pressure by reducing the blood flow via 

constriction. Chronic hypertension eventually causes endothelial damage, 

which leads to atherosclerosis and narrowing points in the arterioles. If the 

rise in the blood pressure is gradual and slow, the arteries adapt to change by 

thickening the tunica media that contains smooth muscle cells, which result 

with an increased media/lumen ratio and therefore limit the blood flow to the 

retina. The hypertrophy of the smooth muscle cells in tunica media is 

accompanied by accumulation of extracellular matrix proteins such as 

fibronectin and collagen. This is called the hypertrophic remodeling and it 

causes arterial stiffening, which is a good predictor of cognitive decline and 

silent brain lesions in hypertensive patients (Faraco & Iadecola, 2013). This 

suggests the microvascular events that happen in the chronic hypertensive 

patients might also be occurring in their cerebral microcirculation systems. 

Hypertension also is a risk factor for small vessel disease (SVD), whose main 

pathological feature is arteriolosclerosis. As the name points out, it mainly 

effects small vessels, such as small arterioles and venules, and capillaries. 

Arteriolosclerosis is characterized by the loss of smooth muscle cells, 

thickening of the vessel wall and deposits of fibro-hyaline material (Pantoni, 
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2010). As the arteriolosclerosis thickens and stiffens the vessel walls, there 

becomes an energy demand-supply mismatch, and that leads to hypoxia in 

tissue level.  

1.1.5. Pericytes in Metabolic Diseases 

1.1.5.1. What is a pericyte? 

Pericytes are mural cells located at the abluminal faces of the precapillary 

arterioles, capillaries and in the postcapillary venules. Although they exist 

throughout the body’s microvessels, in the brain they have more specialized 

functions. Pericytes in the brain protect the vessel’s integrity and therefore 

protect the functions of blood tissue barriers such as the blood-brain barrier 

(BBB) and the blood-retinal barrier (BRB), guide angiogenesis, regulate the 

blood flow by contracting, and prevent toxicity by phagocytosis of some toxic 

molecules (Attwell, Mishra, Hall, Farrell, & Dalkara, 2016; Trost et al., 2016). 

Pericytes are also necessary for proper and healthy development of neuronal 

structures as they help with clearing the cellular toxic byproducts around 

neurons (Bell et al., 2010). Pericytes are proven to have multipotent stem cell 

activity in vitro (Tian, Brookes, & Battaglia, 2017). However, researchers are 

challenging the idea of pericytes as tissue-specific progenitors in vivo (de 

Souza, Malta, Kashima Haddad, & Covas, 2016; Guimarães-Camboa et al., 

2017). The morphology of pericytes varies depending on their location. Their 

processes are circumferential at the arteriolar sides of the precapillary 

arterioles and longitudinal at capillaries. Furthermore, they appear to be more 

stellate shaped as they get closer to the postcapillary venules (Attwell et al., 

2016). Platelet-derived growth factor B (PDGF-B) is secreted from the 

endothelial cells and binds to the platelet-derived growth factor receptor beta 

(PDGFRβ) on pericytes. This binding initiates the recruitment of pericytes to 

the vessel walls, and plays an important role in proliferation and migration of 

pericytes (Armulik, Abramsson, & Betsholtz, 2005). As they have many 

different functions and morphology, pericytes are versatile cells and this 

makes them difficult to study. A great deal of our knowledge about the 

physiology of microvascular brain pericytes comes from the developmental 
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studies that were done with pericyte deficient transgenic mice with an 

interrupted PDGF-B/PDGFRβ signaling (Lindahl, Johansson, Levéen, & 

Betsholtz, 1997; Lindblom et al., 2003). Targeted deletion of PDGF-B or 

PDGFRβ in mice results in defective pericyte recruitment. In addition, the 

deletion of either of these two genes is lethal. The embryos die during late 

gestation due to edema, widespread capillary hemorrhage and cardiac failure 

(M Hellström, Kalén, Lindahl, Abramsson, & Betsholtz, 1999; Lindahl et al., 

1997). By the histological examination of these embryos, Hellstrom et al. 

proved that they showed vascular defects such as endothelial hyperplasia, 

abnormal endothelial cell morphology and increased capillary diameter (Mats 

Hellström et al., 2001). Pericytes are remarkable cells that have many 

functions and play a crucial role in homeostasis and pathophysiology of many 

diseases. However, they are not fully understood.  

1.1.5.2. The Blood Brain Barrier (BBB) and Neurovascular Unit 

(NVU) 

The blood brain barrier is a structural barrier, and the major component of this 

barrier is endothelial cells. These endothelial cells are tightly lined upon a 

basal lamina (basement membrane), and between these specialized 

endothelial cells, there are many adherent and tight junctions, which effects 

the overall permeability of these vessels. On top of the basal lamina, astrocytic 

end-feet cover most of the capillary walls. These astrocytes communicate with 

other astrocytes and neurons close by, and play a great role in maintaining 

the homeostasis of the microenvironment surrounding these cells. Pericytes 

also reside around these capillary walls, and they communicate with 

endothelial cells via contact points. Ramified microglia are also found in this 

environment, just to detect neuronal injury or intervene if any infection occurs. 

These cells all together form the BBB, and via controlling the permeability, 

they keep the CNS healthy (Gursoy-Ozdemir & Cetin Tas, 2017). 
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Figure 4. (A) Cellular elements of the blood–brain barrier (BBB) are 

displayed. There is a dynamic interaction of astrocyte end-feet, 

pericytes, and endothelial cells. (B) Structure of tight (TJ) and 

adherence junctions (AJ) are schematized (Gursoy-Ozdemir & Cetin 

Tas, 2017). 

When neuronal activity occurs, the demand for oxygen and nutrients 

increases. To meet this demand, hyperemia occurs in that specific area, which 

is called neurovascular coupling where smaller vessels dilate or constrict due 

to tissues’ metabolic needs. The occurrence of neurovascular coupling 

depends on a close group of cells called the neurovascular unit (NVU). 

Neurovascular unit is composed of neurons, astrocytes, endothelial cells, and 

pericytes. Under physiological conditions, the NVU restricts the passage of 

microorganisms, ions, large molecules and many of the small molecules from 

the blood to the brain. However, the brain cannot survive without nutrients, 

oxygen, and a system to remove the metabolites, so some modifications were 

made in this strict barrier. For example, water-soluble agents pass through 
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paracellular hydrophilic diffusion, small gaseous molecules like oxygen and 

carbon dioxide and small lipophilic molecules can pass via transcellular 

lipophilic diffusion. Glucose, amino acids, and nucleosides use solute carrier 

systems; insulin and transferrin are carried by receptor-mediated transcytosis; 

albumin and other serum proteins are carried by adsorptive transcytosis. 

There is also a system for waste products, as they have to leave brain via 

active efflux transporters (Keaney & Campbell, 2015). 

 

Figure 5. Schematic representation of transport systems located on 

BBB-forming endothelial cells (Gursoy-Ozdemir & Cetin Tas, 2017). 

Whether pericytes at the capillary level or smooth muscle cells (SMCs) in the 

upstream arterioles control the blood flow in the microcirculatory area was a 

controversial issue until very recently. Many in vivo studies showed the 

contractile properties of microcirculatory pericytes in brain and retina 

(Fernandez-Klett, Offenhauser, Dirnagl, Priller, & Lindauer, 2010; Hall et al., 

2014; Kornfield & Newman, 2014; Peppiatt, Howarth, Mobbs, & Attwell, 2006). 

Nevertheless, when it came to demonstrating contractility in molecular level, 

the scientists hit a brick wall, as the contractile abilities of these cells were 

attributed to alpha-smooth muscle actin (α-SMA) expression and they could 

not prove that capillary pericytes were expressing α-SMA. A recent paper 

rejected the idea of pericytes being contractile cells via classifying 
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microcirculatory α-SMA positive cells as SMCs and claimed arteriolar smooth 

muscle cells were controlling the blood flow, not pericytes (Hill et al., 2015). 

This idea was dismissed by a more recent study that suggested the method 

used in classic fixation methods with 4% PFA resulted with degrading of α-

SMA before it was even detected and created a new fixation method with ice-

cold methanol and phalloidin for α-SMA detection. Using this method, they 

proved that capillary pericytes produced α-SMA and brought this discussion 

to an end (Alarcon-Martinez et al., 2018).  

1.1.5.3.  The Molecular Mechanisms of Diabetes and Dementia  

Two major types of glucose transporter families control glucose transport 

through BBB. The most common ones are sodium independent bidirectional 

transporters that belong to solute carrier 2 (SLC2) family and they have 14 

isoforms (GLUTs 1-14). The other family is sodium dependent unidirectional 

transporters and they have 12 isoforms (SGLTs 1-12). Under physiological 

circumstances, the major glucose transporter in the BBB is GLUT1. Once in 

the extracellular space of the brain parenchyma, it is uptaken by passive 

diffusion by numerous cells, like neurons, astrocytes, and microglia. The 

distribution of these isoforms differs among the cells and is dependent on 

physiological conditions. For example, GLUT1 (55 kDa form) is abundant in 

endothelial cells of the BBB, while GLUT1 (45 kDa form) is abundant in 

astrocytes. GLUT3 is abundant in neurons and GLUT5 is the major glucose 

transporter of the microglial cells. GLUT1 is located at both luminal and 

abluminal sides of the endothelial cells, but the distribution is highly 

asymmetrical and approximately 40% of the transporters are sequestered in 

cell cytoplasm. Expression of GLUT1 in endothelial cells is regulated by 

circulating concentrations of glucose and it changes during neural 

development as energy demands of the brain shows variations. GLUT4 and 

GLUT8 are also found in NVU in lesser amounts, and they are important 

because of their insulin responding properties. The primary role of insulin is to 

regulate glucose uptake into cells (Leney & Tavare, 2009). Insulin triggers the 

translocation of GLUT4 from cytosol to plasma membrane and GLUT8 to 

rough endoplasmic reticulum; both mechanisms exist to increase intracellular 
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glucose concentration. SGLT1 (sodium-dependent glucose transporter 1) 

exists in both endothelial cells and neurons, while SGLT2 has only been 

detected in endothelial cells (Augustin, 2010; Carruthers, DeZutter, Ganguly, 

& Devaskar, 2009; Patching, 2017). 

Glycemic imbalance, both hypoglycemia and hyperglycemia have effects on 

expression and distribution of these glucose transporters at the BBB. Before 

the presence of the alerting symptoms of the dementia itself, the reduction in 

the function of the glucose transporters of the BBB is observed and discussed 

as a causative effect of the vascular pathophysiology of Alzheimer’s disease 

(Patching, 2017). Both hypoglycemia and hyperglycemia can be present in 

diabetics. Although hyperglycemia is mainly part of the disease 

pathophysiology, hypoglycemia mostly happens because of the anti—diabetic 

drugs or insulin treatment, and its effects on brain is as important as 

hyperglycemia regarding the cognitive and structural changes seen in these 

patients. Blood glucose levels lower than 65 mg/dl can be defined as 

hypoglycemia. Experiments done in rat models of insulin induced chronic 

hypoglycemia showed an increase of 50% in the mRNA and protein levels of 

GLUT1 (Kumagai, Kang, Boado, & Pardridge, 1995). Another experiment in 

the same model showed 23% increase in total GLUT1 and a 52 % increase in 

luminal GLUT1 in isolated rat brain microvessels (Simpson et al., 1999). 

These studies suggest glucose is important for maintaining brains normal 

functions, as it adapts itself to uptake more glucose from the bloodstream 

when it is scarce. 

Hyperglycemia mostly results from untreated or ineffectively treated diabetic 

conditions. It can be defined as blood sugar levels higher than 126 mg/dl while 

fasting or blood sugar levels higher than 200 mg/dl 2 hours after a meal. 

Although Duelli et al. demonstrated chronic hyperglycemia results with 

decreased average GLUT 1 density in rat brains (Duelli et al., 2000), there are 

other studies that showed no change in expression or activity of glucose 

transporters (Simpson et al., 1999). At the cellular level, vascular endothelial 

cells show the earliest pathological responses, as they are the first ones to 

encounter the high glucose levels. Advanced glycation end-product exposure 
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to retinal endothelial cells causes increased nitric oxide synthase (NOS) and 

vascular endothelial growth factor (VEGF) expression (Murata et al., 1997). 

Retinal pericytes are also affected by hyperglycemia, as hyperglycemia 

associated inflammation, oxidative stress and glycation is shown to induce the 

apoptosis of retinal pericytes (Ejaz, Chekarova, Ejaz, Sohail, & Lim, 2007; 

Timothy J Lyons & Lyons, 2013). Losing pericytes result with the loss of 

contractile properties of microcirculatory vessels. Another prominent 

histopathological feature that is associated with the diminished contractile 

properties is the thickening of the capillary basement membrane, which is not 

only seen in retina, but in glomeruli, skin, and other organs as well. 

Hyperglycemia also causes increased formation of reactive oxygen species, 

which results with increased oxidative stress (Murata et al., 1997), which is a 

part of disease pathophysiology. If we look at DR in a more macroscopic level, 

we can see changes in vascular diameter. Both retinal arteriolar narrowing 

(Wong et al., 2002; Wong, Shankar, Klein, Klein, & Hubbard, 2005) and retinal 

venular widening (Ikram et al., 2006) has found to be associated with diabetes. 

Vessel tortuosity is a debated subject, as the Singapore Malay Eye Study 

(SiMES) showed that people with diabetes had straighter arterioles (less 

tortuous) (C. Y.-L. Cheung et al., 2012), whereas Sasongko et al. found out 

that diabetic patients had more tortuous retinal arterioles (Sasongko et al., 

2011). The duration of diabetes and higher HbA1c levels have also been 

associated with retinal vascular network changes in younger type 1 diabetic 

patients without DR, such as increased tortuosity, changes in arteriolar and 

venular diameter and larger arteriolar branching angle (Sasongko et al., 

2010). This suggests retinal changes may be early indications of microvessel 

injury in these patients. The effects of hypertension in the retina has also been 

investigated in numerous studies, and it mainly results with retinal arteriolar 

narrowing, increased wall/lumen ratio and rarefaction of retinal vasculature (C. 

Y. -l. Cheung, Ikram, Sabanayagam, & Wong, 2012; Ding et al., 2014; Sun, 

Wang, Mackey, & Wong, 2009). The effects of these diseases on the retinal 

microvasculature should be thoroughly reviewed as they are postulated to be 

very similar to the pathophysiology in the cerebral microvasculature. 
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Insulin is an anabolic hormone that belongs to receptor tyrosine kinase 

superfamily. The same family includes insulin like growth factors-1 (IGF-1) 

and -2 (IGF-2) and relaxin (Schulingkamp, Pagano, Hung, & Raffa, 2000). 

Although insulin is considered a mainly peripheral hormone, it also exists in 

brain tissue and cerebrospinal fluid (CSF). The amount of insulin varies 

among developmental stages. In rabbits, the highest amount of insulin in the 

brain was measured in late fetal and early neonatal periods, while lesser 

amounts were measured in adults. Though brain insulin levels in vivo is a 

controversial subject, the insulin amount is found to be 10 to 100 fold higher 

than plasma levels (Schechter et al., 1992). The insulin found in adult CNS 

mainly comes from the peripheral sources (pancreatic β-cells) and crosses 

the BBB via protein transporters. Just like insulin, peripheral IGF-1 can also 

pass the BBB via transporters. However, this is not the only way for the insulin 

to pass to CNS; it can also use the leaky vessels around area postrema. While 

an acute increase in peripheral insulin levels lead to increased CSF insulin, a 

chronic peripheral insulinemia doesn’t have the same results because of the 

downregulation of insulin receptors (IRs) at the BBB (Moreira, Duarte, Santos, 

Rego, & Oliveira, 2009). Moreover, evidence shows that there is de-novo 

synthesis of insulin in some brain regions including hippocampus, prefrontal 

cortex, entorhinal cortex, and olfactory bulb, mainly in pyramidal neurons, and 

it is released upon Ca+ and K+ induced membrane depolarization, which 

suggests release upon increased neuronal activity (Clarke, Mudd, Boyd, 

Fields, & Raizada, 2006; Hoyer, 2003).  

Some brain areas are rich in IRs, such as olfactory bulb, hypothalamus, 

cerebral cortex, cerebellum, hippocampus, and striatum (Burns et al., 2007). 

In a cellular approach, IRs are abundant in neural cells, while they are limited 

in glial cells (Baskin, Sipols, Schwartz, & White, 1993; Unger, Moss, & 

Livingston, 1991). IGF-1 and insulin can bind to each other’s receptors, while 

they have higher affinity for their own receptors (Conejo & Lorenzo, 2001). 

Once bound to its receptor, insulin phosphorylates tyrosine residues, and this 

activates 2 major signaling cascades, one being PI3K/Akt/glycogen synthase 

kinase-3β (GSK-3β) signaling cascade, and the other one being Ras/Raf-
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1/extracellular signal-regulated kinases (ERK1 and ERK2, ERK1/2) (Moloney 

et al., 2010; van der Heide, Ramakers, & Smidt, 2006; Wada, Yokoo, 

Yanagita, & Kobayashi, 2005). The activation of PI3K/Akt/glycogen synthase 

kinase-3β (GSK-3β) signaling cascade leads to pro-apoptotic Bad, caspase-

9, and GSK-3 phosphorylation which results with the inhibition of apoptosis. 

The same signaling pathway inactivates GSK-3β, which also has an anti-

apoptotic effect (Crowder & Freeman, 2000; Pap & Cooper, 1998; Sanchez et 

al., 2003). Besides the two signaling mechanisms that are described before, 

insulin also activates MAPK and this contributes to the anti-apoptotic effects 

of the other signaling mechanisms, it is also shown to stimulate glucose 

transport and antioxidant related gene expression (Geiger, Wright, Han, & 

Holloszy, 2005; Konrad et al., 2001). 

Mullins et al. suggests insulin playing a role in Tau phosphorylation and 

amyloid clearance (Mullins, Diehl, Chia, & Kapogiannis, 2017). They 

hypothesized that insulin resistance is an important link in both amyloid beta 

and Tau pathologies (de la Monte, 2012; Steen et al., 2005). Indeed, Watson 

et al. showed that high levels of insulin inhibit the degradation of Aβ via 

competing as a target for IDE (Insulin Degrading Enzyme) leading to 

decreased IDE activity and an increase in Aβ levels (Watson et al., 2003). 

Furthermore, it has been shown that brain IR promotes Aβ fibrillogenesis in 

presynaptic membranes (Yamamoto et al., 2012). 

Another key pathological element in AD is the tau protein, which is from a 

protein family known as microtubule-associated proteins (MAPs). While the 

tau protein is normally soluble, hyperphosporylation of tau proteins can lead 

to aggregates of tau proteins and neurodegeneration. Short-term 

hyperinsulinemia is shown to lead to a rapid hyperphosporylation of tau 

proteins (<2 mins), but the long term exposure to insulin causes decreased 

phosphorylation (Lesort & Johnson, 2000; Lesort, Jope, & Johnson, 1999).  

Hyperinsulinemia causes a downregulation of IRs in BBB, which leads to 

lesser amounts of glucose transported through BBB. Downregulation of IRs in 

hippocampus is shown to impair spatial learning, synaptic plasticity, and the 

occurrence long term potentiation in mice (Grillo et al., 2015). Moreover, the 
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downregulation of IRs in hypothalamus is shown to cause depression-like 

behavior in rats via reduced BDNF levels (Grillo et al., 2011).  

Hyperinsulinemia can also be seen in metabolic disorders such as metabolic 

syndrome, type-2 diabetes and obesity which are known to be associated with 

increased oxidative stress (Tangvarasittichai, 2015). This oxidative stress also 

increases tau phosphorylation and accumulation of Aβ (Chen, Xu, Lahousse, 

Caggiano, & de la Monte, 2003) (Figure 6). 

Pericytes have a significant role in the regulation of endothelial cell 

proliferation, differentiation, contractility, and permeability. In angiogenesis, 

after the formation of nascent microvessels, the most important step is 

pericyte recruitment to these newly formed microvessels. Pericytes in turn, 

have a stabilization effect on these microvessels as they inhibit endothelial 

proliferation (Armulik et al., 2005; Carmeliet & Jain, 2011). Endothelial cells 

are quiescent and they are protected by autocrine signals (vascular 

endothelial growth factor (VEGF), angiopoietin-1 (ANG-1), fibroblast growth 

factors (FGFs), and Notch signaling) and paracrine signals from pericytes, 

which mainly inhibits endothelial proliferation (Escudero et al., 2017). First 

description of IRs on human pericytes were made in the 80s and it showed 

insulin had a proliferative effect on pericytes (King et al., 1983). Pericytes have 

a major role in regulating angiogenesis, and pericyte loss and dysfunction has 

been a prominent sign in the early phase of DR (Richards, Raines, & Attie, 

2010). The effects of insulin on endothelial cell proliferation however, are still 

an issue of discussion. While some studies showed proliferation (Jiang et al., 

2003; Stout, 1991), some other ones established no difference (King et al., 

1983; Liu, Petreaca, & Martins-Green, 2009; Shrader, Bailey, Konat, Cilento, 

& Reilly, 2009; Yamagishi et al., 1999). King et al. has also suggested that 

macrovascular and microvascular endothelia might be responding to insulin 

differently. Experiments done with calf retina microvascular endothelium 

showed a dose dependent increase in endothelial cell proliferation as 

response to insulin treatment while endothelia isolated from calf aorta did not 

show any differences (King et al., 1983).  
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Figure 6. Effects of hyperinsulinemia  

1.1.5.4. How to identify pericytes 

Kumar et al. recently proved that mural cells, such as smooth muscle cells 

(SMCs) that surround the bigger vessels like arterioles and venules, and 

pericytes (PCs) that surround smaller vessels like precapillary arterioles, 

capillaries, and postcapillary venules, originate from the same mesenchymal 

progenitor called mesenchymoangioblast (MB) (Kumar et al., 2017). SMCs 

are primarily identified by their α-SMA expression. However, this protein is not 

specific to SMCs. It is also abundant in some types of pericytes and 

fibroblasts. High expression levels of this protein are positively correlated with 

a higher ability to contract. Most common pericytes markers are alpha-smooth 

muscle actin (α-SMA), NG2, alkaline phosphatase (ALP), PDGFR-β. Some 

less common markers that are associated with pericytes are desmin, vimentin, 

CD13, CD133, and CD146 (Armulik et al., 2005; Armulik, Genové, & 

Betsholtz, 2011; Díaz-Flores et al., 2009). Developmental pericytes are 

recruited by endothelial cells and they express CD134, but as soon as the 

recruitment process finishes, they stop expressing CD134. Adult pericytes are 

NG2 positive, but NG2 is also not specific to pericytes since oligodendrocytes 

also express NG2. Pericytes also express desmin. However, desmin is 
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abundant in skeletal, cardiac, and smooth muscles as well, so it is not a valid 

marker for pericytes in skeletal tissues. CD13 is a valid pericyte marker in 

PDGFR-β deficient transgenic animal studies. Yet, vascular SMCs, 

endothelial cells of tumors and inflamed tissue, and kidney epithelial cells also 

express CD13. Using cDNA microarray, Bondjers et al. proved that the most 

downregulated gene in the brains of PDGF-B and PDGFR-β null animals was 

RGS5 (regulator of G-protein signaling 5) gene (Bondjers et al., 2003). RGS5 

gene is upregulated during wound healing, ovulation and angiogenic switch in 

carcinogenesis (Berger, Bergers, Arnold, Hämmerling, & Ganss, 2005). In 

contrast, the gene downregulates in regressing tumors under therapy (Ganss, 

Ryschich, Klar, Arnold, & Hammerling, 2002). This suggests RGS5 is involved 

in vessel modelling during neovascularization. Due to the lack of a good 

antibody, RGS5 is not widely used. The most reliable marker of adult pericytes 

is PDGFR-β, but it is also slightly expressed in some other cells, such as 

mesenchymal stem cells, smooth muscle cells, myofibroblasts, and some 

neurons and neuronal progenitors in CNS (Armulik et al., 2011). Also, Rubin 

et al. showed pronounced expression of PDGFR-β in pericytes of inflamed 

tissues when compared to pericytes of healthy tissues (Rubin et al., 1988). 

This information challenges the idea of safe and reliable labeling of pericytes. 

1.1.5.5. Pericytes in Pathologic Metabolic Conditions 

Healthy pericytes are mandatory for healthy cerebral microcirculation. It is 

known that pericyte loss leads to vascular damage in mainly two mechanisms. 

The first mechanism is the reduction in brain microcirculatory vessels. This 

decrease on capillary networks results in reduced brain capillary perfusion and 

therefore, hypoxia in those brain areas. Hypoxia on the long term leads to 

secondary neurodegenerative changes. These secondary neurodegenerative 

changes and microvascular reductions are related to cognitive decline, and 

even to Alzheimer’s disease. The second mechanism is associated with the 

breakdown of the BBB. This insufficient barrier cannot prevent the 

accumulation of serum proteins and some other blood-derived products that 

are potentially toxic to the brain. (Armulik et al., 2010; Bell et al., 2010; Winkler, 

Bell, & Zlokovic, 2011; Zlokovic, 2011) Healthy pericytes are crucial for the 
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healthy brain microcirculation. 

1.2.  Rationale and Aims 

In the last decade, many studies attempted to show the link between cognitive 

decline and metabolic diseases. Vascular dementia is concomitant with many 

metabolic changes such as the increase in total cholesterol, LDL and 

triglyceride levels, and impaired glucose metabolism. However, the 

mechanism of how these metabolic changes lead to dementia is still unknown. 

Previous studies have shown that T2DM is linked to accelerated cognitive 

decline; and is positively correlated with dementia and several structural brain 

abnormalities, such as atrophy, WMHs, and lacunar infarcts (Luchsinger, 

2012; Manschot et al., 2006; Reijmer et al., 2013; van Harten, Oosterman, 

Muslimovic, et al., 2007; van Harten, Oosterman, Potter van Loon, Scheltens, 

& Weinstein, 2007). T1DM also leads to microvascular complications in the 

retina, kidney, and peripheral and autonomic nerves, primarily by chronic 

hyperglycemia (Ferguson et al., 2003; Kodl et al., 2008; Weinger et al., 2008; 

Wessels et al., 2007). Hypertension is a very common systemic disease in the 

elderly population and it has been associated with the presence of structural 

changes in the brain as well as cognitive decline (de Leeuw et al., 2002; Liao 

et al., 1996; van Dijk et al., 2004; van Swieten et al., 1991). With the increasing 

prevalence of diabetes and hypertension, it is expected that the related 

vascular complications will soon be an important socioeconomical issue.  

Understanding the roles of pericytes in these pathologies can potentially 

prevent or alleviate the vascular and cognitive effects of these metabolic 

diseases. In this project, we aimed to show the changes that happen in 

cerebral microcirculation in three major metabolic diseases. We also aimed to 

investigate the pericytes role in the pathological conditions we see, and to 

lighten up the cognitive outcomes of these diseases. Metabolic conditions 

such as hyperglycemia, hyperinsulinemia, or high blood pressure change the 

protein expression levels of pericytes. By this change in protein levels, these 

conditions turn beneficial physiological states to malicious, lesion forming 

states that eventually lead to cognitive decline and dementia and this was one 

of the foundations of our hypothesis.  
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To sum up, our hypotheses are stated below: 

Hypothesis 1: To show the changes in cerebral microcirculation in metabolic 

diseases. 

Hypothesis 2: To show the effects on cerebral microcirculatory pericytes in 

metabolic diseases. 
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2. MATERIALS AND METHODS 

In all experiments and procedures, we have applied the protocols and 

criterions approved by the Institutional Animal Care and Use Committee 

(IACUC) of Koç University. 

2.1. Experimental Design 

2.1.1. Animal Models 

We used three animal models to establish previously described metabolic 

derangements. The methods used are described below:  

2.1.1.1.  T2DM 

We have fed C57 mice with high fat, high sucrose diet (HFHSD, Research 

Diet Inc., D11092103) for 16 weeks. As control groups, we used two types of 

chow. We have fed the first group with a low-fat diet (LFD, Research Diet Inc., 

D11092101) and the second group with normal chow (NCD, SDS- VRF1-P) 

for the same period (Yang, Miyahara, Takeo, & Katayama, 2012; Zhou et al., 

2013). LFD diet contained 11% fat-derived calories (9% corn oil and 2.5% 

butter) and 67.7% carbohydrate-derived calories without sugar. HFHSD 

contained 36% fat derived-calories (9% corn oil and 27% butter), and 43.2% 

carbohydrate-derived calories with sucrose (30% sucrose-derived calories).  

2.1.1.2.  T1DM  

We induced T1DM in CD1 mice through the application of low dose 

intraperitoneal streptozotocin (STZ) for five consecutive days. We fasted male 

mice, aged 20 to 22 weeks, for approximately 4 hours before intraperitoneally 

injecting them with a freshly prepared Streptozotocin solution of 7.5 mg/ml 

concentration. The final dosage of each mouse was 50 mg/kg. Later, we 

supplied the mice with 10% sucrose water to avoid sudden post-injection 

hypoglycemia. After consecutive injections, we measured their fasting blood 

glucose levels and weights at least once a week. We injected the control group 

only with the vehicle, the Na-citrate solution, for 5 consecutive days (Furman, 

2015). 
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2.1.1.3.  Hypertension 

To imitate essential hypertension, we obtained spontaneously hypertensive 

rats (SHR) from Charles River Laboratories. We have used Wistar albino rats 

of the same age as control group. We fed Wistar albino rats and SHRs 

weighing 250–400 g with a standard laboratory rat chow ad libitum and 

housed them in Plexiglas cages with 12-h light/dark cycle in a temperature-

controlled room (20 ± 3 ⁰C). SHRs are established to have a high systolic 

blood pressure after 5-6 weeks of age, which generally rises to 180-200 

mmHg. We have specifically chosen SHRs for this study because they tend 

to have a higher risk of hypertensive end-organ damage but do not necessarily 

have a higher incidence rate of atherosclerosis, vascular thrombosis, or 

stroke. We sacrificed SHRs and Wistar control groups of the same age at 

week 23, 27, and 31 and obtained their brain tissues to observe the progress 

of the lesions.  

2.1.2. Fasting Blood Glucose and Noninvasive Blood Pressure 

Measurements 

In T1DM animal model, we measured fasting blood glucose levels every week 

after 16 hours of fasting with an ACCUCHEK glucometer, 12 weeks after STZ 

injections. In HFHS animal model, we measured fasting blood glucose levels 

after 11 weeks and 16 weeks of diet feeding. We measured blood pressure of 

each animal with CODA MONITOR system. In T1DM animal model, we 

measured BP 12 weeks after STZ injections, whereas in HFHS animal model, 

we measured BP after 11 weeks and 16 weeks of diet feeding. Hypertensive 

rats and their Wistar control groups BP’s were measured at 23 weeks, 27 

weeks, and 31 weeks. All animals were habituated to the restrainer for 3 

weeks and twice a week, 5 minutes per session before the actual 

measurements were done. No anesthesia was used during measurements. 

All the measurements were done at dark cycle. At least three measurements 

were done and their mean value was accepted as the final BP value. 

2.1.3. Intraperitoneal Glucose Tolerance Test (IPGTT) 

In HFHS animal group, IPGTT was done after 11 weeks and 16 weeks of diet 
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feeding, as described before. In T1DM animal group, animals were kept alive 

for 12 weeks after the STZ injections and their fasting glucose levels were 

measured once a week just to ensure their blood glucose levels were still high. 

One animal from STZ injected group had normal fasting blood glucose levels 

after week 7 and excluded from the study. Food was withdrawn at 5 PM, and 

fast was performed overnight (lasted for 16 hours) until the test started at 9 

AM. Baseline body weight and blood glucose were measured for each animal. 

10% and 20% D-glucose (Sigma Aldrich, catalog number: G8270) solutions 

in PBS were prepared and filtered with 0.2 um filter for sterilizing purposes. 

We injected the animals with 2 mg glucose/g intraperitoneally and the baseline 

weight data was used for the calculation. For animals with body weight greater 

than 30 g, we used 20% glucose solution. Fasting blood glucose was 

measured at 15, 30, 60, 90, 120 minutes with an ACCUCHEK glucometer. For 

insulin measurements, 50-80 µl blood was collected at each time point, 

including baseline. Blood was immediately centrifuged, and the serum was 

separated and stored at -80°C until insulin was measured. 

Animal Model Species Applied Tests 

Streptozotocin 

induced T1DM 

model 

CD1 mice Weekly weight measurements 

Weekly fasting blood glucose 

measurements 

Noninvasive blood pressure 

measurements 

IPGTT 

HFHS diet 

induced T2DM 

model 

C57BL/6 mice Weekly weight measurements 

Noninvasive blood pressure 

measurements 

IPGTT 

Hypertension 

model 

Spontaneously 

Hypertensive 

Rats / Wistar 

rats 

Weekly weight measurements 

Noninvasive blood pressure 

measurements 

Table 1. Summary of animal models and applied tests. 
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2.1.4. Behavioral Tests  

All apparatus utilized in the behavioral tests were constructed out of matte 

acrylic sheets, in black and white colors. We chose the color of the apparatus 

to contrast the colors of the animals in the groups. The experimenter handled 

the animals at least twice a week for at least 2 weeks before the onset of 

behavioral experiments, to habituate the animals to the experimenter. A single 

experimenter performed all behavioral tests, in the same room and lighting 

conditions. All the behavioral experiments were performed in the dark cycle 

and were recorded via a video camera. The experimenter did not stay in the 

room while the behavioral experiment was in progress and we scored all the 

experiments from the recordings. We cleaned the mazes with 70% ethanol 

and let them dry after each experiment. 

2.1.4.1.  Open Field Test  

We subjected all animal groups to the open field test, to exclude the effects of 

anxiety on the outcome of the spatial and temporal memory tests. The 

dimensions of the arenas were 40x40x40 cm for mice, and 60x60x60 cm for 

rats. We placed each animal in a clean cage to habituate the animal to the 

room and the lighting conditions for 10 minutes before the experiment. During 

the experiment, we always handled the animals by the base of their tails. At 

the beginning of the experiment, we put the mice and rats directly to the center 

of the maze and allowed them to explore the maze for 6 and 10 minutes, 

respectively (Sweatt, 2010). We measured total distance travelled and 

thigmotaxis levels as a measurement of locomotion and anxiety.  

2.1.4.2.  Y-Maze Test  

We used the Y-Maze test to measure the impairment of spatial working 

memory in all three animal models. The maze had three arms with the same 

dimensions, placed at 120° angles. The dimensions of the arms of the maze 

were 20x40x10 cm for mice and 20x40x10 cm for rats. We have placed 

physical cues on the 4 exterior sides of the maze. We have chosen an arm as 

the starter arm and placed all animals on the same arm at the beginning of 

the experiment. The animal could explore and pass from one arm to the other 
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(transition in between arms) freely without any cues inside the maze itself 

(Hughes, 2004). We manually did the scoring and calculation of maximum 

spontaneous transition chance.  

2.1.4.3.  Novel Object Recognition Test 

We have used novel object recognition test to understand the effects of the 

metabolic diseases on the visual recognition memory. First, we habituated the 

animals to the open field arena for 6 minutes. The animals were subjected to 

two identical items for 10 minutes in the same open arena 24 hours later, 

where they could explore the objects. We have excluded the animals that 

explored the objects for less than 20 seconds at this stage from the study. 

Later, we took the animals back to their cage for a defined time interval (6 

hours for mice and 24 hours for rats (Antunes & Biala, 2012; Leger et al., 

2013)). Then, we changed one of the two identical items with a novel object 

randomly. Following this change, we placed the animals back in the arena for 

5 minutes (Antunes & Biala, 2012; Bevins & Besheer, 2006; Freret et al., 2012; 

Leger et al., 2013; Şik, Van Nieuwehuyzen, Prickaerts, & Blokland, 2003). We 

defined object exploration as sniffing, licking, and touching an object while 

facing towards it in the 2 cm perimeter of the object. We did not accept whisker 

contact, climbing and touching the object while facing away from the object or 

towards the ceiling as an act of exploration (Leger et al., 2013). We have 

scored the exploration times of the old and new objects using Ethovision XT 

video tracking software on the recordings. The score of each animal was 

calculated by dividing the time spent exploring the novel object to the total 

exploration time of both objects (Antunes & Biala, 2012). 

 

Figure 7. Novel and familiar objects that are used in these experiments. 
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Figure 8. Spatial cues and camera setup used in these experiments. 

2.1.5. 3DISCO method for 3D Imaging 

For visualization of the microcirculatory changes in three-dimensional 

perspective, we used 3DISCO procedure, which is a fast tissue clearing 

procedure. We have anesthetized the animals with isoflurane and 

transcardially perfused with ice-cold heparin-saline solution (50IU/L), 4% PFA, 

and 2% gelatin-albumin-FITC solution. Immediately after perfusion, we buried 

the animals in ice with their head directed at the bottom of the container to 

solidify the albumin-FITC and gelatin mixture. 10 minutes later, we dissected 

the brain tissues and kept at 4% PFA overnight at 4°C. We sliced the tissues 

according to need and went through the 3DISCO protocol. We placed the 

slices in a 10% tetrahydrofuran (THF) solution. Then, we placed them into a 

horizontal shaker at 300 rpm at room temperature for 1 hour. We have 

repeated the same process with 30%, 60%, 80%, and 100% THF solutions. 

Afterwards, we placed the tissues in dibenzyl ether (DBE) and spent 12 hours 

at a horizontal shaker at 300 rpm, at room temperature. We have kept the 

cleared tissues in DBE in a dark place at room temperature and imaged in 

DBE solution with multiphoton microscopy (Ertürk et al., 2012; Lugo-

Hernandez et al., 2017). 



 

 40 

 

Figure 9. Brain tissues in 3DISCO procedure. The picture on the right is 

after overnight 4% PFA incubation. The picture in the middle is after 

THF gradient. The last picture is after DBE incubation. 

Clarified brain tissues were imaged using Leica DM6 Confocal Scanning 

Microscope using 20x magnification. The collected images were processed 

using LasX. For each comparison, we used the experimental groups and their 

own control groups. In order to compare fluorescence intensities between 

groups reliably, all images in the same group were collected with the same 

laser intensity, gain, and offset settings using identical confocal aperture 

settings on the same day. Post capture image manipulation for contrast and 

background noise was applied identically.  

2.1.6. Immunofluorescence Staining 

To demonstrate the relationship of pericytes with microcirculation, we used 

immunofluorescence-staining method. We have anesthetized the animals 

with isoflurane and transcardially perfused them with ice-cold heparin-saline 

solution (10IU/L), 4% PFA, and kept their brains in 4% PFA overnight at +4C. 

Later, we dehydrated the brains by a gradient of sucrose in 0.1 M Phosphate 

buffer at +4C (10%, 20%, and 30%). Then we embedded them in cryomatrix 

and sliced at a thickness of 40 um. Later, we incubated the slices with both 

anti-PDGFRβ (ab32570) and Isolectin GS-IB4- Alexa Fluor 488 conjugate 

(I21411) antibodies in 1:100 dilution to stain the endothelial cells and pericytes 

at the same time. Isolectin staining marked the endothelial cells, while 
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PDGFR-β staining indicated pericytes’ locations at the microvasculature. After 

incubating with primary antibodies, sections were incubated with appropriate 

secondary antibodies conjugated with Alexa Fluor 594 in 1:200 dilution for 2 

hours in 37°C. Immunofluorescence labeling of the brain tissues were 

observed using Leica DMI8 SP8 Confocal Scanning Microscope. 

2.1.7. Measurement of biochemical parameters 

At the end of the experimental period, each animal was given overdose 

isoflurane anesthesia. Blood was obtained by cardiac puncture by means of a 

5 ml hypodermic syringe. Blood was immediately centrifuged for 10 minutes 

at 800x g and 10 minutes at 2000x g, respectively. Serum was separated and 

stored at -80°C until needed. Blood lipid panel (HDL, LDL, triglyceride, and 

total cholesterol) was measured using colorimetric assays, and ALT, AST 

levels were measured via IFCC without pyridoxal phosphate. 

2.1.8. ELISA 

Plasma insulin concentrations were determined by commercially available 

ELISA kit (Ultra-Sensitive Mouse Insulin ELISA Kit- Crystal Chem, catalog 

#90080). As previously described, serum samples obtained from IPGTT were 

used in this assay. 

2.1.9. HOMA-IR Calculation 

To assess insulin resistance of the HFHS animal group, HOMA-IR scores 

were calculated via using the formula below:  

HOMA-IR = 26 x fasting insulin level (ng/ml) x fasting glucose level (mg/dl)/405 

(Murakami et al., 2014). 

2.1.10. Quantification of capillaries, pericytes and collagen 1 

expression levels 

Immunofluorescence labeling of the brain tissues were observed using Leica 

DMI8 SP8 Confocal Scanning Microscope. The collected images were 

processed using LasX. For each comparison, we used the experimental 

groups and their own control groups. To compare fluorescence intensities 



 

 42 

between groups reliably, all images in the same group were collected with the 

same laser intensity, gain, and offset settings using identical confocal aperture 

settings on the same day. Post capture image manipulation for contrast and 

background noise was applied identically. Differences in between 

experimental and control groups were analyzed from matched areas for 

statistical significance by Student’s t-test by GraphPad PRISM Software. A 

two tailed ‘p’ value of <0.05 was considered as significant. 

2.1.10.1. Quantification of capillaries 

Images used at isolectin quantification were obtained at 20x magnification. 

Later, ImageJ was used to segment isolectin positive areas of the acquired 

images via thresholding. Identical thresholding adjustments were made for 

each image for reliable comparison. The ratio of isolectin positive area to the 

total imaging area was calculated with ImageJ. 

2.1.10.2. Quantification of total numbers of pericytes and pericytes 

around vessels 

Brain slices of 40 µm thickness were stained as previously described in the 

methodology section with anti-PDGFRβ and isolectinB4 antibodies. The 

samples were then imaged with Leica DMI8 SP8 Confocal Scanning 

Microscope using 63x magnification. To compare fluorescence intensities 

between groups reliably, all images in the same group were collected with the 

same laser intensity, gain, and offset settings using identical confocal aperture 

settings on the same day. The experimenter manually counted PDGFRβ 

positive cells and PDGFRβ positive cells around the vessels. 

2.1.10.3. Quantification of Collagen 1 expression levels by 

measuring mean pixel intensity 

Brain slices of 40 µm thickness were stained as previously described in the 

methodology section with anti-collagen 1 and isolectinB4 antibodies. The 

samples were then imaged with Leica DMI8 SP8 Confocal Scanning 

Microscope using 63x magnification. To compare fluorescence intensities 

between groups reliably, all images in the same group were collected with the 
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same laser intensity, gain, and offset settings using identical confocal aperture 

settings on the same day. ImageJ was used to measure average pixel 

intensity of acquired images. 

2.1.10.4. Quantification of tortuosity 

Whether tortuous vessel numbers differ or not is also a controversial issue, so 

we counted the numbers of tortuous vessels in previously obtained 3DISCO 

images manually. 

2.1.10.5. Quantification of pial arteriole exit point narrowing 

We also observed narrowings in pial arterioles at the exit points from the 

arteries, so we counted narrowings from the previously obtained 3DISCO 

images manually. 

2.1.11. Statistics 

All results were expressed as mean ± SEM. Student’s t-tests were used when 

comparing two groups, and ANOVA was used when comparing more than two 

groups. Tukey test was used for comparing means after a one-way ANOVA, 

and Holm-Sidak test was used for comparing means after two-way ANOVA 

tests. A p value less than 0.05 was considered statistically significant. 
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3. RESULTS 

3.1.  Metabolic Outcomes of the Animal Models 

We measured several parameters such as weight and fasting blood glucose 

periodically to establish solid and reliable animal models of metabolic 

diseases. 

3.1.1. Streptozotocin-Induced T1DM Animal Model 

Experiment group and control group did not exhibit any significant weight 

differences at the beginning of the study. The diabetic group showed 

significant weight loss 7 weeks and 12 weeks after the injections when 

compared to their same-aged control groups (p < 0.0001) (Table 2).  

 

Group 
Day 1, before 

injection 

7 weeks post 

injection 

12 weeks post 

injection 

 Weight, g Weight, g Weight, g 

Diabetic 42.28 ± 1.03 (17) *34.36 ± 0.63 (17) *33.42 ± 0.79 (17) 

Control 43.04 ± 0.89 (11) 42.05 ± 0.7 (11) 40.85 ± 1.1 (11) 

TTEST p = 0.2901 p <0.0001 p <0.0001 

Table 2. Body weight measurements in Streptozotocin-induced type 1 

diabetic animals (mean ± SEM) (* denotes p < 0.0001) 1 

Fasting blood glucose measurements were also significantly higher in diabetic 

group when compared to their same-aged control group both in 7 weeks and 

12 weeks after injection (p<0.0001) (Table 3). Fasting blood sugar levels of 

the animals in both groups were measured once a week after approximately 

6 hours of fasting and always at the same time of the day. One animal did not 

exhibit high fasting blood sugar levels after week 7 and it was excluded from 

the study.  

                                            
1 Numbers in parentheses indicate sample size 
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Group 
7 weeks after 

injection 

12 weeks after 

injection 

 glucose (mg/dL) glucose (mg/dL) 

Diabetic *471.35 ± 18.42 (17) *349.15 ± 26.7 (17) 

Non-diabetic 101.45 ± 5.12 (11) 116.64 ± 5.16 (11) 

TTEST p <0.0001 p <0.0001 

Table 3. Fasting blood glucose measurements in Streptozotocin-

induced type 1 diabetic animals (mean ± SEM) (* denotes p < 0.0001) 2 

To validate the diabetic model further, we have used intraperitoneal glucose 

tolerance tests (IPGTT). We have measured blood glucose and serum insulin 

levels at 0, 15, 30, 60, 90, 120 minutes after intraperitoneal injections of 

glucose. Insulin levels of the control group were significantly higher at each 

time point (p < 0.0001 at every time point, Holm-Sidak's multiple comparisons 

test), and serum insulin was nearly nonexistent in T1DM mice (Figure 10). 

Blood glucose levels on T1DM mice were significantly higher during the test 

(p < 0.0001, two-way ANOVA).  

                                            
2 Numbers in parentheses indicate sample size 
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Figure 10. Insulin and blood glucose levels of T1DM and control group 

CD1 mice.      

We have also measured biochemical parameters of both groups and found 

that only ALT levels were significantly elevated in the T1DM group (p = 0.0120, 

two-tailed Student’s t-test), while there were no significant changes in other 

parameters (Figure 11).  
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Figure 11. Blood biochemical parameters of T1DM and control group 

CD1 mice. 

We measured animals’ blood pressure with CODA noninvasive blood 

pressure measurement device, 12 weeks after injection to eliminate the 
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possibility of high blood pressure. The differences in systolic, diastolic, and 

mean blood pressures were not significant between the diabetic group and 

their same-aged control group (Student’s t-test, p>0.05) (Table 4). 

Group  

 Systolic BP, 

mmHg 

Diastolic BP, 

mmHg 

Mean BP, 

mmHg 

Diabetic 112.6 ± 6.22 (4) 82.4 ± 8.77 (4) 92.1 ± 7.45 (4) 

Non-diabetic 125.6 ± 4.2 (4) 101.1 ± 4.63 (4) 108.9 ± 4.44 (4) 

TTEST p = 0.1407 p = 0.1247 p = 0.1111 

Table 4. Blood pressure measurements in streptozotocin-induced type 

1 diabetic animals (mean ± SEM) 

3.1.2.  T2DM (HFHS animal model) 

The HFHS group weighted significantly higher when compared to same-aged 

normal chow and low-fat fed animals at week 11 (p < 0.0001, Student’s t-test) 

(Table 5), and in week 16 (p = 0.0001, Tukey’s multiple comparisons test) 

(Table 6). 

Group Weight, g Age 

HFHS *43.39 ± 1.315, n=8  24 weeks 

Normal Chow 24.04 ± 0.5686, n=8 24 weeks 

Table 5. Body weight measurements in animals fed with high-fat high 

sucrose diet and normal chow at week 11 (mean ± SEM) (*denotes 

p<0.0001) 
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Group Weight, g Age 

HFHS  *42.49 ± 1.292, n=8 29 weeks 

Low Fat 31.94 ± 1.413, n=5 29 weeks 

Normal Chow 29.77 ± 2.262, n=6 29 weeks 

ANOVA & Tukey’s 

multiple comparisons 

test 

p <0.0001 for ANOVA 

p = 0.0001 for HFHS vs. Normal Chow  

p = 0.6798 for Low Fat vs. Normal Chow  

Table 6. Body weight measurements in animals fed with high-fat high 

sucrose diet, low-fat diet, and normal chow at week 16 (mean ± SEM) 

(*denotes p = 0.0001) 

We have measured and analyzed the systolic, diastolic, and mean blood 

pressures of the animals with one-way ANOVA. The HFHS, LF, and normal 

chow groups did not exhibit any significant changes in any of the parameters 

(Table 7). 

Group  

 Systolic BP, 

mmHg 

Diastolic BP, 

mmHg 

Mean BP,  

mmHg 

HFHS 123.5 ± 6.66, n=8 93.12 ± 6.26, n=8 102.9 ± 6.37, n=8 

LF 114.3 ± 2.40, n=5 87.07 ± 2.47, n=5 95.77 ± 2.41, n=5 

Normal Chow 115.1 ± 5.82, n=6 90.67 ± 5.74, n=6 98.43 ± 5.71, n=6 

ANOVA p = 0.4744 p = 0.7652 p = 0.4001 

Table 7. Blood pressure measurements in animals fed with high-fat 

high sucrose diet (mean ± SEM) 

Serum insulin levels of the HFHS group was significantly higher than normal 

chow and low-fat fed groups on both week 11 and week 16 (p < 0.0001 at both 

weeks, 2-way ANOVA & Holm-Sidak's multiple comparisons test, significance 

levels indicated at time points are between HFHS and normal chow groups) 

(Figure 12). 
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Figure 12. Insulin levels of HFHS, Low-fat and Normal chow fed mice 

on Week 11 and Week 16 

Similarly, blood glucose levels of the HFHS group was significantly higher than 

normal chow and low-fat fed groups on both week 11 (p < 0.0001, 2-way 

ANOVA) and week 16 (p < 0.0001, 2-way ANOVA & Holm-Sidak's multiple 

comparisons test, significance levels indicated at time points are between 

HFHS and normal chow groups) (Figure 13). 
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Figure 13. Blood glucose levels of HFHS, Low-fat and Normal chow fed 

mice on Week 11 and Week 16 

We have also calculated insulin resistance (HOMA-IR) values for each group, 

and the values for HFHS fed group were significantly higher than both normal 

chow and low fat fed groups. (p = 0.0328, p = 0.0023 respectively, one-way 

ANOVA & Tukey multiple comparisons test) but there was no significant 

difference between normal chow and normal fed group (p = 0.1114, one-way 

ANOVA & Tukey multiple comparisons test) (Figure 14).  
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Figure 14. HOMA-IR values of HFHS, Low-fat and Normal chow fed 

mice. Numbers inside parentheses indicate sample size. 

Total cholesterol, LDL and HDL levels were significantly higher in the HFHS 

group compared to normal chow group on week 11 (p = 0.0293, 0.0260, 

0.0194 respectively, two tailed Student’s t-test) (Figure 15).  

 



 

 53 

Figure 15. Blood biochemical parameters of HFHS & NC fed mice on 

Week 11 

Whereas on the 16th week; ALT, AST, total cholesterol, LDL and HDL levels 
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were significantly elevated in HFHS fed mice when compared to the normal 

chow group (p = 0.0043, 0.0026, <0.0001, 0.0001, <0.0001 respectively, 

Tukey's multiple comparisons test following one-way ANOVA) (Figure 16). 

Additionally, total cholesterol and HDL levels were also significantly higher in 

low-fat fed group when compared to normal chow fed mice (p = 0.0146, 

0.0027 respectively, Tukey's multiple comparisons test following one-way 

ANOVA). 
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Figure 16. Blood biochemical parameters of HFHS, LF and Normal 

chow fed mice on Week 16 

3.1.3.  Spontaneously Hypertensive Rats (SHRs) 

We have purchased the SHRs from Charles River Laboratories. We measured 
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their blood pressure with CODA noninvasive blood pressure measurement 

system to verify the blood pressure difference between their same-aged 

Wistar control groups. All three groups of SHRs (23, 27, 31 weeks old) showed 

a significant increase in systolic, diastolic, and mean blood pressures in 

comparison to their control groups (Figure 17).  

 

Figure 17. Blood pressure measurements in spontaneously 

hypertensive rats (mean ± SEM) 
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When measured, the ALT, AST levels of the SHR mice were significantly 

higher than control group Wistar rats at every week (p < 0.0001 for ALT at 

every week, p = 0.02, 0.002, 0.02 at week 23, 27, 31 respectively for AST, 

Holm-Sidak's multiple comparisons test) (Figure 18). Furthermore, SHR had 

higher triglyceride (p = 0.0068, Holm-Sidak's multiple comparisons test) and 

HDL (p = 0.0037, Holm-Sidak's multiple comparisons test) levels on week 23 

and higher total cholesterol (p = 0.313, Holm-Sidak's multiple comparisons 

test), LDL (p < 0.0001, Holm-Sidak's multiple comparisons test) and 

triglyceride (p = 0.0005) levels on week 27 when compared to Wistar control 

groups. 
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Figure 18. Biochemical parameters of SHR and control group Wistar 

rats 
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3.2. Cognitive Outcomes 

3.2.1. Open Field Tests 

3.2.1.1.  Streptozotocin-Induced T1DM Animal Model 

In diabetic mice, time spent in central area was less than the control group, 

though the difference between the groups were statistically insignificant (p = 

0.9185, two-tailed t-test) (Figure 19). However, total distance traveled by the 

diabetic mice was significantly less than the control group (p = 0.0036, two-

tailed t-test) (Figure 20). 

 

Figure 19. Time spent in central area in Streptozotocin-induced type 1 

diabetic mice (mean ± SEM)  

 

Figure 20. Total distance traveled in Streptozotocin-induced type 1 

diabetic mice (mean ± SEM)  
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3.2.2. T2DM (HFHS animal model) 

On both 11th and 16th weeks, mice fed with high fat high sucrose chow spent 

more time in the central area compared to mice fed with normal chow (p = 

0.02, p = 0.0012 respectively, Holm-Sidak's multiple comparisons test), 

suggesting a decline of anxiety in these animals (Figure 21). Interestingly, 

there has also been an increase in time spent in the central area in animals 

fed with low fat on week 11 (p = 0.02, Holm-Sidak's multiple comparisons test), 

but not on week 16 (p = 0.1017, Holm-Sidak's multiple comparisons test). 

 

Figure 21. Time spent in central area in animals fed with high-fat high 

sucrose diet (mean ± SEM) 

While there was no significant difference in total distance traveled on the 16th 

week between groups, on the 11th week, animals fed by both high fat, high 

sucrose diet, and with low fat diet traveled less than animals fed with normal 

chow (p < 0.0001, Holm-Sidak's multiple comparisons test) (Figure 22).  
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Figure 22. Total distance traveled in animals fed with high-fat high 

sucrose diet at weeks 11 and 16 (mean ± SEM) 

Comparison of total distance travelled of the same animals between week 11 

and 16 was only significant in NC fed group (p = 0.0007, two tailed paired t-

test). 
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Figure 23. Total distance travelled of the same animals between week 

11 and 16 (mean ± SEM) 

The comparison of the percentage of time spent in central area for the same 

animals between week 11 and 16 were not significant (Figure 24). 
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Figure 24. Percentage of time spent in the central area of the same 

animals between week 11 and 16 (mean ± SEM) 
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3.2.2.1. Spontaneously Hypertensive Rats (SHRs) 

On both 27th and 31th weeks, spontaneously hypertensive rats spent more 

time in the central area compared to Wistar control group (p < 0.0001, p = 

0.0021 respectively, Holm-Sidak's multiple comparisons test), suggesting a 

decline of anxiety in these animals (Figure 25). Furthermore, a two-way 

ANOVA test suggested an overall increase in time spent in the central area in 

spontaneously hypertensive rats (p < 0.0001), further supporting the decline 

of anxiety. 

 

Figure 25. Time spent in central area in spontaneously hypertensive 

rats (mean ± SEM) 

While there was no significant difference in total distance traveled on any 

single week, when all three weeks are compared, spontaneously hypertensive 

rats traveled more distance than the control group. (p = 0.0453, two-way 

ANOVA) (Figure 26).  
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Figure 26. Total distance traveled in spontaneously hypertensive rats 

and control group Wistar rats at weeks 23, 27 and 31(mean ± SEM)  

3.2.3. Y-Maze Spontaneous Alternation Test 

3.2.3.1.  Streptozotocin-Induced T1DM Animal Model 

Spontaneous alternation rates were similar and the difference was not 

significant (p = 0.9630, two-tailed t-test) for streptozotocin-induced type 1 

diabetic mice in the Y-maze (Figure 27), and there was no significant 

correlation between spontaneous alternation rates and total distance traveled 

or time spent in central area in both groups. 
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Figure 27. Spontaneous alternation in Streptozotocin-induced type 1 

diabetic mice (mean ± SEM) 

3.2.3.2. T2DM (HFHS animal model) 

Spontaneous alternation rates of animals fed with high-fat high-sucrose diet 

were surprisingly higher when compared to animals fed with a normal chow 

diet (p = 0.0140, two-way ANOVA), but there was no significant increase on 

individual weeks (p = 0.1451, p = 0.0593, Holm-Sidak's multiple comparisons 

test) (Figure 28).  
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Figure 28. Spontaneous alternation rates in animals fed with high-fat 

high sucrose diet (mean ± SEM) 

Spontaneous alternation rates were even higher in animals fed with low-fat 

chow on both weeks (p < 0.0001 on week 11 and p = 0.0226 on week 16 when 

compared with normal chow diet, Holm-Sidak's multiple comparisons test). 

While the rate for the all group decreased on the 16th week, the only 

significant decrease was in the low-fat group (p = 0.0091, Holm-Sidak's 

multiple comparisons test). 

Regression analysis showed no significant correlation between spontaneous 

alternation rates and total distance traveled or time spent in central area in 

any of the groups on both weeks. 

The comparison of spontaneous alternation rates for same animals between 

week 11 and 16 was only significant for LF fed group (p = 0.0219, two-tailed 

paired t-test) (Figure 29). 
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Figure 29. Spontaneous alternation rates of same animals between 

week 11 and 16 (mean ± SEM) 
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3.2.3.3. Spontaneously Hypertensive Rats (SHRs) 

Spontaneous alternation rates for SHRs were lower than the control group at 

weeks 23, 27 and 31 (Figure 30), however, the difference was not statistically 

significant (p = 0.4626, 0.4626, 0.3257, respectively, Holm-Sidak's multiple 

comparisons test).

 

Figure 30. Spontaneous alternation in spontaneously hypertensive rats 

in week 23, 27 and 31 (mean ± SEM) 

However, a 2-way ANOVA of the data revealed a statistically significant 

difference between SHRs and the Wistar control group (p = 0.0387) (Figure 

31). 
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Figure 31. Spontaneous alternation in spontaneously hypertensive 

rats, age effect excluded (mean ± SEM) 

To assess if there is a trend in spontaneously alternation rates between 

weeks, trend analysis was performed, and there were no significant changes 

in SHR or Wistar group (Figure 32). 

 

Figure 32. Trend analysis of spontanous alternation rates in SHRs and 

Wistar rats from week 23 to 31. 

3.2.4. Novel Object Recognition Test 

3.2.4.1.  Streptozotocin-Induced T1DM Animal Model 

Novel object recognition scores (calculated by dividing the time spent 
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exploring the novel object to the total exploration time of both objects) were 

similar and the difference was not significant (p = 0.8404, two-tailed Student’s 

t-test) for streptozotocin-induced type 1 diabetic mice in the novel object 

recognition test (Figure 33). 

 

Figure 33. Novel object recognition score in Streptozotocin-induced 

type 1 diabetic mice (mean ± SEM) 

The percentage of time spent exploring the novel object is also calculated, but 

there was no significant difference between T1DM and control group (Figure 

34). 
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Figure 34. The percentage of time spent exploring the novel object in 

T1DM and control group. 

Additionally, the total exploration time for these groups were also similar (p = 

0.8404, two-tailed Student’s t-test) (Figure 35). 

 

Figure 35. Total object exploration time in Streptozotocin-induced type 

1 diabetic mice (mean ± SEM) 
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3.2.4.2.  T2DM (HFHS animal model) 

Novel object recognition scores were similar and the difference was neither 

significant at 11th (p = 0.4847, one-way ANOVA) or 16th weeks (p = 0.2837, 

one-way ANOVA), nor was it significant in the overall (p = 0.3204, two-way 

ANOVA test) (Figure 36). 

 

Figure 36. Novel object recognition scores in animals fed with high-fat 

high sucrose diet (mean ± SEM) 

Comparison of novel object recognition scores of the same animals between 

week 11 and 16 showed significant decrease in both HFHS and LF fed 

animals, while NC group established no significant difference (p = 0.0299 in 

HFHS group, p = 0.0004 in LF group, two tailed paired t-test) (Figure 37).  
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Figure 37. Novel object recognition scores of the same animals in 

HFHS animal group between week 11 and 16 (mean ± SEM) 
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However, if the percentage of time spent exploring the novel object is 

calculated, LF group has significantly higher score in week 11 when compared 

to same age NC fed group (p= 0.0114, Holm-Sidak's multiple comparisons 

test) (Figure 38). 

 

Figure 38. Percentage of time spent exploring the novel object in HFHS, 

LF and NC fed mice in week 11 and 16. 

When the percentage of time spent exploring the novel object data of the same 

animals is compared between weeks 11 and 16, LF fed group has a significant 

decrease (p=0.0161, paired t-test), while HFHS and NC fed animals have no 

statistically significant difference (Figure 39). 
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Figure 39. Percentage of time spent exploring the novel object of the 

same animals between week 11 and 16. 
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However, the total exploration time for the low-fat group was significantly 

higher on both week 11 (p = 0.0275, Holm-Sidak's multiple comparisons test) 

and week 16 (p = 0.0444, Holm-Sidak's multiple comparisons test) (Figure 

40).  

 

 

Figure 40. Total object exploration time in animals fed with high-fat 

high sucrose diet (mean ± SEM) 

Total exploration time of the same animals between week 11 and 16 showed 

no significant difference (Figure 41).  
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Figure 41. Total exploration time of the same animals in HFHS animal 

group between week 11 and 16 (mean ± SEM) 
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3.2.4.3. Spontaneously Hypertensive Rats (SHRs) 

Novel object recognition scores were similar and the difference was neither 

significant at any week, and p = 0.9573, 0.4953, 0.9573 for weeks 23, 27 and 

31, Holm-Sidak's multiple comparisons test) nor was it significant in the overall 

(p = 0.3242, two-way ANOVA test) (Figure 42). 

 

Figure 42. Novel object recognition score in spontaneously 

hypertensive rats (mean ± SEM)  

However, if the percentage of time spent exploring the novel object is 

calculated, SHR group in week 27 has significantly higher scores when 

compared to same age Wistar rat group (p= 0.0073, Holm-Sidak's multiple 

comparisons test). The data on other two time points are statistically 

insignificant (Figure 43).  
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Figure 43. Percentage of time spent exploring novel object of SHRs and 

their Wistar control groups in weeks 23, 27, and 31. 

When trend analysis is performed, there is a significant increase in the 

percentage of time spent exploring novel object in Wistar control group from 

week 23 to 31 (p=0.0377, trend analysis following one-way ANOVA) (Figure 

44). The trend analysis for Novel Object Recognition Test Scores showed no 

statistically significant difference (Figure 45). 

 

Figure 44. Trend analysis for the percentage of time spent exploring 

novel object of SHRs and Wistar control group rats from week 23 to 31. 
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Figure 45. Trend analysis for novel object recognition test scores of 

SHRs and Wistar control group rats from week 23 to 31. 

However, the total exploration time for the SHR group was significantly higher 

than Wistar control group on week 27 (p = 0.0040, Holm-Sidak's multiple 

comparisons test), but there were no significant differences on week 23 (p = 

0.1199) or week 31 (p = 0.1199) (Figure 46).  

 

Figure 46. Total object exploration time in spontaneously hypertensive 

rats (mean ± SEM) 

When trend analysis is performed, there is a significant increase in the total 



 

 82 

exploration time in Wistar control group from week 23 to 31 (p= 0.0187, trend 

analysis following one-way ANOVA) 

 

Figure 47. Trend analysis for total exploration time of SHRs and Wistar 

control group rats from week 23 to 31. 

3.3.  3D imaging and Visualization of Microcirculation 

In maximum projection and 3D reconstructed 3DISCO images, we can see 

that T1DM animals have lesser amounts of smaller vessels, which suggests 

a decline in microcirculatory vessels (Figure 48). 
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Figure 48. T1DM animal group maximum projection and 3D 

reconstruction 3DISCO images, respectively. Images A and B show the 

microcirculation of STZ induced T1DM animal, while images C and D 

show microcirculation of a control group animal. 

In maximum projection and 3D reconstructed 3DISCO images, we can see 

that HFHS fed animal have decreased amounts of microcirculatory vessels, 

while LF fed animal’s microcirculation density does not seem to be 

dramatically different from the NC fed control group animal’s (Figure 49). 
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Figure 49. 16-week HFHS animal group maximum projection and 3D 

reconstruction 3DISCO images, respectively. Images A and B show the 

microcirculation of a HFHS fed animal; images C and D show the 

microcirculation of a LF fed animal, and images E and F show the 

microcirculation of a NC fed control group animal. 

3.4.  Quantification of capillaries, pericytes and collagen 1 

expression levels 

3.4.1. Quantification of capillaries 

The percentage of isolectin positive areas in parietotemporal cortex were 

significantly lower in T1DM group compared to its control group (p=0.0001), 

suggesting a probable decline in vascular density (Figure 50). 

Immunofluorescence staining images are shown in Figure 51. 

  

Figure 50. Percentage of isolectin positive areas in parietotemporal 

cortex and hippocampus for T1DM and control group. 
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Figure 51. Isolectin B4 immunofluorescence staining of 

parietotemporal cortex in (A) control and (B) T1DM animals. 

The percentage of isolectin positive areas in parietotemporal cortex were 

significantly higher in HFHS fed group compared to NC control group at both 

time points (p<0.0001 at week 11, two tailed Student’s t-test; p=0.0299 at 

week 16, Tukey's multiple comparisons test following one-way ANOVA), 

suggesting endothelial proliferation due to metabolic defects. Additionally, 

isolectin positive areas in hippocampus were also increased in HFHS group 

compared to NC fed group (p=0.0006 at week 11, two tailed Student’s t-test; 

p=0.0129 at week 16, Tukey's multiple comparisons test following one-way 

ANOVA), whereas the LF fed group at week 16 showed highest ratio of 

isolectin positivity (p=0.0003, Tukey's multiple comparisons test following one-

way ANOVA) (Figure 52). The hippocampal isolectin positivity rates show 

similar patterns to the outcomes of Y maze spontaneous alternation test 

results, further suggesting the decline in working memory due to hippocampal 

vascular changes. Immunofluorescence staining images are shown in Figure 

53. 
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Figure 52. Percentage of isolectin positive areas in parietotemporal 

cortex and hippocampus for HFHS, LF, and NC fed groups at week 11 

and week 16. 

 

Figure 53. Isolectin B4 immunofluorescence staining of 

parietotemporal cortex in (A) NC fed and (B) HFHS fed animals. 

While there is a decline in the isolectin positive vessel percentage in 
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hippocampus at week 23 (p=0.0496, two tailed Student’s t-test) and an 

increase in week 31 (p=0.0496, two tailed Student’s t-test), there are no 

significant changes in isolectin positivity in SHRs in cortical and hippocampal 

regions (Figure 54).  

  

Figure 54. Percentage of isolectin positive areas in parietotemporal 

cortex and hippocampus for SHRs and Wistar control groups at weeks 

23, 27, and 31. 

However, when trend analysis is performed, there is a significant decrease in 

isolectin positive area percentage in both hippocampus (p<0.0001, trend 

analysis following one-way ANOVA) and parietotemporal cortex (p=0.0145, 

trend analysis following one-way ANOVA) of Wistar control groups from week 

23 to week 31(Figure 55).  
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Figure 55. Trend analysis of isolectin positive area percentage in SHRs 

and Wistar rats from week 23 to 31. 

Immunofluorescence staining images are shown in Figure 56. 

 

Figure 56. Isolectin B4 immunofluorescence staining of 

parietotemporal cortex in 23-week-old (A) Wistar control group and (B) 

SHR animals. 
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Two-way ANOVA results revealed a significant difference in isolectin 

percentages between weeks in both parietotemporal cortex and 

hippocampus. However, no significant difference was observed between 

experimental groups (Figure 57). 

 

Figure 57. Two-way ANOVA results of isolectin percentages in SHR and 

Wistar rats. 

3.4.2. Quantification of total numbers of pericytes and pericytes 

around vessels 

Total number of pericytes in T1DM group is significantly increased compared 

to its control group (p<0.0001, two tailed Student’s t-test), whereas the 

percentage of pericytes around vessels is significantly decreased (p<0.0001, 

two tailed Student’s t-test) (Figure 58). 
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Figure 58. Pericyte count and location in T1DM and control group. 

 

Figure 59. Double immunofluorescent staining showing PDGFRβ and 

isolectin B4 expression in parietotemporal cortex of (A) control (B) 

T1DM animal group. 

While total number of pericytes in HFHS group is not significantly different 

compared to NC fed control group at both time points (p=0.1516 at week 11, 

two tailed Student’s t-test; p=0.0589 at week 16, Tukey's multiple comparisons 

test following one-way ANOVA), there is an increase in total pericyte count of 

LF fed animals in week 16 (p=0.0472, Tukey's multiple comparisons test 

following one-way ANOVA). On the other hand, the percentage of pericytes 

around vessels is significantly decreased in HFHS animals at week 11 
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(p=0.0016, two tailed Student’s t-test). However, the percentage of pericytes 

around vessels is significantly higher at week 16 for both HFHS (p=0.0144, 

Tukey's multiple comparisons test following one-way ANOVA) and LF 

(p=0.0018, Tukey's multiple comparisons test following one-way ANOVA) fed 

groups compared to NC animals (Figure 60). 

 

Figure 60. Pericyte count and location in HFHS, LF, and NC fed groups 

at weeks 11 and 16. 

Total number of pericytes are increased in SHRs on both week 23 (p=0.03, 

two tailed Student’s t-test) and week 27 (p=0.0006, two tailed Student’s t-test), 

while the difference is insignificant on week 31 (p=0.1291, two tailed Student’s 

t-test) On the other hand, the percentage of vessel related pericytes were 

significantly decreased on weeks 23 (p<0.0001, two tailed Student’s t-test) 

and 31 (p<0.0001, two tailed Student’s t-test). (Figure 61). 



 

 93 

 

Figure 61. Pericyte count and location in SHRs and Wistar control 

groups at weeks 23, 27 and 31. 

3.4.3. Quantification of Collagen 1 expression levels by measuring 

mean pixel intensity 

While there is an increase in average intensity of Col1 in T1DM mice, the 

difference is not statistically significant (p = 0.1459, two tailed Student’s t-test) 
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(Figure 62). 

Figure 62. Collagen 1 (Col1) average pixel intensity in T1DM and 

control groups. 

We also calculated the percentage of collagen 1 stained area to the total 

imaged area to support the intensity measurements. Although the trends in 

both graphics are quite similar, the percentage of col1 positive area is not 

significantly different between T1DM animals and their control group, 

supporting the average intensity data (Figure 63).  
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Figure 63. Percentage of collagen 1 positive area in T1DM animals and 

their control group 

The average intensity of Col1 in HFHS fed animals are significantly less than 

those of the NC fed group (p = 0.0228, two tailed Student’s t-test), suggesting 

decreased Col1 levels in HFHS fed animals. However, HFHS group exhibited 

significantly higher average intensity of Col1 in week 16 when compared to 

NC fed group (p =0.0021, Tukey's multiple comparisons test following one-

way ANOVA) (Figure 64). 
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Figure 64. Collagen 1 (Col1) average pixel intensity in HFHS, LF, and 

NC fed animals in week 11 and 16. 

We also calculated the percentage of collagen 1 stained area to the total 

imaged area to support the intensity measurements. The results are quite 

similar to the average intensity data. Percentage of col1 positive area of HFHS 

fed group is significantly lower than the NC fed group at week 11 (p = 0.0389, 

two tailed t-test), while in week 16 as though the trend is the same with 

average intensity data, the results are not statistically significant (Figure 65). 

 

Figure 65. Percentage of collagen 1 positive area in HFHS, LF, and NC 

fed animals in week 11 and 16 

The average intensities of Col1 in SHRs are significantly higher than the 

Wistar control group at week 23. (p = 0.0386, two tailed Student’s t-test). 
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Furthermore, the average intensity of Col1 in SHRs are also higher when all 

weeks were combined (p = 0.0120, two tailed Student’s t-test) (Figure 66). 

 

Figure 66. Collagen 1 (Col1) average pixel intensity in SHRs and Wistar 

control groups at weeks 23, 27 and 31. 

To assess if there is a trend in Col1 average pixel intensity data between 

weeks trend analysis was performed, and there were no significant changes 

in SHR or Wistar group (Figure 67). 
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Figure 67. Trend analysis of Col1 Average Pixel Intensity in SHRs and 

Wistar rats from week 23 to 31. 

The percentage of collagen 1 stained area to the total imaged area did not 

exhibit statistically significant difference in any of the three time points 

observed (Figure 68).  

 

Figure 68. Percentage of collagen 1 positive area in SHRs and Wistar 

control groups in week 23, 27 and 31. 
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Immunofluorescence staining images of Col1 and isolectin are shown in 

Figure 69. 

 

 

Figure 69. Immunofluorescence staining of Col1 and isolectin in the 

parietotemporal cortex of T1DM (A-D), SHR (E-H), HFHS fed animals (I-

L) and control group (M-P) is shown above. Images D, H, L, and P are 

zoomed from the previous images. 

3.4.4. Quantification of tortuosity 

While the numbers of tortuous vessels were elevated in mice with T1DM, the 

difference between the groups is non-significant (Figure 70). 
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Figure 70. Number of tortuous vessels in T1DM mice and control group 

There was no statistically significant difference in tortuous vessel numbers 

between groups in both week 11 and week 16 (Figure 71). 
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Figure 71. Number of tortuous vessels in HFHS, low-fat and normal 

chow fed animals 

3.4.5. Quantification of pial arteriole exit point narrowing 

The number of obstructed vessels were higher in mice with T1DM compared 

to the control group (p = 0.0236, two tailed Student’s t-test) (Figure 72). 
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Figure 72. Number of obstructed vessels in T1DM mice and control 

group 

 

Figure 73. Maximum projection 3DISCO images of (A) T1DM (B) control 

group. Arrow indicates pial arteriole exit point obstruction point, while 

arrowheads indicate tortuous vessels. 

There has been no statistically significant difference between HFHS-fed, LF-

fed and normal chow fed mice groups in both week 11 and week 16 (Figure 

74). 
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Figure 74. Number of obstructed vessels in HFHS, low-fat and normal 

chow fed animals 
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4. DISCUSSION 

We herein established three different animal models to visualize the effects 

on cognition and cerebral microcirculation. In HFHS animal model, HFHS fed 

animals gained weight and weighed 2 times as the NC fed control group at 

the end of the study. We saw that in HFHS fed animals, fasting glucose and 

insulin levels were not statistically different from LF or NC fed groups. 

However, in IPGTT their blood glucose and blood insulin levels were 

significantly higher after administrating a certain amount of glucose. HFHS fed 

group also had higher HOMA-IR scores, which suggested a glucose 

intolerance and peripheral insulin resistance. Numerous rodent studies 

showed a high sucrose diet induces insulin resistance and 

hypertriglyceridemia. High fat diet induces insulin resistance, obesity and 

increases the tendency to develop atherosclerotic lesions. In our experiment, 

HFHS fed animal group manifested prominent insulin resistance and obesity 

in both week 11 and 16. We also observed a significant increase in ALT and 

AST levels in week 16, which suggested the development of nonalcoholic fatty 

liver disease. The HFHS fed animals also had a significant increase in total 

cholesterol, LDL and HDL levels in both weeks, but no significant changes in 

triglyceride levels. Blood pressure measurements at week 16 showed no 

statistically significant changes. HFHS diet we used is comprised of 36% fat 

derived-calories ((9% corn oil and 27% butter), and 43.2% carbohydrate-

derived calories with sucrose (30% sucrose-derived calories)) and is therefore 

different in terms of fat constitution when compared to commercial high fat 

diets, which can have 20-60% fat derived-calories (Buettner, Schölmerich, & 

Bollheimer, 2007; Frederich et al., 1995; Pendyala, Walker, & Holt, 2012; 

Weisberg et al., 2006) and also different from commercial high sucrose diets, 

which have 30-50% (Maekawa et al., 2017; Sakamoto et al., 2012) sucrose-

derived calories. Unexpected blood lipid panel changes such as low 

triglyceride and high HDL levels might be explained with the dietary difference 

in fatty acids between the conventional HF diets and the one we used. And as 

the LF diet consists of 11% fat-derived calories (9% corn oil and 2.5% butter), 

it also has 67.7% carbohydrate-derived calories without sugar, which 
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suggests the missing calorie gap was closed by carbohydrates. Although 

there are many other metabolic changes, our HFHS animal group can be 

called as a ‘glucose intolerance’ animal model but might not be named as 

T2DM or MetS animal model.  

To establish the metabolic changes seen in animal model to a full extent, we 

kept their mobility minimal, so we chose the behavioral tests accordingly. We 

did not do Morris Water Maze test because it required high amount of 

swimming movement and might have compromised the metabolic 

derangements. We chose open field test (OFT) to assess their anxiety, Y 

maze spontaneous alternation test to assess their spatial working memory, 

and novel object recognition test (NORT) to assess their visual recognition 

memory. Both LF and HFHS fed animals exhibited lower levels of anxiety 

when compared to NC fed group. This result is compatible with existing 

studies on the effects of high fat diet on anxiety (Zemdegs et al., 2016). 

Furthermore, LF fed group had higher spontaneous alternation rates, 

suggesting higher functioning spatial working memory than the control group. 

HFHS fed group had no significant changes in their spontaneous alternation 

rates when compared to NC fed control group. When we compared the same 

animal’s spontaneous alternation scores, we saw a significant decrease in LF 

fed group, which suggested a decrease in working memory performance 

between weeks 11 and 16. HFHS and LF fed animal group had no significant 

differences between their novel object recognition test scores when compared 

to NC fed animals, which suggested no impairment in visual recognition 

memory. However, LF fed animals had a significant increase in the total 

exploration time, which suggested even though they explored the objects 

more, they found it hard to remember which one is novel and which one is old, 

therefore this might suggest an impairment in learning abilities or attention. 

When we analyzed the novel object recognition scores of the same animals 

between week 11 and 16, we saw significant decline in both HFHS and LF 

animals but not in NC fed group. When we analyzed the percentage of time 

spent exploring the novel object, LF fed animals had a significantly higher 

score on week 11 but not in week 16. Later we analyzed the percentage of 
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time spent exploring the novel object data of the same animals, we observed 

a significant decline in LF fed group from week 11 to week 16, which supports 

the data obtained by comparing same animals novel object recognition test 

scores suggesting a decline in visual recognition memory in both HFHS and 

LF fed animals. 

To assess endothelial proliferation in the cerebral microcirculation of these 

animals, we stained the brain slices with isolectin and quantified it by 

thresholding as it was described in the methods section. There was a 

significant increase in isolectin positive area percentage at both 

parietotemporal cortex and hippocampal areas of HFHS fed group when 

compared to NC fed group in both week 11 and 16. Week 16 hippocampal 

isolectin data shows significantly higher isolectin percentage in LF fed group 

as well as the HFHS fed group when compared to NC fed group. This data 

suggests both LF and HFHS diet cause endothelial proliferation in 

hippocampus, but only HFHS diet causes endothelial proliferation in 

parietotemporal cortex, as the data shows no significant differences between 

LF and NC fed groups in week 16. The decline seen in the visual recognition 

memories of the HFHS and LF fed animals might be the result of this 

hippocampal endothelial proliferation as the proliferated endothelia might not 

be forming fully functional microvessels. Whether these proliferated 

endothelia form functional microvessels or not should be further investigated.  

In HFHS animal group, there were no significant changes in number of 

pericytes in the parietotemporal cortex, but the vessel related pericyte 

percentage was significantly decreased at week 11. LF fed group had 

significantly higher numbers of pericytes when compared to NC fed group at 

week 16, but they were significantly related with vessels. Vessel related 

pericyte percentage was significantly decreased in HFHS fed animals at week 

11, but at week 16 it was significantly increased, which might suggest the 

proliferating endothelia might be recruiting pericytes around newly formed 

vessels in week 16, and therefore increase its functionality. 

To assess the arteriolar stiffening that is created by the accumulation of 

extracellular membrane proteins, we used collagen-1, as it also is a prominent 
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factor in fibrotic conditions. We used Col-1 average pixel intensity values to 

compare the Col-1 amounts around microvessels between HFHS, LF and NC 

fed animals. Although there was no major difference between HFHS and NC 

fed group in week 11, there was a significant increase in HFHS fed group’s 

average col-1 pixel intensity values in week 16 when compared to NC fed 

group. This data suggests increased microcirculatory stiffening in HFHS fed 

animals, and it should be further verified by western blot and PCR analysis. 

As the vessel tortuosity and pial arteriolar point obstructions were seen in the 

samples, we counted and measured the differences between those 

parameters. We could not find any significant differences in between 

experimental animal groups. 

In T1DM group, we observed significant weight loss after the weeks following 

intraperitoneal STZ injection, which was compatible with the other studies 

using STZ induced T1DM animal models (Howarth, Jacobson, Shafiullah, & 

Adeghate, 2005). T1DM animals exhibited much higher fasting blood glucose 

levels when compared to HFHS animal group. The slight ALT increase that is 

seen in the blood biochemical parameters might be because of the STZ 

injection itself, but there was no other difference in other parameters. As there 

are some studies that show STZ might increase blood pressure, we measured 

T1DM animal group’s blood pressure non-invasively, and found no significant 

changes.  

In the T1DM animal group, we did not observe any significant behavioral 

changes regarding anxiety, visual recognition, or spatial working memory. 

Total distance travelled was significantly lower in T1DM group, and this might 

suggest reluctance to explore new areas. The lack of cognitive impairment 

might be because of the relatively late onset of T1DM, as the studies mostly 

show cognitive deficits and brain structural changes observed in T1DM are 

related to early-onset T1DM. 

However, the percentage of isolectin positive area in T1DM group showed a 

significant decline in parietotemporal cortex, whereas it did not show a 

significant change in hippocampal area. As there is an increase in the isolectin 

percentage in the parietotemporal cortex of the HFHS fed animals, and a 
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decrease in T1DM animals, this might suggest the endothelial proliferation at 

the cortical level might be related to hyperinsulinemia.  

Number of pericytes in the parietotemporal cortex was significantly increased 

in T1DM animals, while the percentages of pericytes around vessels were 

significantly decreased. This data suggests an increased amount of pericytes 

in the brain parenchyma, which are not related to capillaries. This might be 

causing the endothelial decrease, as it is the pericytes that maintain 

endothelial robustness in microcirculatory level. STZ is also known for its 

neurotoxic effects, and it might be toxic to other cells, such as endothelia and 

pericytes. Therefore, whether the microcirculatory differences seen are results 

of T1DM or the effects of STZ should further be investigated. 

The collagen1 average pixel intensity measurement showed no significant 

changes in T1DM animal group, which suggested no arteriolar stiffness. 

When we analyzed 3DISCO images for tortuosity and pial arteriole exit point 

obstructions, we could show no significance in tortuosity in both HFHS and 

T1DM animal groups. However, the number of pial arteriole exit point 

obstruction was significantly higher in T1DM animals when compared to its 

control group. This might suggest a higher order response to the metabolic 

derangements in T1DM group, which might be due to smooth muscle cell rigor 

or just atherosclerosis. 

In the hypertension group, we noninvasively measured systolic, diastolic, and 

mean blood pressures in SHRs and their same aged Wistar control groups. 

Spontaneously hypertensive rats exhibited significantly higher systolic, 

diastolic, and mean blood pressures in all three time points. We designed the 

experiment in three separate timelines to see progression of the changes that 

would be observed in cerebral microcirculation. When we measured blood 

biochemical parameters, we observed significantly higher ALT, AST, total 

cholesterol, LDL, HDL levels in SHRs in almost every time point. We 

hypothesized that the changes seen in SHRs might be due to the end-organ 

damage that is caused by very high systolic blood pressure, as the SHRs 

exhibit systolic blood pressures higher than 160 mmHg from five weeks of 

age, which means the youngest animal in the total group was chronic 
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hypertensive for at least 18 weeks. The blood lipid panel changes we saw in 

SHR animals were also established by other scientists (Swislocki & Tsuzuki, 

1993). As a limitation, we did not measure fasting glucose and insulin levels 

in these animals, although it is a fairly controversial subject, there are several 

studies that demonstrate adult SHRs have insulin resistance without being 

obese (Potenza et al., 2005; Swislocki & Tsuzuki, 1993). Therefore, the results 

cannot be solely attributed to hypertension, but might be the effect of insulin 

resistance and hypertension combined. It is known that there are certain 

hormones that regulate food intake, such as leptin and ghrelin. Leptin is an 

anorexigenic hormone, which suppresses the food intake in long term and 

results with weight loss. It is produced by mature adipocytes and its amount 

is positively correlated with the mass of adipose tissue. On the other hand, 

ghrelin is an orexigenic hormone, which initiates food consumption, and 

results with weight gain (Klok, Jakobsdottir, & Drent, 2007). Obese patients 

have increased leptin and decreased ghrelin levels (Labayen et al., 2011). As 

an advantage, SHRs were not obese; in fact, they were leaner than their same 

aged Wistar control groups, so their ghrelin and leptin levels were not 

expected to change. Therefore, we could observe the effect of hypertension 

and insulin resistance itself, without the effects of ghrelin and leptin.  

SHRs exhibited significantly lower anxiety in weeks 27 and 31, but no 

difference was seen at week 23. This data is consistent with the other anxiety 

studies in SHRs (Calzavara, Lopez, Abílio, Silva, & Frussa-Filho, 2004). 

Numerous human studies show increased anxiety levels in hypertension and 

T2DM (Ali et al., 2006; Kahl et al., 2015; Pan et al., 2015; Scalco et al., 2005), 

but it is not known if it is the cause or the result of the diseases. Our data might 

suggest that the increased anxiety levels seen in these patients might be the 

result of the life style changes. It might also suggest that rodent experiments 

regarding anxiety in these two metabolic conditions might not be translated to 

humans. From another aspect, SHRs are also used as a model for ADHD, as 

they show increased locomotion, impulsivity and attention deficits. The 

behavioral changes seen in these animals might be due to increased 

impulsivity which originates from the changes in frontal cortex and 
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dopaminergic activity instead of anxiety, which was not investigated in this 

study (Sagvolden, Pettersen, & Larsen, 1993). 

SHRs also had lower spontaneous alternation rates, but it was not significant 

in any time point. However, when we excluded the age effect, we observed a 

significant decline in the spontaneously alternation rates of SHRs, suggesting 

a decline in working and spatial memory. Although SHRs had slightly higher 

scores in all three time points, their novel object recognition test scores were 

not significantly different from the control group, suggesting an intact visual 

recognition memory. These findings also add to the knowledge that the effect 

of hypertension could be on frontal area rather than hippocampus. 

In the hypertension animal group, there was no significant changes in the 

isolectin positive area percentage in parietotemporal cortex in all three time 

points, while in the hippocampal area there was a decrease in week 23, and 

an increase in week 31 and no significant changes in week 27. When we 

performed trend analysis following one-way ANOVA, we saw a significant 

decrease in isolectin positive area percentage in both hippocampus and 

parietotemporal cortex in Wistar control groups from week 23 to 31. We 

concluded that this might be related to the normal aging process. However, it 

should be noted that there are genetic differences between SHRs and Wistar 

control groups which might affect the neurodevelopmental processes of these 

animals (Zhang-James, Middleton, & Faraone, 2013). The 

neurodevelopmental effects of these genetic differences should also be 

considered as a potential reason for these results, alongside the hypertension 

observed in these animals. 

In the hypertension group, the number of pericytes was significantly higher in 

SHRs when compared to same age Wistar control groups in weeks 23 and 

27, while week 31 showed no significant changes. Vessel related pericyte 

percentages were lower in SHRs when compared to same age Wistar control 

groups in weeks 23 and 31, and there were no significant changes in week 

27. This suggested that hypertension might cause a proliferated state in 

pericytes, while impairing their functions as they detach from the vessel wall. 

Although the SHR animals exhibited higher values of col1 average intensity in 
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all 3 weeks when compared to their Wistar control groups, it was only 

significant in week 23. When we excluded the age effect, we saw that there 

was a significant increase in col1 intensity in SHR animals. Increased collagen 

1 data suggests increased vessel stiffness due to the accumulation of col1 

around vessels.  
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5. CONCLUSION AND FUTURE PERSPECTIVES 

 HFHS diet caused obesity, glucose intolerance, increased ALT, AST, 

total cholesterol, LDL and HDL levels, whereas it had no effects in 

blood pressure, triglyceride, fasting blood glucose and insulin levels 

when compared to NC fed control group. 

 HFHS diet fed animals spent significantly more time in the central area 

in the OFT test, suggesting a decline in anxiety levels. 

 LF diet fed animals had better spontaneous alternation rates in both 

weeks, but they had a significant decline from week 11 to week 16, 

which suggests a decline in working and spatial memory performance. 

 LF diet fed animals explored the objects more in novel object 

recognition test, but the attention they show to the novel object is lower, 

and this might suggest an impairment in their learning abilities or 

attention, which needs further investigation. 

 There was a decline in both the novel object test scores and the 

percentage of time spent exploring the novel object of the same 

animals in the LF fed group from week 11 to week 16, which suggests 

a decline in the visual recognition memory of LF fed animals. HFHS fed 

animals also had a decline in their novel object recognition scores 

between weeks 11 and 16. However, there was no decline in the novel 

object recognition scores of normal chow fed animals between weeks 

11 and 16. 

 Leptin and ghrelin levels are also potentially relevant factors in the 

behavioral and cognitive changes of these animal groups, and should 

be further investigated.  

 Both LF and HFHS diet cause endothelial proliferation in hippocampus, 

but only HFHS diet causes endothelial proliferation in parietotemporal 

cortex. The decline seen in the visual recognition memories of the 

HFHS and LF fed animals might be the result of this hippocampal 

endothelial proliferation as the proliferated endothelia might not be 

forming fully functional microvessels. 
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 LF fed group had significantly higher numbers of pericytes when 

compared to NC fed group at week 16, but they were significantly 

related with vessels. Vessel related pericyte percentage was 

significantly decreased in HFHS fed animals at week 11, but at week 

16 it was significantly increased, which might suggest the proliferating 

endothelia might be recruiting pericytes around newly formed vessels 

in week 16, and therefore increase its functionality. 

 Col-1 accumulation of HFHS fed animals is significantly increased in 

week 16. Stiffening at the microcirculatory level might be guided by col-

1 build up around the vessels of HFHS fed animals, and this might be 

leading to energy-demand mismatch at the cellular level, followed by 

conditional hypoxia, and increased neuroinflammation. The increase 

should be further verified by Western Blot and PCR analysis. 

 In the T1DM animal group, we did not observe any significant 

behavioral changes regarding anxiety, visual recognition or working 

and spatial memory. The lack of cognitive impairment might be 

because of the relatively late onset of T1DM, as the studies mostly 

show cognitive deficits and brain structural changes observed in T1DM 

are related to early-onset T1DM. 

 We observed significant decline in isolectin positive area percentage at 

the parietotemporal cortex of T1DM animals, whereas there was not a 

significant change in hippocampal area. As there is an increase in the 

isolectin percentage in the parietotemporal cortex of the HFHS fed 

animals, and a decrease in T1DM animals, this might suggest the 

endothelial proliferation at the cortical level might be related to 

hyperinsulinemia. 

 Number of pericytes in the parietotemporal cortex was significantly 

increased in T1DM animals, while the percentage of pericytes around 

vessels was significantly decreased. This data suggests an increased 

amount of pericytes in the brain parenchyma, which are not related to 

capillaries. This might be causing the endothelial decrease, as it is the 

pericytes that maintain endothelial robustness in microcirculatory level. 
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STZ is also known for its neurotoxic effects, and it might be toxic to 

other cells, such as endothelia and pericytes. Therefore, whether the 

microcirculatory differences seen are results of T1DM or the effects of 

STZ should further be investigated. 

 The number of pial arteriole exit point obstruction was significantly 

higher in T1DM animals when compared to its control group. This might 

suggest a higher order response to the metabolic derangements in 

T1DM group, which might be due to smooth muscle cell rigor or just 

atherosclerosis. 

 SHRs exhibited significantly lower anxiety in weeks 27 and 31, but no 

difference was seen at week 23, same as the HFHS fed animal group. 

Numerous human studies show increased anxiety levels in 

hypertension and T2DM, but it is not known if it is the cause or the 

result of the diseases. Our data might suggest that the increased 

anxiety levels seen in these patients might be the result of the life style 

changes. It might also suggest that rodent experiments regarding 

anxiety in these two metabolic conditions might not be translated to 

humans. 

 SHRs had lower spontaneous alternation rates, but it was not 

significant in any time point. However, when we excluded the age 

effect, we observed a significant decline in the spontaneously 

alternation rates of SHRs, suggesting a decline in working and spatial 

memory. A larger sample size might be required to reveal the effects 

of hypertension on working and spatial memory further. 

 Although SHRs had slightly higher scores in all three time points, their 

novel object recognition test scores were not significantly different from 

the control group, suggesting an intact visual recognition memory.  

 The number of pericytes in the parietotemporal cortex was significantly 

higher in SHRs when compared to same age Wistar control groups in 

weeks 23 and 27, while week 31 showed no significant changes. 

Vessel related pericyte percentages were lower in SHRs when 

compared to same age Wistar control groups in weeks 23 and 31, and 
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there were no significant changes in week 27. This suggested that 

hypertension might cause a proliferated state in pericytes, while 

impairing their functions as they detach from the vessel wall. 

 Although the SHR animals exhibited higher values of col1 average 

intensity in all 3 weeks when compared to their Wistar control groups, 

it was only significant in week 23. When we excluded the age effect, 

we saw that there was a significant increase in col1 intensity in SHR 

animals. Increased collagen 1 data suggests increased vessel stiffness 

due to the accumulation of col1 around vessels. A larger sample size 

might be required to reveal the collagen-1 accumulation in the vessel 

walls of hypertensive animals further.  
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