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Abstract 
 
 
 

APOE4 is the strongest genetic risk factor for Alzheimer’s Disease (AD) and obesity is one 

of the most common environmental risk factors for AD. With 25% of the population being APOE4 

carriers and 40% of the population suffering from obesity, it is important to understand how these 

two common AD risk factors interact. Here we question how diet induced obesity (DIO) affects 

the metabolism and central nervous system (CNS) of APOE genotypes, what neurometabolic and 

neuroinflammatory pathways are involved, and how metformin treatment can reduce the effects 

of DIO.   

To test this, we used APOE3 and APOE4 knock-in mice that were placed on high fat diet 

(HFD, 45% fat) for 12 weeks. HFD increased peripheral metabolic disturbances (weight gain, 

glucose intolerance, adipose tissue accumulation) in APOE3 and APOE4 mice, with APOE4 mice 

being more susceptible. HFD also increased neuroinflammation (GFAP and Iba1 immunostaining) 

and immediate early gene (IEG) expression (c-Fos, Arc) in APOE3 mice, but not in APOE4 mice. 

Overall, HFD induced metabolic disturbances and resulted in an inflammatory response in the 

CNS, and these responses were modulated by APOE genotype. 

To find out whether metformin, a first-line drug for type II diabetes, ameliorated the effects 

of the HFD, we used APOE3 and APOE4 knock-in mice that were placed on high fat diet (HFD, 

45% fat) for 12 weeks and treated with metformin for the last 4 weeks. HFD induced metabolic 
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disturbances in male APOE3 and APOE4 mice, but metformin did not reduce these metabolic 

disturbances. These metabolic disturbances were not seen in female mice on HFD. Behaviorally, 

HFD decreased average speed and increased anxiety-like behavior in APOE4 females on the open 

field test; metformin reduced these effects. HFD also decreased context based freezing behavior 

in female APOE3 mice, again with a metformin-associated recovery. There were no behavioral 

effects of HFD on male mice. These studies suggest HFD affects the CNS of APOE3 mice through 

gliosis and IEG expression, and metformin has the ability to ameliorate behavioral deficits induced 

by HFD in both female APOE3 and APOE4 mice.  
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Chapter I: Introduction 

A. Alzheimer’s Disease 

Alzheimer’s Disease (AD) affects approximately 5 million individuals in the United States 

and will affect 16 million Americans by 2050 (1). The disease generally begins with memory loss 

and progresses to many cognitive domains before death. The neuropathological hallmarks of AD 

are amyloid plaques and neurofibrillary tangles, which are associated with signs of 

neuroinflammation. AD pathology manifests itself up to 20 years before symptoms develop, with 

amyloid accumulation being followed by decreased brain glucose metabolism and neurofibrillary 

tangles before cognitive symptoms (2, 3). These findings indicate that the disease precedes the 

symptoms with a combination of early pathology and metabolic alterations acting as indicators for 

AD. In fact, multiple genetic and environmental factors increase AD risk. The largest genetic risk 

factor is the Apolipoprotein E (APOE) E4 allele. Among the environmental factors that affect AD 

risk, obesity has repeatedly been associated with cognitive decline and AD onset. However, we 

still do not fully understand how these two risk factors act together in the pathogenesis of AD. 

 

B. Apolipoprotein E (APOE) 

APOE is a 299 amino acid secreted glycoprotein, produced predominantly by astrocytes in 

the brain and peripherally by the liver (4). There are three APOE alleles, E2, E3, and E4, encoding 

proteins that differ by a single amino acid at either amino acid 112 or 158. APOE2 has an allele 

frequency in the US of 8%; it is associated with increased risk of cardiovascular diseases and 

decreased risk of AD (4). APOE3 is the most common allele with a frequency of 78%; it is defined 

as the average risk of AD. APOE4 has an allele frequency of 14%; APOE4 homozygotes have 15 
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times increased risk for AD and heterozygous APOE3/APOE4 individuals have 3 times increased 

risk of AD (5). Peripherally, APOE4 is also associated with increased risk of metabolic syndrome 

and cardiovascular disease (6).  While APOE4 is present in less than 25% of the US population, 

over 50% of AD patients are APOE4 carriers (7).  

In the brain, APOE is involved in cholesterol metabolism and lipid homeostasis (4, 5, 8). 

Its main role is to traffic lipids from astrocytes to neurons; APOE4 is less effective at this 

trafficking due to its association with smaller lipoproteins than its APOE2 or APOE3 counterparts 

(5). Peripherally, APOE2 and APOE3 bind to high-density lipoproteins (HDLs) and are 

responsible for trafficking lipids to the liver to be eliminated; APOE4 is the least efficient at 

homeostatic maintenance due to its greater affinity for very low-density lipoproteins (4). In the 

AD brain, APOE4 carriers have increased Ab accumulation, decreased Ab clearance (5), and 

increased aggregation of the toxic oligomeric Ab  (5). APOE4 carriers also have increased Ab-

related inflammatory responses, which may also relate to the increased risk of AD (5). 

In addition to the amyloid-related pathological hallmarks of AD, clinical hallmarks include 

reduced brain glucose uptake in fluorodeoxyglucose-positron emission tomography (FDG-PET) 

scans. Glucose is required for proper neuronal functioning and its reduced metabolism could 

underlie APOE4 deficits in cognition, dendritic spine density and blood-brain barrier (BBB) 

permeability (9-11). Molecularly, effects of APOE genotype on brain glucose could be related to 

its binding to the low-density lipoprotein receptor-related protein 1 (LRP1). LRP1 is associated 

with regulation of brain glucose receptors and alterations in brain glucose tolerance (12). LRP1 is 

significantly decreased in AD brains (12), perhaps contributing to the reduction in glucose uptake 

seen in FDG-PET scans of AD patients.   
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Sex plays a role in the effect of APOE genotype on clinical correlates of AD. Female APOE4 

carriers have impairments on the California verbal learning test and on a verbal fluency test when 

compared to male APOE4 carriers (13). Female APOE4 carriers showed greater declines in 

performance IQs when compared to APOE4 noncarriers (14),  Furthermore, with mild cognitive 

impairment (MCI), only the homozygous male APOE4 carriers have deficits on delayed recall 

testing while women with only one of two APOE4 alleles exhibit similar performance reductions 

(15). Women APOE4 carriers showed significantly smaller hippocampi volumes compared to 

APOE4 men carrying an APOE4 allele and non-APOE4 carriers after MCI (15). These studies 

place an emphasis on the increased risk of AD experienced by APOE4 carriers, with women being 

more affected than men. 

Studies of APOE knock-in (KI) mice have complemented the studies in humans. Control 

APOE4 mice showed increases in amyloid beta (Ab) 42 and tau staining and a decrease in VGlut 

levels compared to APOE3 mice (16). APOE4 KI mice have decreased spine densities and synaptic 

integrity at several ages compared to APOE3 KI mice (10, 17-19). Similar decreases in spine 

densities have been seen in the medial entorhinal cortex of APOE4 mouse brains (20). Cognitively, 

APOE4 mice have poorer performances in tasks that test memory acquisition and retention, as 

compared to their APOE3 counterparts (20). APOE4 mice crossed with familial AD-transgenic 

mice (E4FAD) have increased Aβ and phosphorylated tau (21). These mice also exhibit decreases 

in synaptic proteins and deficits in cognitive tasks (21).  

Overall, APOE4 is associated with an increase in AD risk, and AD pathology in both 

human and rodents. Furthermore, without disease manifestation, APOE4 carriers exhibit multiple 

characteristics that are seen in AD patients such as decreases in brain glucose uptake, dendritic 

spine densities and cognition.  
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C. Obesity  

 
Obesity affects 600 million adults globally and increases the risks of cognitive deficits (22). 

Obesity causes a marked change in systemic homeostasis and lipid metabolism. The most well-

recorded phenotype of obesity is an increase in subcutaneous adipose tissue. This is followed by 

an increase in visceral adipose tissue (VAT), which is more noxious than the subcutaneous form. 

Increases in VAT are associated with increased risk of AD and cognitive impairment (23-25). VAT 

is also associated with decreased hippocampal volume and performance on a memory task (26), 

much like the deficits seen in APOE4 carriers.  

Obesity results in multiple metabolic alterations. Individuals suffering from obesity have 

increased blood or plasma cholesterol, glucose, and insulin leading to other diseases such as 

cardiovascular disease, and diabetes (27-29), each independently associated with cognitive 

deficits. In serum, there is an increase in free fatty acids resulting in increases in low density 

lipoproteins (LDL) and triglycerides and decreases in high density lipoproteins (HDL) (19, 30). 

Obesity also results in an increase in activated macrophages and secretion of proinflammatory 

cytokines, TNF-α and IL-6, from the adipose tissue (1, 29, 31). These inflammatory alterations are 

found in cases of middle age obesity, but not obesity at a later age (32).  

Obesity, particularly in midlife, is associated with MCI and AD (24, 33-35). Obesity 

increases deficits in short term memory, with individuals suffering from obesity recalling fewer 

words in the word-list learning task as compared to normal weight individuals (36). Individuals 

suffering from obesity also have deficits in executive functioning (37) and an increased rate of 

brain atrophy (38). Improvements in cognitive functioning has been associated with weight loss 

intervention with individuals suffering from obesity experiencing low grade improvements in 

attention and executive functioning (39, 40) indicating the cognitive deficits can be reversed to an 
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extent. Adolescents suffering from obesity and metabolic alterations have significantly smaller 

hippocampal volumes (41, 42); older individuals suffering from obesity also have significantly 

smaller hippocampal volumes (43, 44). Cellularly, obesity during midlife has been associated with 

decreased BBB integrity (45), increased amyloid precursor protein (APP) levels, and increased tau 

phosphorylation (46-48). All these studies underscore the connection of obesity with cognitive 

deficits and AD pathology. Furthermore, male patients suffering from Type I diabetes exhibit a 

significant decrease in cerebral glucose uptake in the thalamus after acute hyperglycemia (49), and 

patients with Type I and Type II diabetes had slightly (10%) lower brain glucose concentrations 

(50), suggesting a decrease in glucose metabolism similar to AD pathology. 

Epidemiological studies have noted sex differences in both the development of obesity and 

the risk of AD. Women suffering from obesity had an increased risk of AD (51) and there is a 

positive correlation between higher Body Mass Index (BMI) and inflammation in women (52). 

Obesity in women is associated with deficits in BBB integrity at an older age (45), although not at 

premenopausal ages (53, 54). This protection at earlier ages could be attributed to the availability 

of estrogen that decreases significantly at middle age with menopause or to the distribution of 

adipose tissue which changes with age. Initially women develop more subcutaneous adipose tissue 

while men develop more visceral adipose tissue (23), but as women age the adipose tissue switches 

from a subcutaneous development to a visceral development (23). The combination of changing 

adipose tissue distribution and decreases in estrogen levels could explain why obesity can more 

severely affect women. Decreased testosterone in men increases AD risk, but the association 

between testosterone and obesity does not reflect the conditions described here (45, 51, 52).   

Aside from human studies, multiple rodent studies also display an effect of obesity on AD-

related outcomes. Ob/ob, db/db mice and Zucker rats, rodents with mutations in the genes for leptin 
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or the leptin receptor (55-58), are genetically altered models of obesity and type II diabetes. 

Rodents experience metabolic disorders similar to humans such as significant weight gain from 

hyperphagia, glucose intolerance, and insulin resistance (59-61). They also have increased fasting 

plasma and glucose levels, high cholesterol levels and experience cognitive deficits associated 

with weight gain (59-61). These deficits include increased anxiety-like behaviors and decreased 

spatial memory. During the light dark box task, Ob/ob mice spent more time in the dark area (60), 

and db/db display similar behaviors when placed on the open field and elevated plus maze (61), 

indicating that these mice have increased anxiety-like behaviors. In the Y-maze the db/db mice 

spent less time exploring the novel arm after a 30 minute retention interval (61), demonstrating a 

deficit in spatial recognition. In the Morris water-maze (MWM), both the Zucker rats and db/db 

mice displayed impaired spatial memory acquisition and retention (62). Molecularly, the db/db 

mice have increased inflammation (increased IL-1b, TNF-a, and IL-6 mRNA) and impairments 

in synaptic plasticity (long term potentiation (LTP) and long term depression (LTD)) in the 

hippocampus (61).  The Zucker rats also have LTP and LTD impairments (61), and ob/ob mice 

have increased levels of hyperphosphorylated tau (59). These three rodent models demonstrate 

effects of obesity on neuronal dysfunction. 

High fat diets (HFD) are also used to generate models of obesity in rodents.  C57/BL6, 

3XTgAD, and 5xFAD mice each demonstrate weight gains on HFD (63-65). Wild-type (WT) 

(C57/B6N) mice on HFDs have increased fasting insulin and decreased insulin tolerance (40). 

Cognitively, they showed deficits in tasks such as the MWM with longer latencies to find the 

platform and longer swim distances (66). Elderly C57/BL6 on HFD also show deficits in Y-maze 

spontaneous alternation (39), indicating diet associated spatial memory deficits. WT mice on high 

fat/high cholesterol diets have deficits in working memory load (46). Like in humans, when female 
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mice on HFDs experience dietary weight loss interventions there is an improvement in cognition 

(67). The mice experience significant reductions in metabolic disturbances and improvements in 

object recognition and spatial navigation (67), signifying weight gain and metabolic disturbances 

are responsible for the cognitive deficits. These cognitive deficits could be due to processes such 

as inflammation or BBB disruption and the diet intervention could reduce inflammation and BBB 

permeability. HFD mice showed increases in gliosis (CD45, Iba1, and GFAP staining), and 

inflammatory cytokines (TNF-a, IL-1b, and IL-6) (46), indicating an increase in microglia, 

astrocytes and cytokines. Rats exposed to HFD had decreases in BBB integrity, particularly the 

hippocampus when compared to the prefrontal cortex or striatum (68). AD mouse models also 

showed effects of HFD on cognition. 5xFAD mice on HFDs have decreased glucose tolerance 

compared to the 5xFAD control mice (38), and increased deficits on the MWM when compared 

to 5xFAD and WT mice on control diets and WT mice on the HFD (38). Similarly, older 3xTgAD 

mice on a HFD were impaired on the Y-maze spontaneous alternation test when compared to 

3xTgAD mice on control diets, and younger 3xTgAD mice on HFDs were impaired in the smell 

recognition test when compared to 3xTgAD mice on control diets (39). 3xTgAD mice on HFD 

with deficits in n-3:n-6 polyunsaturated fatty acids showed significant increases in insoluble brain 

Ab40 and Ab42 (69). 3xTgAD mice on HFD also had significant increases in microglial activation 

in the hippocampus (39) and 5xFAD mice on HFD had increases in oxidative stress in the HPC 

and cortex (38). 

Sex differences in rodents on HFDs have also been reported; however, they differ from 

those seen in humans. Male mice on HFD had higher fasting glucose and insulin levels and 

increased abdominal adipose tissue, while female mice only exhibited increased levels of 

abdominal adipose tissue (70). Both male and female mice on HFDs had increases in hippocampal 
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Ab (70). Male and female mice performed similarly on the Y-maze with a decrease in spontaneous 

alterations (70).  HFD male mice also showed decreases in fear conditioning and passive avoidance 

tasks when compared to male mice on a normal diet, indicating cognitive deficits induced by diet, 

but these findings were not seen in female mice (71). Furthermore, male mice on HFDs had 

significantly lower LTP magnitudes (41) when compared to male mice on normal diets; this 

finding was not seen between female mice on HFDs and normal diets. Similarly, rats on a HFD 

showed decreased hippocampal neurogenesis in males but not females (72). Overall, in rodent 

models, female mice seem to be protected from the metabolic diseases and the accompanying 

cognitive deficits induced by diet (71), possibly due to differences in the adipocytes and sex steroid 

hormones.  

Female mice have adipocytes with increased insulin sensitivity and indicators of increased 

glucose metabolism (73); when male mice are castrated, their adipocytes exhibit these same traits 

(73). Female mice also do not undergo strong alterations in sex hormones like humans do. These 

finding indicate differences in metabolic changes between sexes but no differences in the effect of 

obesity on cognition. Thus, while mice are helpful models for studying both the metabolic and 

cognitive effects of HFD, they do not exactly replicate effects seen in humans.  

 

D. APOE and Obesity 

While both APOE genotype and obesity increase cognitive deficits and AD risk 

individually, few studies have investigated their combined effects. The APOE4 allele increases the 

risk for cardiovascular disease and development of metabolic syndromes (6), and a two-fold 

increase in odds for metabolic syndrome has been noted in homozygous APOE4 carriers (74). 

APOE4 carriers have significantly higher fasting glucose and insulin levels (75) and an increased 
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risk of metabolic syndrome, with a younger age of onset (74). These findings were seen without a 

significant increase in BMI. Rather, APOE4 carriers have a lower average BMI than APOE3 or 

APOE2 carriers with APOE2 carriers having the highest BMI (E2>E3>E4) (76, 77). Although 

APOE2 carriers have the highest BMI, they are protected against AD (78) perhaps due to their 

reduced risk of metabolic syndrome and decreased baseline metabolic perturbances (79, 80). 

APOE4 carriers have increased total cholesterol and low-density lipoproteins as compared to other 

APOE genotypes (81, 82). APOE4 carriers suffering from obesity have elevated levels of plasma 

cholesterol levels, circulating triglycerides, and insulin resistance (83) and men with APOE4 that 

were also obese had elevated levels of insulin and glucose. These finding were not seen in 

individuals with other APOE genotypes. Nor was a difference found in women, indicating a 

potential difference in how sex affects the interaction between obesity and the APOE4 genotype. 

These studies show that the risk of developing metabolic syndrome is higher in non-obese APOE4 

individuals.  

The combination of obesity and APOE4 is not only associated with negative metabolic 

effects, but also with negative cognitive effects. Midlife obesity was significantly associated with 

increased risk of late onset AD in APOE4 carriers (84). When the waist to hip ratio (WHR) is used 

as a measure of obesity, APOE4 and a higher WHR resulted in a significantly worse executive and 

memory functions (85). APOE4 carriers are also less responsive to AD insulin therapies. When 

AD and MCI patients were given intranasal insulin, non-APOE4 carriers exhibited improvements 

in verbal memory while APOE4 carriers exhibited a decline in verbal memory (86). Memory 

impaired non-APOE4 carriers also had an increase in plasma Aβ42 levels, which directly 

correlated with an increased insulin dose, while APOE4 carriers only had increased plasma Aβ42 

after the first dose (86). Intravenous insulin treatment for AD patients had similar results with non-
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APOE4 carriers having increased memory facilitation and decreased APP levels, while APOE4 

carriers showed no cognitive differences, and increased APP levels (87). Thus, human studies 

show APOE4 carriers are more affected by obesity through metabolic alterations, cognition, and 

AD pathology. 

Several studies have examined the metabolic and cognitive alterations associated with the 

APOE genotypes and weight gain in rodent models, testing conclusions from human studies. Both 

APOE KI and APOE knock out (KO) mice have been useful in studying the effects of obesity and 

HFD. Compared to APOE3-ob/ob mice, male APOE4-ob/ob mice exhibited increased plasma 

insulin and insulin resistance similar to APOE4 mice with diet induced obesity (88). APOE4-ob/ob 

mice also had increased fatty liver and hepatic triglycerides compared to APOE3-ob/ob mice (88). 

Both APOE3-ob/ob and APOE4-ob/ob mice experienced significant weight gain, with APOE3-

ob/ob mice gaining more (88).  Female APOE3 KI mice fed a high fat western diet showed weight 

gain, increases in fasting cholesterol, insulin, and glucose levels, and decreases in glucose 

clearance and responsiveness to insulin as compared to C57BL/6 on HFDs (89). APOE KO mice 

have been integral in understanding the function of APOE in metabolism. APOE KO mice have 

decreased lipoprotein clearance, increased plasma cholesterol (90), and decreased adipose 

triglyceride levels (91). They also have an increase in inflammation, extracellular matrix 

degradation and rapidly developing atherosclerosis (90). APOE KO mice on HFD had increases 

in plasma cholesterol, but, unlike the APOE3 mice, there was no alteration in glucose clearance or 

response to insulin, and only slightly elevated fasting glucose levels (89). This study shows that 

female APOE3 mice respond differentially to a HFD when compared to control mice or mice 

lacking APOE. Another study of male APOE3 and APOE4 KI mice on a high fat western diet (75) 

showed weight gains, with a stronger effect in APOE3 mice, but no differences in baseline glucose 
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and insulin levels by APOE genotype (75). However, when tested for glucose tolerance, APOE4 

mice on the HFD had more difficulty metabolizing the excess glucose and had a decreased 

response to insulin when compared to the APOE3 mice (75). These data indicate a more robust 

metabolic alteration in the APOE4 mice, consistent with the pattern in humans with APOE3 mice 

weighing more than APOE4 mice regardless of diet (92) 

The previous study did not directly compare the APOE3 and APOE4 mice on the HFD to 

the APOE3 and APOE4 mice on low fat ingredient matched chow, but a study by Johnson et al. 

made this comparison (93). Metabolically, both APOE3 and APOE4 female mice on the HFD 

gained a significant amount of weight with APOE3 mice gaining more (93),in agreement with the 

previous study(75). These mice had increased fasting blood glucose and insulin levels, with an 

exaggerated glucose intolerance in the APOE4 mice (93). The HFD mice also exhibited cognitive 

deficits with decreased time spent with the novel object, and decreased latencies to escape on the 

MWM, indicating deficits in both spatial navigation and novel recognition learning (93). APOE4 

mice on the HFD once again had exaggerated spatial deficits; however, these deficits were reversed 

with a low-fat dietary intervention (93). Similarly, female APOE3 and APOE4 mice on a HFD 

experienced increased insulin resistance, and glucose intolerance (94); APOE4 mice experienced 

lower cerebral blood volume, and increased deficits in the MWM when compared to APOE3 mice 

on a HFD (94). 

Similarly, Pike et al. examined the effects of a HFD on male APOE3 and APOE4 on the 

5xFAD (EFAD) background (95). There was a decrease in glucose clearance in both the E3FAD 

and E4FAD mice on the HFD (95). The E4FAD mice had more amyloid deposits when compared 

to E3FAD mice, and the E4FAD mice on the HFD had increased amyloid when compared to both 

the mice on the standard diet and E3FAD mice on the HFD(95). Consistent with higher amyloid 
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levels, the E4FAD mice had more microglia in the hippocampus and entorhinal cortex when 

compared to the mice on a standard diet and APOE3 mice on the HFD (95). This study indicates 

that the effects of HFD on AD pathology is stronger in the presence of APOE4.  

Finally, another study examined the cognitive and neuroinflammatory difference between 

C57BL/6, APOE4 and APOE-/- mice on a HFD. Female mice on a HFD for three months were 

tested on the MWM. When on the HFD, the WT mice had better performance in the task when 

compared to the APOE-/- mice, with a decreased latency to escape (96). Surprisingly, the APOE4 

mice on the HFD did not exhibit signs of hindered memory acquisition or retention (96). When 

examining the mice for inflammation, APOE4 mice on a standard diet had higher levels of 

hippocampal CD68, which was decreased with a HFD (96). Overall, this study suggests that a 

HFD does not adversely affect APOE4 mice in terms of cognition and inflammation. This finding 

is unexpected considering the increased metabolic alterations experienced by the APOE4 mice on 

HFDs, and the other studies displaying cognitive deficits in APOE4 mice (93, 94).  

Thus, although there are contrasting findings, overall studies in mouse models mimic the 

results of human studies, with the APOE4 carriers being at a higher risk of metabolic effects of 

HFD. These consistencies and differences emphasize the relevance of this animal model and the 

need to study this interaction.  

  

E. STZ-Induced Type I Diabetes  

Streptozotocin (STZ) is an antibiotic that induces type I diabetes through destroying the 

pancreatic islet beta cells (97). This destruction induces insulin deficiency, hyperglycemia, 

polydipsia and polyuria (97). With STZ, mice do not exhibit increases in adipose tissue but 

experience increases in plasma glucose levels (98), allowing for identification of glucose and 
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insulin specific effects on the CNS. Cognitively, STZ-induced diabetic mice have displayed 

multiple impairments such as decreased learning and memory on task such as the MWM, and T-

maze (98) (99, 100), but no impairment in similar task such as passive avoidance (99). 

Furthermore, these mice have shown decreased synaptic plasticity and LTP and increased LTD 

(98) (99). 

Overall, STZ induces diabetes and has associated cognitive deficits. Here we used STZ to 

induce diabetes in male and female APOE3 and APOE4 mice. STZ-induced diabetes allows us to 

identify whether the HFD induced changes in the CNS are specific to increased adipose tissue, 

particularly VAT, or due to increased glucose intolerance. By using STZ we induced metabolic 

disturbances without increases in weight or adipose tissue.  

 

F. Metformin 

Metformin is currently the first line medication for type II diabetes. It decreases blood 

glucose levels through reducing gluconeogenesis and increasing insulin sensitivity (101). 

However, the exact mechanism underlying metformin’s efficacy remains unknown and, in both 

human and rodent studies, the effects of metformin have been inconclusive. In humans, metformin 

reduces blood glucose levels and weight (102); however, in some cases, there are no reductions 

(103, 104). Mice treated with STZ exhibit reductions in body weight associated with metformin 

treatment (105) while leptin deficient, Db/db, mice treated with metformin experienced weight 

gain and increased blood glucose levels (106).  

More recently metformin has been implicated in reducing cognitive impairment (107). In 

humans, metformin has improved cognitive impairment and reduced risk of dementia after 

prolonged treatment. Metformin also improved learning and increased memory retention (107, 
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108). Metformin treatment in rodents also resulted in improvements in cognition and increases in 

neurogenesis (105, 109). However, like with metabolic disturbances, metformin did not always 

result in improvements in cognition (106, 110). Many of the aforementioned cognitive studies 

tested metformin in healthy rodents, but the inconclusively remains in animals suffering from 

metabolic syndrome. Some rodents on HFD have exhibited improvements in metabolic 

disturbances but not cognition (110), while other rodents showed an improvement in both 

parameters (111). 

Sex has also been implicated as playing an important role in the efficacy of metformin.  

Male rodents are less responsive to the positive cognitive effects of metformin when compared to 

female rodents (112) (113); however, male rodents exposed to metformin have also experienced 

greater longevity than female rodents (114).  

Here we attempt to understand potential factors that could be leading to the inconclusively 

through examining the interaction between metformin treatment, APOE genotype and sex. Only 

one study examined the effects of metformin on cognition in APOE mice. There was an APOE3 

specific improvement in cognition with the MWM after a five-month metformin treatment, 

indicating a genotype specific response (115). However, this study examined the effects of 

metformin in healthy rodents. Here we decided to examine the effects of metformin treatment on 

the metabolism and cognition of male and female APOE3 and APOE4 mice that were on a HFD. 

With the HFD we have better simulated the type II diabetes condition metformin would normally 

be used for and answers whether the efficacy of metformin is APOE genotype dependent.  
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G. Outline of Topics Discussed in Thesis 

APOE4 is the strongest genetic risk factor for AD and obesity is a strong environmental 

risk factor for AD. Obesity combined with the APOE4 genotype can increase risk of metabolic 

and cognitive deficits. However, this research is limited. Furthermore, the underlying mechanism 

that could lead to these deficits are not well understood. Here we have decided to examine the 

effects of HFD-induced obesity on the periphery and central nervous system of APOE3 and 

APOE4 mice. To begin testing this hypothesis (Chapter III) we examined the effects of HFD on 

weight gain, glucose levels, adipose tissue, and behavior in nine-month-old male and female APOE 

mice. We found that in males, HFD induced metabolic deficits in both APOE3 and APOE4 mice 

with APOE4 mice experiencing stronger metabolic deficits. In females, the metabolic deficits 

induced by HFD were similar in both APOE3 and APOE4 mice. These results showed HFD had a 

negative effect on the metabolism of APOE mice that was both sex and genotype specific. There 

were no diet induced differences in behavior, leading to the question of whether HFD had an effect 

on the CNS.    

To examine the effects of HFD on the CNS we examined gliosis, neuroinflammation using 

a NanoString neuroinflammatory panel, neurometabolism with a NanoString metabolic panel and 

an STZ-induced mouse model, and neuronal integrity (Chapter IV).  We found that HFD increased 

gliosis, immediate early gene activity, and neuroinflammation in APOE3, but not APOE4 mice. 

Interestingly, there were no alterations specific to metabolism in the CNS. We also did not see 

changes in neuronal integrity. 

After the HFD induced disturbances we wanted to know whether metformin could 

ameliorate the effects of HFD in both the periphery and CNS. We also wanted to know whether 

the efficacy of metformin would differ between APOE genotype. Three-month-old male and 
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female APOE3 and APOE4 mice were placed on LFD, HFD or HFD with Metformin treatment 

(Chapter V). As previously, we saw an increase in male APOE3 and APOE4 metabolic deficits 

associated with HFD, but metformin did not result in a significant reduction. We also did not see 

strong metabolic deficits in female mice. Interestingly, we saw behavioral deficits associated with 

HFD and metformin aiding in recovery, specifically in female APOE mice. Here we are seeing 

strong sex and genotype differences associated with HFD and we have noted assay specific 

benefits of metformin treatment.    

 

H. Hypothesis 

I hypothesize that HFD will induce genotype and diet specific metabolic and CNS deficits 

that can be ameliorated by metformin. I further hypothesize that these deficits are either due to the 

metabolic disturbances or the increased inflammation. Throughout this thesis we will be able to 

answer how APOE genotype differentially respond to a HFD similar to the diet consumed in 

western society. We will also know how a common treatment for diabetes affects each genotype 

and begin to understand the underlying mechanisms that lead to the CNS deficits associated with 

diet.  
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Chapter II: Methods 

A. Animals and Diet 

Male and female human APOE3 and APOE4 knock-in mice on a C57BL/6J background 

(Chapter III: n=5-9/sex, Chapter V: n=6-7/sex) (a gift from Patrick Sullivan) were fed either a 

HFD (45%kcal fat, Research Diets-D12451) or ingredient matched LFD (10%kcal fat, Research 

Diets-D12450H) for 12 weeks beginning at 6 months of age (Chapter III) or beginning at 3 months 

of age (Chapter V). Food and water were provided ad libitum and mice were weighed weekly 

during the 12 weeks. For Chapter V, eight weeks into the feeding period metformin 

(300mg/kg/day) was infused into the water. At the end of the 12 weeks mice underwent glucose 

tolerance testing (GTT), abdominal and neck magnetic resonance imaging (MRI), and behavioral 

assays. All experiments followed the guidelines of the Institutional Animal Care and Use 

Committee of Georgetown University. 

 

B. Behavioral Assays: OFT, EZM, Barnes Maze, Fear Conditioning, Social Interaction 

For all behavioral assays, mice were placed in the behavioral suite for a 30-minute 

acclimation period.  

Open Field Test (OFT) 

Mice freely explored a square (27 x 27 x 20 cm) open field apparatus for 300 seconds. During free 

exploration, locomotor activity and anxiety-like behaviors were recorded. The apparatus was 

divided into an inner zone and a bordering outer zone that lined the apparatus’s walls. Mice were 

placed in the center of the inner zone and behavior was recorded for the duration of the test. 

Behavior was recorded with Med Associates Activity Monitor 7.  For locomotion, average speed 
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(m/s) was assessed. For anxiety-like behavior, time spent in the inner vs. outer zone was assessed 

as increased time in the outer zone indicating increased anxiety (116). Data were analyzed with 

GraphPad Prism 8. 

 

Elevated Zero Maze (EZM) 

Mice were exposed to a circular elevated zero apparatus (50cm from floor, 50cm diameter, 

15cm high closed regions) for 300 seconds of free exploration. The apparatus consists of two 

closed regions and two open regions of equal sizes. Mice were placed on the center of an open 

region to begin testing and behavior was recorded for the duration of the 300 seconds using ANY-

maze Behavioral tracking software 6.0. Time spent in the closed vs. open regions of the apparatus 

was examined as a measure of anxiety and willingness to explore. Data were analyzed with 

GraphPad Prism 8. 

 

Barnes Maze  

Mice were exposed to the Barnes Maze for five consecutive days to test spatial learning 

and memory, as described (117). The maze was in a brightly lit room and 90dB white noise. Mice 

were habituated to the maze on day one, and then had four consecutive training days. During 

training days, mice underwent four trials with 15 minutes between each trial, and latency to first 

nose poke, time spent in target quadrant and latency to enter the escape hole (latency to escape) 

were recorded to examine spatial memory. Mice were recorded with Any-maze Behavioral 

tracking software 6.0 and data were analyzed with GraphPad Prism 8. 
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Fear Conditioning 

Mice underwent contextual fear conditioning. Mice were exposed to a fear conditioning 

chamber for six minutes. The first three minutes acted as a habituation period where the mice were 

able to freely explore the context. During the second three-minute period these mice received a 

shock of 0.75mA for 2000ms at the three-minute and four-minute mark and freezing behavior was 

monitored. After the shocks, mice were placed back in their home cages. On day two, mice were 

placed into the previous context and allowed to freely explore for three minutes without receiving 

a shock. Time spent freezing was recorded and analyzed by genotype, diet and sex.  

 

Social Interaction 

Mice were placed in a social interaction chamber for a five-minute habituation period. 

After the habituation period, a mouse is placed in one of the holding cups either on the left or right 

of the chamber and the mice explore this mouse for a five-minute period to create the familiar 

mouse. After this five-minute interaction period, a novel mouse is placed in the opposite holding 

cup and the mice freely explore both the novel mouse and familiar mouse for five minutes. 

Measurements are taken for time spent with the familiar mouse during the initial interaction period 

and time spent with the novel mouse vs. the familiar mouse during the final interaction period.  

 

C. Glucose Testing 

Mice were restricted from food for 6 hours prior to the measures of baseline glucose levels 

and glucose tolerance testing. After 6 hours, fasting blood glucose levels were taken with a tail 

vein withdrawal and measured using the AccuChek Guide glucose meter. For glucose tolerance 

testing, fasting baseline glucose levels were followed by an intraperitoneal injection of 20% 
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glucose (1mg/kg). Blood glucose levels from tail vein withdrawal were measured using the 

AccuChek Guide glucose meter at 15, 30, 60, and 120 minutes post injection.  

 

D. Golgi Staining 

Brain hemi sections were placed in Golgi staining solutions according to recommendations 

(FD Rapid GolgiStain Kit (PK401)) and sliced at 150µm. Images of the basal shaft (BS) and apical 

oblique (AO) dendrites of neurons in the entorhinal cortex were acquired with an Olympus XB51 

microscope and taken at 60x oil immersion. A minimum of 10 neurons were imaged for each 

mouse (N=4-5 mice/group). At random dendritic lengths were measured, and spines counted using 

ImageJ and analyzed in GraphPad Prism 8. All quantification was conducted in a blinded manner. 

 

E. Immunohistochemistry  

Mice were euthanized by CO2 inhalation and brains perfused with 1x PBS. Brains (N=13-

15/ genotype and diet, 5-9/sex) were extracted, and hemi-sections were divided for 

immunohistochemical (IHC) assays, Golgi Staining, and biochemical assays. For IHC (N=4), one 

hemisphere was fixed in 4% PFA and sucrose before freezing in cold 2-methylbutene and slicing 

at 30µm. IHC stains were performed for Iba1 (Wako Cat #: 019-19741), GFAP (Cell Signaling, 

Cat #: 3670S), Doublecortin (DCX, ThermoFisher, Cat #: 481200), NeuN (Chemicon, Cat #: 

MAB377), and c-Fos (Abcam, Cat # ab190289) and co-staining was performed for c-Fos and 

NeuN. c-Fos, GFAP, and DCX were imaged using a Zeiss AxioSkop at either 10x (Iba1, GFAP, 

and c-Fos) or 20x (co-stains and DCX) magnification. Staining was analyzed using ImageJ. Iba1 

and GFAP were analyzed as a percent of immunofluorescent expression in the area imaged. DCX 
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and c-Fos were analyzed as count of antibody positive cells.  Data was analyzed with GraphPad 

Prism 8. All quantification was conducted blinded. 

 

F. Magnetic Resonance Imaging 

Mice underwent small animal imaging in the Preclinical Imaging Research Laboratory at 

the Georgetown University Medical Center. Mice were anesthetized using 3-5% isoflurane and 

maintained with 1-3% isoflurane. Images were taken with a 7-Tesla horizontal Bruker 

spectrometer ran by Paravision 5.1; body temperature, heart rate, and respiration were monitored 

throughout the scan. Images were obtained for the abdominal white adipose tissues (WAT), 

visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT), and for the neck brown 

adipose tissue (BAT). Z-stack images were analyzed with ImageJ. VAT and SAT images were 

quantified as ratios of abdominal adipose tissue to abdominal organs (referred to as “body”). For 

BAT, images were quantified as the ratio of BAT intensity to the white adipose tissues (WAT) 

intensity. Higher BAT intensity indicates more BAT, which has the ability to convert excess food 

energy into thermal energy (118).   

 

G. RNA Analyses 

The other brain hemisphere (N=4-6) was used for RNA isolation. RNA was isolated from 

the cortex using the Direct-zol RNA Miniprep kit (R2051) and analyzed by Georgetown 

University’s Genomic and Epigenomics Shared Resource to determine concentration and purity.  

For preliminary studies of brain inflammation, equal amounts of four samples from each condition 

were pooled and analyzed on the NanoString nCounter Mouse Neuroinflammation Panel (Cat #: 

XT-CSO-MNROI1), which detects transcripts of 770 neuroinflammatory genes. For preliminary 
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studies of brain metabolism, three samples from each condition were analyzed on the NanoString 

nCounter Mouse Metabolic Pathways Panel (Cat #: XT-CSO-MMP1-12), which detects 

transcripts of 770 metabolic genes. Data was analyzed using nSolver 4.0. Background was 

subtracted from negative controls and samples were normalized to the positive controls and 

housekeeping genes. Data was analyzed by fold difference, and species that demonstrated at least 

a two-fold difference were corroborated using qRT-PCR.  

For semi-quantitative RNA analyses of individual genes, cDNA (N=4-6, combined sexes) 

was produced from extracted RNA using the High-Capacity cDNA Reverse Transcription Kit 

(ThermoFisher Cat #: 4368814).  qRT-PCR for c-Fos, Arc, Egr1, IKBKE, NFKB, c3, TNF-a, IL3, 

and IL6 were run with the sequences and temperatures described in the Table IV.1. All qRT-PCR 

were performed in triplicates using the Power SybrGreen Mix (Applied Biosystems) and a 7900HT 

fast RT-qPCR system. Results were normalized to housekeeping gene GAPDH. Data was analyzed 

as fold difference compared to LFD APOE3. 

 

H. STZ Induced Diabetes 

10-week-old APOE3 and APOE4 knock-in mice on a C57BL/6J background (n=6/sex) 

were either injected with STZ or vehicle. STZ mice received injections of 500mg/kg of STZ 

dissolved in 100mM of Citric Acid Buffer, pH 4.5 for five consecutive days. Vehicle mice received 

injections of 100mM Citric Acid Buffer, pH 4.5 for five consecutive days. To insure STZ-induced 

diabetes, baseline glucose levels were measured three months after the final STZ injection.  
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I. Statistical Analyses 

All data are expressed as mean ± standard deviation with the exception of behavioral assays 

which are expressed as mean ± standard error. Comparisons between genotype, sex and diet were 

analyzed by three-way ANOVAs with Tukey’s multiple comparison test. Comparisons between 

genotype and sex were analyzed by two-way ANOVAs with Sidak’s multiple comparison test. 

Statistical significance was determined by a probability error of p<0.05. All analyses were done 

using GraphPad Prism 8. 
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Table II.1: Primer sequences for qRT-PCR. 
  

Primer Sequence Temperature 

c-Fos Fwd: CTCTGGGAAGCCAAGGTC 

Rev:  CGAAGGGAACGGAATAAG 

55 

Arc Fwd: GGAGGGAGGTCTTCTACCGTC 

Rev: CCCCCACACCTACAGAGACA 

57.5 

Egr1 Fwd: GAGGAGTTATCCCAGCCAA 

Rev: GGCAGAGGAAGACGATGAAG 

57.5 

IKBKE Fwd: CCCAAAGTTCGTCCCTAAGGTTG 

Rev: ATCAACGCCTGTCCATCCAGCA 

57.5 

NFKB Fwd: GTGGTGCCTCACTGCTAACT 

Rev: GGATGCACTTCAGCTTCTGT 

57.5 

C3 Fwd: GACGCCACTATGTCCATCCT 

Rev: CCAGCAGTTCCAGGTCCTTTG 

57.5 

Il6 Fwd: ACGGCCTTCCCTACTTCACA 

Rev: CATTTCCACGATTTCCCAGA 

57.5 

TNF-a Fwd: GGTGCCTATGTCTCAGCCTCTT 

Rev: GCCATAGAACTGATGAGAGGGAG 

60 

IL3 Fwd: CCTGGGACTCCAAGCTTCAA 

Rev: GACAATAGAGCTGCAATTCAACGT 

57.5 

GAPDH Fwd: GTGTTTCCTCGTCCCGTAGA 

Rev:  ATTCCGTTCACACCGACCTT 

55, 57.5, 60 
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Chapter III: HFD Induces Metabolic, but not Cognitive Disturbances in APOE3 and 

APOE4   Mice 

In humans, obesity has been associated with increased metabolic and cognitive 

disturbances and an increased risk of AD (24, 33-35). APOE4 is also associated with an increased 

risk of metabolic and cognitive disturbances and a significant increase in the risk of developing 

AD (84). Here we examine the effects of a HFD on the metabolism and cognition of male and 

female APOE3 and APOE4 mice. For measures of metabolic disturbances, we used a combination 

of weight gain trajectories, glucose testing, and MRIs.  In males, there was an increase in metabolic 

disturbances associated with HFD with more severe increases in APOE4 mice. Then, in females, 

there were increases in metabolic disturbances in both APOE3 and APOE4 mice that did not match 

the severity seen in male APOE4 mice. Overall, we were able to find genotype and sex differences 

with metabolic disturbances with the strongest effects seen in APOE4 males. With the behavioral 

assays we ran, there were no changes in cognition associated with HFD; however, there was a 

delay in memory acquisition in APOE4 carriers which has been previously seen (20).  

 

A. Results 

High Fat Diet Increases the Weight of APOE3 and APOE4 mice 

To examine how the different APOE genotypes respond to obesity, we used a diet induced 

obesity model. Male and female mice (6 months old) were placed on a HFD for 12 weeks and were 

weighed weekly. All groups gained weight over the course of the experiment, with HFD groups 

gaining more weight compared to LFD groups (Figure 1).  In combined sexes, HFD resulted in an 

increase from original body weight by week 11 in both APOE3 and APOE4 mice (p<.0001) with 

APOE4 mice gaining weight at a quicker rate (p<0.05, Figure 1a). At the end of the 12 weeks, 
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HFD APOE3 mice weighed significantly more than the LFD APOE3 mice (p<0.05), and HFD 

APOE4 mice weighed significantly more than LFD APOE4 mice (p<.0001, Figure 1b).  

In female mice, HFD resulted in a 40% increase from original body weight by week 11 in 

both APOE3 and APOE4 mice (p<.0001); both genotypes gained weight at the same rate. HFD 

mice also weighed more than LFD mice (APOE3: p<.06, APOE4: p<.005). Female APOE3 and 

APOE4 mice on the LFD experienced slight weight gain (15%, p>0.8, Figure 1d).  

  In male mice, HFD resulted in a 30% increase from original body weight in APOE3 mice 

by week 11 (p<.0001) and resulted in a 45% increase from original body weight in APOE4 mice 

by week 11 (p<.0001), although the differences between APOE3 and APOE4 genotypes were not 

statistically significant (p=0.15). APOE3 and APOE4 mice on the LFD experienced slight weight 

gain (17%, p>0.8, Figure 1e).  HFD APOE3 mice did not weigh significantly more than the LFD 

APOE3 mice (p=.5697, Figure 1f); HFD APOE4 mice did weigh significantly more than LFD 

APOE4 mice (p<.0001).  

  Across sexes, the weight gains due to HFD did not differ.  However, male APOE3 did 

respond to HFD, gaining 15% less weight than male APOE4 mice or female mice (Figure 1F).  On 

week 12, there was a slight decrease in body weight associated with the beginning of the metabolic 

and behavioral assays; therefore, statistical tests were conducted on data from week 11.   
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Figure III.1: HFD increases weight gain. Weight gain comparison from pre diet to week 12 on 
diet across APOE genotypes and sex. Diet associated weight gain of mixed sex APOE mice (A). 
Diet comparison of mixed sex weight gain at week 11 on diet (B).  Diet associated weight gain of 
female APOE3 and APOE4 mice (C) and male APOE3 and APOE4 mice (E). Initial weights before 
diet consumption (D). Direct comparison of male and female weight gain at week 11 on diet (F). 
E3 LFD: light blue, APOE3 mice on a LFD, E3 HFD: dark blue, APOE3 mice on a HFD, E4 LFD: 
light red, APOE4 mice on a LFD, E4 HFD: dark red, APOE4 mice on a HFD. Three-way ANOVA 
Tukey Test Multiple Comparison, A&B) N=13-15, C-F) N=5-9, A) *p<0.05, **p<0.002, 
***p<0.0003, B) *p<0.02, ***p<0.0002, C) *p<.04, **p<.003, D) *p<0.05, E) ****p<.0001, F) 
**p<.0046 
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HFD Increases Baseline Glucose Levels and Glucose Intolerance in APOE3 and APOE4 Mice 
 

Deficits in glucose metabolism are also associated with HFD. These deficits can lead to 

type II diabetes and cognitive deficits. To test whether our model alters glucose metabolism, 

baseline glucose levels and glucose tolerance were measured after 12 weeks of HFD (Figure 2). In 

Figures 2b, 2c, 2d and 2e, the left panels show the same data, with different statistical comparisons 

highlighted. 

In combined genotypes, HFD APOE3 and APOE4 mice had similar baseline glucose levels; 

however, their levels were elevated when compared to LFD APOE3 and APOE4 mice (p<.002, 

Figure 2a). 

In females, HFD APOE3 and APOE4 mice had similar baseline glucose levels; these levels 

did not differ from LFD APOE3 and APOE4 mice. In males, HFD APOE3 and APOE4 mice had 

similar baseline glucose levels; however, their levels were elevated when compared to LFD 

APOE3 and APOE4 mice (p<.002, Figure 2b). Across sexes, male HFD mice had significantly 

higher baseline glucose levels than the female HFD mice (p<.0001, Figure 2c). We reasoned that 

increased baseline glucose may be associated with weight gain, given the disparate levels of weight 

gains in male versus female mice. To test this hypothesis, we determined the correlation of weight 

gain with baseline glucose across genotype and sex. Analyzed by APOE genotype, HFD APOE4 

weight gain was positively correlated with increased baseline glucose (p=.03, R2=.42), but not for 

HFD APOE3 weight gain (Figure 2d). Analyzed by sex, HFD weight gain was not correlated with 

baseline glucose in either sex (Figure 2e).  

After baseline glucose levels, mice underwent GTT as a measurement of glucose 

metabolism. A bolus of glucose was given, and glucose levels measured at 15, 30, 60 and 120 

minutes. In combined sexes, when compared to baseline, there was an increase in glucose levels 
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in the first 15 minutes (p<.0001) and remained elevated at 30 minutes in all groups (p<.02). At 60 

minutes, all mice returned to the range of baseline glucose except for HFD APOE4 mice (p<.0001); 

HFD APOE4 mice also had significantly higher glucose levels than all other mice, LFD APOE4 

mice at 60 minutes (p<.02). In females, when compared to baseline, there was an increase in 

glucose levels in the first 15 minutes in all groups (p<.003). This increase remained in the HFD 

groups at 30 minutes (p<.0001), and 60 minutes (p<.0001).  When compared to LFD mice, there 

were no significant differences in the response of either HFD APOE3 or APOE4 female mice 

(Figure 3b).  In males, when compared to baseline, there was an increase in glucose levels in the 

first 15 minutes and remained elevated at 30 minutes in all groups (p<.02). At 60 minutes, all mice 

returned to the range of baseline glucose except for HFD APOE4 mice (p<.002); HFD APOE4 

mice also had significantly higher glucose levels than all other mice at 60 minutes (p<.0005). At 

15 minutes, the male HFD APOE3 mice had glucose levels higher than LFD APOE3 mice but had 

similar levels by 30 minutes (p<.03). Glucose levels in the male HFD APOE4 mice remained 

elevated compared to LFD APOE4 mice until 120 minutes (Figure 3c).  This indicates that the 

HFD APOE4 mice did not metabolize the glucose as quickly or efficiently as the HFD APOE3 

mice or the LFD APOE4 mice.  

To examine overall differences in glucose tolerance over time, we analyzed the area under 

the curve in the GTT. In combined sexes, HFD APOE4 mice had a larger deviation in glucose than 

HFD APOE3 mice (p<.0001). HFD mice also had a larger deviation in glucose than both LFD 

APOE3 mice (p<.02), and APOE4 mice (p<.0001; Figure 3d). In females, HFD APOE4 mice had 

a larger deviation in glucose than HFD APOE3 mice (p<.0003) and LFD APOE4 mice had a larger 

deviation in glucose than LFD APOE3 mice (p<.02). HFD APOE4 mice also had a larger deviation 

than LFD APOE4 mice (p<.02). This difference was not seen when comparing HFD APOE3 mice 



 30 

and LFD APOE3 mice (Figure 3e). In males, HFD APOE4 mice had a larger deviation in glucose 

than HFD APOE3 mice (p<.0001). HFD mice also had a larger deviation in glucose than both LFD 

APOE3 mice (p<.05), and APOE4 mice (p<.0001; Figure 3e). Across sexes, glucose deviations in 

male HFD APOE4 mice were greater than deviations seen in all female groups (p<.0003). 

Deviations in male HFD groups were larger than deviations seen in the female HFD groups except 

female HFD APOE4 mice (p<.003, Figure 3f). 

 To test whether the glucose intolerances found could result from weight gains, we ran 

correlational analyses comparing weight gain with glucose levels 30 minutes after bolus.  In both 

APOE3 and APOE4 mice, an increase in weight was positively correlated with higher glucose 

levels (p<.007), indicating any increase in weight may strongly affect glucose intolerance. There 

was a stronger positive correlation between weight gain and glucose intolerance in APOE3 mice 

(p=0.01), indicating weigh gain can drive glucose intolerance in APOE3 mice while APOE4 mice 

are more susceptible to glucose intolerance at lower weights (Figure 3g). Glucose levels were 

significantly correlated with weight gain regardless of sex (p<.002, Figure 3h).  
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Figure III.2: HFD increases baseline glucose. Comparison of baseline glucose levels in mixed 
sexes (A). Comparison of baseline glucose levels in male and female APOE3 and APOE4 mice, 
first comparing within sex differences then across sex differences (B-C). Correlational analyses 
between weight, glucose levels, and genotype and weight, glucose levels and sex. Lines indicate 
significant correlations(D-E). A) N=8-12 Two Way ANOVA Sidak’s Multiple comparison, 
*p<0.02, B-C) N=4-6, Three Way ANOVA Tukey Test Multiple Comparison, **p<0.002, 
****p<0.0001 D-E) N=9-12, Linear Regression, APOE4 HFD: R2=0.41, p=.03, Male LFD: 
R2=0.53, p=0.006 
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Figure III.3: Glucose tolerance test. Glucose tolerance testing in mixed sexes (A). Glucose 
tolerance testing in female (B) and male (C) APOE3 and APOE4 mice. Area Under the Curve 
(AUC) complete deviation from baseline glucose levels, first comparing mixed sexes then within 
sex differences and across sex differences (D-F).  Correlation between genotype, weight gain, and 
glucose levels at 30 minutes and sex, weight gain and glucose levels at 30 minutes. Lines indicate 
significant correlations (G-H).A) N=4-6, Three Way ANOVA Tukey Test Multiple Comparison, 
****p<0.0001 all groups deviate from baseline at 15 minutes, and HFD APOE4 deviates from 
baseline at 60 minutes, *p<0.02 all groups deviate from baseline at 30 minutes, ^p<0.03 HFD 
APOE4 vs HFD APOE3, B) N=4-6, Three Way ANOVA Tukey Test Multiple 
Comparison,**p<0.003 all groups deviate from baseline at 15 minutes, ****p<0.0001 HFD and 
LFD APOE4 deviates from baseline at 30 and 60 minutes, C) **p<.002 all groups deviate from 
baseline at 15 minutes, *p<.02 all groups deviate from baseline at 30 minutes, ***p<0.0002 HFD 
APOE4 deviates from baseline at 60 minutes, #p=.0195 HFD APOE3 vs LFD APOE3,  ^p<0.02 
HFD APOE4 vs LFD APOE4, ^^^p<0.0005 HFD APOE4 vs LFD APOE4 LFD: R2=0.48, p=0.01, 
APOE3 HFD, D) N=8-12, Two Way ANOVA Sidak’s Multiple Comparison, 
*p<0.02,****p<0.0001E-F)*p<.02, **p<.01, ***p<.0003, ****p<.0001, G) N=9-12,  Linear 
Regression H) APOE3: R2=0.63, p<0.0001, APOE4: R2=0.32, p=0.007, Male:R2= 0.41, p=0.002, 
Female: R2= 0.53, p=0.0002 
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HFD Increases Visceral Adipose Tissue and Subcutaneous Adipose Tissue in APOE3 and 

APOE4 Mice 

A metabolic disturbance associated with HFD is increased adipose tissue. SAT is the 

adipose tissue more associated with obesity; however, VAT is more noxious due to its direct 

contact with the organs and its ability to release inflammatory cytokines (31). To test whether our 

model results in increases in specific types of adipose tissue, we used small rodent MRIs to 

examine both VAT and SAT levels (Figure 4a). 

In combined sexes, HFD APOE4 mice accumulated more VAT than LFD APOE4 mice 

(p<.0001), and HFD APOE3 mice accumulated more VAT than LFD APOE3 mice (p=1.0). Across 

genotypes, HFD APOE4 mice accumulated more VAT than HFD APOE3 mice (P=, Figure 4b).  

In females, HFD caused an increase in VAT compared to LFD (p<.0001, Figure 4c). In males, 

HFD APOE4 mice accumulated more VAT than LFD APOE4 mice (p<.0001), but there was no 

similar effect for APOE3 mice (p=1.0, Figure 4c). Across sexes, HFD mice had similar elevated 

VAT levels, except for the male APOE4 mice, which did not differ from LFD mice (p<.02, Figure 

4d).  

  We analyzed the correlation between VAT and GTT, including the possible effects of 

genotype, sex, and diet. There was no correlation between VAT and GTT when considering 

genotype and diet (Figure 5a); however, there was a correlation between VAT and GTT only in 

male HFD mice (R2=0.4, p=0.03, Figure 5b).  We also ran correlational analyses comparing weight 

gain and VAT to see whether VAT was a large contributor to the weight gain. VAT and weight 

gain in HFD APOE3 mice and HFD males positively correlated (HFD APOE3: R2=0.39, p=0.02, 

HFD males: R2=0.70, p=0.004,); however, there was not a positive correlation between VAT and 
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weight gain in other groups (Figure 5c-d). These findings indicate that VAT may act as more of a 

contributor to weight gain and glucose intolerance in males on HFDs. 

The combined sex effects of HFD on SAT differed from VAT. There were no differences 

in SAT accumulation (Figure 5e).  In females, HFD APOE3 and APOE4 mice had similar levels 

of SAT, and HFD caused an increase in SAT compared to LFD. (p<.03). In males, SAT 

accumulation did not differ across genotype or diet. Across sexes, SAT did not differ except that 

male HFD APOE4 mice had more SAT than female LFD APOE4 mice (p<.02, Figure 5f). VAT 

and SAT levels strongly correlated (R2=0.47, p<.0001, Figure 5g). 
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Figure III.4: HFD increases VAT in APOE3 and APOE4 mice. Representative images of VAT 
and SAT in LFD mouse and HFD mouse. S=subcutaneous adipose tissue, V= visceral adipose 
tissue, K=kidneys (A). Mixed sex quantification of VAT (B). Within sex and across sex 
quantification of VAT in APOE3 and APOE4 mice (B-C). B) N=13-15, Two-Way ANOVA, 
Sidak’s Multiple Comparison, **p<0.003, ****p<0.0001, C-D) Three Way ANOVA, Tukey Test 
Multiple Comparison, *p<0.02, ****p<0.0001  
  

K 

A 
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Figure III.5: Correlation of glucose intolerance and VAT accumulation across APOE 
genotypes and across sex. Lines indicate significant correlations (A-B). Correlation of weight 
gain and VAT accumulation across APOE genotypes and across sex. Lines indicate significant 
correlations (C-D). HFD increases SAT in APOE3 and APOE4 mice. Mixed sex quantification of 
SAT in APOE3 and APOE4 mice (E) Within sex and across sex quantification of SAT in APOE3 
and APOE4 mice (F).  Correlation of VAT and SAT accumulation(G). A-D) Linear Regression B) 
N=8-12, Male HFD: R2=0.49, p=0.03 C-D) N=13-19 APOE3 LFD:  R2=0.23, p=0.04, APOE3 
HFD: R2 0.40, p=0.02, Male HFD: R2 0.70, p=0.005, Female LFD R2 =0.62, p=0.001, F) N=5-9, 
p<.04, Three-way ANOVA Tukey’s multiple comparison. G) N=59, Linear Regression R2=0.47, 
p<.0001  
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Sex Affects BAT Area and Intensity in APOE3 and APOE4 Mice 

BAT is a metabolically active adipose tissue (118). To examine diet associated BAT 

alterations, we used small rodent MRI and imaged neck BAT (Figure 6a). We examined the 

intensity of BAT, with decreasing intensities indicating the transition to WAT. For intensity, there 

was no effect of diet (Figure 6b); however, there were sex differences. Male mice had significantly 

lower BAT intensities than female mice (~30%, p<.004, Figure 6c). The lower BAT intensities 

indicate less thermogenic energy expenditure which has been implicated in decreased resistance 

to diet induced obesity (118). We ran correlational analyses to see whether BAT intensity 

individually correlated with weight gain. In HFD APOE4 mice, there was a negative correlation 

between weight gain and BAT intensity (R2=0.48, p=0.003, Figure 6d). This was also seen in male 

HFD (R2=0.5344, p=0.0030, Figure 6e). These correlations indicate weight gain can directly 

decrease BAT levels, particularly in APOE4 and male mice. 
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Figure III.6: Male APOE mice have decreased BAT. Representative images of BAT in the neck 
in a LFD mouse and HFD mouse (A). Comparison of BAT intensity in mixed sex APOE3 and 
APOE4 mice (B). Comparison of BAT intensity in male and female APOE3 and APOE4 mice (C). 
Correlation of genotype and weight to BAT intensity then sex and weight to BAT intensity Lines 
indicate significant correlations (D-E). B=brown adipose tissue, W= white adipose tissue, S=spine, 
WAT-total adipose tissue C) N=5-9, **p<.004, Three Way ANOVA Tukey Test Multiple 
Comparison, D-E) Linear Regression, APOE4 HFD: R2= 0.48, p= 0.003, Male HFD R2=0.53, 
p=0.003 
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Effects of HFD on Behavior in APOE3 and APOE4 Mice 
 

We tested the effects of APOE genotype, sex, and diet on cognitive domains in these mice. 

Since HFD resulted in significant weight gain, we first examined whether movement had been 

impaired. In the open field test, there were no differences in average speed regardless of diet, sex, 

or genotype (Figure 7a and b).  

To examine whether HFD induced cognitive alterations in this experiment, we used the 

open field test (OFT), elevated zero maze (EZM), and Barnes maze (BM). OFT and EZM were 

both used to measure anxiety-like behaviors. For the OFT, time spent in the center zone was used 

as a measure of decreased anxiety. We found that all APOE4 mice spent less time in the center 

zone than HFD APOE3 mice (*p<.05, **p<.002, Figure 7c). There were no differences between 

sexes (Figure 7d). EZM, a second measure of anxiety-like behavior, did not show any differences 

by diet, APOE genotype, or sex (Figure 7e and f).  

 We used the BM to test spatial learning and memory. The mice were exposed to the maze 

for four training days and latency to escape hole first nose poke and latency to escape were 

measured each day. For latency to first nose poke APOE4 mice showed less learning on training 

day one, but matched APOE3 mice by training day two. For latency to escape, APOE4 mice were 

delayed for the first two training days, but by training day three the latency to escape matched 

APOE3 mice. There was no effect of diet on either APOE3 or APOE4 groups (p<.03, Figure 7g).  

When separated by sex, male LFD APOE4 mice had significantly longer latencies to escape 

on training day (TD)1 (p<.03, Figure 7h) and female HFD APOE4 mice have significantly longer 

latencies to escape on TD1 (p<.03, Figure 7i). Although male and female APOE4 mice showed 

different patterns on TD1, by TD2 both groups are performing similarly to APOE3 mice.  
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Figure III.7: Effects of diet on locomotor activity, anxiety-like behaviors, and spatial memory. 
Average speed on open field test analyzed by genotype and diet (A). Average speed on open field 
test analyzed by sex, diet and genotype (B). Time spent in the Center Zone of the Open Field Test 
(C). Time spent in the Center Zone of the Open Field Test compared across sex (D). Time spent 
in the open arms of the Elevated Zero maze (E). Time spent in the open arms of the Elevated Zero 
maze compared across sex (F). Latency to escape analyzed by genotype and diet (G). Latency to 
escape analyzed by sex, diet, and genotype (H-I). A) N=13-15 mice, Two-Way ANOVA Sidak’s 
multiple comparison test B) N=5-9 Three-way ANOVA Tukey multiple comparisons test C) 
N=13-15 mice, *p<0.05, **p<.002 Two-Way ANOVA Sidak’s multiple comparisons test D) N=5-
9, Three Way ANOVA Tukey Test multiple comparisons E) N=13-15, Two-Way ANOVA Sidak’s 
multiple comparisons test, F) N=5-9, Three Way ANOVA Tukey Test multiple comparisons. G) 
N=13-15, Three-Way ANOVA, Tukey Multiple Comparison *p<0.03. H-I) N=6-8, Three-Way 
ANOVA, Tukey Multiple Comparison *p<0.03. 
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B. Discussion  

Like APOE4 genotype, metabolic disturbances caused by a high fat diet (HFD) greatly 

increase the risk of cognitive impairment and Alzheimer’s Disease (37, 119). Using an APOE 

knock-in mouse model, we found that APOE4 increases metabolic disturbances in response to 

HFD. Furthermore, sex plays a pivotal role in the effects of HFD. We examined differences in 

weight, baseline glucose levels, glucose intolerance, and adipose tissue disposition and found these 

to be the most significantly increased in male APOE4 mice. Female APOE3 and APOE4 mice 

responded similarly to HFD with increased weight, glucose intolerance, and adipose tissue levels. 

In terms of the types of adipose tissue that increased under the HFD, in males, VAT increases were 

seen in the APOE4 mice, but not APOE3 mice. SAT increases were not seen in APOE3 or APOE4 

mice. These findings demonstrate that the male APOE4 group has the greatest accumulation of 

VAT in response to HFD. In females, VAT and SAT increases were seen in both APOE3 and 

APOE4 mice in response to HFD, indicating there is a similar accumulation in both types of 

adipose tissue. Throughout the study, female mice had similar metabolic responses to HFD 

regardless of APOE genotype and male APOE4 mice had more robust metabolic disturbances. 

These findings are consistent with rodent studies that previously examined some aspects 

of sex-specific metabolic disturbances associated with HFD. Male and female mice on HFD 

accumulate similar levels of VAT, but male mice display higher fasting blood glucose levels, 

insulin levels, and insulin resistance (70, 71, 73, 120).  Human studies also showed this pattern: 

males have increased chances of metabolic syndrome associated with obesity (121, 122). These 

studies demonstrate that the rodent models can reflect well some effects of HFD on human 

metabolic disturbances. 
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Inheritance of APOE4 also increases the risk of metabolic disturbances. Clinical studies 

showed APOE4-positive individuals have increased risk of metabolic syndrome (74, 75) and 

APOE4 carriers that are obese have increased metabolic disturbances when compared to APOE3 

carriers (83). Rodent studies showed female APOE3 mice gain more weight and have greater VAT 

accumulation, but APOE4 mice display more alterations to glucose and insulin stability (93). The 

greater response of APOE3 mice in terms of VAT increases differs from our studies; however, 

these studies used a 60% kcal fat diet and the measures of VAT depended on dissecting tissue (93), 

rather than imaging in vivo, as was done in our study. Other studies compared female APOE3 mice 

or APOE4 mice to other strains such as WT or APOE KO mice (89, 96). The studies showed 

increased weight gain and glucose intolerance in both APOE3 and APOE4 mice when compared 

to WT mice or APOE KO mice (89, 96). In our study, with the simultaneous comparisons of the 

effects of HFD on both sexes and two APOE genotypes, we report novel findings showing 

interactions among APOE genotype, sex, and diet.  

We found that HFD leads to metabolic disturbances particularly in male APOE4 mice, and 

in female mice of either APOE3 or APOE4 genotypes; however, the underlying mechanisms of 

this response remain to be defined. Overall, the study now implicates APOE4-positive individuals 

as more affected by HFD. These connections could affect a large proportion of the population as 

the increasing rates of obesity increase the risk of metabolic syndrome.  

Studies of the effects of diet on cognition in non-APOE mice showed spatial memory 

deficits (32, 70, 71) and other cognitive tasks including novel object recognition and fear 

conditioning (63-65, 93). Our study did not show robust behavioral effects. APOE4 mice exhibited 

more anxiety-like behavior on the OFT but not on the EZM. When separated by sex there was no 

longer a genotype effect on open field behavior. With the Barnes Maze, APOE4 mice showed 
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impairment in spatial learning but diet did not affect spatial memory with only a dietary difference 

on TD1. The deficits here may have been shrouded by sex differences, which should be addressed 

in larger cohorts. 

In humans, obesity has been linked to increased risk of AD, cognitive disturbances, and 

decreases in structural integrity (37, 38). Interestingly, while obesity in males is associated with 

increased susceptibility to metabolic disturbances, obesity in females is associated with increased 

susceptibility to cognitive changes (32). Females suffering from obesity compared to males 

suffering from obesity have increased risk of MCI leading to AD, decreased cognitive 

performances, decreased structural brain integrity (32). APOE4 females, compared to APOE4 

males, have an equivalent risk of AD, with a significantly earlier age of onset between 65 and 75 

years old (123). Therefore, while our study does not highlight diet specific behavioral deficits, data 

greatly supports the connection between diet and CNS dysfunction.  

Chronic systemic inflammation associated with VAT and the alterations in glucose and 

insulin may be connected to cognitive disturbances (124). HFD increases systemic inflammation 

from the increase in VAT (31). This increase in inflammation can both induce metabolic 

disturbances (29) and increase CNS damage (125, 126). There is also the possibility that the 

metabolic disturbances such as glucose intolerance and insulin resistance could more directly lead 

to CNS damage. Metabolic disturbances have been associated with increased CNS insulin 

resistance, glucose intolerance (127, 128), which can affect brain glucose uptake and neuronal 

functioning. However, we do not know whether it is the inflammation or metabolic disturbances 

leading the CNS deficits.  
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Chapter IV: HFD Induces Neuroinflammation and IEG Expression in APOE3, but not 

APOE4 Mice 

In the last chapter we saw that there is an increase in HFD-associated metabolic 

disturbances. Now we want to know how the changes induced by HFD can affect the CNS. HFD 

could be acting on the CNS through two pathways—inflammation and metabolism. Here we 

examined how inflammation, metabolism, and neuronal integrity in the CNS are affected by HFD. 

To analyze inflammation and neuronal integrity we examined glial immunoreactivity, 

inflammatory gene expression, spine density and neurogenesis. To analyze metabolism, we 

examined metabolic gene expression and utilized a STZ-APOE mouse model. We did not find any 

differences in spine density or neurogenesis; however, we did find HFD-associated increases in 

glial immunoreactivity in APOE3 mice. Furthermore, we found increases in expression of c-Fos, 

Arc, and C3 specific to APOE3 mice on HFD. For metabolism, we did not see any specific genes 

altered by HFD; however, we did find alterations in genes specific to T cells and 

cytokine/chemokine activity. We also did not see an effect of STZ on the genes previously altered 

by HFD, but did find an increase in IL6 in APOE4 mice. These findings suggest that HFD does 

induce CNS alterations with differences between APOE3 and APOE4 mice.  

 

A. Results 

HFD Increases Iba1 Immunoreactivity in APOE3 and APOE4 Mice 

To examine whether HFD increased microglial activity, we measured Iba1 

immunoreactivity in the hippocampus (HPC), cortex (CTX), and hypothalamus (HYP) of APOE3 

and APOE4 mice either fed HFD or LFD (Figure 1a). In CA1 of the HPC, HFD APOE3 mice had 

significantly more Iba1 immunoreactivity when compared to LFD APOE3 mice (Figure 1b, 
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p=0.035). There were no significant differences between HFD and LFD APOE4 mice. Similarly, 

in CA3 of the HPC, HFD APOE3 mice had significantly more Iba1 immunoreactivity when 

compared to LFD APOE3 mice (Figure 1c, p=0.024). There were no significant differences 

between HFD and LFD APOE4 mice. In the dentate gyrus (DG), neither HFD APOE3 nor HFD 

APOE4 mice had significantly more Iba1 immunoreactivity when compared to LFD mice; 

however, the pattern mirrored the CA1 and CA3 results (Figure 1d). In the CTX and HYP, neither 

HFD APOE3 nor HFD APOE4 mice had significantly more Iba1 immunoreactivity when 

compared to LFD mice (Figure 1e-f). For all areas there were no differences between HFD APOE3 

and HFD APOE4 mice or LFD APOE3 and LFD APOE4 mice. 
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Figure IV.1: HFD APOE3 mice, but not APOE4 mice express increased Iba1 
immunoreactivity. A) Images of Iba1 immunoreactivity in DG of the HPC. B-D) 
Comparison of HFD effects on Iba1 immunoreactivity in CA1, CA3, and DG of the HPC. 
E) Comparison of HFD effects on Iba1 immunoreactivity in the CTX. F) Comparison of 
HFD effects on Iba1 immunoreactivity in the HYP.  A) N=3-4, Two-way ANOVA, 
*p<0.05 
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HFD Increases GFAP Immunoreactivity in APOE3 and APOE4 Mice 

To examine whether HFD increase astrocytic activity, we analyzed GFAP 

immunoreactivity in the HPC, CTX, and HYP of APOE3 and APOE4 mice either fed HFD or LFD 

(Figure 2a). In CA1 of the HPC, HFD APOE3 trended towards significantly more GFAP 

immunoreactivity than LFD APOE3 mice (Figure 2b, p=0.067). There was no difference between 

HFD APOE4 and LFD APOE4 mice. There were also no differences when compared across 

genotypes. In CA3 of the HPC, neither HFD APOE3 nor HFD APOE4 mice had significantly more 

GFAP immunoreactivity when compared to LFD mice (Figure 2c). There were also no differences 

when compared across genotypes. In the DG of the HPC, HFD APOE3 mice had significantly 

more GFAP immunoreactivity when compared to LFD APOE3 mice (Figure 2d, p=0.035). There 

was no significant difference between HFD APOE4 and LFD APOE4 mice. There were also no 

differences when compared across genotypes. In the CTX, HFD APOE3 had significantly more 

GFAP immunoreactivity than LFD APOE3 mice (Figure 2e, p=0.02). There was no difference 

between HFD APOE4 and LFD APOE4 mice. When compared across genotypes HFD APOE3 

mice had significantly more GFAP immunoreactivity than HFD APOE4 mice (Figure 2e, 

p=0.009). There was no difference between LFD APOE3 and APOE4 mice. In the HYP, there 

were no significant differences between diet or genotype (Figure 2f). Thus, HFD was associated 

with high measures of gliosis (Iba1 and GFAP) across brain regions in APOE3 mice, but not in 

APOE4 mice. 
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Figure IV.2- HFD APOE3 mice, but not APOE4 mice express increased GFAP 
immunoreactivity. A) Images of GFAP immunoreactivity in DG of the HPC. B-D) 
Comparison of HFD effects on GFAP immunoreactivity in CA1, CA3, and DG of the HPC. 
E) Comparison of HFD effects on GFAP immunoreactivity in the CTX. F) Comparison of 
HFD effects on GFAP immunoreactivity in the HYP. A) N=3-4, Two-way ANOVA, 
*p<0.05, **p<0.005 
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HFD Differentially Affects Immediate Early Genes in APOE3 and APOE4 Mice 

To test whether HFD affected genes related to neuroinflammation, we used a NanoString 

neuroinflammatory panel to assess over 700 genes associated with neuroinflammation, using RNA 

pooled from four brains of each condition. Two of the genes that showed more than a two-fold 

change after HFD were the immediate early genes (IEG) c-Fos and Arc.   

To examine IEG expression across individual brain samples we used qRT-PCR. For c-Fos, 

HFD APOE3 mice had significantly higher gene expression than LFD APOE3 mice (Figure 3a, 

66%, p=0.001). There was no significant difference between HFD APOE4 and LFD APOE4 mice. 

When compared across APOE genotypes, there were no differences in expression between LFD 

APOE3 mice and LFD APOE4 mice, but HFD APOE3 mice had significantly higher gene 

expression than HFD APOE4 mice (Figure 3a, p=0.013).   

Similar to the pattern of expression of c-Fos, Arc levels were significantly higher in HFD 

APOE3 mice compared to LFD APOE3 mice (Figure 3b, 55%, p=0.04). There was no significant 

difference between HFD APOE4 and LFD APOE4 mice. When compared across APOE genotypes, 

HFD APOE3 mice trended towards higher gene expression than HFD APOE4 mice (Figure 3b, 

p=0.059). There were no differences in expression between LFD APOE3 mice and LFD APOE4 

mice. To further test the effects of diet on IEG, we analyzed Erg1, another IEG involved in learning 

and memory. Erg1 did not show significant differences between diet or genotype, although the 

pattern did mirror c-Fos and Arc expression (Figure 3c). 
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Figure IV.3- HFD APOE3 mice, but not APOE4 mice have increased IEGs expression. 
A) Comparison on HFD effects on fold changes in c-Fos gene expression.   B) Comparison 
on HFD effects on fold changes in Arc gene expression. C) Comparison on HFD effects 
on fold changes in Egr1 gene expression. N=5-6, Two-way ANOVA, *p<0.05 
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To analyze IEG protein in the brain across APOE genotypes and diet, we used IHC for c-

Fos and quantified c-Fos positive cells in the CTX, HPC and HYP (Figure 4a).  In CA1 of the 

HPC, HFD APOE3 mice showed increased c-Fos-positive cells when compared to LFD APOE3 

mice (Figure 4b, p=0.03). There was no difference between HFD APOE4 and LFD APOE4 mice. 

There were also no differences when compared across genotypes. In CA3, HFD APOE3 mice 

trended towards increased expression when compared to LFD APOE3 mice (Figure 4c, p=0.082). 

In the DG there were no significant differences; however, the expression mirrored CA1 and CA3 

expression (Figure 4d). There were no significant differences in the CTX or HYP (Figure 4e-f). 

Thus, IHC protein analyses supported the findings based on mRNA analyses. 

As c-Fos can be present in either glia or neurons (129), we co-stained for c-Fos and NeuN 

to test whether the c-Fos was colocalized to neurons. Indeed, all c-Fos-positive cells stained for 

NeuN, across all genotypes and diets (Figure 4g).  
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Figure IV.4- HFD APOE3 mice, but not APOE4 mice have increased c-Fos immunoreactivity. 
A) Example image of c-Fos positive cells in the DG. B-F) Quantification of c-Fos positive cells in 
the HPC, CTX, and HYP. G. Representative images of c-Fos positive cells colocalized with 
neurons. N=3-4, Two-way ANOVA Sidak Multiple Comparison, *p<0.05 



 55 

HFD Differentially Affects Other Neuroinflammatory Genes in APOE3 and APOE4 Mice 

  Along with IEGs, the NanoString Neuroinflammatory Panel indicated changes in C3, 

IKBKE, and IL3. Once again, we ran qRT-PCRs for the indicated genes and C3 continued to have 

a significant change. The complement factor C3 plays an important role in innate immunity.  For 

C3, HFD APOE3 mice exhibited significantly higher levels of gene expression than LFD APOE3 

mice (Figure 5a, p=0.032). There were no differences between HFD and LFD APOE4 mice. When 

compared across genotypes, there were no differences. To examine C3 activity we ran a western 

blot for C3 and cleaved C3 (data not shown); however, we did not find any changes in C3 or 

cleaved C3 levels (data not shown). For other neuroinflammatory genes IKBKE, NFKB, IL3, 

TNF-a, and IL6, there were no differences between diets or genotypes (Figure 5b-f). Overall, there 

was difference in C3 gene expression associated with diet.   
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Figure IV.5- HFD APOE3 mice, but not APOE4 mice have increased expression in 
neuroinflammatory genes. A) Comparison on HFD effects on fold changes in C3 gene 
expression. B) Comparison on HFD effects on fold changes in IKBKE gene expression. C) 
Comparison on HFD effects on fold changes in NFKB gene expression. D) Comparison on HFD 
effects on fold changes in IL3 gene expression. E) Comparison on HFD effects on fold changes in 
TNF-a gene expression. F) Comparison on HFD effects on fold changes in IL6 gene expression. 
A) N=4-6, Two-way ANOVA Sidak Multiple Comparisons, *p<0.05  
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HFD Does Not Differentially Affects Metabolic Genes in APOE3 and APOE4 Mice  
 

To test whether HFD affects genes related to metabolism we ran a NanoString metabolic 

panel assessing over 700 genes associated with metabolism. From the panel, 11 genes were 

indicated as having a two or more-fold change (Table IV.2). Interestingly, majority of genes 

indicated were involved in T cell activity or cytokine and chemokine signaling. As CD4 indicated 

the strongest fold changes in the aforementioned categories, this gene was chosen to be verified 

with qRT-PCR. For CD4, there were no significant differences by genotype or diet (data not 

shown). Since CD4 did not exhibit differences with qRT-PCR, further testing was paused.  
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Table IV.1: NanoString Metabolic Panel Genes of Interest 

 

 

 

 

Gene E3 HFD 

 vs. 

 E3 LFD 

E3 HFD 

 vs. 

 E4 HFD 

E3 LFD 

 vs.  

E4 LFD 

E4 HFD  

vs.  

E4 LFD 

Classification 

A2m 1.91 1.06 -2.26 -1.25 Cytokine & chemokine signaling 

Adora2a 3.38 -1.29 4.49 19.61 TCR & Costimulatory Signaling 

Cd4 5.87 -1.67 4.99 49.04 Cytokine & chemokine signaling 

Cd6 3.41 1.32 -3.86 -1.5 T cells 

Ddc -1.51 -2.26 1.57 2.34 Amino acid synthesis 

Folr1 4.15 9.19 -9.53 -21.11 Endocytosis 

Itk 1.96 1.29 1.55 2.36 Cytokine & chemokine signaling 

Lta 1.34 2.24 1.08 -1.55 Cytokine & chemokine signaling 

Mybl2 2.29 1.45 -1.43 1.1 Transcriptional Regulation 

Ngfr 2.97 -1.02 -1.73 1.75 Cytokine & chemokine signaling 

Rps6ka1 -2.31 -1.97 1.17 -1.01 Cytokine & chemokine signaling 
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STZ Induced Metabolic Disturbances Do Not Result in Changes to Genes Previously Altered 

in the CNS 

In males, STZ-APOE3 mice had significant increases in baseline glucose levels (p<0.002) 

and STZ-APOE4 mice trended towards increases in baseline glucose levels (p<0.053, Figure 6a). 

In females, STZ treatment did not result in increases in baseline glucose levels in either APOE 

genotype. Therefore, when moving forward to examine genes previously altered by HFD, male 

APOE mice were used.  

Previously, HFD APOE3 mice had strong increases in expression of c-Fos, and C3. To test 

whether this increase in expression could be specifically caused by increased glucose levels, these 

genes were examined in STZ-APOE mice. In both APOE3 and APOE4 mice there were no 

significant differences in c-Fos or C3 expression across diet or genotypes (Figure 6c-d).  IL-6 and 

TNF-α expression were also measured because they have previously increased in both HFD and 

STZ-induced diabetes (130, 131). For IL-6, In STZ-APOE4 mice, there was a significant increase 

in gene expression when compared to Cont-APOE4 mice (p<0.038, Figure 6e). In STZ-APOE3 

mice, there was no significant difference in gene expression. Also, there was no significant 

difference across APOE genotypes. For TNF-α, there was no significant dietary or genotype effects 

on gene expression. Overall, STZ treatment increased glucose levels in male mice and increased 

IL-6 gene expression in STZ-APOE4 mice. 
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Figure IV.6- STZ does not induce the same CNS gene expression changes as HFD. Baseline 
glucose levels in male (A) and female (B) STZ mice. Comparison on HFD effects on fold changes 
in c-Fos gene expression (C).   Comparison on HFD effects on fold changes in C3 gene expression 
(D). Comparison on HFD effects on fold changes in IL-6 gene expression (E). Comparison on 
HFD effects on fold changes in TNF-α gene expression (F).  N=3-6, Two-Way ANOVA Sidak’s 
Multiple Comparisons, *p<0.04 
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HFD Does Not Alter Neurogenesis or Spine Density in APOE3 and APOE4 Mice  
 

Neuronal degeneration has been associated with obesity and inflammation (127). To test 

whether HFD affects neuronal integrity, we examined spine density and hippocampal neurogenesis 

(Figure 7a-b). For spine density, Golgi-stained pyramidal neurons in the entorhinal cortex were 

analyzed and dendritic spine density was quantified on the AO and BS. There were no significant 

differences in spine density across genotypes or diets (Figure 7c-d). To examine whether HFD 

affects neurogenesis, we analyzed neurons in the DG of the HPC by DCX immunostaining. There 

were no significant differences in neurogenesis across genotypes or diets (Figure 7e). 
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Figure IV.7- HFD does not alter neurogenesis or spine density in APOE3 and APOE4 mice. 
A) Example image of spines quantified from Golgi staining. B) Example image of DCX positive 
cells. C-D) Quantification of spine density on the Apical Oblique and Basal Shaft. E) 
Quantification of DCX-positive cells.    
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B. Discussion  

In this mouse model, HFD induced increases in both microglia and astrocyte expression in 

APOE3, but not APOE4 brains. This same pattern continued with IEG expression with increases 

in both cFos and Arc in APOE3 but not APOE4 brains. These APOE-related CNS effects occur 

along with multiple metabolic disturbances: weight gain, adipose tissue accumulation, and glucose 

intolerance (132).  It is important to understand how environmental factors combine with genetic 

factors to alter risk of AD. Here we focused on the rapidly growing environmental risk factor, 

obesity, and the strongest genetic risk factor, APOE4.  

  Previously HFD has been associated with increases in both microglial and astrocytic 

activity in wild-type mice (133, 134). The effects of HFD on gliosis in the context of APOE 

genotype mice are less well documented, with the one study showing a decrease in CD68 

associated with HFD in APOE4 mice (96). Better documented are the effects of HFD in AD mouse 

models related to APOE. HFD increases both Aß and Tau pathology across AD mouse models (63, 

69); similar effects are seen in AD-APOE mouse models, but the responses differ between APOE 

genotype. In EFAD mice (mice that express both a human APOE genotype and 5xFAD transgenes) 

on a HFD, there was an increase in gliosis and AD pathology in E4FAD mice, but not in E3FAD 

mice (95). In APP/APOE mice (APOE mice crossed with APP/PS1ΔE9), there was an increase in 

AD pathology in APOE4, but not APOE3 mice on HFD (135). The HFD may be affecting an 

already compromised inflammatory system responding to the increased amyloid found in the 

APOE4 mice.  In our study, the mice do not have any large accumulations of Ab or Tau, which 

allowed us to focus specifically on the effect of diet on normal brain.   

APOE3 mice showed a stronger inflammatory response in terms of astrocyte and microglial 

activation to HFD than APOE4 mice. While data support that APOE4 mice have an increased 
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response to short-term noxious stimuli such as LPS treatment or injury (136, 137), there is evidence 

of a decreased response to the chronic inflammation caused by obesity (96, 138). In one study, 

APOE3 and APOE4 mice were fed a HFD for approximately 7 months, and there were APOE3-

specific increases in expression of TNFa, IL6 and CD36 when compared to APOE4 mice (138). 

APOE4 mice also exhibited lower expression of LPS immune sensors indicating a decreased 

ability for innate immune detection (138). In another study, HFD APOE4 mice compared to HFD 

wild-type mice exhibited less CD68 immunoreactivity in the hippocampus (96). APOE4 mice 

could more readily respond to acute stimuli but have a more muted response to chronic stimuli as 

noted here. This interpretation is further supported by the APOE3 specific C3 expression in our 

model. While chronic inflammation is damaging, at this stage in the presence of obesity, there may 

be a neuroprotective component only experienced in APOE3 mice. Inflammation is associated 

with neuroprotection in early disease stages (139, 140) and the response in the APOE3 mice could 

be indicative of a similar mechanism. Then in AD mouse models, APOE3 has been associated with 

increases microglial-plaque interactions when compared to APOE4 mice (141), indicating a 

specific difference in microglia function in APOE3 mice.  Although there might be differences 

based on plaque morphology (142), the response from APOE3 mice can be beneficial for Aß 

clearance and, without out it, the APOE4 mice may suffer. Similarly, here the lack of response in 

the APOE4 mice could result in a more negative outcome as diet persist.  

An APOE3-specific response to HFD was further emphasized through expression of IEGs. 

Here we saw HFD APOE3 specific doubling of both cFOS and Arc expression, but no change in 

APOE4 mice. This expression was limited to neurons. IEGs are genes that are often rapidly and 

transiently expressed as direct responses to stimuli such as novel environments or injury. IEG 

expression is also associated with alterations in synaptic plasticity, with either up or down 
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regulation of IEGs being associated with increased or decreased LTP and memory retention, 

respectively (143-145). Changes in IEG activity are also associated with behavioral tasks such as 

novel object recognition, and fear conditioning, indicative of their role in learning (143).  

IEG expression also changes from neuronal stress or damage. IEG expression is increased 

in AD brain (146). These increases have been linked to more GFAP positive astrocytes and 

thioflavin stained plaques (129) and in Ab-mediated apoptosis (146). There are also alterations in 

neuronal IEG expression after traumatic brain injuries (TBIs) (147, 148). Like IEG expression 

preceding amyloid mediated apoptosis, increases in IEG expression after TBIs can be indicative 

of neuronal damage before neuronal death. However, in this study, as expected, we did not see any 

indication of neuronal damage or death due to the HFD.  

 Increases in IEG expression due to chronic LPS-induced inflammation has been associated 

altered behavior without evidence of neuronal damage or cell death (149, 150). After chronic LPS 

infusion, mice were tested on a memory paradigm and those treated with LPS had increased IEG 

expression. This increased IEG expression was directly correlated with increased microglia 

activity (150). Overall, the chronic inflammation led to gliosis and that resulted in increased IEG 

activity and cognitive deficits. We propose a similar process in our study, with HFD, in the APOE3 

but not APOE4 mice, increasing gliosis and that gliosis is leading to altered IEG expression.  

In many of the studies IEG expression was measured after induction by stimuli such as 

learning and memory challenges. Here we have not directly induced IEG expression, suggesting 

another mechanism. There may be APOE3 specific neuronal adaptations to HFD expressed 

through IEG activity. IEG increases have been noted without additional stimuli in the 

hypothalamus after an extended period on HFD resulting in adipose tissue storage (151). IEG 

activity also acts as an indicator of neuronal activity resulting in long-term adaptations within 
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neural circuits (152). The increased IEG expression we are seeing could affect the processing and 

storage of components of the HFD and that could lead to increased protection in APOE3 mice. 

Lack of HFD induced IEG activity, as in the APOE4 mice, could lead to the more detrimental 

outcomes. It is possible that HFD APOE3 mice are experiencing a long-term adaptation to diet, 

which would be protective in the future. 

 We also examined changes in neurometabolism utilizing a NanoString metabolic panel and 

an STZ-induced mouse model. For the STZ-APOE mice STZ-induced diabetes in male, but not 

female mice. This follows a very similar pattern to Chapter V where HFD did not induce metabolic 

disturbances in female mice. Also, STZ is less effective in inducing type I diabetes in female mice 

potentially due to 17β-estradiol which can protect pancreatic beta cells (153). Moving forward 

only male mice were used.  

We went on to examine genes that were previously altered by HFD, c-Fos and C3, but 

neither gene showed any STZ-induced changes in expression. This lack of alteration indicates that 

the previous HFD-induced CNS changes may not be due to glucose intolerance. We also examined 

IL-6 and TNF-α gene expression as both have previously been affected by HFD and STZ (130, 

131).  IL-6 expression increased in STZ-APOE4 mice, but only to levels that matched APOE3 

mice which could indicate a difference in baseline levels of inflammation.  

To expand on the effects of HFD on neurometabolism we went on to a NanoString 

metabolic panel. Like the NanoString neuroinflammatory panel, the metabolic panel examines 

over 700 genes involved in metabolism. The panel included genes involved in glucose transport, 

glycolysis, fatty acid oxidation and synthase, and multiple other metabolic categories. However, 

in our mouse model, the only genes altered by HFD were genes associated with T cell activity and 

cytokine/chemokine signaling (Table IV.1). While qRT-PCR analysis was paused, the groups of 
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genes indicated remain interesting. Both the metabolic panel and the STZ-APOE mice emphasize 

the lack of CNS metabolic disturbances. Furthermore, while both the NanoString inflammatory 

and metabolic panels indicated genes involved in inflammation, majority of the findings were too 

minor to be replicated with qRT-PCR. This lack of robustness in inflammatory genes also decrease 

the implication of inflammation driving the CNS alterations. Here we may be seeing CNS 

alterations that precede both CNS inflammatory and metabolic disturbances. 

Overall, we observed increases in HFD-induced gliosis and IEG expression specific to the 

mice expressing APOE3. These increases were apparent without robust changes in inflammatory 

or metabolic genes. This work suggests that IEGs perform a novel protective role in response to 

chronic obesity. More broadly, this approach of combining strong genetic and environmental 

factors is necessary for generating better calculations of personal risks of important CNS 

impairment. 
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Chapter V: Metformin Does Not Significantly Reduce Metabolic Disturbances but Aids in 

Reducing Behavioral Deficits Induced by HFD 

Previously we were able to show that HFD does induce metabolic disturbances in both 

APOE genotypes with a more severe effect in APOE4 mice. We also showed that HFD induces 

CNS disturbances in APOE3 mice. After seeing these results, we wanted to know whether 

metformin, a first-line drug for type II diabetes, reduces these disturbances in APOE3 and APOE4 

mice. Studies have shown mixed results on the effectiveness of metformin with some showing 

decreases in hyperglycemia, weight loss, and cognitive deficits while others showing the opposite 

(105, 106). Here we test whether metformin reduces the previous deficits (Chapter III) and whether 

the variability in metformin effectiveness could be due to APOE genotype or sex. We fed APOE3 

and APOE4 mice a HFD as in chapter III, then during the last four weeks of HFD added metformin 

to their drinking water. HFD did induce metabolic disturbances in male APOE3 and APOE4 mice, 

bur metformin did not significantly reduce the metabolic disturbances. Also, HFD did not induce 

metabolic disturbances in female APOE3 and APOE4 mice. We ran a more extensive battery of 

cognitive task than previously (Chapter III) and found a decrease in speed, and anxiety-like 

behavior in female APOE4 on HFD which was recovered with metformin. We also found a 

decrease in context-based memory in female APOE3 mice on HFD which was recovered with 

metformin. As previously, we did not see behavioral changes in male mice on HFD. Overall, we 

see that while only males are affected metabolically by HFD, females are affected behaviorally, 

and metformin has the ability to combat this behavior.  

 

A. Results 

HFD-Induced Weight Gain is Not Affected by Metformin  
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 To examine how the different APOE genotypes respond to metformin treatment, we used 

a diet induced obesity model and metformin infused in drinking water as treatment. Male and 

female mice (3 months old) were placed on a HFD for 12 weeks and were weighed weekly. At 8 

weeks on HFD, 300mg/kg/day of metformin was introduced through drinking water. Mice 

received metformin daily for the final four weeks. All groups gained weight over the course of the 

experiment, with HFD groups gaining more weight compared to LFD groups (Figure 1).  

In male mice, HFD resulted in a 30% increase from original body weight in both APOE3 

and APOE4 mice by week 12 (p<.0001). LFD resulted in 10% increases in weight in both APOE3 

and APOE4 mice. Metformin did not affect the weight gain trajectory (Figure 1a). HFD APOE3 

mice weighed significantly more than the LFD APOE3 mice (p=0.02), and metformin did not 

affect weight gain. HFD APOE4 mice did not weigh significantly more than LFD APOE4 mice, 

and metformin did not significantly reduce weight (Figure 1b). Overall, HFD induced significantly 

weight gain in APOE3 mice, but not in APOE4 mice and metformin did not significantly reduce 

weight.   

In female mice, HFD resulted in a significant increase in original body weight by week 12 

in APOE3 mice (p<0.0008, 20%), but HFD did not result in a significant increase from original 

body weight by week 12 in APOE4 mice (Figure 1c).  HFD APOE3 mice did not weigh 

significantly more than LFD APOE3 mice, and metformin did not significantly reduce weight. 

HFD APOE4 mice did not weigh significantly more than LFD APOE4 mice, and metformin did 

not significantly reduce weight (Figure 1d). Across genotypes, there was no difference in weight 

gain.  
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Figure V.1: Metformin does not reduce HFD-induced weight gain. Trajectories of 
weight gain in male (A) and female (C) APOE mice on LFD, HFD, HFD+Met. 
Comparison of weight gain at Week 12 between LFD, HFD, HFD+Met APOE mice in 
males (B) and females (D). A&C) N=6-7, Two-way ANOVA, Tukey test multiple 
comparisons. *p<0.05 
B&D) N=6-7, Two-way ANOVA, Tukey test multiple comparisons. *p<0.05, 
***p<0.003, ****p<0.0001 
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HFD Induces an Increase in Baseline Glucose Levels and Glucose Intolerance Without Any 

Effect of Metformin  

Metformin is known to reduce metabolic syndrome through increasing glucose sensitivity 

and uptake (101). To test whether our model increases glucose metabolism, baseline glucose levels 

and glucose tolerance were measured (Figure 2).  

In males, HFD APOE3 mice had elevated baseline glucose levels when compared to LFD 

APOE3 mice, and metformin did not significantly reduce baseline glucose levels. HFD APOE4 

mice had elevated baseline glucose levels when compared to LFD APOE4 mice, and metformin 

did not significantly reduce baseline glucose levels (Figure 2a). For glucose intolerance, when 

compared to baseline, there was an increase in glucose levels in the first 15 minutes (p<0.003) and 

remained elevated at 30 minutes in all groups (p<0.02). At 60 minutes, HFD and HFD +Met 

APOE3 and APOE4 mice continued to have elevated glucose levels when compared to baseline 

(p<0.03). At 120 minutes, all mice returned to baseline glucose levels (Figure 2b). When 

examining AUC, HFD APOE3 had a significant overall deviation from baseline when compared 

to LFD APOE3 mice (p=0.003), and metformin did not significantly reduce the deviation. HFD 

APOE4 mice trended towards having a significant overall deviation from baseline when compared 

to LFD APOE4 mice (p<0.06), and metformin did not significantly reduce the deviation (Figure 

2c).  

 In females, HFD APOE3 and APOE4 mice had similar baseline glucose levels; these levels 

did not differ from LFD APOE3 and APOE4 mice. Metformin did not alter these levels (Figure 

2d). For glucose intolerance, when compared to baseline, there was an increase in glucose levels 

at 15 minutes and 30 minutes in all groups (p<.003). This increase remained in the HFD APOE3 

and APOE4 mice at 60 minutes (p<.0001). Metformin mice did not remain elevated at 60 minutes. 
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All groups returned to baseline by 120 minutes (Figure 2e).  When examining AUC, there were no 

significant differences in HFD APOE3 or APOE4 mice compared to LFD mice, and metformin 

did not alter glucose levels (Figure 2f).   
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Figure V.2: Metformin does not significantly reduce HFD-induced increases in baseline 
glucose or glucose intolerance. Male (A) and female (D) baseline glucose levels.  Male (B) and 
female (E) glucose tolerance test. Male (C) and female (F) area under the curve. A&D) N=6-7, 
Two-way ANOVA, Tukey’s test for multiple comparisons. *p<0.05 B&E) N=6-7, Two-way 
ANOVA, Tukey’s test for multiple comparisons., $$-HFD APOE3 and APOE4 mice remain 
elevated from baseline. ##-HFD and HFD+Met remain elevated from baseline.  $$p<0.03, 
##p<0.03, **p<0.02 ***p<0.003, C&F) N=6-7, Two-way ANOVA, Tukey’s test for multiple 
comparisons. **p<0.01 
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Metformin Does Not Significantly Reduce HFD Induced VAT or SAT Accumulation 

Here we examined whether metformin could reduce the increases in specific types of 

adipose tissue. We examined levels of VAT, SAT and BAT through small rodent MRIs (Figure 

3). 

For VAT, in males, HFD APOE3 mice did not exhibit more VAT accumulation when 

compared to LFD APOE3 mice, metformin also had no effect. HFD APOE4 mice did not have 

more VAT accumulation when compared to LFD APOE4 mice; metformin had no effect (Figure 

3a). In females, HFD APOE3 mice did not exhibit more VAT accumulation when compared to 

LFD APOE3 mice; metformin had no effect. HFD+Met APOE4 mice had more VAT accumulation 

compared to LFD APOE4 mice (p<.0.04); metformin did not reduce VAT accumulation (Figure 

3b).  

For SAT, in males, HFD+Met APOE3 had significantly more SAT accumulation than LFD 

APOE3 mice. There was no difference in SAT accumulation between HFD and LFD APOE3 mice 

or HFD and HFD+ Met APOE3 mice. HFD APOE4 mice had significantly more SAT 

accumulation when compared to LFD APOE4 mice (p=0.004) and trended towards having more 

SAT accumulation when compared to HFD+Met APOE4 mice (p=0.07, Figure 3c). In females, 

HFD APOE3 mice did not differ in SAT accumulation when compared to LFD APOE3 mice; 

metformin did not have an effect (Figure 3d).   

In males, HFD did not alter the intensity of BAT in APOE3 mice and metformin did not 

have an effect (Figure 3e). In females, HFD did not alter the intensity of BAT in APOE3 and 

APOE4 mice, and metformin did not have an effect (Figure 3f).  
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Figure V.3: Metformin does not significantly reduce HFD induced increases in adipose 
tissue. Male (A) and female (B) visceral adipose tissue. Male (C) and female (D) subcutaneous 
adipose tissue. Male (E) and female (F) brown adipose tissue intensity. A-F) N=6-7, Two-way 
ANOVA, Tukey’s test for multiple comparisons. *p<0.05, **p<0.005 
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Metformin Increases Average Speed and Time Spent in Open Area for Open Field Test  

We previously tested the effects of APOE genotype, sex, and diet on cognitive domains; 

however, we did not see any dietary effects on behavior. We concluded that this lack of effect 

could have either been due to the diet not affecting cognition or a limited battery of behavioral 

assays. Here we examined behavior in mice using a more robust battery of behavioral assays. As 

previously, we first examined whether motor behavior had been altered.  

  In females, HFD APOE4 mice had significantly slower average speeds than LFD APOE4 

mice (p=0.02) and metformin recovered their speeds matching LFD APOE4 mice (p=0.01,). There 

was no difference in the average speed of APOE3 mice regardless of diet or metformin (Figure 

4a). In males, HFD+ Met APOE4 mice had significantly faster average speeds than LFD APOE4 

mice (p=0.003) and HFD APOE4 (p=0.03, Figure 4b). Overall, female APOE4 mice exhibited a 

motor recovery with metformin treatment.  
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Figure V.4: Metformin reduces HFD-induced deficits in average speed in female APOE4. 
Female (A) and male (B) average speeds during the open field test. A-D) N=6-7, Two-way 
ANOVA, Tukey test multiple comparisons. *p<0.05  
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To examine whether HFD induced cognitive alterations in this experiment, we used the 

OFT, Fear Conditioning (FC), and Social Interaction (SI). For the OFT, in females, HFD APOE4 

mice trended towards spending less time in the open than LFD APOE4 mice (p=0.06) and 

HFD+Met APOE4 mice spent significantly more time in the open than HFD APOE4 mice 

(p=0.01). There was no difference in the time spent in the open in HFD APOE3 mice, but 

HFD+Met APOE3 mice spent less time in the open (p<0.03, Figure 5a). In males, there were no 

genotype or diet specific differences (Figure 5b).  

We used the FC, and SI to test context-based memory, and social memory. For FC, in 

females, HFD APOE3 mice spent significantly less time freezing when compared to LFD APOE3 

mice (p=0.04). HFD+Met APOE3 trended towards spending more time spent freezing than HFD 

APOE3 mice (p=0.06). In APOE4 mice, there were no differences and metformin did not have an 

effect (Figure 5c). Overall, there was an increase in freezing in APOE3 mice treated with 

metformin. In males, there were no significant differences with diet, genotype or metformin 

treatment (Figure 5d). For SI, there was no difference in time spent with the mice or time spent 

with novel mouse based on genotype, diet or sex (Figure5e-f).  
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Figure V.5: Metformin reduces HFD-induced behavioral deficits in female APOE3 and 
APOE4 mice. Female (A) and male (B) time spent in the open area during the OFT, Time spent 
froze in females (C) and males (D) on fear conditioning recollection. Time spent with novel mouse 
in females (E) and males (F). A-D) N=6-7, Two-way ANOVA, Tukey test multiple comparisons. 
*p<0.04  
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B. Discussion 

 
Entering this study, we knew that HFD induced metabolic and CNS disturbances. 

However, the ability of metformin to reduce these disturbances has been variable. Here we 

examined whether metformin could reduce the disturbances and whether that variability could be 

accounted for by APOE genotype or sex. In our study, HFD increased weight gain in male, but not 

in female mice, and metformin did not aid in reducing weight gain. Here we saw the greatest 

increase in weight gain in male APOE3 mice, previously the increase was in male APOE4 mice 

(Chapter III). We currently believe this could be due to age. The mice in this study were three 

months old at the start and the mice in the previous study (Chapter III) were six months at the start. 

The age adipose tissue development is an important risk factor with middle age obesity being the 

most linked to later cognitive deficits (32).  For mice, the six-to-nine-month span in Chapter III 

would encompass middle age obesity, while three to six months would be younger. We also did 

not see female mice gain weight while previously we did (Chapter III). In females, hormonal 

changes associated with middle age and menopause results in a shift of adipose tissue from 

subcutaneous to visceral (23). These hormonal changes and this shift are also more associated with 

cognitive disturbances later in life (53, 54, 154). There is also a shift in this study to the APOE3 

mice gaining weight more readily than the APOE4 mice. However, the APOE3 mice did not gain 

significantly more weight than APOE4 mice. It is possible that we are seeing an early increase in 

weight in APOE3 mice, but with age this shifts to APOE4 mice. We did not find a significant effect 

of metformin treatment on weight gain. Therefore, we do not believe metformin’s ability to alter 

weight is dependent on APOE genotype or sex.  

We also measured baseline glucose levels and glucose intolerance. Male APOE mice on 

HFD had a significant increase in baseline glucose levels when compared to LFD, while female 
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APOE mice did not experience alterations in baseline glucose levels. Metformin did not 

significantly reduce baseline glucose levels or glucose intolerance. However, the mice on 

metformin did not reach the same level of severity for glucose assays as only HFD mice. This lack 

of severity could be indicative of a mild effect of metformin on blood glucose. A stronger effect 

could potentially be seen depending on the method of administration or dose. When compared to 

Chapter III, we did not see a significant difference between the male APOE4 mice, and this could 

be due to the difference in weight gain. Previously we showed glucose intolerance was directly 

correlated to weight gain (Chapter III); therefore, with the limited weight gain in APOE4 mice in 

Chapter V we did not expect the glucose intolerance to match the severity seen in the previous 

study.  

 For VAT accumulation, the female APOE3 and APOE4 mice on HFD followed the same 

pattern as in Chapter III, but there was no effect of metformin on VAT accumulation.  In males 

there was no accumulation of VAT, which is opposite of what we previously saw. For SAT in 

females, there was no increase in accumulation which shows an opposite effect from the previous 

study. Like with weight gain, this lack of accumulation could also be age dependent. In Chapter 

III we did show a direct correlation between weight gain and adipose tissue accumulation; 

therefore, without weight gain we would not expect significant increases in adipose tissue. 

However, in males, SAT was increased in HFD APOE4 mice, but mice treated with metformin did 

not reach the same severity weight gain indicating a potential effect of metformin on SAT 

accumulation in APOE4 mice.  

 Previously we did not find any behavioral differences associated with HFD; however, we 

wanted to reexamine those findings with a more robust array of behavioral assays and a higher N.  

In this study we did see differences in average speeds, and anxiety like behavior for female HFD 
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APOE4, and context-based memory recall in female HFD APOE3 mice with metformin resulting 

in behavioral recovery. Females do have an increased risk of AD and HFD has induced cognitive 

deficits in females before males (51, 155, 156). It is possible that the mice here are exhibiting a 

similar vulnerability. The deficits seen in APOE4 are specific to speed and exploration, but the 

slower average speed could be confounding the time spent in open areas. Nevertheless, metformin 

does exhibit the ability to recover the deficits. Also, APOE4 mice spend less time in the open 

overall when compared to APOE3 mice. APOE4 mice have been shown to express an increase in 

anxiety-like behaviors while on HFDs when compared to APOE3 mice on HFDs (157). However, 

the study only examined this difference in male mice on HFD leaving out comparisons to LFD or 

females. We also found, only female APOE3 mice exhibit deficits on fear conditioning and 

metformin aided in recovery. This APOE3 specific response could be indicative of specific CNS 

alterations experienced in APOE3 mice, but not yet in APOE4 mice. This is similar to Chapter IV 

where only APOE3 mice experienced HFD induced changes in the CNS. These findings also return 

to the idea that APOE4 mice could have delayed responses to HFD (138), which can lead to 

stronger deficits and susceptibility when they begin to respond. For SI there was no indication that 

diet affects SI or short-term social memory. These findings are not surprising as diet has not been 

implicated in severely decreasing SIs (158).   

Overall, we found that metformin improved some behavioral parameters in female APOE 

mice. This improvement fits with metformin’s ability to improve cognition (105, 109); however, 

metformin did not result in significant reductions in metabolic disturbances.  
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Chapter VI: Overall Discussion 

Alzheimer’s Disease is the 5th leading cause of death in the US. There are over 5 million 

people currently suffering from AD and this number is projected to increase to 20 million by 2050 

(1). AD is not only a disease that affects the individual, but the burden extends to the family, 

friends and caregivers. It is first characterized as a loss of episodic memory, but quickly progresses 

to inability to care for the self and eventually death (159). Beyond the devastating effects of AD 

on the individual and community, AD is an increasing burden on healthcare. Currently AD cost 

$305 billion a year in healthcare, and this is projected to increase to $1.1 trillion by 2050 (160). It 

is imperative that this disease be combated. AD is diagnosed at the point of symptom onset and 

current medication is only geared towards slowing the clinical symptoms of disease progression; 

however, the pathology associated with AD can begin up to 20 years before symptom onset and 

any steps to prevent AD, has to begin before then (2, 3). Here we attempt to examine how the 

combination of genetic and environmental risk factors for AD affect the CNS prior to clinical 

manifestations. Through examining these factors, we have contributed to the knowledge of how 

specific risk factors affect the CNS before disease onset and what potential pathways could be 

involved in the propagation of AD. More specifically we have examined the effects of HFD-

induced obesity on the metabolism and CNS of APOE mice.   

APOE is a lipoprotein involved in lipid metabolism and cholesterol homeostasis. In the 

CNS it is primarily responsible for trafficking lipids from astrocytes to neurons, while in the 

periphery it is responsible for trafficking lipids to the liver for elimination or throughout the body 

for storage (4). There are three different APOE alleles – APOE2, APOE3, and APOE4 – that differ 

by a single amino acid at positions 112 or 158 (4). Each APOE genotype carries a different risk 

level for developing AD. APOE2 is protective against developing AD pathology, while APOE3 
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carriers have an average risk of development. APOE4 is the strongest genetic risk factor for AD 

with heterozygous carriers being 3.2 times more likely to get AD and homozygous carriers being 

14.9 times more likely to get AD (4). With 25% of the population being APOE4 carriers we must 

understand how this risk factors interact with other risk factors and how that affects the risk of AD 

development. 

Obesity is currently a growing epidemic with over 40% of Americans suffering from it 

(161). In more recent years obesity has consistently been linked to cognitive deficits, MCI, and, 

most recently, AD (161). Obesity is diagnosed through BMI (measure of body fat) of greater than 

30.0 and is associated with increases in adipose tissue, glucose intolerance, and insulin resistance 

(27-29, 161). In the CNS obesity has been associated with increased inflammation, damage to 

neuronal integrity, and, behaviorally, alterations in performances on spatial memory and recall 

task (36, 46, 61, 66). Here we wanted to know how obesity when combined with the APOE4 

genotype affects peripheral metabolism and CNS.  

To study the effects of obesity on metabolism and CNS of APOE4 mice, we utilized 

homozygous human KI APOE3 and APOE4 mice that were fed either a HFD (45% fat) or 

ingredient matched LFD (10% fat) for three months beginning at six months old. At the end of the 

feeding period, we ran a battery of assays for adipose tissue accumulation, glucose intolerance, 

behavioral changes, CNS metabolism, neuroinflammation and neuronal integrity.  

 

A. How Does Obesity Affect Metabolism in APOE Mice? 

In our study (Chapter III), mice fed a HFD gained a significant amount of weight regardless 

of APOE genotype; however, APOE4 mice gained significantly more weight than APOE3 mice 

and more interestingly, when separated by sex the male APOE4 mice had the strongest response 



 85 

to HFD. This response was repeated in the multiple metabolic measures including VAT 

accumulation, and glucose intolerance. Both VAT accumulation and glucose intolerance have been 

noted as being particularly dangerous to surrounding organs and systemic inflammation. VAT can 

release inflammatory cytokines such as TNF-α and IL6 which could act as a chronic systemic 

injury (1, 29, 31). Meanwhile, glucose intolerance is a clear sign of increased glucose levels and 

disfunctions in glucose processing (162). It is also associated with diabetes which can lead to 

cardiovascular disease, nerve damage and type III diabetes—the diabetes associated with AD 

development (162, 163).  

Overall, we have been able to induce obesity in our mouse model to a stage severe enough 

to induce extreme VAT accumulation and diabetes-like symptoms with the stronger response in 

APOE4 mice, indicating a greater susceptibility to diet-induced obesity. This could be due to how 

APOE3 and APOE4 proteins traffic lipids. Both APOE3 and APOE4 bind to HDLs and LDLs, but 

APOE3 has a higher propensity to bind to HDLs which are mostly trafficked to the liver for 

elimination (4). While APOE4 has a higher propensity to bind to LDL and vLDLs which are 

trafficked throughout the body for storage (4). This is reflected in the general population with 

APOE4 carriers suffering from obesity having a high bad cholesterol to good cholesterol 

(LDL/HDL) ratio (74). Therefore, when presented with an abundance of fat, the APOE4 mice 

could experience a deficit in eliminating lipids leading to increased accumulation. This increase in 

accumulation could then lead to increases in glucose intolerance. We have shown that VAT 

accumulation directly correlates with increased glucose intolerance indicating the two may not be 

separate. 

In humans, increases in adipose tissue has been associated with increases in free fatty acids 

which can result in impairments in glucose utilization, and deficits similar to type II diabetes (164). 
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Furthermore, increases in adipose tissue can lead to adipose tissue insulin resistance (Adipo-IR), 

which can then lead to glucose intolerance (165). Normally, insulin can suppress lipolysis or the 

release of FFAs, but in individuals suffering from obesity this process is impaired leading to the 

increased glucose intolerance and FFAs that can then increase hepatic glucose production and 

reduce insulin-mediated glucose uptake (165, 166). This results in a complete dysregulation of 

glucose and can lead to type III diabetes, a term recently coined to describe diabetes-induced AD 

(163). It is very possible that this is occurring in our mice and the increased glucose intolerance in 

the APOE4 mice is directly associated to their increased weight and adipose tissue accumulation; 

however, to further test this theory, glucose levels would have to be continuously measured 

throughout the study and not only after the onset of obesity.  

As mentioned previously, there were very distinct sex differences with the female mice 

experiencing limited responses. In humans, sex differences play an important role in the 

accumulation of adipose tissue and risk of metabolic syndrome. In women, there are high levels 

of estrogen until menopause which has been protective against metabolic syndrome (167). After 

menopause, women become more susceptible to visceral adipose tissue accumulation, insulin 

resistance and type II diabetes (154). With the menopause there is also an increased risk of 

cognitive decline and AD (160). Overall, the hormonal shift that occurs at this age leads to a full 

body alteration and potential dysregulation of how the system deals with diet, adipose tissue and 

noxious stimuli. While the age used here reflects the age of menopause in humans, female mice 

do not automatically experience these stages with many never experiencing it (168). This could 

lead to a continuous protection to the adipose tissue accumulation and metabolic disturbances. 

 Furthermore, our findings do not differ from previous literature. Diet induced obesity has 

more readily affected male mice over female mice (154) through increased peripheral 



 87 

inflammation, insulin resistance and glucose intolerance.  Estrogen also has protective effects 

against diet induced obesity (169-171). Therefore, the sex differences we are witnessing could be 

due to hormonal differences. These hormonal differences and the metabolic protectiveness in 

APOE females were further emphasized the decreased response in the female mice injected with 

STZ in Chapter IV.  

We separately attempted to study the effects of metformin on diet induced metabolic 

disturbances (Chapter V) and saw a difference in the accumulation of adipose tissue and glucose 

resistance when compared to the initial study (Chapter III), which could be due to age. In Chapter 

V, mice were fed a high fat diet for 12 weeks, but the diet began at 3 months old rather than 6 

months old as was in Chapter III. In Chapter V, male APOE3 reached significant increases in 

weight gain and glucose intolerance. While there was not a significant difference across APOE 

genotypes, the APOE4 mice did not experience significant difference when compared to their LFD 

counterparts. This difference could indicate an increased early response in younger APOE3 mice, 

but when diet is administered at a later timepoint there is a change in susceptibility. Interestingly, 

in Chapter V, the response to HFD was less severe in the younger mice—particularly in APOE4 

males – indicating an increased response associated with age. This fits with the literature that 

emphasizes an increased risk of metabolic syndrome and more negative responses to metabolic 

syndrome during middle age (24, 33-35). This also matches the idea that APOE4 mice have a 

delayed response to chronic noxious stimuli (137), if HFD is acting as a noxious stimulus. 

Meanwhile, female mice continued to have a muted response to HFD further emphasizing their 

protection towards metabolic disturbances. However, to fully and accurately test the difference in 

response at different ages, mice would have to be placed on HFDs at different ages, and metabolic 

measures would have to be collected at the same timepoints.  
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B. How Does Obesity Affect Behavior of APOE Mice?  

In our initial study we did not see any differences in behavior (Chapter III). We examined 

crude motor, anxiety-like behavior, and spatial memory, but did not see a change induced by diet 

or sex. However, we did see a deficit in spatial memory and increased anxiety-like behavior in 

APOE4 mice, which has previously been shown (20, 172). HFD has previously been associated 

with behavioral deficits (46, 66) and with the addition of the APOE genotype, deficits specific to 

APOE4 (93), (94). However, HFD is not always associated with changes in behavior, or changes 

performance between APOE genotypes (96, 173). We also examined any potential behavioral 

changed based on sex but did not see any significant differences. These confounding behavioral 

responses to HFD could be due to multiple things—the age of the mice, the fat content of the diet, 

and the length of the diet.  We used a HFD consisting of 45% fat, but there is an extreme HFD, 

60% fat, which results in more robust metabolic disturbances (93, 173).  It is possible that if we 

used that diet, we would have seen behavioral deficits; however, the 45% diet is more reflective 

of diets consumed in western society. Similarly lengthening the time, the mice spent on the 45% 

fat diet could have also increased the chance of behavioral disturbances. Here we did see an effect 

of diet on the CNS and indication of changes to synaptic plasticity with increases in IEGs and C3 

gene expression (Chapter IV), so it is very possible that with prolonged exposure these effects 

could have persisted to affecting behavior.   

In Chapter V, we continued to examine behavior in the mice treated with metformin and 

saw behavioral changes in female mice on HFD. This is particularly interesting because, the female 

mice did not experience any metabolic disturbances. While these mice showed significant deficits 

at a younger age than the mice in Chapter III, the anxiety-like behavior of the female APOE4 mice 

on HFD had similar patters across studies. The behavioral assays in Chapter III had more 



 89 

variability than the assays in Chapter V, making it difficult for any sex differences to be clear. This 

variability could simply be due to the lower N in Chapter III. As for the changes in APOE3 mice 

on HFD in Chapter V, these changes were noted in a different memory assay (fear conditioning) 

than what was used in Chapter III.  

More interesting is that these female mice on HFD showed cognitive deficits without 

increases in weight gain, or glucose intolerance, and only trends towards adipose tissue 

accumulation. Throughout this study we have been working with the assumption that HFD leads 

to metabolic disturbances and then the metabolic disturbances lead to disturbances in the CNS; 

however, these data could be indicating a separate unrelated pathway, a pathway where HFD 

directly affects the CNS without any noticeable peripheral metabolic disturbances. 

 As mentioned before, the pattern of adipose tissue in these female mice was increased; 

therefore, it is possible that the behavioral disturbances could be due to accumulation of adipose 

tissue. The adipose tissue could be increasing systemic inflammation or CNS glucose intolerance 

or insulin resistance. However, the latter seems unlikely because there are no changes in the 

periphery at this point and those changes usually precede CNS metabolic changes (127).  It would 

be interesting to develop a study that specifically test the effects of HFD on the CNS with the 

absence of metabolic syndrome. Such a study would go beyond the hypothesis of two potential 

pathways (periphery inflammation and metabolic disturbances) and examine a direct HFD to CNS 

connection.  

In Chapter V, the mice were also treated with metformin and while metformin did not have 

an effect on peripheral metabolic changes (weight gain, glucose intolerance or adipose tissue), it 

did reverse behavioral deficits in the female APOE mice on HFD.  Metformin has been implicated 

in CNS specific improvements unrelated to metabolic disturbances (115); therefore, metformin 
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can act on similar CNS specific pathways.  HFD could be directly affecting these same pathways 

and that is why an initial behavioral deficit is seen. Future studies could examine the CNS 

pathways, such as AMPK signaling pathway (174) affected by metformin and see if those are 

altered in HFD mice. The findings could potentially indicate a CNS pathway directly affected by 

HFD. We did not treat mice on LFD with metformin, but previously metformin treatment of 

APOE3 mice, but not APOE4 mice, resulted in improved spatial memory (115). It would have 

been interesting to see whether our mice performed similarly.   

We did not see any HFD induced behavioral changes in male APOE mice even with their 

increase in metabolic disturbances, nor did metformin reverse any particular deficits indicating a 

potential sex specific response to HFD in the CNS. In humans, females have been shown to have 

an increased risk of HFD-induced cognitive disturbances (175). Furthermore, in the past, females 

have been associated with increased risk of AD (160). While obesity has been indicated as being 

more likely to develop post menopause, if we are looking at a pathway that circumnavigates the 

periphery and directly affects the brain, metabolic disturbances do not need to occur for CNS 

perturbation. At this point we believe our HFD model accurately captures the effects of HFD-

induced obesity in middle aged humans. To enhance the accuracy, ovariectomized female mice 

would be able to mimic menopause, removing hormonal differences as a limiting factor (168). 

However, we are seeing similar patterns of adipose tissue accumulation and cognitive disturbances 

as seen in humans (24, 33-35). 

 

C. How Does Obesity Affect Neuroinflammation and Neurometabolism in APOE Mice? 

 In Chapter IV, we directly examined the effects of HFD on the CNS through multiple 

assays. We began with probing for gliosis and saw an increase in both Iba1 and GFAP expression 
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in APOE3 mice on HFD, but not APOE4 mice. The increase in gliosis told us that HFD was 

inducing a neuroinflammatory response, but the question of what pathway could be leading to this 

response remained unclear.  

To investigate whether inflammation was driving this glial response we utilized a 

NanoString neuroinflammatory panel. There were no alterations in the genes traditionally 

associated with HFD-induced obesity, TNF-α, and IL-6, but the panel did indicate IKBKE, C3, 

and IL-3 as being altered. Upon further inspection with qRT-PCR, IL-3 and IKBKE did not display 

any differences. C3 gene expression was increased in HFD APOE3 mice, but when protein levels 

were examined, the C3 downstream pathway remained unperturbed.  These results lead us to 

believe that HFD did not widely induce inflammation at this point. It is possible that as diet 

persisted, the C3 downstream pathways would become altered along with eventual changes in 

TNF-α, and IL-6, but at this point we are not seeing that. 

Interestingly, the most noteworthy alteration in the neuroinflammatory panel was an 

upregulation of IEG expression in APOE3 mice on HFD. Transient IEG expression is traditionally 

thought to be indicative of neuronal activity and changes in synaptic plasticity after learning, but 

here we see an increase in expression associated with HFD. This brings forward the question of 

whether IEG expression is indicating altered neuronal activity. We know that IEG expression is 

not related to damaged neurons at this point since we did not see any changes in neuronal integrity; 

however, we could be seeing changes in synaptic plasticity that is not yet evident through structural 

changes. It is possible that this synaptic plasticity could lead to neuronal damage in the future, if 

IEG levels remain elevated. However, it is also possible that the APOE3 mice are responding to 

HFD in a manner that will protect them in the future if HFD exposure persisted. The absence of 

this response in APOE4 mice could be detrimental at later timepoints when HFD becomes 
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dangerous and begins affecting inflammation and neuronal integrity. The early response in gliosis 

and IEG activity could be a protective response in the APOE3 mice that the APOE4 mice are 

lacking. This neuronal activity could also be directing the storage of peripheral adipose tissue and 

modulating other metabolic disturbances (176, 177) and without this regulation early on there is 

an increase in inflammatory adipose tissue which can then lead to deficits as diet persist, with 

stronger deficits in the APOE4 mice.  

To see whether the CNS responses could occur independently of adipose tissue 

accumulation, we examined mice with STZ-induced diabetes. The STZ successfully induced 

glucose intolerance in the APOE male mice, indicating a successful induction of diabetes, but when 

the mice were examined for the same genes indicated as being altered by HFD on the NanoString 

neuroinflammatory panel (Chapter IV), there were no changes in gene expression. This was the 

first indication that metabolic disturbances may not be driving the CNS alterations. We went on to 

further investigate whether metabolism was driving the CNS responses with a NanoString 

metabolic panel. The NanoString metabolic panel examined genes specific to fatty acid oxidation, 

glucose transport, and glycolysis, but no diet or genotype specific alterations were found in any 

genes related to those pathways. Interestingly, the panel also had genes specific to T cell activity 

and cytokine and chemokine signaling. The majority of genes indicated as having diet induced 

increases in expression fell into this category. To further verify these panel hits, we began with 

qRT-PCR for CD4, but the results from qRT-PCR did not reflect the findings on the panel. 

Therefore, further investigation into these panel hits was paused. However, it still remains 

interesting that even with a full metabolic panel only genes involved in T cell activity and cytokine 

and chemokine signaling were altered. Between the lack of altered metabolic pathways from the 
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metabolic panel and the lack of alteration in the STZ mice, this study does not indicate the 

metabolic pathway as being the driving force behind the CNS specific alterations.  

 For inflammation the NanoString inflammatory panel only indicated C3, IL3 and IKBKE 

as the three inflammation specific pathways being significantly altered by HFD and upon further 

analysis only C3 had changes in gene expression. However, the C3 protein and downstream 

pathways did not show any differences. Also, none of the inflammatory cytokines normally 

associated with HFD (TNF-α and IL6) were altered. Therefore, it does not seem like a strong 

inflammatory component is driving the gliosis and IEG expression. This leads us to the question, 

what is diet doing to alter the CNS. HFD has been associated with both increases in inflammatory 

cytokines and CNS metabolic insults (46, 127). It is possible that with an extended period on our 

HFD the mice would exhibit both of those; however, at this point, neither is occurring.  

Furthermore, HFD has been shown to increase CNS deficits in APOE4 mice, but the study 

that reported the behavioral deficits used an extreme HFD (60% diet) (67) (Table VI.1). It is 

possible that the 60% fat diet exacerbates the negative effects of HFD and surpasses the initial 

subtle responses both genotypes have to HFD. Here our 45% HFD could be allowing us to see the 

APOE3 specific response that could be protective once metabolic and inflammatory insults begin. 

What we are seeing could be preceding the diet-induced inflammatory cytokines or metabolic 

insults. Usually at the point of inflammation or CNS metabolic insults there are indications of 

effects on neuronal integrity. We do not see that in our study leading us to further believe these 

CNS changes are occurring before inflammation or metabolic insults.  

 There still remains the possibility that peripheral metabolic disturbances are not at all 

leading to CNS insults at this point and we are working with a completely different pathway (as 

mentioned earlier). This possibility is further emphasized by the lack of CNS alterations in the 
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STZ mice (Chapter IV) and the APOE3 specific CNS alterations that occurred even with less 

metabolic disturbances than APOE4 mice (Chapter III and IV). Therefore, it would be interesting 

to investigate how HFD can directly affect the CNS without altering the periphery. 

Then there is the possibility that the CNS is sending HFD induced signals to the periphery. 

These top-down signals can affect multiple metabolic players including adipose tissue, the liver 

and blood pressure (178-182). If this is occurring and these signals are specific to APOE3 mice, 

there is the possibility that the APOE3 mice are more rapidly responding to HFD in a manner 

conducive to preventing future damage. However, such top down signaling has previously only 

been associated with the subforincial organs (SFO), an area in the brain void of the blood brain 

barrier, and the HYP (151, 178, 180). Since IEG activity is robust and indicative of neuronal 

activity, beginning with understanding what neurons are involved in this activity could be a good 

starting point to understanding whether a similar top-down signaling is occurring. It would also be 

interesting to examine AMPK pathway activity since it is involved in HFD. Additionally, 

metformin alters this pathway and we saw that metformin was successful in returning female mice 

on HFD back to baseline levels.  

 While we have investigated multiple effects of HFD on APOE mice, there are a vast array 

of future studies that can be explored. We could venture into the sex differences and first see 

whether HFD affects behavior and the CNS integrity in male vs. female APOE mice. 

Unfortunately, we did not have a high enough N to probe for sex differences in CNS integrity, but 

this remains a question that needs answering. We could also examine whether metformin returns 

any of the CNS alterations found in Chapter IV back to the levels seen in the LFD mice. While a 

very valid next step, the pertinent questions to answer are what pathways are leading to HFD’s 

effects on the CNS and how do these pathways differ between APOE mice.  
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The first step would be to design a study specific to examine IEG expression. At this point 

we do not know if the activity is chronic or transient, nor do we know whether it was there before 

or after gliosis. Depending on the point and length of appearance that could indicate whether gliosis 

is leading to IEG expression or the opposite and know whether IEG expression is partaking in a 

normal synaptic plasticity pathway or is related to abhorrent behavior. From there it would be 

interesting to investigate what is specifically happening to the neurons undergoing HFD-induced 

IEG expression, and any other changes in proteins involved in LTP or synaptic plasticity. 

Examining this and pathways affected by metformin (i.e., AMPK) could lead to an overall idea of 

the specific pathways HFD is altering. Without understanding how HFD is leading to CNS 

alterations and how those alterations differ between APOE genotypes we will not be able to combat 

its negative effects. 

 Furthermore, these same pathways being altered by HFD could be the pathways involved 

in increasing the risk or protecting against developing AD. If we are able to pinpoint these 

pathways and then compare them to pathways specifically involved in the development and 

propagation of AD, we would be able to understand how these two risk factors could come together 

and further exacerbate AD risk. Once these pathways are identified the next step would be to 

examine them in an EFAD mouse model. The comparison of HFD effects in healthy APOE mice 

and EFAD mice would indicate whether the pathways altered by HFD alone are further altered by 

AD or whether the effects of HFD on those pathways exacerbates AD.  We would also know 

whether this differs between APOE genotypes.  

Overall, here we have shown genotype and sex differences associated with HFD, have 

eliminated neurometabolism as a leader in HFD induced CNS differences, and hinted at 

neuroinflammation not being the driving factors for CNS differences at this point.  Through this 



 96 

we have given the initial direction for future researchers to unlock the pathway between HFD, 

APOE genotype, and AD. 
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Table VI.1 Studies of the effects of a HFD on APOE3 and APOE4 mice 
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D. Conclusion 

We hypothesized that HFD would induce genotype and diet specific metabolic and CNS 

deficits, and these CNS deficits were either due to metabolic disturbances or increased 

inflammation. Finally, we examined whether effects of HFD could be ameliorated with metformin. 

Through multiple assays, we found that HFD induces peripheral metabolic disturbances in both 

APOE3 and APOE4 mice with a stronger effect in APOE4 mice. In contrast, we found CNS 

alterations in gliosis and IEGs specific to APOE3 mice on HFD. When examining CNS metabolic 

pathways/ STZ-induced changes and neuroinflammatory pathways we did not see robust changes 

in genes in either pathway indicating neither neurometabolic nor neuroinflammatory changes led 

the HFD induced CNS changes in our study. It is possible that the CNS alterations we found are 

preceding any neurometabolic or neuroinflammatory induced changes and is a result of a direct 

connection between diet and the CNS. We did not see any improvements in metabolism with 

metformin treatment; however, we did see an improvement in behavior specifically in female mice. 

This indicates HFD can disrupt behavior and metformin can ameliorate the disturbances without 

affecting peripheral metabolism, further emphasizing a direct connection between diet and CNS. 

Through these studies we have examined two pathways often implicated in HFD-induced CNS 

disturbances, and we have given a new perspective on how HFD affects the CNS for future 

researchers to unlock the pathway between HFD, APOE genotype, and AD. 
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