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Abstract

Type II (T2D) diabetes is associated with alterations in learning, memory and increased 

prevalence of dementia, Alzheimer’s disease, stroke and stress-related disorders, such as 

depression. We hypothesized that these associations may be due in part to central changes 

in neuroplasticity. Central cytokine dysregulations may be one mechanism underlying 

changes in plasticity, and may be further exacerbated by repeated stressful events. 

Accordingly, a mouse model of T2D was used to investigate changes in behavior, 

plasticity as measured by neurogenesis and central cytokine levels induced by stress 

and/or diabetes. We found that diabetes-prone C57 mice gain significantly more weight 

when fed a high fat diet as compared to their low-fat counterparts or to diabetes-resistant 

A/J mice, despite similar food intake. High-fat diet had no effect on memory and anxiety, 

however it increased depressive-like behavior in both strains. Diet had no effect on 

neurogenesis, nevertheless, again there were marked differences between the strains with 

the diabetes prone mice showing higher proliferation. Diet had no effect on cytokine 

levels in the hippocampus, but it is interesting to note that C57 mice showed decreased 

hippocampal levels of interleukin-10 (IL-10) when subjected to a chronic mild stressor, 

while A/J mice showed the opposite pattern. Our results do not exclude the possibility 

that stress and central neuroinflammatory changes act synergistically in the development 

of cognitive deficits associated with diabetes, however, they do suggest that the initial 

phase of T2D is not accompanied by marked neuroinflammatory changes.
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1. Introduction

Diabetes mellitus is a severe metabolic disorder characterized by hyperglycemia and 

associated abnormalities in the metabolism of proteins, carbohydrates and fats 

(Musselman, Betan, Larsen and Phillips, 2003). There are two major types of the 

disorder: Type 1 (T1D), which occurs in children and young adults and accounts for 10% 

to 15% of all cases, and Type 2 (T2D) which is more common in individuals over the age 

of 30, and accounts for 85% to 90% of cases (Statistics Canada, 2003).

Although both diabetic sub-types share a number of functional consequences, 

their etiological mechanisms are clearly different. T1D stems from an autoimmune 

destruction of the insulin-producing pancreatic (3 cells, resulting in a severe deficiency of 

insulin secretion. In contrast, T2D results from a combination of inadequate insulin 

secretion and resistance (Musselman, Betan, Larsen and Phillips, 2003). Ultimately both 

of these diabetic conditions lead to an insulin dysfunction and chronic hyperglycemia, 

which over time is associated with damage to several organs, such as the kidneys, eyes 

and the central nervous system (Biessels and Gispen, 2005).

Diabetes is typically thought of as a disease of the periphery; however the 

condition constitutes a major stressor for the central nervous system (CNS), and can 

therefore affect its functioning. Indeed, diabetes mellitus is highly correlated with 

neurodegenerative and functional disorders of the CNS. Both T1D (Falcone & 

Sarvetnick, 1999; Pankewycz, Guan & Benedict, 1995; Rabinovitch, 1998) and T2D 

(Donath et al, 2005; Mito et al. 2000; Fishel et al., 2005) are associated with impairments 

in learning and memory, inflammatory changes, as well as with a higher incidence of
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developing neurodegenerative disorders, depression and stress-related pathology (Ristow,

2004).

The high incidence of neurodegenerative pathology (Ristow, 2004) and cognitive 

impairments observed in diabetic individuals (Bjorgaas et al., 1997; Brands et al., 2005; 

Lobnig et al., 2006; Strachan et al., 1997) suggests that diabetes may have a 

neurodegenerative impact on the brain. The mechanisms underlying the association of 

diabetes with neurodegenerative pathology are unclear but they may include alterations 

of brain glucose utilization and sensing, insulin deficiency, microvascular abnormalities 

and inflammatory changes, all of which are thought to contribute to changes in cell 

proliferation and neurotransmitter dysregulation (Craft & Watson, 2004; Surwit et al., 

1995).

In addition to neurodegenerative changes, diabetes may also be associated with 

disturbances of neuroplasticity, including impaired dendritic branching (Baran et al.,

2005) and alterations of neurogenesis (Jackson-Guilford et al., 2000; Kang et al., 2006; 

Revsin et al., 2005; F. Saravia et al., 2004; F. E. Saravia et al., 2006). Disrupted 

neurogenesis (the generation of new neurons in the brain) may be a particularly 

important, yet often overlooked, aspect of neurodegenerative pathology and it has been 

hypothesized to arise from a failure of the endogenous neuronal stem cells to respond 

appropriately to neuronal loss and replace the dying populations of neurons (Armstrong 

& Barker, 2001). This failure to replace neuronal loss could arise from several 

dysfunctions. One aspect could be a decrease in proliferation, migration or differentiation 

of the new neurons. A second possibility is a greater rate of neurodegeneration than cell 

replacement. And finally, degeneration fails to send appropriate signals to stimulate
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neurogenesis, or alternatively, neurogenesis is inhibited by signals in the neuronal 

microenvironment (Armstrong & Barker, 2001).

Chronic inflammation has been proposed as one potential mechanism influencing 

neurogenesis (Ekdahl et al., 2003). Moreover, given that increased activation of 

inflammatory cascades is associated with neurodegenerative pathology (Hayley & 

Anisman, 2005), as well as peripheral changes in diabetes (Almawi et al., 1999), it is 

conceivable that inflammatory factors may be influencing the development of 

neurodegenerative pathology in diabetic individuals. In this regard, cytokines may be 

important messengers common to the evolution of such co-morbid states.

Importantly, by virtue of their provocative actions upon central monoamines and 

the hypothalamic-pituitary-adrenal axis (HPA), cytokines have been proposed to act as 

systemic stressors. In this respect, diabetes may be viewed as a systemic stressor 

activating neurochemical processes similar to those influenced by more traditional 

psychologically relevant stressors (Asaba et al., 2006; Herman & Cullinan, 1997).

Both acute and chronic stressors may influence brain plasticity. However, while 

acute stressors may cause reversible changes in plasticity that may even be positive for 

the organism (e.g. facilitate memory formation), chronic stress often leads to maladaptive 

plasticity, which over time can result in disease (Czeh et al., 2006; Miller & O'Callaghan, 

2005; Warner-Schmidt & Duman, 2006). Moreover, prolonged stressor exposure leads to 

inflammatory responses (Kiecolt-Glaser et al., 2003; Maes et al., 1998; Wilson et al., 

2002), which are detrimental to neurogenesis and contribute to cognitive impairments 

(Ekdahl et al., 2003). Therefore it was of interest to investigate the impact of a
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psychological stressor, and the metabolic stressor, diabetes, upon the central 

neuroinflammatory processes, and hippocampal functioning.

This proposal seeks to assess changes in hippocampal neurogenesis and cognitive 

functioning in a mouse model of diabetes. Since it is hypothesized that inflammatory 

processes may be fundamental in the central effects systemic and traditional stressors, 

changes in cytokines and associated signaling factors will also be evaluated in the 

diabetic-stressor model.

2. Cognitive impairments in diabetes

Both T1D and T2D are associated with an increased prevalence of cognitive impairments 

and neurodegenerative disorders. In fact, of the 100 known neurodegenerative disorders, 

diabetes is associated with more than 20 (Ristow, 2004). This section highlights some of 

the most common neurodegenerative disorders associated with diabetes as well as the 

cognitive impairments present in T1D and T2D, their similarities and their differences.

2.1 Comorbidity of diabetes with neurodegenerative disorders

The most common neurodegenerative disorder and frequent form of dementia is 

Alzheimer’s disease (AD). Diabetic patients are twice as likely to develop AD, compared 

to the general population. For subjects with both diabetes and the AD-predisposing 

apoliprotein E allele the relative risk of developing AD increases to five times compared 

to the general population. Furthermore, the risk for AD remains high in these studies even 

after controlling for vascular risk factors, suggesting that the pathogenesis of AD in 

diabetes is independent of vascular function (Grossman, 2003).
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There are several pathogenic similarities between diabetes and AD that may help 

account for the co-morbidity. First, the amyloid protein aggregates characteristic of AD 

are also found in the pancreatic islets of diabetic patients and treatment with insulin 

lowers the concentrations of these deposits. Secondly, like diabetes, AD is associated 

with insulin resistance, hyperinsulinemia and impaired glucose utilization. Finally, 

cholesterol clearance and metabolism is decreased in both diabetes and AD. Cholesterol 

has also been implicated in P-amyloid synthesis and drugs modulating cholesterolemia by 

regulating lipid metabolism may offer a possible treatment option for AD (Ristow, 2004).

Another neurodegenerative disorder showing a strong association with diabetes is 

Huntington’s disease (HD), which is characterized by progressive neuronal death coupled 

with dementia in addition to the choreic movements typical of the disease. The 

pathogenesis of this genetic disease is attributed to cleavage and accumulation of amino- 

terminals of the huntingtin protein. Interestingly, HD patients are 7 times more likely to 

develop diabetes than matched healthy individuals. Moreover, HD patients and animal 

models show increased oxidative stress and mitochondrial dysfunction, also evident in 

diabetes (Ristow, 2004). Brain mitochondrial dysfunction is believed to be a direct effect 

of increased glucose oxidation due to a hyperglycemic environment in the brain, and it 

results in increased reactive oxygen species (ROS) and nitric oxide (NO) production, 

which in turn lead to neuronal damage. Oxidative stress is a central feature of diabetic 

encephalopathy (Mastrocola et al., 2005).

Parkinson’s disease (PD) is the second most frequent neurodegenerative disorder. 

Interestingly, 80% of PD patients also exhibit impaired glucose tolerance. Like AD and 

HD, PD exhibits filamentous deposits, which are believed to be the result of degradation
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of the neurofilaments through elevated oxidative stress (Q. Liu et al., 2004). These 

filamentous deposits have also been found in the diabetic brain (Femyhough et al., 1999).

This high comorbidity of diabetes with neurodegenerative disorders suggests a 

common pathogenic pathway, however, this is a controversial topic and it is not clear 

whether the neuronal death represents a primary pathological feature, a secondary 

complication arising during the disease, or a protective response (Armstrong & Barker, 

2001). One feature all these disorders do share is cognitive deterioration, which, as a 

growing body of literature suggests, is also present in diabetic and pre-diabetic 

individuals.

2.2 Cognitive impairments associated with T1D

T1D is associated with cognitive impairment in both humans and animal models. The 

majority of studies on cognitive problems stemming from T1D in humans have found a 

negative effect on attention, psychomotor speed, mental flexibility and delayed memory 

(Bjorgaas et al., 1997; Brands et al., 2005; Lobnig et al., 2006; Strachan et al., 1997).

Neurocognitive decline is present in juvenile diabetes, even as early as 2-3 years 

after diagnosis, prior to development of cardiovascular disease (Northam et al., 2001). 

Northam et al. (2001) followed a group of newly diagnosed children for 6 years and 

compared them with a group of healthy controls. They found that while there were no 

differences at baseline, at a two years follow-up, the children diagnosed before the age of 

4, showed developmental delays on vocabulary and abstract reasoning tests (Northam et 

al., 1998). At 6 years follow-up all diabetic children regardless of age of diagnosis
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experienced deficits in attention, processing speed, long-term memory and executive 

functioning (Northam et al., 2001).

As in humans, animal models of diabetes also show cognitive impairments in 

complex tasks such as Morris water-maze and spatial object learning, but preserved 

performance in simple tasks such as passive avoidance paradigms. These deficits are 

influenced by the duration and severity of diabetes and hyperglycemic episodes, and they 

can be prevented but not reversed by insulin treatment (Biessels and Gispen, 2005).

The evidence for cognitive impairments in T1D is strong in both humans and 

animals and suggests dysregulation of executive functioning, attention and delayed 

memory implicating a breakdown in communication between the hippocampus and the 

prefrontal cortex.

2.3 Cognitive impairments associated with T2D

In contrast to T1D, T2D is associated with impairments in learning and working memory 

(Reaven et al., 1990; Strachan et al., 1997; Strachan et al., 2003). Despite heterogeneous 

designs and methodological limitations, most studies in people with T2D found cognitive 

impairments, which were especially accentuated by poor glycemic control, early onset of 

the disease, micro- and macrovascular complications and age. The majority of the 

studies found significant impairments in immediate noncontextual verbal memory, such 

as word recall lists, processing speed/reaction time and brief cognitive measures such as 

the Mini Mental State Examination (MMSE) in diabetic subjects as compared to controls. 

In contrast to impairments associated with T1D, attention, language and semantic 

functioning were relatively spared in T2D (Awad et al., 2004; Strachan et al., 1997).
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Studies in rats fed high-fat diets have found impairments in the radial arm maze, 

an operant test of delayed alternation performance with variable time intervals between 

trials (VIDA), and blind-alley maze tasks. The radial arm maze is a measure of spatial 

memory and is hippocampal dependent. The VIDA measures procedural rule learning 

and is sensitive to frontal lobe damage and long-term memory impairments that depend 

on hippocampal involvement. The blind-alley maze task addresses intellectual function in 

general and is affected by widespread brain-impairment (Winocur & Greenwood, 2005). 

When compared to controls, the rats fed high-fat diets showed impairments similar to 

aged and brain-damaged rats in the same conditions, on all cognitive tasks. The rats fed 

diets high in saturated fats, such as those found in coconut oil, showed particularly 

affected cognitive functioning, whereas rats fed diets high in polyunsaturated fats, such as 

omega-3 fatty acids found in fish oil, performed similar to the controls (Greenwood & 

Winocur, 1990).

Human and animal studies of T2D uncovered impairments in hippocampal 

dependent functions such as working memory and learning, suggesting a different 

mechanism may be responsible for these deficits than that implicated in T1D.

3. Neurogenesis

The hippocampal formation is a highly plastic brain structure essential to learning and 

memory processes and is especially vulnerable to a host of stressors. In particular, 

disturbances of neurochemical activity, as well as neurogenesis and dendritic branching 

have been reported following psychosocial, neurogenic and even metabolic stressors 

(Prickaerts et al., 2004). Neurogenesis is an umbrella term, which encompasses cell
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proliferation, migration, differentiation, death of some of the newly generated neurons 

and maturation of the remaining neurons. Of these, cell proliferation and cell death are 

independently regulated, and are influenced by both the internal and the external 

environment of the organism, with important implications for learning and memory, 

aging and neuronal loss -  neurodegeneration (Christie & Cameron, 2006; Prickaerts et 

a l, 2004).

3.1 Importance of neurogenesis for learning and memory

The evidence relating neurogenesis to learning and memory falls in three categories: 1. 

studies suggesting a correlation between neurogenesis and learning abilities, 2. studies 

suggesting that learning influences the number of new neurons produced following the 

specific task and finally, 3. evidence suggesting that a decrease in the number of new 

neurons bom has a deleterious impact on learning (Leuner et al., 2006).

Although the existing evidence is controversial, several studies have reported an 

increase in the number of new neurons correlates with better performance on spatial 

memory tasks such as the Morris Water Maze (Drapeau et al., 2003). Moreover, 

conditions such as stress, aging and increased levels of corticosteroids were associated 

with decreased neurogenesis and learning impairments (Gould et al., 1998; Tanapat et al., 

2001). However, there is also conflicting evidence suggesting that in rats these same 

conditions do not necessarily lead to cognitive impairments (Leuner et al., 2006).

Some studies have found that hippocampal specific learning such as spatial 

learning was associated with increased neurogenesis (Gould et al., 1999), while 

hippocampal independent learning tasks such as active shock avoidance, had no effect on
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neurogenesis (Van der Borght et al., 2005). In contrast, some studies report no effect or 

even a decrease in neurogenesis associated with learning. This discrepancy may be 

explained by variations in the age of the labeled neurons, or by differences in the training 

protocols employed (Leuner et al., 2006). Finally, some studies found that reductions in 

the number of new neurons induced by the antimitotic agent methylazomethanol (Shors 

et al., 2001) or irradiation exposure (Gazzara & Altman, 1981) were associated with 

impaired learning and memory. However, the side effects of these neurogenesis blocking 

treatments are not known, and thus there is a possibility they may be affecting other 

cellular processes or general health (Leuner et al., 2006).

Further complicating the association between neurogenesis and learning, is the 

fact that the precise role which neurogenesis plays in learning has still not been 

elucidated. However, several hypotheses have been advanced, including the possibility 

that new neurons increase the opportunity for learning simply through their availability to 

form new circuits (Kempermann, 2002). Support for this theory comes from the 

observation that newborn neurons exhibit lower LTP thresholds and are less sensitive to 

GABAergic inhibition. A second hypothesis posits that new neurons are used for 

temporary storage of information. Some support for this theory comes from the belief that 

the hippocampus is involved in the short term storage of information and the observation 

that lesions to the hippocampus become less disruptive as the period between acquisition 

and memory recall increases (Leuner et al., 2006). However, currently the amount of 

conclusive evidence supporting these hypotheses and linking neurogenesis to learning 

and memory is still small.
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We suggest there are several factors, which may act together to synergistically 

influence neurogenesis and ultimately lead to cognitive deterioration. In support of this 

contention, psychological stressors have been suggested to interact with hyperglycemic 

toxicity and neurotrophic changes within the context of diabetes to influence 

neurogenesis.

3.2 Neurogenesis impairments in T1D

To date there are only a handful of studies investigating the relationship between T1D 

and neurogenesis (Jackson-Guilford et al., 2000; Kang et al., 2006; Revsin et al., 2005; 

Saravia et al., 2004; Saravia et al., 2006). However, all studies agree that T1D leads to a 

decrease in neuronal proliferation in the dentate gyrus and marked astroglyosis. Some 

studies have investigated factors that can increase cell proliferation in spite of the hostile 

microenvironment in the dentate gyrus in diabetes, and found that estrogen (F. Saravia et 

al., 2004; F. E. Saravia et al., 2006), antidepressant treatment (Beauquis et al., 2006) and 

low doses of radiation (Kang et al., 2006) can restore proliferation levels. However, the 

mechanisms through which each of these factors restores neurogenesis may be slightly 

different. Whereas estrogen and antidepressants such as fluoxetine increase production of 

new neurons (Beauquis et al., 2006; Saravia et al., 2004; Saravia et al., 2006), low doses 

of radiation suppress expression of apoptotic factors such as caspase 3, thereby allowing 

neurogenesis to replace the dying populations of neurons (Kang et al., 2006).
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3.3 Neurogenesis impairments in T2D

Despite the evidence that T2D causes cognitive impairments in both humans and animals, 

to date there is only one study (Lindqvist et al., 2006) investigating the effects of T2D on 

neurogenesis. This study brings compelling evidence that intake of high dietary fats 

negatively affects neurogenesis. New cells in the dentate gyrus were double-labeled with 

bromodeoxyuridine (BrdU) and a neuron-specific nuclear protein (NeuN). BrdU is a 

thymidine analogue, which upon injection is incorporated into the newly synthesized 

DNA of replicating cells. NeuN is an endogenous marker expressed by mature neurons. 

Male rats fed a high-fat diet for 4 weeks had significantly reduced numbers of dentate 

neurons co-expressing BrdU and NeuN., as compared to rats fed a control standard rat 

chow. The authors suggest that the increased levels of corticosterone observed in the 

male rats fed a high-fat diet may be responsible for the reduced neurogenesis (Lindqvist 

et al., 2006).

4. Factors affecting neurogenesis in the diabetic brain

Several factors are known to negatively impact neurogenesis in the dentate gyrus. Among 

these are changes in cytokines, glucocorticoids, and insulin growth factor (IGF). These 

changes are particularly relevant in the context of diabetes.

4.1 Cytokine changes

Recent evidence (Ekdahl et al\ 2003), suggests that chronic inflammatory responses 

mediated by cytokines may be detrimental to regenerative processes such as 

neurogenesis. Furthermore, inflammation-suppressed neurogenesis may play a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

pathophysiological role in many disorders associated with cognitive impairment 

including AD and PD (Perry et al., 2003).

Cytokines are a group of proteins, which act as signaling compounds in the 

periphery and the CNS and are implicated in innate and adaptive immune responses 

(Perry et al., 2003). Two T helper (Th) cell types play an important role in maintaining 

adaptive immunity. Thl produce tumor necrosis-a (TNF-a), interleukin 1 and 2 (IL-1, IL- 

2) and interferon- y (INF-y), all of which promote cell mediated responses and have 

primarily pro-inflammatory actions. In contrast Th2 produce IL-5, IL-4, IL-10 and IL-13, 

which in turn promote humoral immunity and have primarily anti-inflammatory actions 

(Almawi et al., 1999). Cytokines are also produced in the CNS by the brain’s resident 

immune cells, the microglia, activated in response to injury or stress (Liberto et al., 

2004).

While at low concentrations cytokines have neuroprotective and pro-regenerative 

effects through their stimulatory effects on astrocytes, which produce trophic substrates 

for neurons, restore the blood-brain barrier, promote remyelination and stimulate 

neurogenesis, at higher levels following chronic exposure to an insult, cytokines can have 

devastating effects on the brain (Liberto et al., 2004). In a study on the effects of central 

inflammation on basal neurogenesis, Ekdahl et al (2003) found that chronic infusion with 

the inflammatory agent lipopolysaccharide caused an 85% reduction in the number of 

new neurons labeled with BrdU over the course of a week in the dentate gyrus, while the 

number of mature neurons was not significantly affected, suggesting that chronic 

inflammation decreases neuronal survival rather than differentiation. When BrdU was 

injected 2 hours prior to euthanasia to label proliferating neurons, no difference was

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

observed between animals that received LPS infusions and controls, suggesting that 

proliferation was not significantly affected by inflammation. Furthermore, inflammation 

attenuated neurogenesis triggered by status epilepticus. Similarly, other studies (Fan et 

al., 2005; Monje et a l, 2003; Ryu et al., 2004) have found that an inflammatory blockade 

with nonsteroidal anti-inflammatory drugs can restore hippocampal neurogenesis.

The deleterious effects of inflammation on neurogenesis are believed to be 

mediated by the pro-inflammatory cytokines LL-6, TNF-a, and IL-ip, which together 

with increases in nitric oxide and reactive oxygen species production create a neurotoxic 

microenvironment, thereby decreasing survival of new neurons. Moreover systemic 

inflammation in people with already existing inflammation in the brain accelerates 

disease progression and contributes to cognitive impairments (Perry et al., 2003).

T2D is associated with dysregulated cellular and humoral immunity and 

peripheral increases in Thl cytokines (IL-1 P, TNF-a and IL-6) and decreased levels of 

Th2 cytokines (IL-4, IL-10).

Cytokine changes in T2D

Metabolic stress such as in T2D leads to the activation of cellular inflammatory 

pathways. One possible mechanism suggested by Chen (2006) is that a high-fat diet leads 

to a nutrient overload in the adipose tissue, which in turn increases secretion of free fatty 

acids (FFA) and pro-inflammatory cytokines which lead to the activation of 

macrophages. The macrophages themselves produce more pro-inflammatory cytokines, 

which cause insulin resistance by triggering endoplasmic reticulum (ER) stress and 

activating several pro-inflammatory signaling pathways such as the c-Jun NH2-terminal 

kinase 1 (JNK1), pro-inflammatory kinase 0 (PKC- 0) and I-Kappa-B Kinase P (IKKP).
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The activation of these pathways leads to a decrease in insulin receptor substrate (IRS) 

phosphorylation needed for the activation of the AKT2 cascade responsible for the 

recruitment of the Glut-4 transporters to the plasma membrane, which ultimately results 

in a decrease in glucose uptake from the blood (Chen, 2006).

T2D associated elevations of the Thl cytokines IL-1 p, TNF-a and IL-6 are 

strongly influenced by various stimuli, such as nutrition, age, stress and/or a genetic 

predisposition (Pickup & Crook, 1998). Thus, the central impact of these cytokines is 

markedly shaped by the environmental and individual conditions present.

Two Th2 cytokine seem to play an important role in T2D: IL-10 and IL-4. IL-10 

is a powerful inhibitor of TNF-a and IL-6, and reduced levels of IL-10 were associated 

with increased levels of glucose in serum. In fact, elderly patients with reduced IL-10 

production (358-396 pg/ml) were more than twice as likely to have T2D when compared 

with elderly patients with high IL-10 production (1331-1474 pg/ml). Serum from T2D 

patients also shows reduced IL-10 response to LPS stimulation (van Exel et al., 2002). 

This suggests that due to its reduced levels, IL-10 may fail to protect against increases in 

pro-inflammatory cytokines such as TNF-a and IL-6.

IL-4 has an anti-inflammatory role and influences the viability, proliferation and 

differentiation of B and T cells. Insulin receptor substrate 1 and 2 (IRS-1 and -2) are 

large adaptor proteins implicated in insulin and IGF signaling. IL-4 requires IRS-2 in 

order to induce proliferation of B and T cells (Hartman et al., 2004). Hyperinsulinemia 

and hyperglycemia inhibit IL-4 dependent insulin receptor substrate 2 (IRS-2) signaling 

in T2D by increasing phosphorylation of (IRS-2). Decreased IRS-2 and IRS-1 signaling 

results in insulin resistance which in turn results in macrophage resistance to anti­
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inflammatory cytokines, thus contributing to the development of chronic inflammation in 

T2D (Hartman et al., 2004).

While it is now accepted that cytokines play an essential role in the pathogenesis 

and associated complications of diabetes in the periphery, very little is known about their 

impact on the CNS and associated cognitive impairments in diabetes. Indeed cytokines 

are found in the brain as evidenced by cytokine receptors on neurons and glia (Maier & 

Watkins, 1998), particularly in the hippocampus (Cunningham et al., 1992). Furthermore 

there is evidence suggesting that cytokines are being produced centrally by microglia 

(Maier & Watkins, 1998). Several neurodegenerative disorders, as well as chronic stress 

paradigms (Hayley & Anisman, 2005) have been associated with central (Taishi et al., 

1998) and peripheral (Cao et al., 2007) cytokine dysregulations. Interestingly, diabetes is 

associated with a high incidence of neurodegenerative disorders (Ristow, 2004), 

suggesting that cytokines could be the mechanism involved in the predisposition of 

diabetes to neurodegenerative disorders, and could be potentiated by the effects of 

chronic stressors. The proposed research explores this possibility.

4.2 Glucocorticoids

Diabetes has been associated with enduring elevations of corticosterone levels, (Black, 

2006; Huang et al., 2006), which have well established inhibitory effects upon 

neurogenesis. Similarly, chronic stress exposure results in protracted elevations of 

corticosterone which inhibit hippocampal neurogenesis (Kloeth, 1998). Elevations of 

glucocorticoid hormones, such as corticosterone, may influence neurogenesis by altering 

GAB A receptor expression and release of glutamate (McEwan, 1999). Indeed, GAB A
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regulates proliferation and migration of progenitor cells, and can limit the progression of 

stem cells through the cell cycle, thereby inhibiting neurogenesis (X. Liu et al., 2005).

4.3 Insulin growth factor

Insulin is essential to neuronal plasticity and survival, while insulin growth factor 

(IGF) signaling plays an important role in both proliferation and differentiation of 

neuronal types. Learning and normal memory functioning depend on the up-regulation of 

insulin receptor expression in the dentate gyrus and CA1 area of the hippocampus. T1D 

is associated with decreased insulin production, while T2D is accompanied by 

hyperinsulinemia -  overproduction of insulin, which down-regulates the blood brain 

barrier (BBB) insulin receptors thereby leading to hypoinsulinemia in the CNS (G. S. 

Watson & Craft, 2006).

IGF1 and IGF2 are polypeptides genetically related to insulin, which promote 

central glucose utilization in the brain by activating similar pathways to the ones 

activated by insulin. Unlike insulin, which peaks after meals and is low most other times, 

IGF1 and 2 levels are high and stable most of the time (Bondy & Cheng, 2004). IGF1 

and 2 are produced in the periphery as well as the brain, in the hippocampus, cerebellum 

and the hypothalamus and are is critical to neuronal proliferation and maturation 

(Anderson et al., 2002), by promoting anabolic growth and homeostasis (Bondy & 

Cheng, 2004). The anabolic pathway of IGF-I in the brain involves the binding of IGF-I 

to the IGF-I receptor, which triggers the autophosphorylation of the receptor and 

association of the insulin receptor substrate (IRS) adaptor protein. This in turn activates 

phosphatidylinositol 3 kinase (PI3K), which activates protein kinase B/Akt, leading to
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enhanced expression of Glut-1, 3 and 4 in the plasma membranes of neurons, thus 

promoting glucose entry in the neurons. Concurrently, IGF-I inhibits glycogen synthase 

kinase 3(1 GSK3(3, a protein responsible for inhibition of glycogen synthase, and has been 

implicated in apoptosis (Bondy & Cheng, 2004).

Endogenous expression of IGF1 and IGF2 are reduced in the hippocampi of T1D 

rats, whereas the expression of IGF1 only is altered in T2D rats (Li et al., 2005). 

Interestingly, IGF-I also mediates neuroinflammation, as suggested by the attenuation of 

sickness behavior induced by the cytokine stimulator lipopolysaccharide by 

administration of IGF-I. Conversely a pathogenic increase in proinflammatory cytokines 

can silence IGF-I survival signals (Bluthe et al., 2006). Therefore decreased IGF-I 

expression diminishes the neuroprotective effects of IGF-I. Similarly, reduced expression 

of IGF-1 was associated with increases in pro-inflammatory cytokines, particularly 

interferon-y (IFN-y) and deficits in long-term potentiation (LTP). In fact, there is 

evidence suggesting that IGF-1 inhibits IFN-y, which in turn has a negative impact on 

synaptic plasticity (Maher et al., 2006).

When IGF is injected peripherally in mice, significant increases in proliferation in 

the dentate gyrus are observed (Aberg et al., 2000). Furthermore, when added to 

progenitor cell cultures IGF induces neuronal phenotype, suggesting it also has a role in 

differentiation (Anderson et al., 2002).Thus, IGF signaling appears to be important for 

both proliferation and differentiation and hence, may play a role in modulating any 

changes in neurogenesis associated with diabetic states.
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5. Animal models of diabetes

Several genetic and induced animal models have helped us advance our knowledge about 

diabetes. These include several spontaneous models of T1D, the streptozotocin T1D 

model, the diet-induced T2D model and a variety of genetic models. However, no animal 

model can fully explain the complex and heterogeneous nature of this disorder, therefore 

it is prudent to use more than one model to ensure reliability and validity of the results.

5.1 Animal models of T1D

Both spontaneous and induced T1D animal models have been created, however, 

surprisingly few studies have investigated the impact of T1D on neurogenesis. Two of the 

most common spontaneous T1D animal models are non-obese diabetic (NOD) mouse and 

the bio-breeding (BB) rat. Both strains have been created through inbreeding over many 

generations and selecting for hyperglycemia. The NOD mouse develops insulitis at 4 to 5 

weeks of age and overt symptoms of diabetes between 12 and 30 weeks of age (Atkinson 

& Leiter, 1999). Unlike human T1D, this strain of mice can survive without exogenous 

administration of insulin for many weeks. This model has been very useful in 

determining the role of cytokines in T1D and the associated immunological cascade 

(Meagher et al., 2003; Thomas & Kay, 2000). The BB rat is more representative of T1D 

in humans, since once frank diabetes is present around 12 weeks of age, it cannot survive 

without administration of insulin (Rabinovitch et al., 1996). Both the BB and the NOD 

models have led to the identification of several genes and markers associated with T1D 

(Rees & Alcolado, 2005).
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One of the most common induced T1D models is the streptozotocin (STZ) model. 

STZ is an antibiotic compound, isolated from the soil microbe Streptomyces 

achromogenes (Rees & Alcolado, 2005). Toxic to cells, STZ is similar enough to glucose 

to be transported by Glut-2 into P cells of the pancreas, which express high levels of 

Glut-2, making them particularly vulnerable to the effects of STZ (Biessels & Gispen,

2005). The toxicity of STZ to the P cells of the pancreas is believed to be mediated 

through an increase in NO production within the islets, which leads to mitochondrial 

dysfunction and ultimately to P cells destruction and impaired insulin secretion in the 

body. This process is similar to the effects of IL-1 on the islets, also mediated through 

increased production of NO (Turk et al., 1993). Furthermore, hyperglycemia enhances 

the destructive effects of both STZ and cytokines on pancreatic P cells (Mellado-Gil & 

Aguilar-Diosdado, 2005). Since the BBB lacks Glut-2, systemic administration of STZ 

has a limited if any effect on the brain (Biessels & Gispen, 2005). This suggests that the 

alterations in cognition and neuronal plasticity seen in this T1D model are due to diabetes 

rather than the toxic effects of STZ.

The STZ diabetes model has also been successfully used to study the impact of 

T1D on neurogenesis (Revsin et al., 2005; F. Saravia et al., 2004; F. E. Saravia et al.,

2006), and the results of this research suggest reduced proliferation, astrogliosis and 

neuronal dysfunction in the hippocampi of STZ-diabetic mice. However, to date the 

process through which T1D disturbs neurogenesis has not been elucidated.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

5.2 Animal models of T2D

T2D animal research uses both genetic and diet-induced models to investigate the 

etiology and pathophysiology of this disorder. Some of the inbred mouse strains used in 

T2D research are the ob/ob, fa/fa and db/db mouse strains. All three strains harbor 

mutations on the leptin gene (Rees & Alcolado, 2005). Leptin mediates energy 

homeostasis by inhibiting food intake and increasing thermogenesis. In obesity, leptin 

resistance in the body and reduced leptin transport in the CNS have been reported 

(Pelleymounter et al., 1995). Leptin resistance leads to increased food intake, and 

therefore hyperglycemia and ultimately insulin resistance (Rees & Alcolado, 2005). 

However, the validity of these models is limited because they approach the study of 

diabetes one gene at a time.

Diet induced models carry more validity than genetic models because they 

represent a combination of environmental (diet) and genetic (vulnerability) influences. 

The diet induced diabetes model was introduced in 1988 by Surwit et al. and it is a 

clinically relevant experimental model because it leads to increased weight gain and over 

time a stable hyperglycemia and hyperinsulinemia suggesting the progressive 

development of insulin resistance (Winzell & Ahren, 2004). C57BL/6J mice are 

susceptible to diet induced diabetes, and are therefore appropriate experimental animals 

for this model while A/J mice in contrast are resistant to diet induced diabetes and thus 

are good controls.

Several hypotheses have been advanced to explain this strain-specific 

susceptibility to the effects of high-fat diets. One of these hypotheses is the differential 

thermogenic capacity of the two strains in response to a high-fat diet. This is supported
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by the finding that A/J mice express higher leptin mRNA values in their adipose tissue 

when compared to C57BL/6J (Watson et al., 2000). Taken together with the fact that 

C57BL/6J mice gain significantly more weight and at a faster rate than A/J mice, the 

finding that A/J mice show increased levels of leptin mRNA suggests leptin increases 

peripheral energy utilization in A/Js (Watson et al., 2000).

Another hypothesis was that A/J mice differ in their acute response to the high-fat 

diet. Indeed, Bullen et al. (2004) found that after just 2 days of high-fat feeding A/Js 

show a significant decrease in hypothalamic mRNA IL-ip levels, as well as a 

downregulation of its receptors, but the levels returned to levels comparable to those of 

A/J mice fed a low fat diet after 1 week. This downregulation in the IL-ip pathway is 

associated with an initial upregulation of leptin levels and increased food intake in A/Js 

fed a high-fat diet (Bullen et al., 2004).

6. Proposed research

The objective of the proposed research is to investigate the neurodegenerative aspect of 

diabetes. Firstly, it is hypothesized that diabetes leads to hippocampal dependent 

behavioral abnormalities such as impaired working memory, anxiety and depression-like 

behavior. Secondly, behavioral changes are accompanied by disturbances in 

neurogenesis, which is one feature of neurodegenerative pathology. Finally, we postulate 

that one molecular mechanism mediating the effects of diabetes on neurogenesis, and 

subsequently on behavior, is a dysregulation in the central and peripheral cytokine 

system.
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Behavioral changes will be investigated using a T2D mouse model. The Y-maze, 

open field/elevated plus maze, and forced swim will be used to assess, working memory, 

anxiety and depressive-like behaviors, respectively. Two aspects of neurogenesis -  

proliferation and migration -  will be assessed in a T2D mouse model using an exogenous 

(bromodeoxyuridine) and endogenous (doublecortin) neuronal marker. The synergistic 

impact of T2D and stress on central and peripheral cytokine systems will be explored.

7. Materials and methods

7.1 Subjects

For the T2D experiments, male C57BL/6J and A/J mice 4 weeks of age were obtained 

from Jackson Laboratories (Bar Harbor, Maine) and allowed to acclimatize for a week 

prior to the start of the experiment. Mice were housed 2 per cage. All mice were 

maintained on a 12-hour light/dark (7AM -7PM) cycle at 21°C with ad libitum access to 

food and water. All experiments were in agreement with the guidelines set by the 

Canadian Council on Animal Care and were approved by the Carleton University Animal 

Care Committee.

7.2 Experiment 1: Behavioral and physiological assessment of T2D mice

This experiment was designed to assess the impact of T2D on physiology and behavior. 

In order to establish the time course in which alterations in insulin sensitivity occur 

following a high-fat/high-sugar diet, thirty-two four-week-old male C57BL/6J and A/J 

mice were maintained on either a high-fat/high-sugar diet (HH) or a low-fat/low-sugar 

diet (LL) for 18 weeks. Diets were purchased from Research Diets (New Brunswick, NJ).
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The high-fat diets contained 58% of the calories from fat, while the low-fat diets 

contained 11%. The main source of the fat in the high-fat diets was hydrogenated coconut 

oil (Research Diets Inc., NJ).

Body weight was determined weekly and food intake was measured twice a week 

for each cage. Fasting glucose levels and insulin sensitivity in these animals were tested 

monthly starting at 6 weeks for a period of 4 months after exposure to the diets. After a 

period of 4 hours fasting, a blood sample was obtained via tail nick in non-anaesthetized 

animals and the plasma glucose concentration was determined using a OneTouch Ultra 

blood glucose monitoring system (LifeScan Inc., Milipitas, CA). The blood was collected 

at baseline (0 minutes), 30 and 60 minutes following an intraperitoneal insulin (0.75 

U/kg) in saline challenge. A mouse was considered hyperglycemic if fasting plasma 

glucose levels measured >11 mmol/L (200 mg/dl) (Surwit et al., 1995).

In order to determine whether exposure to high-fat/high-sugar diets is sufficient 

to cause deficits in tasks known to depend on an intact hippocampus, as well as to induce 

anxiety and depression-like behavior, the behavior of twenty C57BL/6J and twenty A/J 

mice fed the HH or the LL diet was assessed. Thirty minutes before each test session, the 

mice were transferred to a quiet room adjacent to the testing room. At the beginning of 

the testing session, cages were individually brought into the testing room. All testing was 

performed between 8:00 AM and 12:00 PM in the same dimly lit testing room.

Y-maze

To assess spatial working memory, mice were tested in a Y-maze with 18.7 cm long, 9.3 

cm wide and 16.2 cm high arms. The Y-maze spontaneous alternation test is based on the 

natural tendency of mice to explore a new environment. In order to remember which area
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they have already explored, mice need to use their working memory. A mouse with 

impaired working memory cannot remember which arm of the Y-maze it has last visited 

and shows reduced spontaneous alternations (SA), defined as consecutive entries into 

each of the arms of the maze on overlapping triplet sets (eg. 123, 231, etc.) (Wietrzych et 

al., 2005).

Each mouse was placed in one arm of the maze facing the wall and allowed to 

explore the maze freely for 5 minutes with one arm blocked by a plastic door (Bluthe et 

al., 2005). The mouse was then placed in its home cage for 1 minute, after which the 

mouse was placed back in the same starting arm, with the block removed and allowed to 

explore freely for 2 minutes. The number of spontaneous alternations and the time spent 

in each arm was then recorded using a computerized video-tracking system (SMART 

Videotracking System, San Diego Instruments, CA). The mice were video taped and SA 

assessed at a later time. SA was recorded using a blind procedure, whereby the order of 

recording and the identification numbers of the mice were randomized.

Open field and elevated plus maze

To identify differences in exploratory behavior, anxiety and locomotor activity the mice 

were tested in the open field and the elevated plus maze. In the open field test, the mice 

were placed in a 50x50x40cm plastic box. The open field area was divided in 16 equal 

squares and behavior was monitored for 5 minutes using the SMART System, which 

recorded time spent in the center, periphery or corners of the apparatus, distance traveled 

and latency to enter the center.

The elevated plus maze was constructed of black Plexiglas with four elevated 

arms arranged in a cross. The maze was raised 45 cm off the ground, the arms were 65
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cm long and 5 cm wide. The intersection of the maze gave access to all the arms. At the 

beginning of the 5 minutes test, each mouse was placed in the center of maze facing the 

open arm. The latency to enter the open arms, time spent in closed and open arms, and 

total distance traveled was recorded using the SMART System.

Forced Swim

To assess floating behavior (measure of depressive-like behavior), mice were tested in a 

forced swim apparatus. The apparatus was a 28L bucket with a diameter of 28cm, filled 

with water at a temperature of 23 °C. Testing began with the mouse being placed in the 

water, and speed (cm/sec) and floating versus swimming time monitored using the 

SMART System for a three 3 min session.

7.3 Experiment 2: Neurogenesis in T2D mice

Neurogenesis is reduced by chronic stress (Li et al., 2005) and by STZ-induced diabetes 

in mice (Saravia et al., 2006), however, to date very little is known about the impact of 

T2D on neurogenesis. This experiment was designed to explore this relationship. 

Experiment 2 involved a 2x2 design with four groups (N=10 per group) in which, 

C57BL/6J and A/J mice were maintained on either HH or the LL diet for twelve weeks. 

At the end of the twelve weeks, all the mice received a single i.p. injection of 200mg/kg 

bromodeoxyuridine (BrdU). After 24 hours the mice were deeply anaesthetized with 

sodium pentobarbital and perfused transcardiacally with 0.9% NaCl, followed by 4% 

paraformaldehyde in 0.1M phosphate buffer (PB), pH 7.4. Brains were collected and 

postfixed overnight at 4°C, after which the tissue was washed every 4 hours in 0.1 M PB 

and azide, pH 7.4 and then stored for 2 days at 4°C. The tissue was then dehydrated in a 

series of increasing concentrations alcohol, clearene and paraffin and embedded in a
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matrix filled with paraffin wax and tissue was then sectioned at 40 pm using a 

microtome.

Immunohistochemical Analysis and Quantification

On the day of staining, the paraffin sections containing the hippocampal slices were 

dewaxed in a series of clereane and alcohol and rehydrated in distilled water. The 

sections were then rinsed in lOmM PBS pH 7.2 for 5 minutes. The slides were then 

placed in sodium citrate buffer pH 6 and microwaved for 12 minutes, after which they 

were rinsed in cold running tap water for 10 minutes. Next, the slides were placed in 1% 

H2 O2 for 10 minutes in the dark, followed by 15 minutes in PBS with azide. The slides 

were incubated in the dark overnight at room temperature with 60 pi of the primary anti- 

doublecortin antibody (Santa Cruz Biotechnology Cat. # SC-8066, 1:150, raised in goat).

The next day, the primary antibody was washed off with PBS with azide for 15 

minutes, after which the slides were incubated for 2 hours at room temperature with 60 pi 

of the secondary anti-goat antibody (Vector labs Cat. # BA-9500, 1:100, raised in horse). 

Next, the secondary antibody was washed off with PBS without azide for 15 minutes. 

Finally 60 pi of the tertiary complex (Amersham Biosciences Cat. # RPN1051, 1:100, 

streptavidin-botinylated horseradish peroxidase) was applied to each section and 

incubated for 2 hours at room temperature. The tertiary complex was then washed off 

with PBS without azide for 15 minutes.

Finally, a diaminobenzidine (DAB) reaction was then performed to color the 

peroxidase and allow visualization of the antibody complex. The slides were soaked for 5 

minutes in 50 ml of 50mM Tris HC1 mixed with 1 ml of lOmg/ml of DAB. After 5 

minutes, the slides were placed back in the PBS wash, while 40 pi of 6% H2 O2 were
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added to DAB solution. The slides were then soaked for 7 minutes in the DAB solution 

and hydrogen peroxide, after which another 40 pi of hydrogen peroxide and the slides 

soaked for another 7 minutes. After catalyst reaction was performed, the slides were 

washed in PBS, dehydrated and cleared in alcohol and clearene and mounted.

7.4 Experiment 3: Cytokine dysregulations

Experiment 3 was designed to investigate the impact of diabetes, combined with 

exposure to psychological stressors, on hippocampal cytokines.

To assess the importance of a chronic mild stressor in the pathology of T2D, four-week- 

old male C57BL/6J and A/J mice were maintained on either a high-fat/high-sugar diet 

(HH) or a low-fat/low-sugar diet (LL) for 18 weeks (see Table 1).

Table 1. T2D experimental design

C57BL/6J A/J
HH + Chronic stress LL + Chronic stress HH + Chronic stress LL + Chronic stress
HH + No stress LL + No stress HH + No stress LL + No stress

Body weight was determined weekly and food intake was measured twice a week for 

each cage. The mild chronic unpredictable stress started after 16 weeks, lasted 14 days 

and consisted of two stressors per day. Longer and milder stressors such as a cage tilt 

were paired with a shorter and more noxious stressor such as the forced swim. The 

stressors consisted of:

1. two occasions (10 minutes) of free exploration in an open field,

2. two occasions (10 minutes) of free exploration in a elevated plus maze,

3. two occasions (24 hours) of 45 degree cage tilt,

4. two occasions of 5 minutes of air puffs,
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5. three sessions of forced swim (3 min) with 1 minute rest periods in between

6. two 24 hours sessions in a cage soiled by another mouse

7. one instance of free exploration in the Y-maze (10 min)

8. two period (1 hour) of social housing, which involved housing mice in groups of

4 in a standard cage divided into compartments by wire mesh in order to prevent

fighting

9. one 10 minutes session of restraint in a triangular plastic bag

After two weeks of stress, the animals were sacrificed at 90 minutes following restraint in 

the plastic bag and blood and brain tissue collected as described for the T1D model.

Brain Dissection Technique

Following decapitation of the animals, brains were removed and sectioned coronally 

using razor blades and a stainless steel dissection block with slots separated by 0.5mm. 

Brain sections were then placed on a glass Petri dish over ice and the hypothalamus 

(HYP), prefrontal cortex (PFC), hippocampus (HPP) removed following the mouse atlas 

by Franklin and Paxinos (1997). The tissue was stored at -80°C for cytokine analyses.

Cytokine Analysis with Luminex

The Luminex 100 is a compact analysis system which uses principles of flow cytometry 

to simultaneously detect cytokines in a plasma or tissue sample. Luminex 100 uses color- 

coded 5.6 micron polystyrene beads called microspheres which are internally dyed with 

different intensities of two fluorophores, thus creating up to 100 microsphere sets, each 

with its own unique signature. The surface of the microspheres allows chemical coupling 

with different analytes such as cytokines, antibodies, or other peptides. Once bound to the
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reagent, the microsphere passes through a detection chamber where a red laser beam 

excites the infrared dye within the microsphere, thus allowing it to be classified as one of 

the 100 sets, while a green laser beam excites the fluorescence associated with the 

binding of the reagent, which identifies the analyte (xMAP Technology, 2004).

Tissue preparation for cytokine analysis

Plasma samples were diluted using a mouse serum diluent kit (Cat # 43-007). For the 

brain samples, the protein concentrations were determined for each sample using a Bio- 

Plex Cell Lysis kit (Bio Rad, Cat# 171-304011) to lyse the cells. 50 pi of cell lysis buffer 

were added to each sample and the tissue sonicated for 5 seconds and stored at -80°C for 

20 minutes, and then sonicated again. The homogenized tissue was then centrifuged at 

4°C at 6000 rpm for 5 minutes. All the supernatant was then removed making sure not to 

disturb the tissue and placed in new tubes. Sample was diluted 1:5, by adding 10 pi of 

supernatant to 40 pi of Milli-Q water, while the rest was saved and stored at -80°C for 

the cytokine assay overnight. Bio-Rad Protein Assay Dye Reagent Concentrate (Cat. # 

500-0006) was diluted 1:4, by adding 10 ml of reagent to 30 ml of distilled water. Then 

10 pi of the diluted sample was added to 800 pi of diluted dye and 190 pi of Milli-Q 

water for a total volume of 1 ml. Standards were prepared by adding 0, 3, 5 and 10 pi of 

lmg/ml bovine serum albumin (BSA) to 200, 197, 195 and 190 pi of water respectively 

to tubes containing 1 ml of the diluted dye and allowed to sit at room temperature for 5 

minutes. Each standard and then sample was transferred to a quartz cuvette and the 

amount of protein in each was read on a spectrophotometer (Bio-Rad SmartSpec 3000). 

Based on the spectrophotometer readings, the desired concentration of protein from each 

sample to be added to the wells of the multi-screen plate was then calculated.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

Cytokine detection and quantification

A 10 cytokine (IL-lp, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, TNF-a, INF-y, GMCSF) 

detection kit (Beadlyte Mouse Multi-Cytokine Detection System 2, Upstate Cell 

Signaling Solutions, Cat. # 48-004) was used in combination with the Luminex 100 

system. First, 5000pg of Multi-Cytokine 2 standard was suspended in 1 ml of Standard 

Serum Diluent (SSD), vortexed on medium speed for 15 seconds and placed on ice for 5 

minutes. Serial dilutions were then performed to cover a range of standards from 5000 to 

0 pg/ml. The filter plate was then soaked with 25 pi of Beadlyte Cytokine Assay Buffer 

per well, vortexed gently, vacuumed and blotted on paper towel. Consequently, 50 pi of 

sample for the tissue or 25 pi of plasma and 25 pi of plasma diluents were then added to 

each well and the plate incubated for 20 minutes on a plate shaker. The plate was then 

vortexed at medium speed for 15 seconds and 25 pi of Beadlyte Anti-Mouse Multi- 

Cytokine Beads 2 solution added to each well after having been vortexed and sonicated in 

a sonication bath, and then the plate vortexed again at low speed. The plate was then 

incubated over night in the dark at 4°C on a plate shaker.

The next day excess liquid was vacuumed off and the tissue or plasma 

resuspended in 50 pi of Beadlyte Cytokine Assay Buffer, vortexed and then vacuumed 

again. For the plasma samples this step was repeated. Then the tissue or plasma 

resuspended in 75 pi of Beadlyte Cytokine Assay Buffer and plate vortexed at low speed 

making sure not to overdry the solution. Next, 25 pi of Beadlyte Anti-Mouse Multi- 

Cytokine 2, Biotin was added to each well, vortexed and incubated at room temperature 

on a plate shaker for 1.5 hours. The Beadlyte Streptavidin-Phycoerythrin was then diluted 

1:25 in Beadlyte Cytokine Assay Buffer, and 25 pi of the diluted solution added to each
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well. The plate was then vortexed at low speed and incubated for 30 minutes in the dark 

at room temperature on a plate shaker. 25 pi of the Beadlyte Stop Solution was then 

added to each well, vortexed gently and left for 5 minutes in the dark at room 

temperature. Excess liquid was then vacuumed and tissue or plasma suspended in 125 pi 

of sheath fluid, vortexed at low speed and placed on a plate shaker for 1 minute. The 

plate was then placed in the Luminex 100 instrument and the results read when ready. 

The cytokine assay was performed by Ming Yan Yang.

Statistical Analyses

Behavioral analyses and neurogenesis data was analyzed using a two-factor between 

subjects ANOVA: strain (C57B1/6J, A/J) X diet (HH, LL). Weight, blood levels of 

glucose and brain cytokines in Experiment 3 was analyzed independently using three- 

factor between subjects ANOVAs: strain (C57B1/6J, A/J) X diet (HH, LL) X stress 

(stress, no stress).

8. Results

8.1 Experiment 1: Biometrics for T2D mouse model

Body weight and food intake

Initial experiments assessed the impact of a high-fat/high-sugar diet on body weight, 

fasting glucose levels and insulin sensitivity in 24 mice (ie: C57 or A/J on high or low fat 

diets, n=6 per group). Diet had minimal effect on the rate of weight gain in A/J mice, 

with mice on both high- and low-fat diets showing similar rates of weight gain to C57 

mice on the low fat diet (Figure 1). However, close inspection of Figure 1 suggests that
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initially high-fat fed A/J mice had a similar weight gain to high-fat fed C57 mice, 

although this did not reach significance. In contrast, C57 mice on high fat diets showed a 

marked increase in weight gain compared with the other three groups, starting from 

approximately the fourth week on the diets (two-way repeated measures ANOVA (strain 

x diet), F(l, 20)=15.67, p<0.01). This increase after 4 weeks on the diet is consistent with 

results obtained by Surwit et al. (1988).

To determine if weight gain in C57 mice was due to increased food consumption 

(due for example to increased palatability of this diet) weekly food intake was measured 

(Figure 2). Over the 18 weeks, food intake differed for A/J mice on the high-fat diet 

compared with the other three groups as suggested by a significant repeated measures 

ANOVA within-subjects interaction (week x strain x diet) (F(17,136) = 3.12, p<0.001). 

Figure 2 suggests that A/J mice may have initially found the high fat diet to be more 

palatable. However, this effect was restricted to the first 8 weeks. This increase in food 

intake in A/J mice is puzzling, since other studies (Surwit et al., 1997; Watson et al., 

2000) have found that at 4 weeks A/J mice show a sharp increase in serum leptin levels 

which decreases their food intake. It is possible that the increased food intake in the 

present study happened prior to the increase in serum leptin levels, but since leptin levels 

were not measured in the present study, this is just a speculation.

The caloric content of the high-fat diet was 5.55 kcal/g, while the caloric content 

of the low-fat diet was 4.07 kcal/g. As a result, the high-fat fed mice were consuming 

more kilocalories per gram of food ingested than the low-fat fed mice (Figure 3), and is 

supported by a significant main effect of diet (F( 1,16)=12.34, p<0.01). This suggests that 

while the amount of food consumed was similar for all animals, the caloric intake
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differed due to the different caloric content of the diets. While the increased caloric 

intake in C57 HH mice could underlie their significantly faster weight gain, it does not 

account for the obvious lack of weight gain in the A/J mice on the same diet.

Feed efficiency

Feed efficiency, which is a measure of metabolic rate, was calculated as the 

weekly weight gain per calories consumed and expressed as a percentage (Figure 4). 

There was a significant strain x diet interaction in feed efficiency (p<0.001) (Figure 4). 

Over the course of 18 weeks, the feed efficiency was greater in C57BL/6J mice fed a 

high-fat diet demonstrating increased weight gain per calorie consumed and suggesting a 

decreased metabolic rate as suggested by a significant repeated measures ANOVA (strain 

x diet), F( 1,16)=19.48, p<0.001. The sharp increase in food intake seen in A/J mice at 

week 5 is not reflected in their feed efficiency, since it is lost during the standardization. 

However, as Figure 1 suggests increased food intake in high-fat fed A/Js during the first 

few weeks did initially appear to translate to increased weight gain, but weight gain 

slowed after 4 weeks on the high-fat diet, and this was followed by reduced caloric 

intake. This could explain why increased caloric intake in A/J mice does not result in 

increased feed efficiency.
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Figure 1. Changes in body weight. A. Diabetes-prone C57BL/6J mice gain significantly more weight than diabetes resistant 
mice A/J when fed a high-fat/high-sugar diet, as well as low-fat fed groups. (F(l, 20)=15.67, p<0.01). B. C57 mouse after 3 
months fed a HH diet compared with a mouse fed a LL diet. HH=high-fat/high-sugar, LL=low-fat/low-sugar
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Figure 2. Weekly food intake. There was no significant difference between subjects 
in food intake, however, a significant within-subjects week x strain x diet interaction 
(F(17,136) = 3.12, p<0.001) suggests that high-fat fed A/J mice significantly increase 
their food intake during the first 8 weeks on the diet, after which they reduce their 
food intake to the same level of the other groups. HH=high-fat/high-sugar, LL=low- 
fat/low-sugar.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ca
lo

ric
 

in
ta

ke
 

(k
ca

l)

37

350 -
' ' '  a*'" AJ HH 

' - "A-' - AJ LL
i

C57 HH 

C57 LL
300

a

250

200 i

III

150 i
II

I

100

50 j

j

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Week

Figure 3. Weekly caloric intake. High-fat fed mice of either strain consumed 
significantly more kilocalories than low-fat fed mice (F(l,16)=12.34, p<0.01). 
HH=high-fat/high-sugar, LL=low-fat/low-sugar
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Figure 4. Feed efficiency. High-fat fed C57BL/6J mice show a significant increase in 
feed efficiency (F(l,16)=19.48, p<0.001). HH=high-fat/high-sugar, LL=low-fat/low- 
sugar
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Fasting glucose and insulin challenge

In a independent group of animals, we determined the impact of the high-fat diet on 

insulin sensitivity (n=8). Table 2 presents all the mean plasma glucose levels, while 

interactions are depicted in Figures 5-7. Animals were fasted for 4 hours, injected with 

0.75 U of insulin and blood glucose was measured at 0, 30 or 60 minutes following 

injection. As expected, high-fat-fed C57 mice were more susceptible than A/J to 

developing fasting hyperglycemia (Figure 5). A two-way ANOVA (strain x diet) of the 

fasting glucose levels prior to the insulin challenge confirmed that blood glucose levels 

vary as a function of the strain x diet interaction (F(l,24) = 2.72, p<0.0001). 

Furthermore, over the course of the 4 months C57 mice became less responsive to the 

insulin bolus injection indicating growing insulin resistance (Figure 6). A repeated 

measures three-way ANOVA (month x strain x time) within-subjects effect substantiates 

this claim (F(6,144)= 4.71, p<0.001). A significant repeated measures three-way 

ANOVA (time x diet x strain) within-subjects effect revealed that blood glucose levels of 

the high-fat-fed C57 mice also decreased more slowly in response to the insulin challenge 

(F(2,48)=9.60, p<0.001) (Figure 7).

Table 2. Mean plasma glucose levels (mmol/L) 0, 30 or 60 minutes following an insulin 

challenge over 4 months in C57BL/6J and A/J mice by diet groups.

Strain 1 month 2 months 3 months 4 months
0 30 60 0 30 60 0 30 60 0 30 60

A/J
HH 5.91 4.86 5.09 7.25 5.24 4.08 6.68 5.21 4.20 7.25 5.75 4.60
LL 6.00 3.60 3.51 6.78 3.90 3.40 6.70 4.14 2.93 6.76 4.24 3.00
C57
HH 10.10 7.10 5.39 12.23 8.44 7.86 11.81 8.08 7.74 11.06 8.16 8.95
LL 7.88 4.95 3.94 7.80 4.89 4.56 7.58 5.51 5.53 8.73 6.44 5.74
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Figure 5. Fasting blood glucose levels collapsed across the four months. Blood glucose 
levels are significantly higher in C57BL/6J mice fed a high fat diet than they are in A/Js 
or C57BL/6J mice fed a low-fat diet (two-way ANOVA (strain x diet) interaction, 
F(l,24) = 2.72, p<0.0001). HH=high-fat/high-sugar, LL=low-fat/low-sugar
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Figure 6. Graph of changes in blood glucose levels in the two strains at the 0, 30 or 60 
minutes following the insulin injection over the 4 months. C57BL/6J mice showed higher 
levels of blood glucose and decreased sensitivity to insulin over the four months when 
compared to A/Js ( repeated measures three-way ANOVA (month x time x strain) within- 
subjects interaction (F(6,144)= 4.71, pcO.001)).
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Figure 7. Changes in blood glucose levels in A/J and C57 mice fed high-fat or low-fat 
diets at 0, 30 and 60 minutes following the insulin challenge. C57BL/6J mice fed a high- 
fat diet exhibited fasting hyperglycemia and, as a result, a decreased response to the 
insulin challenge (repeated measures three-way ANOVA within-subjects (time x diet x 
strain) interaction (F(2,48)=9.60, p<0.001)). HH=high-fat/high-sugar, LL=low-fat/low- 
sugar

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

8.2 Experiment 1: Behavioral measurements for T2D mouse model

Behavioral measurements included memory assessments using Y-maze, anxiety-like 

behavior assessed with the elevated plus maze and the open field and depressive-like 

behavior in the forced swim test. Locomotor activity, time spent in each area of the 

apparatus and latency to enter an area were recorded for the Y-maze, elevated plus maze 

and open field test. Latency to float and swim speeds were recorded for the forced swim 

test. Generally, measures of anxiety in these tests are based on either time spent in 

anxiogenic areas of the apparatus, or latency to first enter these same areas. Given that 

latency may be confounded by alterations in overall locomotion, and that differences in 

locomotion may be anticipated due to differential obesity between groups, overall 

locomotion was measured in each test. The same animals A/J or C57 mice fed high-fat or 

low-fat chow (n=10 per group) were used for all behavioral testing. An analysis of 

changes in body weight revealed similar results to those described in experiment one. 

Specifically, diabetes-prone C57BL/6J mice gained significantly more weight than 

diabetes resistant mice A/J when fed a high-fat/high-sugar diet, as well as low-fat fed 

groups, (F(l, 36)=28.87, p<0.001, Figure 8).
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Figure 8. Changes in weight for animals used for cognitive experiments. Diabetes-prone 
C57BL/6J mice gain significantly more weight than diabetes resistant mice A/J when fed 
a high-fat/high-sugar diet, as well as low-fat fed groups. (F(l, 36)=28.87, p<0.001). 
HH=high-fat/high-sugar, LL=low-fat/low-sugar
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Y-maze

The Y-maze was used to assess spatial and working memory in a two trial procedure 

(adapted from Bluthe et al., 2005). It consists of an acquisition phase during which the 

mice are allowed to freely explore two arms of the maze, while one arm is blocked by a 

plastic door. During the retrieval phase mice are allowed to explore all arms of the maze. 

In this paradigm, mice with normal spatial memory spend more time in the novel arm 

(previously blocked by the plastic door) than mice with impaired memory, i.e. they can 

discriminate between the novel and the familiar arms, while mice with impaired spatial 

memory cannot (Bluthe et al., 2005). Furthermore, mice with intact working memory 

tend to spontaneously alternate visits between the three arms and will explore the least 

recently visited arm, while mice with impaired working memory have difficulty 

remembering which arm they have last visited, and thus will show a decrease in 

spontaneous alternation behavior (Weitrzych et al., 2005).

The Y-maze analysis included an assessment of locomotor activity, time spent in 

the novel arm (discrimination) and spontaneous alternation. To ensure that exploration 

patterns during the acquisition phase were similar for the two arms of the Y-maze, 

exploratory behavior in the two arms was analyzed separately. While there were 

significant strain differences in locomotor activity in the two familiar arms (Arm 2 and 

Arm 3) (Arm 2 F(l,33)= 29.24, p<0.001, Arm 3 F(l,33) = 22.74, p<0.001), the diet had 

no effect on locomotor activity (Figure 9). There was a significant main effect of strain 

(F(l,33)=135.14, p<0.0001) on time spent in the novel arm versus time spent in the 

familiar zones during the testing trial, suggesting that C57BL/6J mice have a preference 

for the novel arm, whereas A/Js avoid the novel arm (Figure 10).While this finding would
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normally be interpreted as an avoidance of novel environments and therefore evidence of 

increased anxiety-like behavior, in this case the avoidance of the A/J mice of the novel 

arm was primarily driven by the their reduced locomotor activity. Since the mice were 

randomly started in either of the familiar arms, the A/J mice tended to spend the majority 

of their time in the starting arm and not explore the other arms. The strain x diet 

interaction and main effect of diet were not significant (p=0.50 and p=0.38, respectively), 

suggesting locomotor activity did not vary as a function of the interaction between the 

strain and the diet, nor did the diet have an impact on locomotor activity. Similarly, when 

the discrimination index was calculated, there was a significant main effect of strain 

(F(l,33)=75.43, p<0.0001), but no main effect of diet or strain x diet interaction (Figure 

11). This would suggest that A/J mice are better at discriminating between the novel and 

the familiar arms than are C57 mice. However, given the fact that A/J mice spent the 

majority of their time in the starting arm during the retrieval phase and did not explore 

any of the other arms, it would be misleading to believe that they show increased 

discrimination. Their increased discrimination index is an artifact of their decreased 

locomotor activity.

Spontaneous alternations are calculated by counting the number of alternate arm 

visits. Since A/J mice spent the majority of their time in the starting arm, and did not visit 

other arms, their spontaneous alternation data yielded null values and as a result, only the 

spontaneous alternation data for the C57BIV6J mice were analyzed. Two of the high-fat 

fed C57BL/6J mice also spent the majority of their time in the starting arm during the 

retrieval phase, and as a result they also had null spontaneous alternation values. Since 

their values were significantly altering the variability of the dataset, they were considered
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outliers and were dropped from the analysis. A t-test for independent groups revealed no 

significant effect of diet (t(15)=1.553, p=0.141) (Figure 12).

In conclusion, the Y-maze test did not reveal any diet effects on spatial memory, 

and the strain effects are confounded by the decreased locomotor activity of A/J mice. 

Similarly diet did not affect working memory measured by the spontaneous alternation 

test in C57 mice and was not available in A/J mice who did not exhibit spontaneous 

alternation behavior.
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Figure 9. Locomotor activity showing significant differences in the number of visits A/J 
and C57BL/6J made in the two arms during the acquisition phase (zone 2 F(l,33)= 29.24, 
p<0.001, zone 3 F(l,33) = 22.74). HH=high-fat/high-sugar, LL=low-fat/low-sugar
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Figure 10. Time spent in the novel versus familiar arms of the Y-maze. Data for A/J are 
on top, with data for C57 on the bottom. C57BL/6J mice showed a preference for the 
novel arm, while A/J mice showed avoidance of the novel arm (F(l,33)=135.14, 
p<0.0001). HH=high-fat/high-sugar, LL=low-fat/low-sugar
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Figure 12. Spontaneous alternations in the Y-maze show a trend for the high-fat fed 
C57BL/6J mice animals to make less spontaneous alternations, however this trend did not 
reach significance. HH=high-fat/high-sugar, LL=low-fat/low-sugar
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Open field

The open field test was used to assess anxiety-like behavior, and included measures of 

the percentage of time spent in the comers, center and periphery of the apparatus, latency 

to enter the center and the speed of exploration. It is based on the natural tendency of 

mice to avoid open spaces in their exploration since they could be potentially dangerous 

to their survival (Choleris et al., 2001; Holmes et al., 2001). As a result, anxious mice 

will avoid the center of the open field apparatus and tend to spend the majority of their 

time in the comers and the periphery close to the walls of the open field.

A three-way MANOVA (strain x diet x area of the open field) revealed a 

significant main effect of strain on percentage of time spent in the corners (F(l,35)=64.6, 

p<0.0001), center (F(l,35)=21.8, p<0.0001) and the periphery (F(l,35)=58.3, p<0.0001). 

Furthermore, a two-way ANOVA (strain x diet) of latency to enter the center of the open 

field (Figure 13 B) revealed a significant main effect of strain (F(l,36)=329.62, p<0.01). 

Together, the percentage of time spent in the different areas of the apparatus and latency 

to enter center suggest that strain, but not diet influenced anxiety-like behavior (Figure 13 

A and C). C57 mice spent significantly more time in the periphery and the center of the 

apparatus compared to A/Js who spent the majority of their time in the starting comer of 

the open field. Furthermore, A/J mice had increased latency to enter the center of the 

apparatus. While it is tempting to interpret this as an increased anxiety response in A/Js, 

given their reduced speed of exploration, it is simply an indication of their reduced 

locomotor activity. Indeed, analysis of the speed of exploration of the open field revealed 

that C57 mice had increased speed of exploration compared to A/J mice, and that the 

high-fat diet led to a decreased speed of exploration in C57 mice. Levene’s test of
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homogeneity of variance revealed that the variances for the speed of exploration were not 

equal (Levene’s statistic = 20.52, dfi = 3, df2 =35, p<0.001). Log transformation of the 

data reduced the group difference in variance (Levene’s statistic = 1.09, dfi = 3, df2 =35, 

p=0.365). Subsequent ANOVA revealed a significant strain x diet interaction (F(l,35) = 

5.91, p<0.05, r|2=0.15). The main effect of strain was significant, F(l,35)=310.16, 

p<0.0001, r|2=0.90), while the main effect of diet was not significant (F(l,35)=0.0198, 

p=0.66, r|2=0.01). The interaction suggests that C57 mice were faster than A/J mice, and 

that they were affected by the high-fat diet, which lead to a slower speed of locomotion in 

the C57 HH mice. The effect size associated with the strain (q =0.90) was larger than the 

interaction effect size (q2=0.15), suggesting that the interaction effect was driven by the 

strain effect (Figure 13 D).
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Elevated plus maze

The elevated plus maze investigates the balance between the natural exploratory tendency 

of mice and their fear of exposed spaces. Decreased activity in the open arms of the 

elevated plus maze would suggest increased anxiety-like behavior (Hogg, 1996). Results 

of the elevated plus maze suggest that C57 mice tend to explore the open arms more than 

A/J mice and that diet does not influence the behavior of either strain. However, this 

could be a result of the decreased locomotor activity of A/J mice rather than an increased 

anxiety response.

The analysis of speed revealed a significant strain x diet interaction 

(F(l,35)=12.17, p<0.01, r|2=0.25), a significant main effect of strain (F(l,35)=137.44, 

p<0.01, r|2=0.79), and a significant main effect of diet (F(l,35)= 4.41, p<0.05, r|2=0.11). 

The interaction suggests that C57 mice were faster than A/J mice, and that they were 

affected by the high-fat diet, which lead to a slower speed of locomotion in the C57 HH 

mice. The effect size associated with the strain (p =0.79) was larger than the interaction 

effect size (p2=0.25), suggesting that the interaction effect was driven by the strain effect 

(Figure 14 D). Furthermore, the decreased speed of exploration of A/J mice suggest that 

decreased time spent in the open arms and the increased latency to enter the open arms 

may simply be a result of the decreased locomotor activity of A/Js.

A two-way ANOVA revealed a significant main effect of strain (F(l,36)=21.43, 

p<0.01) for percentage of time spent in the open arms, suggesting that A/J mice are more 

fearful of the open arms than are C57 mice, but no significant main effect of diet or diet x 

strain interaction (Figure 14 A, B). Similarly, A/J mice showed increased latency to enter 

the open arms of the elevated plus maze compared to C57 mice as suggested by a
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significant main effect of strain in latency to enter the open arms (F(l,30)=9.74, p<0.01) 

(Figure 14 C).

To summarize, the data suggests that diet does not affect anxiety behavior in the 

elevated-plus maze, and while A/J mice appear more fearful of the open arms of the 

apparatus through their increased latency and decreased time spent in the exposed areas, 

this strain effect could simply be a result of the decreased locomotor activity exhibited by 

A/Js.
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Forced swim

The forced swim test, also known as the behavioral despair test is used to assess 

depression-like behavior in rodents. The test is based on the tendency of mice to become 

immobile in a cylinder filled with water following initial escape-oriented movements. 

Mice exhibiting depressed-like behavior tend to spend more time immobile and make less 

escape movements (Cryan & Mombereau, 2004). In this study both distance swum and 

floating time (immobility) were assessed. Distance swum was assessed in order to 

determine locomotor activity, while floating time was assessed in order to determine 

depressive-like behavior.

Analysis of floating time (Figure 15 A) revealed that high-fat-fed animals had 

increased floating time irrespective of strain. Levene’s test of homogeneity of variance 

revealed that the variances for floating time were not equal (Levene’s statistic = 3.04, dft 

= 3, df2 =36, p<0.05). Log transformations of the data reduced the group differences in 

variance (Levene’s statistic = 2.55, dfi = 3, df2  =36, p=0.07). Subsequent ANOVA 

revealed a non-significant strain x diet interaction (F(l,36) = 0.006, p>0.05). The main 

effect of strain was not significant, (F( 1,36)= 1.44, p>0.05), however the main effect of 

diet was significant, (F(l,36)=8.207, p<0.05). This suggests that diet affected both strains 

equally, with high-fat fed mice exhibiting longer floating behavior. This was unexpected 

because differences in floating behavior were assumed to be due to the susceptibility or 

resistance to diabetes and/or obesity. The results suggest this is not the case since both 

diabetes prone and diabetes resistant high-fat-fed mice exhibit similar behavior in the 

forced swim test.
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Analysis of the distance swum data (Figure 15 B) revealed that C57 mice swam 

longer than A/J mice and that high-fat-fed animals swam shorter distances. Levene’s test 

of homogeneity of variance revealed that the variances for distance swam were not equal 

(Levene’s statistic = 3.36, dfi = 3, df2 =36, p<0.05). Log transformation of the data 

reduced the group difference in variance (Levene’s statistic = .668, dfi = 3, df2 =36, 

p=0.56). Subsequent ANOVA revealed a non-significant strain x diet interaction (F(l,36) 

= 0.135, p>0.05). The main effect of strain was significant, F(l,36)=22.66, p<0.01), as 

was the main effect of diet, F(l,36)=16.90, p<0.01. This suggests that strain had an 

impact on distance swam, with A/Js swimming a shorter distance than C57s (1781.08 ± 

552.62 vs. 2859.46 ± 1083.94) and that diet had an impact on both strains, with animals 

fed a high-fat diet swimming a shorter distance than the low-fat fed animals (1872.14 ± 

669.12 vs. 2768.40 ± 1088.58). It is tempting to conclude that high-fat animals showed 

increased floating time and swam shorter distances due to their increased weight gain, 

however, A/J mice did not gain as much weight as C57 mice when fed a high-fat diet. 

Thus, the increased depressive-like behavior manifested by the high-fat-fed animals 

cannot be explained by the development of diabetes, nor can it be explained by increased 

weight gain of the animals.
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Figure 15. Forced swim test. A. Floating time during the 3 minutes test period. 

B. Distance swam during the test. All data are mean ± standard error. 

HH=high-fat/high-sugar, LL=low-fat/low-sugar
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8.2 Experiment 2: Neurogenesis impairments in T2D

The proliferative stage of neurogenesis was assessed using BrdU labeling in the dentate 

gyrus in order to determine if the high-fat fed diabetes-prone mice would show decreased 

cellular proliferation (Figure 16). Twenty A/J and 20 C57 mice were fed a high-fat/high- 

sugar or a low-fat/low-sugar diet for 3 months. A significant strain x diet interaction in 

weight (F(l,16)= 6.82, p< 0.05, Figure 17), suggests that after 3 months only C57 mice 

gained weight in response to the high-fat diet. In a pilot study tissue from 20 of 40 

animals was stained for BrdU. As Figure 18 shows, a two-way (strain x diet) ANOVA 

results revealed no significant strain x diet interaction (F(l,16)=3.81, p>0.05), no 

significant diet main effects (F(l,16)=3.18, p>0.05), but a significant strain effect 

(F(l,16)=26.83, p<0.05), with A/Js showing reduced proliferation (81.40 ± 21.92 vs. 

130.50 ± 25.83). This suggests that C57 mice show increased proliferation compared to 

A/Js, but that diet does not significantly affect hippocampal proliferation in the diabetes- 

prone mice.
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Figure 16. BrdU labeled cells in the dentate gyrus. Representative micrographs of BrdU 
immunodetection in the subgranular layer of the dentate gyrus in high-fat or low-fat fed 
C57 and A/J mice. A single BrdU injection was administered 24 hours before perfusion. 
The arrows indicate BrdU positive cells. HH=high-fat/high-sugar, LL=low-fat/low-sugar
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8.3 Experiment 3: Neuroinflammatory dysregulation

Given our interest in hippocampal neurogenesis, we also investigated neuroinflammatory 

dysregulations in the hippocampus, which may hinder neurogenesis (Kaneko et al., 2006; 

Vallieres et al., 2002). Specifically, we were interested in whether a high-fat diet may 

lead to neuroinflammatory changes in the hippocampus and whether these changes are 

potentiated by stress.

In a pilot study cytokine data from 36 high-fat or low-fat fed C57 or A/J mice 

receiving chronic mild unpredictable stress or no stress was analyzed. A three-way 

ANOVA (strain x diet x stress) of individual cytokine levels in the hippocampus revealed 

no significant results for 9 of 10 cytokines studied (see Table 3), but yielded a significant 

strain x stress interaction (F(l,27)=4.47, p<0.05) for IL-10 and a significant main effect 

of stress (F(l,27)=5.09, p<0.05) on IL-10 levels. This suggests that diabetes-prone (C57) 

mice displayed no change in hippocampal IL-10 levels following chronic mild, 

unpredictable stressor exposure. Interestingly, diabetic-resistant AJ mice displayed an 

increase in the IL-10 levels in response to the stressor (Figure 19).

One potential explanation for the lack of differences in the majority of the 

cytokines is that the stressor regimen was too mild, and was unable to elicit a strong 

immune response. However, a three-way (strain x diet x stress) ANOVA of the 

biometrics data (Figure 20) suggests that the stressor was effective since stressed mice 

gained less weight over the duration of the two week chronic stress period compared to 

unstressed controls (F(l,27)=8.37, p<0.01). One high-fat-fed C57 mouse lost 27% of his 

body weight during the first week of stress and was considered an outlier and discarded
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from the analysis. Predictably, high-fat fed mice showed increased weight compared to 

low-fat-fed mice (F(l,27)=106.63, p<0.01) and C57 mice fed a high-fat diet showed 

increased weight compared to A/J mice (F(l,27)=44.61). This data suggests that the lack 

of neuroinflammatory changes in the hippocampus is not due to an ineffective stressor 

regimen.
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Table 3. Mean cytokine protein levels (pg/mL) by strain, stress or diet groups. All data are

mean ± standard deviation. HH=high-fat/high-sugar, LL=low-fat/low-sugar

Cytokines Strain Stress No Stress
HH LL HH LL

IFNg C57
A/J

11.40 ±0.30 
9.81 ±0.63

10.02 ± 0.96 
10.07 ± 1.12

10.11 ±0.78 
12.19 ± 1.86

10.59 ± 1.42 
11.93 ±0.63

TNFa C57
A/J

9.32 ±0.13 
7.45 ± 0.39

9.53 ± 1.15 
9.30 ± 0.74

8.28 ± 0.60 
8.46 ± 1.47

9.12 ± 0.35 
9.60 ± 1.74

IL-lb C57
A/J

151.82 ± 16.79 
124.38 ± 17.83

149.27 ± 20.23 
145.81 ± 15.95

118.74 ± 10.77 
159.00 ±40.19

140.77 ±9.16 
173.54 ±21.19

EL-2 C57
A/J

93.71 ±4.26 
87.05 ± 13.10

90.72 ±9.29 
121.61 ± 13.00

82.78 ± 16.11 
107.79 ± 5.14

99.37 ±7.62 
106.34 ± 11.91

IL-4 C57
A/J

8.54 ±0.56 
5.62 ± 0.63

4.75 ± 1.61 
7.95 ± 0.97

6.12 ± 1.49 
7.45 ± 0.61

8.19 ±0.40 
6.97 ± 1.07

IL-5 C57
A/J

8.25 ±0.33 
7.95 ±0.51

8.25 ± 0.95 
7.30 ± 1.20

7.67 ± 0.68 
6.93 ± 0.89

8.40 ± 0.65 
8.94 ± 0.66

IL-6 C57
A/J

26.72 ± 1.96 
23.95 ± 1.35

22.56 ± 2.27 
22.19 ±2.50

21.12 ±2.27 
27.40 ± 4.68

20.03 ±4.60 
24.61 ±2.83

IL-10 ^ C57
A/J

135.89 ± 10.57 
171.61 ±24.91

115.76 ± 16.02 
199.89 ± 28.00

128.77 ±20.31 
148.54 ± 30.30

169.28 ±7.13 
153.86 ± 18.13

IL-12 C57
A/J

125.54 ±9.14
111.54 ±4.05

103.20 ± 11.12 
136.32 ± 10.20

124.26 +/- 14.73 
142.60 +/- 32.24

116.74 ± 14.11 
119.24 ±8.18
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Figure 19. EL-10 hippocampal protein levels. A/J mice show increased IL-10 levels in 
response to stress, while C57 mice show no change in IL-10 levels when stressed. All 
data are mean ± standard error. HH=high-fat/high-sugar, LL=low-fat/low-sugar
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Figure 20. Weight change during the two weeks of chronic mild unpredictable stress. 
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(F(l,27)=106.63, p<0.01). C57 mice fed a high-fat diet showed increased weight 
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9. Discussion

Diabetes is one of the most prevalent and costly chronic diseases in North America 

(Narayan et al., 2003). Chronic dysregulation of glucose homeostasis leads to 

considerable wear and tear on the body, thus it may be viewed as a systemic stressor 

(Herman & Cullinan, 1997) similar to that proposed previously for immune challenges. 

In fact, diabetes has been associated with marked changes in immune and endocrine 

factors, which would impact upon circulatory, cardiovascular and central processes in a 

manner consistent with the definition of a systemic stressor proposed by Herman & 

Cullinan (1997). These systemic stressors generally activate neurochemical processes 

similar to those influenced by psychologically relevant stressors such as restraint, fear 

conditioning, or exposure to a novel environment, which activate multiple sensory 

modalities and do not involve an immediate threat to physiological homeostasis (Asaba et 

al., 2006; Herman & Cullinan, 1997) and have even been associated with cognitive 

decline (Luine et al., 1994) and alterations of neuroplasticity including reductions of 

neurogenesis (Joels et al., 2004). Accordingly we used a mouse model to assess the 

impact of type II diabetes (T2D) upon indices of memory, anxiety, and depressive-like 

behavior, as well as changes in neurogenesis and cytokines that may accompany these 

behavioral variations.

9.1 Biometrics

Diet and nutrition play a significant role in the development of T2D (Schulze & 

Hu, 2002). In particular, C57 mice are widely used as a model of T2D because exposure 

to a high-fat diet leads to obesity, hyperglycemia and insulin resistance in these mice. In
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contrast, A/J mice are often used as a control for this paradigm given their resistance to 

diet induced diabetes (Surwit et al., 1995; Surwit et al., 1988).Accordingly, we found that 

diabetes-prone C57BL/6J mice fed a high-fat diet did gain more weight and had 

decreased feed efficiency (weekly weight gain per calories consumed ) despite a food 

intake similar to A/J diabetes resistant mice. The C57 mice also exhibited fasting 

hyperglycemia and decreased insulin secretion after 3 months of being fed a high-fat diet. 

These results are consistent with previous studies (Collins et al., 2004; Surwit et al., 

1995), and suggest that the high-fat diets had a significant impact specifically on the C57 

mice.

For human patients, the American Diabetes Association (ADA, n.d.) defines 

normal fasting blood glucose as plasma levels below 100 mg/dl (5.5 mmol/L), pre­

diabetes as fasting plasma glucose levels between 100-125 mg/dl (5.5-6.88 mmol/L), and 

diabetes as 126 mg/dl (6.93 mmol/L). In mice, Surwit et al. (1995) defined 

hyperglycemia as fasting glucose level values greater than or equal to 11 mmol/L (200 

mg/dl) following an 8 hour fasting period (Surwit et al., 1995). The C57 mice in the 

present study met these criteria following ingestion of a high-fat diet for 3 months, with 

their fasting plasma glucose levels significantly exceeding those of either the low-fat fed 

controls or the A/Js on either diet.

T2D is also accompanied by insulin resistance, characterized by a decreased 

responsiveness to normal circulating levels of insulin (Musselman et al., 2003). The C57 

mice fed a high-fat diet did indeed display reduced response to insulin bolus injection, 

suggesting a decrease in insulin sensitivity, consistent with symptoms of T2D. The fact 

that C57 high-fat fed mice exhibited fasting hyperglycemia, yet still mounted a response
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to the bolus insulin injection, also suggests the possibility of reduced insulin secretion. 

However, this would have to be definitively determined using a glucose clamp technique 

(DeFronzo etal., 1979).

The obesity of C57 mice cannot be explained simply by hyperphagia or decreased 

physical activity (Collins et al., 2004), since they did not exhibit an increased food intake 

nor were they less active than the low-fat fed C57 mice, or A/J mice as suggested by their 

locomotor activity in the open field and elevated plus maze. The obesity in these mice 

appears to be the direct consequence of increased feed efficiency (weight gained/kcal 

consumed) when fed a high-fat diet, which suggests that these mice store more fat despite 

food intake similar to the other three groups. In other words high-fat fed C57 mice gained 

even more weight than would have been expected based solely on their increased caloric 

consumption (Surwit et al., 1995). Such a genetic predisposition of C57 mice to store fat 

when dietary fat content is high makes them a more suitable model of T2D than other 

strains of mice such as the ob/ob and db/db mice and the fa/fa rat, whose genetic 

background predisposes them to obesity following ingestion of regular mouse chow 

(Renold et al., 1971).

9.2 Behavior

Both T1D and T2D are associated with cognitive impairments in humans and animal 

models. Within the case of T1D, a dysregulation in executive functioning, attention and 

delayed memory has been reported, which may result from faulty communication 

between the hippocampus and the prefrontal cortex. In contrast, T2D studies have found 

impairments more specifically in hippocampal dependent functions, such as working
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memory and learning. In the current study, a series of behavioral tests revealed no effect 

of diet on a range of measures of spatial and working memory and anxiety, though we did 

observed significant differences between strains. In contrast, the forced swim test (which 

examines depressive-like behavior) did find a significant increase in depressive-like 

behavior in mice fed the high-fat diet, though this effect was seen in both C57 and A/J 

strains.

The Y-maze test of spatial and working memory revealed no significant effect of 

diet for either strain, but did reveal significant strain differences. Specifically, C57 mice 

spent significant more time in the novel arm, while A/J mice seemed to avoid the novel 

arm. The discrimination index which is expressed as the absolute value of the extent of 

time spent in the novel arm compared to the 2 familiar arms of the Y-maze revealed that 

A/J discriminated better than C57 mice between the novel and the familiar arms. 

However, given that the retrieval phase of the Y-maze test was randomly started in either 

of the familiar arms and the fact that A/J mice had decreased locomotor behavior, it is 

possible that the increased discrimination index could simply be an artifact of their 

decreased locomotor activity. There was a trend for decreased spontaneous alternations in 

the high-fat-fed C57 mice, but this trend did not reach significance. Overall, the A/J mice 

exhibited very low locomotor activity and so did not display any spontaneous alternation 

behavior. Essentially, the three-month regimen of high-fat diet did not have a significant 

effect on spatial memory as measured by time spent in the novel arm, nor did it affect 

working memory measured by spontaneous arm alternations during exploration.

The Y maze results were unexpected given studies in rats (Molteni et al., 2004; 

Winocur & Greenwood, 2005), and evidence from human studies suggesting that high-fat
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diets do lead to memory impairments (Reaven et al., 1990; Strachan et al., 1997; Strachan 

et al., 2003). Given that C57 mice are particularly adept at spatial and working memory 

tasks (Crawley et al., 1997; B. Tannenbaum & Anisman, 2003; B. M. Tannenbaum et al., 

2003; Wolff et al., 2002), it is possible that the Y-maze was not sufficiently sensitive to 

any cognitive changes induced by the high-fat diet. This strain and species-specific 

aptitude may explain the contrasting findings in rats, which show deficits in spatial 

learning in the Morris water maze after 1 or 2 months on a high-fat diet (Molteni et al.,

2004). Another possibility could be that the 1 minute interval between the acquisition and 

the retrieval phase of the Y-maze task was too short. Indeed, Greenwood et al. (2001) 

examined performance in rats on a delayed alternation task, and found that animals fed a 

high-fat diet were more severely impaired at longer inter-trial intervals than shorter inter­

trial intervals. Furthermore, it is possible that high-fat diet affects a different aspect of 

memory than the spatial and working memory tested using the Y-maze test. In future 

studies it might be beneficial to employ a different measure of memory such as the 

operant learning bar-pressing task, which involves the basal ganglia for acquisition of the 

task, and the hippocampus for the consolidation phase (Bertaina-Anglade et al., 2000). 

Indeed Mielke et al. (2006) found that high-fat fed strain mice fail to associate operant 

bar pressing to food reinforcement when compared to low-fat fed animals.

The open field data revealed no significant diet effects, but again a significant 

strain effect was evident, wherein A/J mice were quite immobile, spending the majority 

of their time in the comer of the apparatus, whereas C57 mice had very high levels of 

exploratory behavior. Interestingly, high-fat-fed C57 had lower speeds when compared to 

their low-fat-fed counterparts, suggesting their weight gain may have slowed them down.
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These strain differences are consistent with other behavioral studies of anxiety (Crabbe, 

1986; DeFries & Plomin, 1978; Mathis et al., 1994), which found that C57 mice show 

high locomotor activity and low anxiety levels in the open field, while A/J mice exhibit 

the reverse pattern.

The performance of mice on the elevated plus maze suggested a stronger 

anxiogenic response in A/J mice, with these mice having an increased latency to enter the 

open arms. Similarly, Trullas and Skolnick (1993), found that A/J mice had a stronger 

anxiogenic response compared to C57 mice. However, the results of the elevated plus 

maze are again confounded by the reduced locomotor activity of A/Js. Indeed, a 

significant strain by diet interaction in speed of exploration, suggests reduced locomotor 

activity in A/J and high-fat-fed C57 mice. The decreased locomotor activity in A/J 

compared to C57 mice is consistent to other reports (Jacobson & Cryan, 2007; Shanks & 

Anisman, 1988) and suggests underlying neurochemical differences between the two 

strains.

Interestingly, the depressive-like behavior measured in the forced swim apparatus 

revealed increased floating behavior in high-fat-fed animals irrespective of strain, 

however, this cannot be explained by the increased weight gain since only C57 mice 

gained an appreciable amount of weight. This would suggest that high-fat diet equally 

affected both strains in terms of depressive-like behavior. As a result, a diabetic-like state 

is not the determining factor, since A/J mice do not develop insulin resistance. Nor is the 

weight-gain responsible for increased floating time in high-fat fed animals, since A/J 

mice do not gain as much weight as C57 mice do when fed a high-fat diet.
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One possibility could be that the high-fat diet equally affects motivation in both 

strains, leading to a decrease in swimming activity. Indeed Huang et al. (2004) showed 

high-fat diet increases expression of serotonin receptor in the ventromedial hypothalamic 

nucleus, possibly indicating a decreased availability of synaptic serotonin. As a result, the 

increased floating may be an indication of decreased serotonin levels, which are 

associated with depressive-like behavior.

Another possibility could be that insulin resistance is slower to develop centrally 

than peripherally. Indeed, the results of this study suggest that peripherally insulin 

resistance is evident after 3 months, however, central insulin resistance was not 

measured. Mielke et al. (2006) found that a 12 month of high-fat regimen, did not 

significantly affect neural insulin sensitivity in C57 mice. Indeed if peripheral resistance 

develops at a faster rate then central insulin resistance, it may lead to increased insulin 

release in the periphery. This may result in increased central insulin, which may in turn 

lead to improved spatial learning and memory (Moosavi et al., 2006) and protect against 

stress-induced behavioral impairments (Moosavi et al., 2007). Therefore, the lack of 

behavioral differences between high-fat-fed and low-fat-fed C57 mice could be explained 

by an initial increased central availability of insulin in high-fat-fed C57.

The current study revealed that high-fat diet does not significantly affect spatial 

and working memory, nor does it affect anxiety-like behavior, but it significantly 

increases depressive-like behavior.
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9.3 Neurogenesis differences

Analysis of neurogenesis in C57 and A/J mice fed either high or low fat diets revealed 

significant difference in neuronal proliferation in the hippocampus between the two 

strains, with the C57 diabetes-prone mice showing increased neuronal proliferation when 

compared to the A/J diabetes resistant mice. While there was no significant difference in 

proliferation between animals on high-fat- and low-fat-diets high-fat fed C57 mice did 

show a slight increase in proliferation compared with low-fat controls, although this trend 

did not reach significance.

This was unexpected because Lindqvist et al. (2006) have shown decreased 

neurogenesis in rats following just one month on the diet. Furthermore, T1D is associated 

with decreased neuronal proliferation and survival in the hippocampus (Beauquis et al., 

2006). At first glance, the results of the current study appear to contrast those of 

Lindquist et al (2006), who found a reduction in BrdU labeled cells in the rat 

hippocampus following just one month of high-fat food intake. However, Lindquist et al 

(2006) investigated survival rather than proliferation, since they assessed BrdU and NeuN 

two weeks following BrdU injections. Therefore, the trend towards increased 

proliferation in the current study does not directly contradict the findings of Lindquist et 

al (2006). In fact, Lehmann et al. (2005) theorized that cell survival is determined by the 

rate of cell proliferation and the excitatory inputs from the perforant pathway, which is 

the main input to the hippocampus, so that optimal cell survival rates are achieved when 

either but not both of the two is increased. Indeed, increasing proliferation and excitation 

at the same time has a negative impact on the homeostasis of the neural network leading 

to degeneration and increases the vulnerability of the hippocampus to such disorders as
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Alzheimer’s disease which is indeed frequently associated with T2D. High-fat diets lead 

to increased excitation due to a decrease in the inhibitory effects of K Atp  channels which 

are defective or even absent in obesity prone rats (Levin et al., 1999). Thus, if the 

increased proliferation trend seen in the present study is substantiated by future studies, it 

will lend even more support to Lehmann’s et al. (2005) theory, suggesting that increased 

proliferation associated with a high-fat diet coupled with increased excitation due to the 

metabolic or psychological stress may decrease neuronal survival. Indeed, (Baran et al.,

2005) found that neither stress, nor high-fat diet alone had a significant impact on 

dendritic morphology in the hippocampus. However, when the two factors were 

combined, high-fat diet potentiated the effects of a three-week chronic stress period 

consisting of daily predator exposure and crowded cage conditions, and led to decreased 

dendritic arborization in CA3 neurons.

The increased adult neurogenesis rate in C57 compared to A/J mice is similar to 

the findings of Kempermann & Gage (2002), showing that C57 mice have increased 

proliferation and survival compared with A/J. Furthermore, these differences in 

neurogenesis were associated with hippocampal functioning, with improved learning in 

C57 versus A/J mice. One possible explanation for the lack of difference between high- 

fat and low-fat groups in the current study, is that the metabolic stress of the high-fat diet 

alone cannot produce changes in neurogenesis, but when paired with chronic 

physiological stressor it adversely affects neurogenesis.

Studies are currently underway to further verify the increase in proliferation in 

high-fat fed C57 and assess potential mediators of such an effect. In this respect, we will 

increase the number of subjects per group from 5 to 10. In terms of potential mediators,
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the increased proliferation may be due to increases in central insulin levels, in the high- 

fat-fed C57, resulting from peripheral insulin resistance and increased insulin production. 

Insulin and insulin growth factor (IGF) are known to induce proliferation in the adult 

hippocampus (Aberg et al., 2000).

Currently studies are also underway to determine the impact of high-fat diet 

feeding on neuronal survival and maturation using the endogenous neuronal marker 

doublecortin (DCX). This would allow us to determine whether a high-fat diet leads to 

alterations in the cell cycle by looking at dendritic morphology (Plumpe et al., 2006) and 

progenitor survival, previously observed in mouse models of type 1 diabetes (Jackson- 

Guilford et al., 2000; Kang et al., 2006; Revsin et al., 2005; F. Saravia et al., 2004; F. E. 

Saravia et al., 2006).

Future studies will need to determine if T2D diabetes leads to the latter outcome 

with simultaneous increases in cell proliferation and excitation, as is the case with 

Alzheimer’s disease in humans (Jin et al., 2004).

9.4 Neuroinflammatory changes

Type II diabetes is associated with low-grade inflammation in the periphery. However it 

is not clear whether this inflammation causes the disease, or arises as a consequence of 

the development of diabetes. Furthermore, this inflammation is exacerbated by exposure 

to stressors. Surprisingly little research has focused on central inflammatory changes 

which may play a putative role in the cognitive and behavioral deficits associated in 

diabetes.
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Diabetes is associated with peripheral elevations in pro-inflammatory cytokines 

such as IL-1 p, TNF-a and IL-6 (Pickup & Crook, 1998) and decreases in anti­

inflammatory cytokines such as IL-10 and IL-4 (van Exel et al., 2002). While to date 

there are no studies investigating central cytokine levels in diabetes patients or animal 

models, pro-inflammatory cytokines are found in the brain as evidenced by cytokine 

receptors on neurons and glia (Maier & Watkins, 1998), particularly in the hippocampus 

(Cunningham et al., 1992). Interestingly, cytokine dysregulations have been observed 

centrally (Taishi et al., 1998) and peripherally (Cao et al., 2007) in chronic stress 

paradigms and are associated with depression and neurodegenerative disorders (Hayley & 

Anisman, 2005) which are also highly comorbid with diabetes (Ristow, 2004). These 

associations suggest cytokines could be the mechanism involved in the predisposition of 

diabetes to neurodegenerative disorders, and could be potentiated by the effects of 

chronic stressors.

Our results do not exclude the hypothesis that stress and central and systemic 

neuroinflammatory changes act synergistically in the development of diabetes. However, 

they do suggest that the initial phase of diabetes is not accompanied by marked 

neuroinflammatory changes. Analysis of hippocampal tissue revealed no significant 

effects of diet in any of the 10 cytokines investigated. However, stress and strain did have 

an effect on IL-10 levels, yielding a significant strain x stress interaction. Specifically, 

A/J mice responded to chronic stress with an increase in IL-10 protein levels, while there 

was no change in C57 mice in hippocampal IL-10 levels in response to the insult. 

Interestingly, A/J mice also show increased systemic production of anti-inflammatory 

cytokines, particularly IL-10, and decreased production of pro-inflammatory cytokines
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such as IL-1 beta, TNF alpha and IL-6 compared to C57 mice in response to an immune 

challenge such as moderate aerosol infections (Jagannath et al., 2000). Despite the fact 

that the current study has found no significant differences in hippocampal cytokine levels 

between diabetic and non-diabetic mice, other studies have found that T2D is associated 

with increased peripheral production of pro-inflammatory cytokines (Pickup & Crook, 

1998). The shift towards an anti-inflammatory production in A/J mice (Jagannath et al., 

2000) could be one protecting factor contributing to this strain’s resistance to diabetes. 

Interestingly, human studies have shown that decreased IL-10 levels are associated with 

an increase risk of developing T2D in elderly patients (van Exel et al., 2002). Moreover, 

this protection may be extending to the hippocampus as suggested by the results of 

(Lynch et al., 2003), who showed that IL-10 counteracts the inhibitory effects of LPS 

induced increases of IL-1 beta on LTP. This cytokine may have such effects through its 

inhibitory actions on other cytokines, such as IL-1 beta, as well as apoptotic factors 

including caspase-3.

In conclusion, diet had no effect on hippocampal cytokine levels, however, 

chronic mild stress led to an increase in IL-10 levels in A/J mice and a decrease in C57 

mice, suggesting a possible mechanism conferring A/Js resistance while predisposing 

C57 mice to diabetes. Future studies are needed to determine whether later stages of 

diabetes lead to alterations in other cytokines besides IL-10 both centrally and 

peripherally, and whether stress potentiates their effects at those later stages.

9.5 Conclusion

The delicate balance between glucose, insulin, leptin, cytokines and neurotransmitters is 

upset in diabetes. This gives rise to several apparently contradictory conditions: on the
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one hand diabetes is considered an inflammatory condition, since it is associated with 

increased plasma levels of proinflammatory cytokines, on the other hand, diabetes leads 

to an increased incidence of infection and susceptibility to disease, including 

neurodegenerative disorders.

This thesis examined many potential inter-related markers of diabetes-mediated 

pathological change. Our theory was that diabetes will lead to central cytokine 

dysregulations, which in turn may create a toxic microenvironment for neurogenesis. 

Furthermore, changes in neurogenesis will manifest themselves in a host of behavioral 

problems such as decreased working memory, increased anxiety- and depression-like 

behavior. The present study suggests that the initial stage of diabetes is accompanied by 

fasting hyperglycemia and reduced insulin sensitivity. However, these changes are not 

sufficient to induce behavioral changes. A trend towards increased proliferation in high- 

fat fed diabetes-prone mice suggests that diet may have an impact on neurogenesis. The 

mechanism affecting neurogenesis in the hippocampus does not depend, at least in the 

initial stage, on neuroinflammatory dysregulations, since there were no significant effects 

of diet on cytokine levels in the hippocampus. Interestingly, one aspect of the resistance 

of A/J mice to diabetes may be related to a shift from pro-inflammatory to anti­

inflammatory cytokine production, shift which has been shown in the periphery in 

response to a immune challenge (Jagannath et al., 2000) and was also observed centrally 

in response to stress in the current study.

Future studies should determine a time course for changes in insulin, cytokines 

and their impact on neurogenesis in the brain, as well as the impact of neuronal 

proliferation and survival on behavior.
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