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ABSTRACT 

 

Gestational diabetes mellitus (GDM) is a common complication of pregnancy and population 

health studies have linked it to impaired cognitive performance in the offspring.  GDM triggers 

inflammatory responses, which can critically affect development of neuronal circuitry.  We 

hypothesized that GDM promotes inflammatory responses in the fetus that can disturb fine-

tuning of neuronal networks during early development, resulting in lifelong impaired cognitive 

functions. 

The cognitive performance of 15 week old offspring exposed to diet induced GDM were 

assessed. The brain tissue of the 15 week old and neonatal (E20) offspring were analyzed by 

immunohistochemistry, western blot, and cytokine assay.  Cultured microglial responses to 

elevated glucose and/or fatty acid levels mimicking GDM associated diabetic conditions were 

analyzed. 

Our data reveals chronic neuroinflammation in GDM offspring, which combined with 

deregulation of microglial functions may explain hippocampal CA1 layer neuronal derangement 

and synaptic degradation that correlates with impaired cognitive performance of GDM offspring. 
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INTRODUCTION 
 

Chapter 1: Gestational diabetes mellitus. 

 

1.1.1 Epidemiology of gestational diabetes mellitus 

Gestational diabetes mellitus (GDM) is one of the most common medical complications 

during pregnancy and is defined by high blood glucose (hyperglycaemia) during mid-gestation 

that resolves postpartum in women who have had no previous history of diabetes mellitus.   

GDM has been strongly associated with maternal overweight and obesity, which is becoming 

more common with the prevalence of sedentary lifestyles and popularity of diets high in 

saturated fats and refined sugars.  These diets are referred to as ‗junk food‘ diets and are typically 

dense in calories due to their high fat and sugar content, but offer very little nutritional value due 

to the lack of vitamins, fibre, and minerals (Bayol et al., 2007).  With ‗junk food‘ diets and 

sedentary lifestyle choices becoming more common, more mothers are at risk of entering 

pregnancy while overweight/obese.  The obesity epidemic has increased globally within the last 

few decades, where the prevalence of overweight and obese (body mass index or BMI ≥ 25 

kg/m
2
 and BMI ≥ 30 kg/m

2
 respectively) overall has increased by 27.5% in adults and 47.1% in 

children and youth 2 – 19 years old (adolescent) in 2013 when compared to 1980 (Ng et al., 

2014).  In women alone, the proportion of adult women that are both overweight and obese have 

risen from 29.8% in 1980 to 38.0% in 2013 (Ng et al., 2014).  This is especially concerning in 

developed countries, where 22.6% of adolescent girls were overweight or obese in 2013 

compared to 16.2% in 1980 (Ng et al., 2014).  With a large increasing proportion of young adult 

women becoming overweight and obese, more women are entering pregnancy with a high risk of 
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developing GDM.  The occurrence of GDM within the general populace is approximately 5% 

(Kampmann, 2015) but can vary depending on which demographic is studied.  World-wide, 

ethnic groups that are at high risk of developing GDM include people of Asian, African, and 

Hispanic descent, indigenous populations from Pacific Islands and Australia, and Native 

Americans (Yuen & Wong, 2015), however prevalence can vary greatly between populations 

depending on screening criteria and racial/ethnic compositions (Kampmann, 2015).   

 

1.1.2 Development of gestational diabetes mellitus and pathophysiology 

During normal pregnancy, food intake in excess of maternal metabolic needs occurs 

during early pregnancy leading to accumulation and redistribution of adipose tissue.  Increased 

gestational food consumption is triggered by increasing progesterone and prolactin levels 

(Augustine & Grattan, 2008) in order to prepare for fetal development and lactation.  During the 

second and third trimesters, maternal adaptations act to fuel the growing metabolic needs of the 

fetus and are mediated by several hormones.  These hormones include human placental lactogen, 

human placental growth hormone, prolactin, cortisol, and progesterone (Valsamakis et al., 2010), 

all of which are produced by either the placenta or maternal pituitary gland.  Placental growth 

hormone and cortisol in particular, are partly responsible for maternal tissue insulin resistance 

seen during the second to third trimester and act as an insulin antagonist, where they are 

regulated in part by maternal glucose levels (Barbour et al., 2002; Lager, 1991; Newbern & 

Freemark, 2011).  To compensate for the insulin resistance, prolactin and placental lactogen 

levels are increased to stimulate beta-cell expansion, resulting in increased insulin production to 

maintain normal glycemic levels during times of high glucose levels (Newbern & Freemark, 
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2011).  However, in GDM cases the amount of insulin secreted is insufficient to maintain proper 

glycemic control resulting in mild hyperglycemic conditions characteristic of GDM.   

 The second half of pregnancy is also accompanied by maternal high blood lipid levels 

(hyperlipidemia) caused by both estrogen-mediated inhibition of hepatic lipase activity and 

enhancement of adipose tissue lipolytic activity (Alvarez et al., 1996).  The result is a decline in 

maternal fat accumulation in adipose tissue, as well as a rise in plasma concentration of 

circulating triacylglycerol (TAG) (Herrera & Ortega-Senovilla, 2014) and free fatty acids (FFAs) 

(Burt, 1960).  TAGs are present in a variety of forms and consist of 3 variable fatty acids ester-

linked to a glycerol backbone, and can be homogeneous or heterogeneous, consisting of either 

saturated or unsaturated fatty acids.  In circulation, TAGs are packaged with cholesterol into 

lipoproteins, which consist of an outer phospholipid layer and various apolipoproteins.  This 

serves to emulsify the lipid molecules allowing for easier transport in aqueous environments.  

Usually plasma TAG levels are regulated by a liver secreted lipolytic enzyme called hepatic 

lipase, one of 2 major lipases which hydrolyzes circulating TAGs of plasma lipoproteins 

(Chatterjee & Sparks, 2011) for storage and energy production.  However, during the second half 

of pregnancy increased plasma TAG levels can be attributed to decreased hepatic lipase activity, 

likely due to estrogen-mediated repression of hepatic lipase (Alvarez et al., 1996; Jones et al., 

2002).  Additionally, hyperlipidemia during the third trimester of pregnancy can also be 

attributed to increased basal lipolytic activity in accumulated maternal adipose tissue from the 

first and second trimesters.  Lipolysis in adipocytes during the third trimester is site-dependent, 

with the majority of lipolytic activity occurring in the parametrial/gonadal and mesenteric 

deposits of white adipose tissue (WAT) (Aitchison et al., 1982; Pujol et al., 2005).  Typically, 

adipocyte lipolysis would be expected to decrease due to elevated insulin levels during the third 
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trimester, as insulin signalling acts to inhibit adipose lipolytic activity (Choi et al., 2010).  

However that does not seem to be the case, as mesenteric and gonadal WAT deposits decrease in 

size during the third trimester (Pujol et al., 2005).  This lipolytic activity is in part due to an 

enhanced response to norepinephrine in adipocytes making them more susceptible to the β3-

adrenergic response and results in cyclic adenosine monophosphate (cAMP) activation of 

hormone sensitive lipase (Aitchison et al., 1982; Skeberdis, 2004).  Moreover, placental 

hormones like human placental lactogen stimulate lipolytic activity in adipocytes (Williams & 

Coltart, 1978) and adipocyte release of biologically active molecules called ‗adipokines‘ such as 

tumour necrosis factor alpha (TNFα) and interleukin 6 (IL-6) which can interfere with insulin 

signalling (Caja & Puerta, 2008).   Due to these factors, the anti-lipolytic effects of insulin have 

very little effect on enhanced lipolysis in human adipocytes during pregnancy (Coltart & 

Williams, 1976).  All of these factors combined contribute to enhanced lipolysis of fatty acid 

deposits to release FFAs into circulation.  The increased maternal plasma TAGs and FFAs are 

adaptations to supply the growing fetal needs and are essential for fetal development and growth, 

with fetal size having a strong correlation with maternal lipid levels especially during GDM 

(Schaefer-Graf et al., 2008).   

The placenta is one of the major selective blood-tissue barriers that regulate transfer of 

maternal nutrients to the fetus.  In order for maternal lipids such as TAGs to cross the placenta, 

they must first undergo hydrolysis to release FFAs by placental lipoprotein lipase (Gauster et al., 

2007; Gil-Sánchez et al., 2012).  Lipoprotein lipase converts one TAG molecule into 2 FFAs and 

a 2-monoacylglycerol (Mead et al., 2002), of which the FFAs are taken up by the placenta.  

Transport of FFAs from both plasma and TAG lipolysis across the placental barrier is believed to 

be through passive diffusion and facilitated transport (Larqué et al., 2011), mediated through 
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various fatty acid carriers such as plasma membrane fatty acid binding protein (FABP), fatty acid 

translocase (FAT), and fatty acid transport protein (FATP) (Duttaroy, 2009; Gil-Sánchez et al., 

2012; Herrera et al., 2006).  In the case of GDM, elevated maternal circulating lipids and fatty 

acid levels result in an excess of fatty acids transported across the placenta, which can influence 

growth and metabolism in the fetus resulting in fetal macrosomia or larger than average size 

baby at birth (Kim et al., 2015). 

 

1.1.3 Clinical symptoms of gestational diabetes mellitus in mother and offspring 

The defining characteristic of GDM is the onset of glucose intolerance and related 

hyperglycemia during  pregnancy (Jones, 2001; Pereira et al., 2015a) and the resolution of both 

after pregnancy (Bellamy et al., 2009).  Women who fall under the classification of GDM have 

no prior history or diagnosis of diabetes before their pregnancy, whereas women that were 

diabetic before pregnancy are classified as having pre-gestational diabetes mellitus (PGDM).  

Furthermore, women who are classified as GDM but continue to display diabetic symptoms after 

pregnancy are reclassified as having type 1 diabetes mellitus (T1D) and type 2 diabetes mellitus 

(T2D) and fall into the PGDM category (Jones, 2001).  GDM differs from PGDM since both 

T1D and T2D exist before conception and persist after pregnancy is over.  PGDM also poses a 

high-risk for congenital abnormalities not seen in GDM due to prolonged hyperglycemic levels 

before and during organogenesis in the first trimester, resulting in major cardiac and neural tube 

defects (Cao et al., 2012; Gabbay-benziv et al., 2015; Ornoy et al., 2015).  The consequences of 

poorly controlled hyperglycemia, especially during the early stages of embryogenesis, have a 

large contributing role to congenital abnormalities observed in PGDM with high concentrations 
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of glucose as the teratogen.  Prolonged hyperglycemic conditions have the potential to induce 

oxidative stress, which can activate cellular stress signalling pathways and potential hypoxia, 

apoptosis, and dysregulation of gene expression in the developing fetus (Cao et al., 2012; 

Gabbay-benziv et al., 2015; Ornoy et al., 2010; Ornoy et al., 2015; Salbaum & Kappen, 2012).  

Additionally, hyperglycemic conditions during early stages of embryogenesis can prevent neural 

tube closure resulting in defects in the brain and spinal cord  (Ornoy et al., 2015).  In GDM, 

hyperglycemia throughout pregnancy induces oxidative stress causing functional abnormalities 

in inherited oocyte mitochondria (Wang et al., 2009).  These abnormalities can result in 

metabolic disorders resulting in reduced levels of ATP and citric acid cycle metabolites that are 

propagated during development (Wang et al., 2009).  This results in the propagation of 

dysfunctional mitochondria during embryogenesis (Wang et al., 2009) that can potentially 

contribute to offspring cardiomyopathy postnatally (Bugger & Abel, 2014).   

In contrast to PGDM, GDM blood glucose levels during pre-conception and the first half 

of pregnancy are at normal levels, where it is then followed by onset of hyperglycemia during 

the second half of pregnancy.  There is still no clear consensus on the diagnostic criteria for 

GDM (Thompson et al., 2013), however the current preferred approach is to begin with a 50 

gram oral glucose tolerance test (OGTT) and if needed, follow with a 75 gram OGTT (American 

Diabetes Association, 2016; Thompson et al., 2013).  If one or more of these are exceeded 

(fasting plasma glucose ≥5.3 mmol/L, 1 hour after OGTT ≥10.6 mmol/L, 2 hours after OGTT 

≥9.0 mmol/L) then GDM is diagnosed (American Diabetes Association, 2016; Thompson et al., 

2013).  Compared to PGDM (fasting plasma glucose: PGDM ≥ 7.0 mmol/L) GDM 

hyperglycemia is relatively mild, however it should be noted that during later stages of 

pregnancy normal fasting blood glucose levels can range from 3.9 ± 0.4 mmol/L to 4.5 ± 0.4 
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mmol/L (Thompson et al., 2013).  With the late onset and mild hyperglycemia observed in 

GDM, there is a much lower risk of congenital abnormalities that are otherwise seen in PGDM 

(Ornoy et al., 2015).  Although GDM is less likely to be linked to congenital abnormalities, it has 

been associated with offspring complications such as macrosomia (Kim et al., 2015), where 

maternal obesity and GDM result in the increased transfer of nutrients to the developing fetus 

resulting in a large for gestational age offspring.  GDM offspring also have higher risk as 

newborns to develop conditions such as metabolic and hematologic disorders including low 

blood glucose (hypoglycaemia), increased red blood cell count (polycythemia), and infant 

respiratory distress, while later in life offspring are at risk of cardiomyopathy (Jones, 2001; 

Mitanchez et al., 2015) when compared to non-diabetic pregnancies.  While exposure to GDM 

during pregnancy increases the risk of mothers developing T2D after the pregnancy (Bellamy et 

al., 2009; Moon et al., 2015), GDM children have up to an 8-fold increased risk of developing 

T2D later in their life (Clausen et al., 2008).   

Insulin is required to promote the transport of glucose into cells such as skeletal muscle 

cells and adipocytes that express insulin responsive glucose transporters (GLUT4), reducing the 

amount of circulating glucose in the blood during periods of high blood glucose (Nelson & Cox, 

2005).  The increased resistance to insulin in combination with elevated blood glucose conditions 

observed in GDM leads to inadequate insulin secretion and tissue response to insulin to maintain 

normoglycemic conditions.  As a result, glucose is unable to enter the cells efficiently resulting 

in increased blood glucose levels.  The mechanisms involved in the development of GDM are 

still poorly understood, but maternal obesity is strongly correlated with increased risk of 

developing GDM (Chu et al., 2007).  Excessive over-nutrition in maternally obese mothers can 

lead to altered metabolism and changes in organ systems in the mother (Pereira et al., 2015b), 
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which contribute to the already increasing tissue insulin resistance that is present during 

pregnancy.  Maternal obesity and over-nutrition may give the last ‗push‘ required for the mother 

to no longer be able to meet the increasing insulin requirements thus resulting in the 

development of hyperglycemia and diabetic conditions seen in GDM. 

 

Chapter 2: Inflammation in gestational diabetes mellitus. 

 

1.2.1 Macrophage activation via toll-like receptors by saturated fatty acids. 

 In GDM, increased adipose tissue lipolysis results in the breakdown of TAGs and release 

of FFAs consisting of both saturated and unsaturated fatty acids.  Of these, saturated fatty acids 

in particular are involved in the activation of macrophages by binding to a specialized class of 

transmembrane receptors that are present primarily on immune sentinel cells.  These 

transmembrane receptors are referred to as toll-like receptors (TLRs) and are involved in 

recognizing certain conserved pathogen associated molecular patterns (PAMPs) present on 

microbial cells but not mammalian (Abbas, Lichtman, & Pillai, 2012).  The TLRs serve to 

activate the host immune response as a defense against invading pathogens (Huang et al., 2012).  

However, these TLRs display functional diversity and are able to recognize pathogen-unrelated 

molecular patterns that have been associated with stress, tissue damage, and metabolic disorders 

(Huang et al., 2012) and increased TLR expression in maternal monocytes have been associated 

with GDM (Xie, et al., 2014).  The TLR family itself consists of 13 reported family members, 10 

of which have been identified in humans (Reuven et al., 2014).  All of the TLRs are integral 

membrane glycoproteins with a single transmembrane domain and share leucine-rich repeats 

with flanking cysteine-rich motifs in their extracellular domains that are ligand binding (Abbas et 
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al., 2012).  The intracellular component of TLRs has a Toll/IL-1 receptor (TIR) homology which 

is observed between the TLRs and the interleukin-1 receptor in their intracellular domain, where 

they are involved in initiating the inflammatory signalling pathway (Abbas et al., 2012).  In the 

cell, TLRs are present on both the cell membrane and endosomes.  Upon binding of the ligand, 

they translocate to lipid rafts on the cell surface, which are glycolipoprotein microdomains that 

act as organization centers for receptor assembly, and form TLR dimers that can compose of 

either 2 similar subunits (homodimers) or 2 different ones (heterodimers) (Abbas et al., 2012).   

Out of the TLR family, the TLRs that are involved in binding saturated fatty acids are 

TLR2 and TLR4 receptors (Huang et al., 2012).  The TLR2 receptor can form a homodimer with 

itself, or in combination with either TLR1 or TLR6 as a heterodimer (Abbas et al., 2012).  The 

differences in dimerization of TLR2 allows for variability in binding different types of PAMPs.  

For example, the homodimeric form of TLR2 has high binding affinity for bacterial 

peptidoglycan which is a fundamental component of the bacterial cell wall, while the 

heterodimeric forms of TLR2 have higher binding affinity towards bacterial lipopeptides (Abbas 

et al., 2012).  Upon ligand binding, TLR2 is translocated into plasma membrane lipid rafts and 

dimerized, leading to a conformational change occurring within the dimerized receptors (Lester 

& Li, 2014).  Dimerization brings the cytoplasmic TIR domains together and allows the 

recruitment of the TIR domain-containing adaptor protein known as TIRAP (TIR adapter 

protein; also known as MAL) (Lester & Li, 2014).  The TIRAP-bound receptor is then able to 

recruit another adapter protein called myeloid differentiation primary response gene 88 

(MyD88), which functions as a scaffold to recruit interleukin-1 receptor-associated kinase 

(IRAK) 1 and 4 (Lester & Li, 2014).  Both IRAK1&4 proceed to phosphorylate TNF receptor 

associated factor 6 (TRAF6), allowing for the docking and activation of transforming growth 
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factor beta-activated kinase 1 (TAK1) with its adapter proteins TAB1&2 (Takaesu et al., 2000; 

Walsh et al., 2008).  TAK1 is then able to phosphorylate and activate the IκB kinase (IKK) 

complex which in turn, phosphorylates the inhibitory IκB subunit of cytosolic nuclear factor 

kappa B (NF-κB) (Lester & Li, 2014; Walsh et al., 2008).  The IκB subunit dissociates from the 

p65 and p50 subunits of NF-κB and undergoes ubiquitination, where it is degraded via the 

proteasome pathway (Takaesu et al., 2000).  Without the IκB subunit, the p65/p50 NF-κB 

complex is free to translocate into the nucleus and initiate transcription (Lester & Li, 2014).  This 

MyD88-mediated inflammatory pathway involving NF-κB transcription is the major signalling 

pathway of the TLR family and results in stimulating the immune response, which includes the 

production of small protein molecules that are primarily involved in cell signalling and 

inflammation called inflammatory cytokines (Abbas et al., 2012).   

The second TLR family member that is able to bind saturated fatty acids is TLR4, which 

differs from other TLRs in that it first requires the association of myeloid differentiation protein 

2 (MD2) as well as the co-receptor cluster of differentiation 14 (CD14) (Kelley et al., 2013; Park 

et al., 2009).  MD2 and CD14 are required in order to bind gram-negative bacterial 

lipopolysaccharide (LPS), which is a bacterial endotoxin that induces a strong immune response 

by being the target ligand for the TLR4 homodimer (Kelley et al., 2013; Park et al., 2009).  After 

ligand binding, TLR4 is able to initiate signal transduction through the MyD88-mediated 

pathway leading to the activation of NF-κB and subsequent inflammatory response, similar to 

TLR2 (Lester & Li, 2014).  Although TLR2 and TLR4 have ligand affinity to different antigens 

such as bacterial lipoproteins and LPS, their ability to bind saturated fatty acids is likely due to 

conserved fatty acyl chain components seen in both the lipid A structure of LPS and bacterial 

lipopeptides.  Interestingly enough, when the lipid A component of LPS has the saturated fatty 
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acid component removed or is acylated with unsaturated fatty acids, endotoxicity is lost 

completely and the unsaturated fatty acid bound LPS becomes an antagonist against the wild-

type LPS (Huang et al., 2012).  The crystal structure of the TLR4-MD2-CD14-LPS homodimer 

complex confirms that the fatty acyl chain components of LPS are buried in the hydrophobic 

ligand binding pocket of MD2, allowing hydrophobic and hydrophilic interactions between LPS, 

CD14 and TLR4 to form the dimerized ligand-receptor complex (Park et al., 2009).  Similarly 

with TLR2, bacterial lipopeptides have an acylated saturated fatty acid component and with the 

TLR2-TLR1 heterodimeric complex, the crystal structure reveals that in a triacylated 

lipopeptide, two of the acylated fatty acids are buried within hydrophobic pockets of TLR2 while 

the third is in TLR1 hydrophobic channel, suggesting that the binding of the saturated fatty acid 

component is essential to formation of the heterodimeric TLR2-TLR1 complex (Jin et al., 2007).  

It is likely that the positions of acylated saturated fatty acid components of lipoproteins 

determine the dimerization partner of TLR2 through steric and hydrophobic interactions with 

either another TLR2 receptor, or TLR1/6. 
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Figure 1: Inflammatory signalling pathway of toll-like receptors (TLR) 2&4 upon binding 

of pathogen associated molecular patterns (PAMPs) or saturated fatty acids. 

TLR2&4 share a similar inflammatory signalling pathway that results in NF-κB activation and 

the transcription of inflammatory genes.  The activation of the receptors differs in their antigen 

binding. TLR2 is activated by bacterial peptidoglycan and lipoproteins, while TLR4 requires 

association with CD14 with LBP and MD2 in order to bind LPS. In addition to binding PAMPs, 

pathogen unrelated molecular patterns such as saturated fatty acids have also been shown to 

activate both TLR2&4. Activation of the TLR receptor causes a conformational change in the 

intracellular TIR domain, allowing recruitment of adaptor proteins MAL, MyD88, and kinases 

IRAK1&4. The IRAK1&4 complex phosphorylates TRAF6, allowing recruitment of adaptor 

proteins TAB1&2 and the kinase TAK1, resulting in phosphorylation of the IKK complex.  The 

phosphorylated IKK complex is then able to phosphorylate the IκB inhibitor complex of NF-κB, 

releasing it from the NF-κB complex with subunits p65 and p50. NF-κB is then able to 

translocate to the nucleus and initiate transcription of inflammatory genes. Figure is compiled 

and modified from: (Abbas et al., 2012; Huang et al., 2012; Lester & Li, 2014; Walsh et al., 

2008). 
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In the case of GDM pregnancy, high levels of maternal saturated fatty acids likely cause 

adipose tissue macrophage activation and cell based assays of macrophages incubated with free 

saturated fatty acids (C12:0 & C16:0) have reproducibly shown activation of TLR2 and TLR4 

(Huang et al., 2012).  It is currently unknown how free saturated fatty acid products of lipolysis 

interact with TLR2 and TLR4 to induce dimerization as the fatty acid chains by themselves are 

not a part of a larger molecule such as LPS and lipopeptides that can hold the receptor monomers 

together and keep them dimerized.  It is possible that the mechanism can be through 

palmitoylation (acylation) of endogenous proteins by free saturated fatty acids resulting in 

interactions between the ligand binding domains of TLR2 and TLR4 (Huang et al., 2012), 

however there is currently no evidence to confirm this. 

Macrophages can be classified into two general categories regarding activation, denoted 

as M1 and M2 activation states (Olefsky & Glass, 2010).  The M1 activation state is also referred 

to as macrophage ‗classical activation‘, and is accompanied by the inflammatory response.  This 

includes macrophage production and release of inflammatory cytokines (Olefsky & Glass, 2010).  

Macrophages can enter the M1 activation phenotype through TLR-mediated signalling, resulting 

in NF-κB activation that initiates transcription of genes associated with inflammation, 

phagocytosis, motility, antigen presentation, and antimicrobial molecules like reactive nitrogen 

species (Olefsky & Glass, 2010).  Typically, M1 macrophages are grouped together and are 

identified by their production of the inflammatory cytokines TNFα (tumour necrosis factor α), 

IL-1α/β (interleukin-1 α/β), IL-6 (interleukin-6) and IFNγ (interferon γ), as well as nitric oxide 

production through the NF-κB dependent inducible nitric oxide synthase (iNOS) (Olefsky & 

Glass, 2010).  The other phenotype of macrophage activation (M2) was previously collectively 

referred to as alternative activation, and has a wide variety of different functions.  These 
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functions can be generalized to promoting host defense, tissue healing/remodelling, anti-

inflammatory responses through release of anti-inflammatory cytokines IL-4 (interleukin-4), IL-

10 (interleukin-10), IL-13 (interleukin-13), and also some endocrine functions through the 

release of neurotransmitters, hormones, and growth factors (Rőszer, 2015).  The switch from a 

proinflammatory state to an anti-inflammatory state following tissue injury or infection is 

characterized by a change in macrophage expression of certain genes, with mRNA and proteins 

associated with inflammation (NOS2, IL-1β, TNFα) becoming suppressed while genes 

associated with repair, adaptive immunity and metabolism (IL-10, TGF-β, PPARγ) are 

upregulated  (Colton, 2009).  M2 macrophages are regulated by the anti-inflammatory cytokines 

IL-4 and IL-13, which activate the downstream transcription factor STAT6 (signal transducer 

and activator of transcription 6) and polarize macrophages towards the M2 phenotype (Colton, 

2009).  Typically, the M2 macrophages represent a heterogenous group of functionally distinct 

activation phenotypes which are in part, dependent on their environment but are rather classified 

by their activation stimuli instead of their functions by said stimuli (Rőszer, 2015). 

 

1.2.2 Gestational diabetes mellitus induces release of adipose tissue inflammatory cytokines. 

One of the features associated with GDM is the development of an inflammatory 

condition caused by the release of proinflammatory mediators within adipose tissue.  The 

accumulation of white adipose tissue is characteristic of maternal obesity, and has been highly 

linked to the development of GDM.  Adipose tissue has been previously thought to have no other 

function other than that of an energy reserve, however the consensus now is that adipose tissue is 

a complex organ that has both metabolic and endocrine functions (Kershaw & Flier, 2004).  The 
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endocrine functions of adipose tissue include secreting biologically active molecules referred to 

as ‗adipokines‘, which include the proinflammatory cytokines TNFα and IL-6 (Kershaw & Flier, 

2004).  Proinflammatory cytokines are usually produced and secreted primarily by activated 

macrophages, which are involved in both the innate and adaptive immune response 

(Ovchinnikov, 2008).  Macrophage activation can occur in response to an antigen or signalling 

molecules such as cytokines (Parameswaran & Patial, 2010), provoking an innate immune 

response where proinflammatory cytokines are released by the macrophage promoting 

recruitment of additional macrophages to sustain the inflammatory response. 

Proinflammatory cytokines such as TNFα that are released from adipocytes are able to 

induce macrophage inflammatory activation through binding of the macrophage tumour necrosis 

factor receptors (TNFRs), which are plasma membrane-bound receptors and are divided into the 

two sub-types TNFR1 and TNFR2 (Parameswaran & Patial, 2010).  Both of the TNFRs are 

expressed in macrophages with high affinity to TNFα and share the same signalling pathway that 

involves the activation of the transcription factor associated with inflammation, nuclear factor 

kappa B (NF-κB).  Upon binding of the TNFα to the extracellular side of the TNFR, a 

conformational change occurs releasing an inhibitory protein on the death domain on the 

cytoplasmic side of the TNFR that allows binding of the adapter protein TNF receptor-associated 

death domain (TRADD) (Parameswaran & Patial, 2010).  TRADD is then able to recruit several 

additional adapter proteins including receptor interacting protein-1 (RIP1) and TNFR-associated 

factor 2 (TRAF2), resulting in the internalization of the receptor complex and the disassociation 

of the adapter protein complex, that goes on to recruit and activate transforming growth factor 

beta-activated kinase 1 (TAK1) (Parameswaran & Patial, 2010).  Once activated, TAK1 activates 

the inhibitor of κB kinase complex (IKK) which when activated, phosphorylates the inhibitor 
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IκBα subunit of NF-κB disassociating it from its p65 and p50 subunits, allowing them to 

translocate into the nucleus and propagate the transcription of inflammatory genes 

(Parameswaran & Patial, 2010).  Although it may seem redundant that TNFR1 and TNFR2 share 

the same signalling pathway, there appear to be differences in the kinetics in how they respond to 

TNFα.  TNFR1 appears to bind TNFα through an irreversible mechanism, resulting in 

internalization of the receptor and signal transduction, while TNFR2 binds TNFα in a rapid on 

and off pattern where it may function to increase local concentration of ligand for TNFR1 

(Parameswaran & Patial, 2010).  By rapid binding and rapid release, TNFR2 may function to 

draw in TNFα from the extracellular environment and also keep it around the cell so that it has a 

higher chance of binding to TNFR1, thus increasing sensitivity of the macrophage to TNFα.  In 

the case of GDM where adipokines such as TNFα are released from adipose tissue alongside 

TLR-activated macrophage inflammatory cytokines, additional macrophages can become 

activated through recruitment and binding of TNFα to the tumour necrosis factor receptor 

(TNFR), thus promoting a chronic inflammatory environment.    

  



17 
 

 

Figure 2: Inflammatory signalling pathway of tumour necrosis factor receptors (TNFR) 

1&2 upon binding of TNFα. 

The proinflammatory cytokine TNFα binds to both TNFR1&2 receptors. Activation of the 

TNFR1 receptor is associated with apoptosis due to the intracellular death domain (DD) and 

recruitment of TRADD, which recruits FADD and initiates caspase activation and subsequent 

activation of apoptotic pathways. TRADD also initiates the proinflammatory pathway through 

recruitment of TRAF2, RIP1, and TAK1, resulting in phosphorylation of the inhibitory IκB 

complex from NF-κB, allowing the p65/p50 subunits to translocate to the nucleus and initiate 

transcription. In addition AP-1, which is another transcription factor associated with 

inflammation is activated by several mitogen-activated protein kinases (MAPKs) by TAK1. The 

phosphorylated AP-1 then translocates to the nucleus where it initiates transcription of 

inflammatory genes. Activation of TNFR2 differs from TNFR1 due to the lack of a death 

domain. Instead, TRAF2 is able to directly bind to the intracellular domain of TNFR2. In 

addition, TNFR2 differs from TNFR1 due to association with cell survival pathways through 

TRAF2 recruitment of signalling proteins TRAF1, TRAF3, and cIAP.  TRAF2 in the TNFR2 

inflammatory pathway recruits RIP1 and TAK1 similar to TNFR1, leading to activation of AP-1 

and the NF-κB complex. Figure is compiled and modified from: (Faustman & Davis, 2013; 

Parameswaran & Patial, 2010). 

  



18 
 

 

The other proinflammatory cytokine released by adipose tissue is IL-6, which activates a 

different pathway compared to TLRs/IL-1 and TNFRs.  IL-6 is unique in that, as a ligand it has 

dual functions, where it can initiate either an inflammatory or anti-inflammatory response, 

depending on the receptor complex in which it binds (Scheller et al., 2011).  In the classical IL-6 

receptor pathway, IL-6 binds to a membrane bound α receptor which is an IL-6 receptor subunit, 

thereby recruiting 2 of the signal transducer subunits glycoprotein 130 (GP130) to form a 

homodimer (Scheller et al., 2011).  Upon formation of the IL-6 bound IL-6R/GP130 homodimer 

complex, there is conformational change in both GP130s that already have Janus kinase 2 

(JAK2) bound, causing them to cross react with each other resulting in phosphorylation of both 

GP130-bound JAK2s, as well as JAK2 phosphorylating intracellular receptor tyrosine residues 

(Vainchenker & Constantinescu, 2013).  These tyrosine residues act as scaffolds to recruit 

various signalling adapter proteins which get activated through JAK2 phosphorylation 

(Vainchenker & Constantinescu, 2013).  Adapter proteins include signal transducer and activator 

of transcription 3 (STAT3), which promotes proliferation and subsequently anti-inflammatory 

responses similar to the pathway of the anti-inflammatory cytokine IL-10 (Scheller et al., 2011).  

However, the inflammatory responses promoted by IL-6 signalling involve an IL-6 receptor that 

is not membrane bound but rather soluble, which initiates a IL-6 trans-signalling pathway, which 

has an inflammatory effect compared to the classical pathway (Scheller et al., 2011).  The 

soluble IL-6R (sIL-6R) is a result of proteolytic cleavage by adamalysin proteases and 

differential mRNA splicing of membrane bound IL-6R, that can be released by infiltrating 

macrophages at sites of infection or trauma, where it forms the soluble receptor complex that 

allows IL-6 to interact with GP130 without the membrane bound domain (Hunter & Jones, 
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2015).  In macrophages, the Tyr759 residue of GP130 is essential for docking of both the 

suppressor of cytokine signalling 3 (SOCS3) adapter protein as well as the tyrosine phosphatase 

SHP-2, which supresses the IL-6R/GP130 JAK-STAT pathway (Hunter & Jones, 2015).  It is 

possible that the membrane bound IL-6R is able to prevent binding of SOCS3 under the classical 

pathway, and when sIL-6R binds to GP130 the Tyr759 is exposed allowing access to SOCS3 

however, the inflammatory pathway of the IL-6 trans-signalling pathway has yet to be 

determined. 
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Figure 3: Dual properties of inflammatory and anti-inflammatory IL-6 signalling via 

membrane-bound IL-6 receptor (mIL-6R) and soluble IL-6 receptor (sIL-6R). 

IL-6R signalling is initiated by binding of IL-6 to mIL-6R, allowing the recruitment of 2 gp130 

subunits that have JAK2 bound on their intracellular domain.  Dimerization of the gp130 

subunits with mIL-6R causes a conformational change in which gp130 bound JAK2 cross-

phosphorylate each other in the dimer complex in addition to tyrosine residues on the 

intracellular domains of gp130. The phosphorylated tyrosine residues on gp130 act as a scaffold 

to recruit STAT3 to be phosphorylated by JAK2. The phosphorylated STAT3 allows it to form a 

homodimer complex with another phosphorylated STAT3 and translocate to the nucleus, 

promoting transcription anti-inflammatory genes. SOCS3 acts as negative feedback regulator of 

JAK/STAT signalling. In contrast, the inflammatory pathway involves the soluble form of the 

IL-6R that is cleaved by an adamalysin protease (ADAM17). The sIL-6R may act to increase 

bioavailability and half-life of IL-6, as well as induce IL-6 signalling on surrounding cells that 

express gp130. The inflammatory sIL-6R signalling pathway is still unknown, however it is 

thought that SOCS3 may play a role in preventing anti-inflammatory STAT3 signalling while 

allowing inflammatory STAT1 signalling. Figure compiled from: (Croker et al., 2003; Hunter & 

Jones, 2015; Scheller et al., 2011).  
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The activation of macrophages and subsequent inflammatory responses mediated through 

lipolysis in adipose tissue promote a chronic inflammatory condition observed in those with 

obesity and GDM.  In cases of obesity where there is an excess amount of white adipose tissue, 

TLR-activated macrophages are able to activate other macrophages through inflammatory 

cytokines, which promotes a chronic, inflammatory condition in the mother.  Macrophage 

released proinflammatory cytokines such as TNFα and IL-1α/β have been shown to promote 

insulin resistance through inhibition of insulin receptor substrate 1, thereby inhibiting insulin 

signalling (Guilherme et al., 2008; He et al., 2006; Jager et al., 2007; Nieto-Vazquez et al., 

2008).  The chronic inflammatory condition in obese mothers may explain why a majority of 

GDM cases are linked to maternal obesity, since inflammation-induced insulin resistance may 

amplify an already insulin resistant state in pregnancy, and give the final push to hyperglycemia 

observed in GDM. 

 

1.2.3 Gestational diabetes mellitus pregnancy induces placental inflammatory responses. 

 One of the major blood tissue barriers between mother and fetus is the placenta, which 

heavily regulates the transfer of maternal blood components to the fetus.  The chronic maternal 

inflammatory environment as a result of GDM results in elevated levels of circulating 

proinflammatory cytokines, which would need to pass through the placental barrier in order to 

have any influence on the fetus.  The placenta functions to separate maternal and fetal circulation 

and is exposed to both environments, while also equipped with the ability to influence both 

mother and child through its endocrine functions, in which it can produce a large variety of 

hormones and all cytokines (Desoye & Hauguel-De Mouzon, 2007).  In regard to its barrier 
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capabilities, the placenta has been shown to be impermeable to maternal inflammatory cytokines 

TNFα and IL-1α, but allowing bi-directional transfer of IL-6 through an unknown transport 

mechanism (Zaretsky et al., 2004).  The permeability of the placenta to IL-6 seems to peak 

during mid-gestation (Dahlgren et al., 2006) when the onset of GDM occurs, where elevated IL-

6 levels may have harmful effects on the neurodevelopment of the fetus, particularly in neurite 

outgrowth and alterations in neuronal circuitry (Sanders et al., 2014; Wei et al., 2012).   

Although the placenta may be impermeable to many of the maternal inflammatory 

cytokines, they are still able to influence the developing fetus.  Upon exposure of the placenta to 

inflammation, it starts to produce its own inflammatory cytokines which can impact the fetus 

(Hauguel-de Mouzon & Guerre-Millo, 2006).  Within the placenta, three cell types have been 

identified that are able to respond to maternal inflammatory cytokines (i.e. possess the 

appropriate cytokine receptors) in addition to propagating the inflammatory response by 

producing and releasing their own cytokines (Hauguel-de Mouzon & Guerre-Millo, 2006).  

These cells include Hofbauer cells, which in the placenta are considered to be the resident 

macrophages and produce inflammatory cytokines in response to the maternal inflammatory 

environment, alongside the other cell types which are the placental syncytiotrophoblast and 

cytotrophoblast cells (Hauguel-de Mouzon & Guerre-Millo, 2006).  The exposure of the placenta 

to a chronic maternal inflammatory environment also induces changes in placental gene 

expression resulting in increased expression of genes associated with stress and inflammatory 

responses (Radaelli et al., 2003).  With a chronic inflammatory signal coming from the maternal 

side as well other conditions associated with GDM, the placenta undergoes structural and 

functional changes that ultimately lead to the fetal development occurring in not only an 
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excessive nutrient rich environment, but also an inflammatory one as well (Desoye & Hauguel-

De Mouzon, 2007). 

 

Chapter 3: Gestational diabetes mellitus and offspring cognitive abilities and behaviour. 

 

1.3.1 Gestational diabetes mellitus is associated with cognitive and behavioural impairment in 

the offspring. 

 Population health studies have shown a correlation between GDM and impaired cognitive 

performance as well as behavioural disorders in the children of GDM mothers.  A Danish cohort 

study has suggested a negative association between increasing maternal blood glucose levels in 

the second half of pregnancy and poor cognitive performance on intelligence tests in male 

offspring of diabetic mothers at the age of military conscription (18-20 years old) (Nielsen et al. , 

2010).  Similarly, a study in the United Kingdom found that offspring of GDM mothers had 5 

points lower intelligence quotient (IQ) on average than offspring of non-diabetic mothers at age 

8 (Fraser et al., 2012).  While these studies focus on maternal blood glucose as the determinant, 

it is also important to consider the conditions that give rise to GDM, such as maternal obesity 

and diet.  Given that many GDM cases are a result of maternal obesity, we have to consider other 

factors present in the maternal environment, which may also contribute to or exacerbate the 

effects glucose has on offspring cognitive decline.  Looking at maternal obesity alone, 

population health studies examining independent cohorts from Pittsburgh, Pennsylvania, U.S.A 

(Pugh et al., 2015), Spain and Greece (Casas et al., 2013) have suggested an association between 

maternal obesity based on body mass index (BMI) and offspring cognition.  Offspring at ages 

~14 months (Spain) and ~18 months (Greece) from overweight and obese mothers showed a 
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decline in cognitive development scores, with a decreasing trend observed as maternal BMI 

increased (Casas et al., 2013).  Likewise, offspring at age 10 from Pittsburgh showed similar 

trends in relation to maternal BMI and offspring cognitive decline (Pugh et al., 2015).  These 

studies suggest that the maternal environment influenced by maternal obesity and GDM are 

detrimental to offspring cognitive development.  This could potentially be due to the critical 

period of development of the fetal hippocampus, which is involved with memory and learning, 

occurring during the second trimester (Ge et al., 2015; Jacob et al., 2011) when the maternal 

environment is heavily influenced by GDM.  In addition to cognitive impairment, behaviour also 

appears to be influenced by maternal GDM status as well.  A cohort study in New York, 

determined that GDM children had a 14-fold increased risk of attention deficit hyperactivity 

disorder (ADHD) when combined with low socio-economic status (SES) (Nomura et al., 2012).  

Although GDM status and low SES alone did not have significant effects (Nomura et al., 2012), 

the combination of both dramatically increased ADHD behaviour, which suggests GDM may 

have a minor influence on behaviour and that early childhood environment can greatly amplify 

these effects.  It is of interest to note however, that the children from well-controlled PGDM 

(T1D and T2D) exhibit hyperactivity and inattention, suggesting that offspring behavioural 

outcome may be linked to the degree of glycemic control in the mother (Ornoy et al., 1998), 

however additional studies will be needed to confirm these effects in GDM. 

 Maternal diet during gestation can not only increase risk of GDM development, but can 

also influence diet choices in offspring that can further exacerbate cognitive deficits.  An animal 

study has shown that poor maternal diet consisting of ‗junk food‘ high in fat, sugar, and salt 

content during gestation and lactation predisposed offspring to develop preferences for the same 

fatty, sugary, and salty types of food over food high in protein and fibre content (Bayol et al., 
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2007).  Not only are these offspring primed to crave junk foods, but the junk foods themselves 

trigger addiction-like reward responses through down-regulation of striatal D2 dopamine 

receptors, leading to compulsive eating and obesity (Johnson & Kenny, 2010).  In addition, 

frequent consumption of junk food diets has been shown to influence behaviour and cognition, 

which may potentially exacerbate already present cognitive and behavioural complications.  In a 

cohort from Australia, 14 year-olds whose ‗western‘ dietary patterns frequently included intake 

of processed, fried, and sugary foods had diminished cognitive performance 3 years later at 17 

years of age, compared to teens of the same age group whose diets frequently included intake of 

fruits and leafy green vegetables (Nyaradi et al., 2014).  Furthermore, children on diets high in 

‗junk foods‘ in early childhood (~4 years old) tend to display hyperactive behaviour by age 7 

(Peacock et al., 2011).  The frequency of ‗junk foods‘ in diet also has been shown to impair 

hippocampal-dependent memory in Australian undergraduate student participants aged 17-66 

years old and appears to specifically affect hippocampal function, as subjects performed poorly 

on hippocampal sensitive memory tasks (Francis & Stevenson, 2011).  Availability of cheap, 

highly palatable ‗junk foods‘ along with poor socioeconomic status can increase maternal obesity 

rate and therefore increase risk of GDM development.  The potential of GDM to cause cognitive 

deficits and behavioural abnormalities in offspring can be further exacerbated by the frequency 

which ‗junk foods‘ are consumed by the offspring, causing detrimental effects to offspring 

cognitive functions. 
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1.3.2 Developmental origin of health and disease theory. 

 The adverse effects to offspring cognition in GDM have been shown to be linked to 

maternal environment during development, and may be a result of an adaptive response due to 

fetal experiences in the maternal environment.  The theory that offspring exposed to conditions 

during the prenatal and postnatal developmental period modulates or ―programs‖ their 

development towards different phenotypes is referred to as the Developmental Origins of Health 

and Disease (DOHaD) (Wadhwa et al., 2009).  The theory was first introduced as the ―Barker‘s 

hypothesis‖, which hypothesized that poor nutrition during early development increased risk of 

heart disease at the adult age (Barker et al., 1993; Wadhwa et al., 2009).  Since then, the theory 

has expanded to include a broader range of early developmental environmental factors that 

include nutrition in addition to drugs, stress, and chemical pollutants (Heindel et al., 2015).  The 

idea that the developing offspring have periods of developmental plasticity where they respond 

to environmental cues during early development by adapting to the appropriate phenotype to 

promote survival, is central to the DOHaD theory (Heindel et al., 2015; Wadhwa et al., 2009; 

Wells, 2007).  These adaptations or fetal programming during early development set the 

offspring on a developmental trajectory that is appropriate to the survival adaptation at the time 

of early exposure, but can increase susceptibility to disease at the adult age whereupon the 

environment can differ greatly from those present during development (Heindel et al., 2015; 

Wadhwa et al., 2009; Wells, 2007).   
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1.3.3 Offspring brain developmental adaptations to maternal hyperglycemia. 

Considering the DOHaD theory, GDM is a condition where the maternal environment is 

rich in nutrients, and fetal developmental adaptations can result in altered metabolic pathways in 

multiple organ systems resulting in disease progression later in life (Pereira et al., 2015b).  These 

altered metabolic pathways induced by GDM can potentially influence offspring behaviour 

through influencing normal hippocampal development in the offspring.   A study performed 

using a GDM model that induces maternal hyperglycemia mid-pregnancy by maternal 

streptozotocin injection has found that offspring from hyperglycemic dams displayed reduced 

anxiety-like behaviour, took significantly longer to adopt new learning strategies, and altered 

hippocampal neuron excitability (Chandna et al., 2015).  The study suggested that a potential 

link between inflammatory response mediated by activation of the receptor for advanced 

glycation end-products (RAGE) and brain development, as RAGE expression levels were found 

to be increased in offspring from streptozotocin dams although a mechanism was not elucidated 

(Chandna et al., 2015).  However, it was observed that upon replacement of insulin to the 

streptozotocin dams reduced expression of RAGE in addition to reversing the effects on 

hippocampal neuron excitability (Chandna et al., 2015).  It should be noted that the 

streptozotocin model used in the case of this study, resulted in severe hyperglycemia exceeding 

15 mmol/L (Chandna et al., 2015) that is not representative of the mild hyperglycemia observed 

in clinical GDM (7.8 mmol/L) (Pereira et al., 2015b).  Although the severity of hyperglycemia 

differs from what is observed in clinical GDM, the study still provides insight into the effects 

that maternal hyperglycemia has on offspring CNS development and behaviour. 

 



28 
 

Chapter 4: The central nervous system. 

 

1.4.1 Components of the central nervous system. 

One of the two divisions of the vertebrate nervous system is the central nervous system 

(CNS), with the other being the peripheral nervous system (PNS).  The CNS plays a very 

important role in the body by acting as the main control center through integrating information it 

receives from the peripheral nervous system, and rapidly adjusts body activity to produce a 

response.  Access to the CNS from the peripheral vasculature is heavily regulated through a 

highly selective permeability barrier called the blood brain barrier (BBB), which acts to restrict 

movement of molecules from the blood into the CNS (Squire et al., 2013).  The 2 main 

components of the CNS are the brain and spinal cord of which, the brain is that largest and most 

important main processing unit of the CNS.  The brain consists of a massive network of cells 

called neurons which communicate with each other through electrical signalling (Squire et al., 

2013).  The other cells types that comprise the brain are called glia, and are there to provide 

support for the neurons and work to maintain brain homeostasis (Squire et al., 2013).  Glial cells 

are categorized into 2 major categories: 1) microglia, the resident immune cells, and 2) 

macroglia, which consist of the highly abundant astrocytes, myelin-producing oligodendrocytes, 

ependymal cells that produce cerebrospinal fluid, and progenitor radial glial cells (Squire et al., 

2013).  Of the glia, microglia and astrocytes will be discussed further in 1.4.4 and 1.4.5 as their 

supportive roles are numerous, including metabolic support for neurons to promoting neuronal 

growth and viability (Squire et al., 2013).  
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Figure 4: Cell types of the central nervous system. 

Cells within the CNS are divided into 2 major categories: 1) the neurons, and 2) the glia. The 

neurons in the CNS vary greatly with numerous types and morphologies, each performing their 

own role. Neurons typically compose of a cell body with many branched processes called 

dendrites, in addition to an axon. In regards to cognition, the hippocampus plays an important 

role as it is the brain structure involved with memory. The two major neurons present in the 

hippocampus are the pyramidal cell neurons of the CA1 and CA3 layers, and the granule cell 

neurons of the dentate gyrus. Pyramidal neurons are identified by their triangular/pyramidal 

shaped cell body with a large apical branched dendrite and single axon. Granule cells are 

characterized by their small size but otherwise look like the typical neuron with dendrites, cell 

body, and axon. The glia are the support cells for the neurons in the CNS and are divided into 

microglia and macroglia. Microglia are the resident immune cells of the brain and are 

characterized by their small oval cell bodies and many fine, thinly branched processes. The 

macroglia however, consist of 4 different cell types called astrocytes, oligodendrocytes, 

ependymal cells, and radial glial cells. Astrocytes are characterized by a star-shaped cell body 

with many processes. Oligodendrocytes are round cells characterized by their processes 

extending and wrapping around neuronal axons to form the insulating myelin sheath. Ependymal 

cells line the ventricular system of the brain and are characterized by their cilia, and production 

of cerebrospinal fluid. Radial glia cells are distributed throughout the neocortex during 

development and function as a scaffold for migrating neurons, in addition to being a reservoir for 

progenitor cells of astrocytes, neurons, and oligodendrocytes. Figure compiled and modified 

from: (Squire et al., 2013) .  
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1.4.2 The blood brain barrier of the central nervous system. 

The other major blood tissue barrier besides the placenta that has highly selective 

permeability is the blood brain barrier (BBB), which functions to maintain brain homeostasis by 

restricting access of cells and molecules from the blood from entering into the CNS.  The BBB is 

present in the capillaries in the brain and is composed of brain endothelial cells that are very 

tightly joined to each other by tight junctions.  The tight junctions consist of several 

transmembrane proteins and adhesion molecules that function to ―glue‖ the ends of adjacent 

endothelial cells together to form a seal.  The brain endothelial cells are supported by pericytes in 

the basal lamina that wrap around the endothelial cells, and also by astrocyte end feet to form a 

layered barrier.  The BBB is formed early in development at least as early as E16 in rats, when 

vasculature of the cortex has yet to develop and has fully functional transport mechanisms and 

tight junction proteins formed as seen in adults (Saunders et al., 2012).  In addition to the 

physical barrier, the BBB also has high electrical resistance at 1462 Ω cm
2
 on average (Butt et 

al., 1990) that decreases permeability of ions and may serve to regulate their flow in the brain.  

Although the BBB may seem like an obstacle, transport of blood-borne molecules into the CNS 

can still be achieved through a variety of transport mechanisms.  Diffusion of lipid soluble 

molecules is possible through the large surface area of endothelial cell membranes, as well as 

selective transcellular transport either by transport proteins or transcytosis is also possible 

(Abbott et al., 2006).  There are exceptions to the integrity of BBB permeability however, as 

peripheral immune cells have been found to infiltrate the CNS in cases of systemic inflammation 

where the blood brain barrier becomes disrupted (Varatharaj & Galea, 2016).  The BBB 

disruption involves the release of nitric oxide and prostanoids from immune-stimulated cells that 

may compromise tight junction integrity and interfere with astrocyte interactions with the BBB 
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(Varatharaj & Galea, 2016), resulting in breakdown of BBB integrity.  Furthermore, leukocytes 

can also possess certain ligands (PSGL-1) that initiate ―capture‖ by endothelial cells resulting in 

leukocyte production of ―key‖ molecules through  unknown mechanisms that allows entry into 

the CNS (Engelhardt & Ransohoff, 2012; Larochelle, et al., 2011).   

 

1.4.3 Neurons in the central nervous system. 

 The CNS consists of highly specialized cells which are neurons, the cellular units of the 

nervous system, and the more numerous glia, which are the support cells for the neurons (Squire 

et al., 2013).  Neurons within the CNS are highly differentiated and perform different functions, 

such as sensory, motor, or interneurons (Squire et al., 2013).  Furthermore, in addition to their 

functions neurons can differ in their shape as well as the type of neurotransmitter that they 

synthesize and release, which is a molecule that acts as a chemical messenger to communicate 

with other neurons (Squire et al., 2013).  The typical neuron has a cell body or soma in which a 

long, slender projection extends outwards called an axon, which can be branched at the end and 

functions to transmit signals to other neurons.  Numerous other projections coming out of the cell 

body are called dendrites, and function to only to receive signals from other neurons.  In most 

cases, neurons have only one axon in which they transmit their signals to other neurons at 

specialized contact zones called synapses, which contact the dendrites or cell body on the target 

neuron (Squire et al., 2013).  Signal transmission in neurons is performed through the activation 

of a transmembrane protein called a ligand-gated ion channel, which opens upon binding of the 

ligand (in this case a neurotransmitter) allowing an influx of cations such as sodium or calcium 

into the cell (Kandel et al., 2013).  The influx of cations causes a dramatic local change in 

electrical membrane potential, that is kept negatively charged internally at rest, to briefly change 
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to positive in a process called depolarization (Kandel et al., 2013).  Depolarization is the initial 

step in a larger process called an action potential, a crucial part in the neuron signalling process 

in which the cell‘s electrical membrane potential rapidly rises (depolarization) and falls 

(repolarization) in a trajectory travelling down the neuron‘s axon to the synapses, where the 

signal can be sent to the target neuron (Kandel et al., 2013).  Once the local change in membrane 

potential reaches a certain threshold, rapid opening and closing of ion channels that respond to 

electrical membrane changes (voltage-gated ion channels) occurs initiating the action potential 

which propagates in a trajectory from the cell body travelling down the length of the axon 

(Squire et al., 2013).  The speed at which a neuron can transmit its electrical signal down the 

axon depends on whether the axon is wrapped in myelin sheathes, a type of fatty electrically 

insulating outgrowth produced by a type of glial cell called oligodendrocytes (Squire et al., 

2013).  The axon has multiple segments along its length that are myelinated and at the end of 

each myelin segment, a portion of axon is exposed called the node of Ranvier, which allows the 

action potential to ‗jump‘ from node to node.  The ‗jumping‘ action allows for extremely rapid 

transmission of the action potential down the length of the axon and is referred to as saltatory 

conduction (Squire et al., 2013).  When the action potential reaches the end of the axon, an influx 

of calcium occurs through voltage-gated ion channels near the synapse resulting in the release of 

neurotransmitter (Squire et al., 2013).  The neurotransmitter binds to receptors in the synapse of 

the target neuron where they initiate an action potential in the target neuron and subsequently 

pass on the signal onto other cells (Squire et al., 2013).  A single neuron can receive synaptic 

connections from multiple neurons and in turn, its axon can branch off and form synapses with 

multiple other neurons forming a vast interconnected network of neuron to neuron connections 

that make up the CNS.   
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1.4.3.1 Cognition in terms of memory formation through synaptic activity. 

 Cognition is a term that can be defined as the mental properties or processes that are 

involved with acquiring knowledge and understanding from interactions with other individuals 

or with the environment (Squire et al., 2013).  It involves many different processes of higher 

mental functions with memory, attention, perception, and language among them (Squire et al., 

2013).  Memory in particular, is an important part of cognition as it involves the retention of 

newly acquired information through processing and storage in the brain (Squire et al., 2013).  

The formation of memories likely involves communication between neurons through synaptic 

connections in the brain and is dependent on the strength of the connections, or synaptic 

plasticity.  Synaptic plasticity refers to the ability for synapses to change their strength over time, 

and is regulated by both the activity of the synapse undergoing strengthening or due to the 

activity in another neuron/pathway (Squire et al., 2013).  The strengthening of synaptic 

connections in the case of memory formations is thought to involve the process of long-term 

potentiation (LTP), in which activity can occur for long periods of time anywhere from hours in 

vitro, or weeks to months in vivo (Cooke & Bliss, 2006).  LTP involves the opening of N-

methyl-D-aspartate receptors that activate adenylate cyclase and calmodulin, subsequently 

activating calmodulin-dependent kinase II that increases the strength of the synapse through 

either modifying glutamate receptors in the synapse or facilitating the increase of receptors 

present (Cooke & Bliss, 2006).  In addition, the activation of adenylate cyclase results in long-

lasting changes through signalling pathways that result in transcription effectors that mediate 

persistent LTP, therefore increasing the strength of the synapse transmission pathway and 

providing a physiological basis for memory formation (Cooke & Bliss, 2006). 
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1.4.4 Astroglia (Astrocytes) in the central nervous system. 

 The glial cells within the CNS vastly outnumber neurons and their role is to play a 

supportive role for the neurons (Squire et al., 2013).  One of the major supportive cell types of 

the glia are astrocytes, which are present in all brain and spinal cord areas and account for 

approximately half the number of cells in the brain (Kandel et al., 2013).  Astrocytes are easily 

identified by their star-shaped cells with ‗bushy‘ processes and bundles of intermediate filaments 

called glial fibrillary acidic protein (GFAP) which are characteristic of astrocytes within the CNS 

(Squire et al., 2013).  Their supportive roles within the CNS are numerous and among their many 

functions, they play a role in regulating the metabolic needs for neurons, providing fuel in the 

form of glucose in times of high demand or shortages (Kandel et al., 2013).  Furthermore, 

astrocytes also regulate the concentrations of ions in the extracellular space, aid in the removal 

and recycling of excess neurotransmitters, and also play a role in modulating synaptic signalling 

through thin processes that are in very close proximity to neuronal synapses (Kandel et al., 

2013).  Due to their close proximity to synapses, astrocytes are able to sense when a neuron 

becomes active by the potassium ions released during repolarization, as well as through 

neurotransmitter release, since astrocytes possess many neurotransmitter receptors that are also 

found in neurons (Kandel et al., 2013).  Due to this, astrocytes are able to rapidly remove the 

large amounts of neurotransmitter released.  For example, the excitatory neurotransmitter 

glutamate is released into the synapse during neuronal transmission and is rapidly removed by 

the associated astrocytes (Squire et al., 2013).  The astrocytes recycle glutamate via conversion 

to glutamine, where it is supplied to the neurons to resynthesize back into glutamate (Squire et 

al., 2013). 
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Apart from neuronal contact, astrocytes also surround all arterioles and capillaries within 

the brain, contacting their end-feet around the basal lamina of the endothelial cells.  The physical 

contact of the astrocytes with the endothelial cells allow for uptake of transported molecules 

from the blood such as glucose through the otherwise highly selective permeable BBB formed by 

tight junction proteins between brain endothelial cells (Kandel et al., 2013).  In addition, 

astrocyte interaction with blood vessels during neuronal activity has been found to play a role in 

regulating cerebral blood flow in a process called neurovascular coupling (Figley & Stroman, 

2011; Petzold & Murthy, 2011; Squire et al., 2013).  Astrocytes detect neuronal activity through 

the release of the neurotransmitter glutamate at the synapse via their glutamate receptor mGluR5 

(Petzold & Murthy, 2011), triggering an increase in intracellular Ca
2+

 that induces neighbouring 

astrocytes through gap junctions to also increase their intracellular Ca
2+

 in a wave-like process 

(Squire et al., 2013).  The rise in astrocyte intracellular Ca
2+

 induces the release of potassium 

ions from astrocyte endfeet through calcium dependent ion channels, which enter smooth muscle 

cells lining arteriole blood vessels by way of inward-rectifier potassium channels and 

subsequently cause dilation of the blood vessels (Petzold & Murthy, 2011).  The vasodilation in 

response to neuronal activity allows for increased blood flow and nutrient delivery to active areas 

of the brain, where astrocytes can transfer them to meet the metabolic demands of the active 

neurons (Squire et al., 2013). 

Aside from attending to neuronal metabolic needs, astrocytes also contribute to tissue 

repair upon injury to the CNS and contribute to inflammation through production of cytokines 

(Squire et al., 2013).  Upon injury or insult to the CNS, astrocytes respond by undergoing 

changes in phenotype, including changes in function, molecular expression, and morphology in a 

process known as reactive astrogliosis (Sofroniew & Vinters, 2010).  The extent to which an 
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insult to the CNS can influence the severity of reactive astrogliosis can vary greatly depending 

on the type of insult and context, which poses difficulties in classifying specific types of reactive 

astrogliosis (Sofroniew & Vinters, 2010).  Generally, reactive astrogliosis is defined as a 

response to any CNS insult that encompasses a spectrum of potential dynamic molecular, 

morphological, and proliferative changes in astrocytes and is regulated by context-dependent 

intra/inter-cellular signalling molecules that can be beneficial or detrimental to surrounding CNS 

cells (Sofroniew, 2009).  In addition, reactive astrogliosis can spread from the initial site of 

injury/insult, likely through both soluble factors and the astrocyte gap junction network, and is 

able to recruit astrocytes from distant locations resulting in widespread astrogliosis that is 

mediated through the cytokine TNFα (Squire et al., 2013).   

Although an insult can induce reactive astrogliosis, it is important to note that it is not a 

single uniform process, but rather a gradual continuum of progressive changes in cellular and 

genetic expression, and can be further categorized depending on the severity of the response, 

from mild, moderate, or severe (Sofroniew & Vinters, 2010).  In cases of mild to moderate 

reactive astrogliosis, the insult is accompanied by an up regulation of GFAP expression followed 

by a morphological change into the hypertrophic state, in which cellular processes thicken and 

the cell body enlarges (Sofroniew, 2009).  At this stage, cellular hypertrophy is still variable with 

little to no astrocyte proliferation and astrocyte organization remains undisrupted (Sofroniew & 

Vinters, 2010).  Molecular and functional changes are variable however, there is the potential for 

resolution after the insult is removed (Sofroniew & Vinters, 2010).  Generally, mild to moderate 

reactive astrogliosis is associated with mild, non-contusive traumas and innate immune responses 

(Sofroniew & Vinters, 2010).  In cases where the insult is particularly severe, such as in the cases 

of lesion formation due to infection or injury, the astrocyte response is a large increase in GFAP 
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expression followed by pronounced hypertrophy and cell proliferation (Sofroniew & Vinters, 

2010).  Under these conditions, there is a disruption in astrocyte organization as processes 

extend, cells migrate, and cell numbers increase leading to long-lasting tissue reorganization and 

in cases of very severe tissue damage, astrocytes form glial scars that act as a neuroprotective 

barrier in addition to promoting tissue repair (Sofroniew & Vinters, 2010).  So depending on the 

type of CNS injury or insult, the astrocyte response is a lot more complex than just an on/off type 

of response and involves a spectra of different phenotypes dependent on the context and 

signalling events occurring in the CNS (Sofroniew & Vinters, 2010).   

 

1.4.5 Microglia in the central nervous system. 

1.4.5.1 Phenotypes of microglia. 

 Microglia are another member of the glial cells and considered the resident immune cells 

of the CNS.  They are found distributed throughout the CNS, composing of approximately 5-

20% of the total cells in the brain (Squire et al., 2013).  Under normal conditions, microglia are 

considered to be ramified or ‗resting‘ and are identified by their small, rod shaped soma and 

numerous thin, highly branched processes that extend outwards (Squire et al., 2013).  Each 

microglia occupies its own ‗domain‘, with processes from adjacent microglia rarely overlapping 

or touching, forming an organized grid-like network of microglia within the brain parenchyma 

(Squire et al., 2013).  Within their domains, microglia use their processes to sample their 

environment, where they are able to detect subtle changes in brain homeostasis and quickly 

respond to injury or insult to the CNS by becoming activated (Squire et al., 2013).   Microglial 

activation is a complex process that is dependent on the context and environment that they are in, 
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and involves a spectrum of different phenotypes (Torres-Platas et al., 2014).  In general, when 

microglia change morphology in response to stimuli or signalling molecules, where they will 

progress from ramified (small soma with many fine, thing processes) to hypertrophic (soma 

enlarges, processes thicken and become fewer in number), finally transforming to an amoeboid 

morphology (soma becomes very enlarged with few to no processes) (Kettenmann et al., 2011). 

Although morphology may change, it is not an absolute indicator of activation and further 

assessment of gene expression and molecular markers are needed to determine activation state.  

Once activated however, microglia are highly mobile and are able to migrate to the site of injury, 

where they are able to release inflammatory cytokines and phagocytize cellular debris or 

invading pathogens, much like macrophages in the periphery (Prinz & Priller, 2014).  Indeed, 

microglia share many characteristics with peripheral macrophages, such as the expression of the 

myeloid- and macrophage-specific marker ionized calcium-binding adapter molecule 1 (Iba1) 

and polarize into similar M1 and M2 phenotypes like that of peripheral macrophages (Prinz & 

Priller, 2014).  M1 microglial markers include iNOS/NOS2, TNFα, IL-6, and IL-1β, while M2 

microglial markers include lack of iNOS/NOS2, mannose receptor, arginase1 (Colton, 2009).  

M2 microglia can be further divided into M2a (alternative activation) and M2b (acquired 

deactivation).  M2a is associated with anti-inflammatory cytokine release in addition to tissue 

repair, while M2b activated microglia are involving with suppressing the immune response 

(Colton, 2009). However, microglia display an additional phenotype that is not observed in 

peripheral macrophages referred to as the M0 phenotype.  M0 microglia can be thought of as 

―resting‖ or ramified and are characterized by the presence of TGF-β and are likely induced by 

TGF-β1 and/or M-CSF (Butovsky et al., 2014; Michell-Robinson et al., 2015).  As such, it is 

important to distinguish that microglia are a separate entity and not just ‗brain macrophages‘.  
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Although microglia and macrophages arise from a common, primitive myeloid progenitor, they 

differ in their origin (London, et al., 2013).  Unlike peripheral macrophage microglia are able to 

revert back to a ramified state after they become activated to maintain their numbers, whereas 

macrophages experience high turnover rates and are in need of constant replacement from 

myeloid progenitor cells (Kettenmann et al., 2011; Prinz & Priller, 2014).    
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Figure 5: Characteristics and functions of microglial phenotypes. 

The 3 main classifications of microglial phenotypes are M0, M1, and M2. Microglia are able to 

cycle through the different phenotypes depending on the stimuli. The M1 phenotype is 

considered classical activation and is accompanied by the release of the inflammatory cytokines 

in response to IFNγ, as well as pathogen associated molecular patterns (PAMPs) such as 

bacterial LPS.  M1 microglia are involved in the immune response to any injury/insult to the 

CNS by promoting inflammation via cytokine release, as well as defense against pathogens 

through the release of nitric oxide and reactive oxygen species.  The M2 phenotype can be 

separated into 2 distinct roles: 1) alternative activation (M2a) which involves counteracting the 

proinflammatory effects from M1 activation and promoting tissue repair and reconstruction after 

the insult is resolved. 2) acquired deactivation (M2b) involves suppression of the inflammatory 

response while increasing release of growth factors, and promote anti-apoptotic pathways in 

surrounding cells. M0 microglia are considered at a ―resting‖ state, where they survey the 

environment and are induced by prolonged TGFβ signalling. It should be noted that microglia 

undergo morphological change from ramified to hypertrophic and amoeboid in response to 

stimuli, however hypertrophic and amoeboid morphology can be associated with either M1 or 

M2 phenotypes. Figure compiled and modified from: (Butovsky et al., 2014; Colton, 2009; 

Michell-Robinson et al., 2015).  
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1.4.5.2 Origin of microglia. 

 Unlike other cells of the CNS that originate from the neuroepithelium of the ectoderm 

during early embryogenesis (Kriegstein & Alvarez-Buylla, 2009), microglial origins are derived  

from haematopoietic stem cells located within the yolk sac (Bilbo, 2013; Prinz & Priller, 2014).  

What separates microglia from macrophages is that the origin of microglia progenitors come 

from the yolk-sac during early development whereas macrophage progenitors are derived from 

bone-marrow haematopoietic stem cells that are established much later in development (London 

et al., 2013).  These precursor microglial cells enter the brain parenchyma through the 

bloodstream and colonize the brain during early development, likely through recruitment by 

chemotactic cytokines (chemokines) released by neural progenitors and immature astrocytes 

(Bilbo, 2013).  After the initial infiltration, the microglia precursors migrate to their final 

destination and continue to proliferate throughout  the developmental period and onwards (Bilbo, 

2013).  It is important to note that once microglial precursors colonize the brain, they are no 

longer replaced from the periphery but rather rely on their own proliferation and their long 

lifespan in order to maintain their numbers within the CNS (Prinz & Priller, 2014).  Their long 

lifespan is supplemented by their ability to revert back to their ramified phenotype after the 

activating stimuli is resolved, making them well-equipped to endure the occasional insults to the 

CNS (Kettenmann et al., 2011). 
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1.4.5.3 Microglial role during early neurodevelopment. 

 The infiltration and migration of microglial precursors into the CNS occurs during early 

embryogenesis suggests that early during the developmental period, microglia may play a role in 

neurodevelopment (Bilbo, 2013).  In the neonatal brain, immature microglia display a 

pronounced amoeboid morphology along with cytokine/chemokine production that coincides 

with neurodevelopment at specific stages and areas of the brain (Bilbo, 2013).  During early 

development in the gestation period, TNF-α and IL-1β are detected on both sides of the cortical 

plate and in developing white matter, but are no longer detectable at the later stages of gestation, 

which can suggest that they play some sort of role in early neurodevelopment (Dziegielewska et 

al., 2000).  In fact, basal levels of TNFα are required for normal development of cognition and 

both TNFR1 and TNFR2 receptor signalling are required, as knockouts of either receptor 

displayed impaired cognition (Camara et al., 2013).  This effect is likely due to the relationship 

between TNFα and the production of growth factors or neurotrophins which include brain-

derived neurotrophic factor (BDNF) and nerve growth factor (NGF) (Camara et al., 2013), which 

regulate morphology, differentiation, survival, and proliferation of neurons (Squire et al., 2013).  

TNFα at basal levels has also been found to promote synthesis of both of these crucial 

neurotrophins in microglia (Camara et al., 2013; Takei & Laskey, 2008) and it is likely that 

during early development, microglia play a role in regulating the production of these growth 

factors to support neurodevelopment.  However, further studies are needed to gain insight as to 

the mechanisms involved between microglia and the CNS during the early developmental period 

(Bilbo, 2013; Camara et al., 2013).  As the embryo develops, microglia will transform into a 

mature, ramified morphology and proliferate depending on the age and brain region, continuing 

on even after birth (Bilbo, 2013).   
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1.4.5.4 Microglial role in synaptic plasticity. 

 There is recent evidence that show microglia being able to directly communicate and 

interact with neurons via bi-directional communication (Eyo & Wu, 2013; Kettenmann et al., 

2013).  Neurons have been shown to modulate microglial activity via classic neurotransmitters as 

chemotactic signals, due to neuronal synaptic signalling mechanisms in close proximity with 

microglial processes (Eyo & Wu, 2013).  Neurotransmitters such as glutamate and GABA, in 

addition to purines are released by neurons and act to attract microglia and regulate their activity 

through their associated receptor complexes (Eyo & Wu, 2013).  Microglia are then able to 

physically interact with neurons that express fractalkine (CX3CL1) through the fractalkine 

receptor (CX3CR1) which is expressed exclusively in microglia in the CNS (Cho et al., 2011; 

Wolf et al., 2013).  Interestingly, neuronal fractalkine can be present in both membrane-bound 

form and soluble form, either of which will induce a different response (Wolf et al., 2013).  The 

membrane bound form of neuronal fractalkine is associated with decreased inflammatory 

cytokine production as well as reduced phagocytosis in microglia (Cho et al., 2011; Wolf et al., 

2013).  However once membrane bound fractalkine has undergone proteolytic cleavage, binding 

of the cleaved fractalkine can induce inflammatory cytokine production (Cho et al., 2011; Wolf 

et al., 2013).  For the microglia to neuron communication, microglia are able to modulate and 

maintain neuronal activity and circuits via CX3CR1-CX3CL1 binding, complement system 

receptor, and DAP12 (Eyo & Wu, 2013).  

 As the resident immune cells, microglia are involved in the phagocytosis of dead cells 

and cellular debris, however recent evidence has suggested that microglia are also involved in 
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the phagocytosis of excess synaptic connections between neurons (Bilbo, 2013).  Synaptic 

connections between neurons are important for synaptic plasticity, however during development 

there are excess amounts of synaptic connections formed that lead to inappropriate or 

dysfunctional synapses (Stevens et al., 2007).  These excessive, dysfunctional synapses can be 

eliminated or ‗pruned‘ by microglia through phagocytosis, mediated through the innate immune 

response compliment cascade and the fractalkine receptor (Hong, et al., 2016; Kettenmann et al., 

2013; Shi et al., 2015; Stevens et al., 2007).  The compliment cascade however, is activated 

through the initiating protein complex C1q, which is upregulated and localized to synapses 

during development (Stevens et al., 2007).  It has been suggested that during development, 

immature astrocytes release growth factors that promote synaptogenesis between neurons and 

that stronger synaptic connections ‗punish‘ weaker synapses, priming them for elimination 

(Stephan et al., 2012).  This is achieved through the C1q-induced production of C3 by the 

stronger synapse, which binds to weaker synapses and tags them for elimination by microglia 

through a CR3-C3-mediated phagocytosis (Chung et al., 2015).  It is speculated that weaker 

synapses are only targeted due to stronger synapses having a protective protein, which prevents 

adhesion of C3, thus preventing detection by the CR3 receptor on microglia (Stevens et al., 

2007).  Neuronal fractalkine regulates microglial phagocytic activity through the CX3CR1 

receptor although the mechanism is unknown (Chung et al., 2015).  It is of interest to note that 

microglia deficient in CX3CR1 receptor are still able to phagocytize apoptotic cells however, 

release of neurotrophic factors was lost (Filiano et al., 2015).  This could mean that neuronal 

fractalkine signalling plays an important role in mediating microglial functions whether it is 

―pruning‖ excessive synapses by phagocytosis or promoting neuronal viability. 
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 As microglia are the resident immune cells of the CNS, they are highly responsive to 

challenges to the CNS and react by releasing inflammatory cytokines (e.g. TNFα, IL-6, IL1β) in 

order to control the site of insult (Prinz & Priller, 2014).  Microglia respond in a similar manner 

to macrophages and share similar M1 and M2 polarization states when encountering 

inflammatory stimuli, as well as sharing many of the inflammatory pathways (Prinz & Priller, 

2014).  As such, when microglia become activated through an immune response, many of the 

compounds they release such as nitric oxide or reactive oxygen species (ROS) have direct 

neurotoxic effects and can be detrimental to the cells in the CNS (Yenari et al., 2010).  Although 

the inflammatory response is a normal reaction and is certainly beneficial in terms of injury or 

infections in the CNS, but can be detrimental if prolonged and uncontrolled (Minghetti, 2005). 

 

1.4.6 The effects of neuroinflammation on the developing brain. 

 Neuroinflammation is an immune-mediated inflammatory process of the CNS and similar 

to peripheral inflammation, requires regulation or the consequences could result in the 

development of pathological conditions (Minghetti, 2005).  Generally when defining 

neuroinflammation, the term applies to a chronic, inflammatory condition where the astrogliosis 

and M1-activated microglia exacerbate the initial effects of insult/injury/infection and contribute 

to neuronal damage (Streit et al., 2004).  This is due to the neuroinflammatory process involving 

the increased release of cytokines, chemokines, adhesion molecules, free radicals, and 

destructive enzymes, all of which promote neurodegeneration, impair neurogenesis, and impede 

the recovery process (Iadecola & Anrathner, 2011; Minghetti, 2005).  These processes are 

centered around the activation of microglia towards the M1 phenotype, which is the key event 
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and major driving force behind the neuroinflammation process in the brain (Yenari et al., 2010).  

Activated microglial actions and inflammatory processes not only result in the disturbance of 

their own functions, but also are able to disturb the viability and functions of other cell types in 

the brain, such as neurons, astrocytes, and endothelial cells (Yenari et al., 2010).  Indeed, 

microglial-mediated neuroinflammation has been associated with many neurodegenerative 

diseases such as Alzheimer‘s disease (Pimplikar, 2014), Parkinson‘s disease (Hirsch et al., 

2012), and multiple sclerosis (Frohman et al., 2006) in the adult brain.  Furthermore, the 

presence of neuroinflammation in general has been implicated in memory impairments (Hein & 

O‘Banion, 2009) and cognitive decline (Ownby, 2010) in adults.  In these cases the presence of 

proinflammatory markers are associated with both memory and cognition decline, and several 

intervention strategies such as exercise and anti-inflammatory medications that inhibit 

prostaglandin production have shown protective effects against the memory and cognitive 

decline (Hein & O‘Banion, 2009; Ownby, 2010).    

 During early development, an inflammatory environment can cause long-term effects on 

cognition and neuroimmune dysfunction on the offspring (Bilbo, 2013).  Maternal immune 

challenges during the perinatal period have been associated with abnormal brain development, 

with the most common consequence being cognitive dysfunction (Bilbo, 2013; Golan, et al., 

2005).  As mentioned previously, low levels of the inflammatory cytokines TNFα and IL-1β play 

a role in early brain development and after the brain regions are formed, their levels decrease 

(Dziegielewska et al., 2000).  However if the presence of inflammatory cytokines continues on 

after region formation but before maturation and synaptogenesis can occur, proper neural 

development may be hindered (Golan et al., 2005).  The hippocampus in particular, is highly 

susceptible to early life immune challenges, especially during the neonatal period which can 
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result in long-term cognitive impairments (Bilbo, 2013; Golan et al., 2005).  In addition, 

neuroinflammation during early development not only affects neurons, but can heavily influence 

glial cells as well.  Microglia in particular, are very sensitive to inflammatory conditions and 

repeated challenges can have the potential to prime them to develop towards a hypersensitive 

phenotype (Bilbo, 2013).  It has been hypothesized that CNS immunity can deteriorate with age, 

where microglia response to immune challenges throughout the life of an individual stimuli will 

eventually cause structural changes before microglia finally enter a senescent state (Streit & Xue, 

2014).  As mentioned previously, microglial precursors migrate to the CNS early in development 

and are no longer replenished, meaning that you only get a set number of microglia during early 

development that lasts for your entire lifetime (Prinz & Priller, 2014).  If repeated immune 

challenges to the CNS occur during early development, this may cause microglial dysfunction at 

an increased rate than what would occur naturally, potentially impairing normal 

neurodevelopment.  It is possible that the actions of inflammatory cytokines from immune 

challenges during the early developmental period can predispose an individual to microglial 

dysfunction, due to permanent changes in the system that function to resolve these insults.  
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RATIONALE OF THE STUDY 
 

2.1 Why study the brain of gestational diabetes mellitus offspring? 

 

Several population health studies have shown correlations between gestational diabetes 

mellitus (GDM) and impaired cognition and behaviour in the offspring (Fraser et al., 2012; 

Nielsen et al., 2010; Nomura et al., 2012).  Maternal overweight/obesity incidences are on the 

rise putting mothers at high risk of developing GDM (Kampmann, 2015) and thus, putting more 

children at risk of cognitive deficiencies.  With these concerns, it is important to first establish: 

1) whether or not GDM affects the offspring brain and, 2) explore the mechanisms involved in 

GDM-associated brain changes in order to begin to develop therapeutic approaches. 

 

2.2 Why are microglia the target of this study? 

 

GDM is associated with maternal inflammatory responses (Wolf et al., 2004), and excess 

maternal nutrients such as saturated fatty acids cause activation of adipose tissue macrophages 

(Huang et al., 2012; Lumeng et al., 2007).  Maternal inflammation is able to induce placental 

production of inflammatory cytokines (Radaelli et al., 2003) that is able to promote inflammation 

in the developing fetus (Dahlgren et al., 2006; Desoye & Hauguel-De Mouzon, 2007; Zaretsky, 

Alexander et al., 2004). In addition, excess maternal nutrients in GDM (fatty acids and sugars) 

are able to traverse through the placental barrier (Dancis et al., 1973).  Maternal inflammation 

has been shown to impair learning and memory (Golan et al., 2005) and maternal high fat diet 

and obesity have shown similar effects (Bilbo & Tsang, 2010).  The fetal hippocampus is 
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particularly affected and fetal neuroinflammation is associated with the cognitive impairments 

(Bilbo, 2013; Golan et al., 2005). 

Microglia are the resident immune cells of the brain and are essential for brain 

development and defense (Squire et al., 2013).  However, the activation of microglia is a central 

event and main driving force behind neuroinflammation (Yenari et al., 2010).  During early 

development, neuroinflammation can be detrimental to the developing brain and result in 

cognitive impairment later in life (Bilbo, 2013).  While microglia are the major contributor to 

neuroinflammation, they are also heavily involved in early brain development.  The reason 

microglia are the target of this study is clarified by; 

1) Neuroinflammation involves the increased release of cytokines, chemokines, adhesion 

molecules, free radicals, and destructive enzymes, which all promote neurodegeneration and 

impair neurogenesis  (Iadecola & Anrathner, 2011; Minghetti, 2005; Yenari et al., 2010).   

2) Microglial actions and inflammatory responses can reduce viability and disturb functions of 

other brain cells, particularly neurons, astroglia, and endothelial cells (Jørgensen et al., 1993; 

Xanthos & Sandkühler, 2014). 

3) Microglia are heavily involved in early brain development by establishing a proper neuronal 

network through eliminating excessive improper or dysfunctional synapses (Kettenmann et 

al., 2013; Shi et al., 2015; Stevens et al., 2007) and release of trophic factors (Camara et al., 

2013; Takei & Laskey, 2008).   
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HYPOTHESIS AND AIMS 

 

3.1 Hypothesis 

 

Gestational diabetes mellitus induces chronic microglial activation in the fetal brain causing 

elevated neuroinflammation, which disturbs the fine tuning of neuronal circuitry influencing 

neurocognitive development and function. 

 

3.2 Aims 

 

1) Establish the effects of gestational diabetes mellitus on neuroinflammation status, neuronal 

health and learning abilities in offspring. 

2) Determine the influence of elevated glucose and fatty acids on microglia. 
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MATERIALS AND METHODS 
 

4.1 In vivo experiments. 

 

4.1.1 Gestational diabetes animal model. 

Offspring brains (male) from GDM and lean rats (Pereira et al., 2015a) were produced by 

and obtained courtesy of Dr. Vernon Dolinsky and his lab.  All procedures and protocols were 

approved by the Animal Welfare Committee of the University of Manitoba.  Animals were 

obtained from the University of Manitoba colony and housed 2 per cage, with ad libitum access 

to food and water. 

 The animals used in this model (Pereira et al., 2015a) were Sprague-Dawley rats, which 

are a general, multipurpose albino rat model.  Animals were prepared as outlined by Pereira et 

al., 2015a.  Females were obtained at 3 weeks old and half were randomly assigned to a low fat 

(LF) diet (10 kcal% fat & 70 kcal% carbohydrate, Research Diets D12450B; New Brunswick, 

NJ, USA) and the other half to a high fat and sucrose (HFS) diet (45 kcal% fat & 35 kcal% 

carbohydrate, Research Diets D12451) for a period of 6 weeks.  After 6 weeks and before 

mating, glucose intolerance and pre-diabetic state were confirmed, then females were mated with 

LF diet fed males.  Female diet was continued throughout the pregnancy and suckling period.  

The amount of food eaten and body weight of the rat dams were measure weekly and at 

embryonic day 15.5 a glucose tolerance test was performed.   

At embryonic day 20 (approximately 24 hours before birth) a dam was sacrificed from 

both LF and HFS groups to collect neonatal brain tissue.  Offspring were collected at this 

particular age point so as to determine the effects of GDM on the offspring before exposure to 
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any environment other than intrauterine.  The neonatal brains were sliced in half down the 

sagittal plane to separate the right and left hemispheres of each brain.  The right side was 

immediately flash frozen and stored at -80°C for cytokine assay and western blot analysis.  The 

left side brain of each pup was prepared for immunohistochemistry (IHC) by fixing them in 4% 

paraformaldehyde (PFA) for 24 hours.  After which, the brain half was transferred to a 30% 

sucrose solution as a cryo-protectant for 48 hours at 4°C, until the brain was fully saturated with 

sucrose.  The brain half was then removed from the solution and excess sucrose solution on the 

brain half was lightly dabbed away with paper towel before storing at -80°C. 

 The remaining dams were allowed to deliver naturally and pups were reduced to 

maximum of 8 per litter to avoid food competition.  Offspring were weaned at 3 weeks of age 

and two male offspring of each litter were randomly assigned to either a LF or HFS postnatal 

diet.  Experimental groups are outlined in Figure 6 and physiological data in Table 1 and Table 

2.  Offspring remained on these diets for their entire lifespan.  At 15 weeks of age, the offspring 

were sacrificed and brain tissue was collected.   
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Figure 6: Description of in vivo experimental procedures. 

Red highlights the period of time in which mothers are treated with balanced low fat diet (LF) or 

high fat and sucrose diet (HFS). High fat and sucrose diet is used to induce gestational diabetes 

mellitus (GDM). Blue highlights period of time in which offspring are treated with LF or HFS 

diet in order to observe the effects of diet on brain health. The offspring are sacrificed for 

analysis at two time points; as neonatal (E20) and 15 weeks-olds.  Neonatal offspring had a 4-7 

rats per each experimental group analyzed by immunohistochemistry, and 15 week-olds had 9-11 

rats per each experimental group for behavioural tests and 4-6 rats for immunohistochemistry. 
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Table 1: Maternal gestational blod glucose and weight (gain) 

 Blood glucose 

(mmol/L) 

Maternal weight gain during pregnancy (g) 

Lean  4.28 ± 0.38 133.6±2.9 

GDM  6.40 ± 0.21 * 155.5±14.1 * 

Weight gain is presented as the amount of weight gained during the gestation period in grams. *p 

< 0.05 compared to Lean using Student‘s t-test. n=4 per group. All information contained in this 

table was evaluated and provided by the Dolinsky lab. 

 

 

Table 2: Offspring gestational blood glucose and weight (gain) 

 Blood glucose 

(mmol/L) 

Weight gain from weaning to 15weeks (g) 

Lean LF 5.78±0.55 557±55.6 

Lean HFS  5.80±.0.22 568±30.4 

GDM LF  5.92±0.84 573±63.8 

GDM HFS  5.43±0.79 661±57.7 * 

Weight gain is presented as the amount of weight gained after the post-weaning period to 15-

weeks in grams. *p<0.05 compared to Lean LF using a multiple comparisons two-way ANOVA 

with a Bonferroni post hoc test. n=6 (Lean LF), n=8 (Lean HFS), n=9 (GDM LF), n=7 (GDM 

HFS). All information contained in this table was evaluated and provided by the Dolinsky lab. 
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4.1.2 Behavioural tests. 

Offspring were subjected to behavioural tests at 14 weeks of age, 1 week before sacrifice.  

Animals were handled regularly by staff and familiarized with our technician daily a week before 

performing behavioural tests.  Animals were transferred to the testing room 1 hour prior to 

acclimate them to the new environment. 

 

4.1.2.1 Open Field Test. 

 The open field test was performed first to test general locomotor activity and exploratory 

behaviour in an unfamiliar environment and is a modification (Gould et al., 2009) of the original 

open field test developed by Calvin S. Hall (Hall & Ballanchey, 1932).  The rats were placed 

individually in the center of a 75 × 75 × 75 cm transparent plastic open field chamber wrapped in 

black fabric to prevent the rat from seeing through the walls of the chamber.  The floor of the 

chamber was divided into 5 × 5 cm cells to establish the amount of time each rat spent in each 

cell of the chamber via tracking software.  The rats were allowed to explore the chamber for 10 

minutes before they were removed.  Each rat went through one trial of open field testing and the 

chamber was sprayed down with 70% ethanol and scrubbed between each animal.  Rats were 

recorded via overheard camera and locomotor activity was tracked and analyzed using HVS 

Image 2100 Plus Tracking System software (HVS Image Ltd., Twickenham, Middlesex, UK).  

Number of rearings for each rat was also recorded and assessed through video feed.   
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4.1.2.2 Novel Object Recognition. 

 The Novel Object Recognition test was first described in 1988 by Ennaceur and Delacour 

as a pure recognition memory test for rats and does not involve any primary reinforcements such 

as food or electric shocks, making it comparable to tests performed on humans (Ennaceur & 

Delacour, 1988).  During the Novel Object Recognition test, rats are allowed to freely explore 

the testing chamber along with the objects.  Training day of the novel object recognition test was 

performed immediately after the open field test to ensure familiarity of the chamber and focus on 

the objects.  Following the open field test, the rat was removed and the chamber was cleaned.  

Two identical objects were then placed inside equal distance away from opposing corners 

(40cm) as pictured in Figure 7.  The objects were randomized for each trial and consisted of 

different shapes that were either transparent or opaque.  The rat was placed into the chamber 

with the identical objects and allowed to explore both for 10 minutes to familiarize themselves.  

On testing day, one of the familiar objects was replaced by a new novel object which had a 

different shape and opacity from the familiar object.  For example, if the rat was familiarized 

with 2 cylindrical transparent objects the first day, then the novel object would be an opaque 

rectangular object on the second day.  The rat was allowed to explore the objects in the chamber 

for 10 minutes.  Animal activity was tracked and analyzed using the HVS Image 2100 Plus 

Tracking System software (HVS Image Ltd., Twickenham, Middlesex, UK), with the focus on 

the percent time spent observing each object. 
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Figure 7: Novel object recognition test design. 

The novel object recognition test involved placing two identical objects decided at random, 

either a cylindrical or rectangular shaped object that is either transparent or opaque, inside a 75 × 

75 × 75 cm transparent plastic open field chamber wrapped in black fabric.  The objects were 

placed equal distance (40 cm) away from the corner directly opposite of the other object.  On 

training day, the rat was allowed to examine both of the identical objects for 10 minutes in order 

to familiarize themselves with them.  The following day was the testing day, and one of the 

familiar objects was replaced with a new novel object.  For example, if the familiar objects were 

transparent cylinders, then the novel object would be an opaque rectangular object.  The rat was 

then placed into the chamber and the percent time spent observing each object was analyzed by 

the HVS tracking software.  
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4.1.2.3 Morris Water Maze. 

 The last behaviour test performed was the Morris water maze test, originally developed 

by Richard Morris in 1981 to assess spatial memory and learning (Morris, 1981).  The Morris 

water maze was performed using a round metal basin of diameter of 120 cm and a height of 60 

cm.  The inside of the basin had visual cues attached to the top of the basin wall in each quadrant 

which consisted of a star, triangle, rectangle, and circle of different colors.  This was to allow the 

rat to determine its relative position while in the water.  A 13 cm diameter plastic platform 

covered in a dark fabric was then placed into the basin and filled with 24°C water until the water 

level was just under the top of the platform.  A non-toxic, water-soluble, black paint was added 

to the water to increase turbidity and reduce visibility of the platform once submerged.  A 

webcam was mounted above the basin in order to record each trial for later analysis. 

 The training day involved placing the rat into a quadrant of the pool and allowing it to 

find the exposed platform.  Once every rat familiarized itself with the platform, the rats were 

removed and the platform was submerged until no longer visible.  The platform remained 

submerged for the rest of the Morris water maze tests.  On testing day 1, the rats ran a series of 4 

trials, where they were then placed into each of the 4 quadrants and allowed to locate the 

platform. The rats were given a 2 hour resting period halfway through the 4 trials.  The escape 

latency, or time each rat took to find the platform was recorded.  If the rat could not find the 

platform within the maximum cut-off time of 1 minute, the rat was removed from the water and 

placed onto the platform again to familiarize itself before moving onto the next trial.  The second 

and third testing day consisted of similar training sessions, with the exception of the starting 

quadrant order being changed per testing day.  After the last trial on the third testing day, the 

platform was removed from the water and an additional test was performed called the probe test.  
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The test involves placing the rat into the water and assessing the amount of time rat spent inside 

the target quadrant that used to contain platform, as well as the number of passes over where the 

platform used to be.   

 

4.1.3 Tissue Preparation. 

 The PFA-fixed left half brains were embedded in Leica optimal cutting temperature 

(OCT) compound and frozen in the cryostat at -20°C overnight.  The brains were then mounted 

and sliced into 30 µm thick coronal sections and brain slices containing the hippocampus were 

collected into a 24-well plate containing PBS.  Slices from each brain were placed into wells in 

tandem for up to 6 wells, where the process was repeated again at the first well to ensure that 

each well had a representative slice from each section of the hippocampus.  Slices were stored in 

the 24-well plate containing PBS and 0.02% sodium azide at 4°C until used.  Neonatal brains 

were similarly processed and sliced into 30 μm thick coronal hippocampal sections, which were 

directly mounted onto a gelatin coated slide and stored at 4°C until used for 

immunohistochemistry. 

 The flash frozen right side brains from the 15-week old rats were sliced using a rat brain 

matrix along the coronal plane to collect the section containing all of the hippocampus at the 

stereotaxic coordinates 0 mm ant. Bregma to -6.5 mm ant. Bregma.  The sections collected 

contain the hippocampus along with cortex and midbrain.  Each brain section was immediately 

weighed after slicing and the tissue was homogenized in ice-cold RIPA buffer (50 mM Tris base, 

150 mM NaCl, 1% Nonident P-40, 0.25% sodium deoxycholate, 1 mM EDTA) containing a 

protease inhibitor cocktail (Pierce), 1 mM sodium fluoride, and 1 mM sodium orthovanadate.  A 
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motorized pestle was used to grind the tissue, followed by trituration with a 20 gauge needle and 

syringe to break up tissue.  The homogenate was then sonicated three times in 5 second bursts.  

The samples were then centrifuged at 4°C and 1000 rcf to pellet the debris and other cell 

fragments.  The supernatant was collected and a protein assay was performed to determine the 

amount of protein in each sample.  Neonatal brains were prepared using the same process with 

the exception that the entire half of the brain was homogenized.  The collected supernatants were 

then stored at -80°C until used. 

 

4.1.4 Immunohistochemistry. 

 The 15-week old brain slices from each animal were washed 1x with PBS and then 

blocked with blocking buffer (0.5% Triton X-100, 2% goat serum, 0.1% bovine serum albumin 

(BSA), phosphate buffered saline (PBS)) for 1 hour at room temperature on a rocker.  Primary 

antibody solution was prepared at a 1:500 dilution in separate blocking buffer with a lower 

concentration of Triton X-100 (0.3% Triton X-100, 2% goat serum, 0.1% BSA, PBS).  The slices 

were incubated in primary antibody solution on a rocker at 4°C overnight.  After primary 

incubation, the slices were washed with wash buffer (0.3% Triton X-100, PBS) 3 times at 10 

minutes per wash on a rocker.  The respective secondary antibody solution (1:500 dilution of 

anti-mouse or anti-rabbit Dylight 488 conjugated antibodyin 0.3% Triton X-100, 2% goat serum, 

0.1% BSA, PBS) was added.  Negative controls for secondary antibody were performed by 

treating the slices under the same conditions except no primary antibody was added.  This was to 

determine that there was no non-specific binding of secondary antibody to and of the tissue.  The 

slices were covered with aluminum foil to avoid exposure to light and incubated for 2 hours at 
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room temperature on a rocker.  The slices were then washed with wash buffer 3 times at 10 

minutes per wash on a rocker and then mounted onto slides.  Mounting media containing 4',6-

diamidino-2-phenylindole, dihydrochloride (DAPI) was added on top of the slices to stain nuclei 

and a coverslip was placed on top.  The slides were then sealed clear nail polish and the slices 

were imaged with a fluorescent microscope at their respective wavelengths.  Images were 

analyzed using the imaging processing software ImageJ.  From each animal multiple slices (4-10 

per animal) were analyzed for Iba1, GFAP, and Synaptophysin expression.  Microglial 

morphology and numbers were assessed at the same time by Iba1 immunostaining. Microglial 

morphology was classified as ramified (small cell body with numerous thin processes with 

branches), hypertrophic (enlarged cell body, thick processes without branches), or amoeboid 

(enlarged amoeboid cell body with none to < 4 thick processes often with amoeboid endfeet).  

GFAP was analyzed by measuring intensity of the slice. Synaptophysin was analyzed by taking 

intensity measurements above and below the CA1 layer (20   50 pixels) and averaging the 

results while subtracting background taken from the corpus callosum.  Analysis of NeuN images 

were performed by measuring thickness of the CA1 layer at the same position in slices of similar 

stereotaxic coordinates in the hippocampus for each animal group (3 slices per animal).  Each 

measurement was normalized to the Lean LF slice of similar stereotaxic condition.  Neonatal 

slices were immunostained under the same conditions and reagents with the exception that all 

steps were performed within a hydrophobic barrier along the edges of the slide.  On the neonatal 

slices blocking buffer, antibody solutions, and washing were performed by slowly adding them 

directly to the slides within the hydrophobic barrier, so as not to disturb the mounted slices. 

Antibodies used for immunohistochemistry were: GFAP rabbit polyclonal (1:500, EMD 

Millipore), Iba1 rabbit polyclonal (1:500, Wako); Synaptophysin mouse monoclonal (1:500, 
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Sigma), NeuN mouse monoclonal (1:500, Chemicon International), Goat anti-mouse IgG (H+L) 

Dylight 488 (1:500, Thermofisher), Goat anti-rabbit IgG (H+L) Dylight 488 (1:500, 

Thermofisher). 

 

4.1.5 Western blot of brain homogenates. 

 Brain homogenate supernatants from 15-week old brains were thawed on ice and 

prepared for western blot though denaturing with sodium dodecyl sulphate (SDS) and boiling.  

Each protein sample was boiled at 95°C for 5 minutes in 1x loading buffer at pH 6.8 (0.0625 

mM Tris-HCl, 20% glycerol, 2.5% SDS, 0.002% bromophenol blue, 5% β-mercaptoethanol) to 

denature the proteins.  Leftover supernatant was quickly refrozen and stored again at -80°C.  

Samples were loaded for gel electrophoresis (SDS-PAGE) at 100 µg/well under denaturing 

conditions into polyacrylamide gels consisting of a stacking gel and resolving gel.  The resolving 

gel contained 0.5% TCE (2,2,2-trichloroethanol) to act as an additional loading control.  The gels 

were run in an electrophoresis unit at 80 V for 10 minutes to produce the stacking effect, 

followed by 100 V for 90 minutes until the proteins were completely resolved.  The gels were 

exposed to ultraviolet light for 45 seconds to activate the TCE and the gels were imaged under 

ultraviolet light to visualize total protein loaded. 

 The proteins in the gel were then transferred to charged polyvinylidene fluoride (PVDF) 

membranes at 100 V for 90 minutes while kept cold on ice.  To determine the efficiency of the 

transfer, the gels were re-imaged under ultraviolet light to determine if any protein was left in the 

gel.  The PVDF membranes were then blocked by incubating with 5% non-fat skim milk in tris-

buffered saline/0.1% Tween 20 (TBST) for 1 hour on a rocker at room temperature.  Blocked 
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membranes were incubated overnight at 4°C on a rocker in primary antibody solution at 1:500 

dilution with 5% non-fat skim milk in TBST.  The membranes were then washed 3x for 10 

minutes each with ample amounts of TBST and then incubated for 2 hours on a rocker at room 

temperature with the appropriate peroxidase-conjugated secondary antibody solution (1:5000 

dilution) with 5% non-fat skim milk in TBST.  Afterwards the membranes were washed 3x for 

10 minutes each with ample amounts of TBST.  Membranes were then incubated with Bio-Rad's 

Clarity Western ECL Substrate for 5 minutes and then imaged with a Bio-Rad ChemiDoc™ MP 

System following the manufacturer‘s instruction.  After the imaging, the membranes were 

stripped with Restore™ Western Blot Stripping Buffer for 10 minutes at room temperature on a 

rocker.  The membranes were then washed 3x for 10 minutes each with ample amounts of TBST 

and re-incubated with actin primary antibody solution (1:5000 dilution with 5% non-fat skim 

milk in TBST) overnight at 4°C on a rocker as a loading control.  The membranes were then 

washed 3x with TBST for 10 minutes each, and then incubated with appropriate secondary 

antibody solution (1:5000 dilution with 5% non-fat skim milk in TBST) for 2 hours at room 

temperature on a rocker.  The membranes were then washed 3x with TBST for 10 minutes each 

and then incubated for 5 minutes with Bio-Rad's Clarity Western ECL Substrate and imaged.  

Images for western blots were then analyzed based on intensity of the bands using the image 

processing software ImageJ. 

Antibodies used for western blotting were: CX3CR1 rabbit polyclonal (1:500; Novus), β-actin 

mouse monoclonal (1:5000; Sigma), Peroxidase affinipure goat anti-rabbit IgG (H+L) secondary 

antibody (1:5000; Jackson ImmunoResearch), Peroxidase affinipure goat anti-mouse IgG (H+L) 

secondary antibody (1:5000; Jackson ImmunoResearch). 
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4.2 In vitro experiments. 

 

4.2.1 Mixed glia culture preparation. 

 The animals used for cell culture experiments were obtained from Central Animal Care 

Services (CACS) at the University of Manitoba Bannatyne Campus.  Procedures and protocols 

were approved by the Animal Welfare Committee of the University of Manitoba. 

 The mice used to prepare mixed glial (astrocytes and microglia) cultures were CD1 mice, 

which are an albino, general multipurpose model.  Five newborn (0-1 day old) mice pups were 

obtained from the CACS facility, where they were transferred to our facilities.  The pups were 

quickly sprayed down with 70% ethanol, and decapitated with scissors into a plate containing 

cold dissection media (1x Hank‘s Balanced Salt Solution, 2 mM HEPES buffer, 50 U/mL 

Penicillin-Streptomycin).  The brains were removed and then transferred to a new plate 

containing fresh dissection media kept on ice.  Dissections were performed under microscope in 

a biosafety cabinet while on ice.  The midbrain, hippocampus, and meninges were removed and 

cortices were collected into a fresh dish containing cold dissection media.  The tissue was then 

roughly chopped into smaller pieces and transferred to a sterile conical tube where the tissue was 

allowed to settle.  The supernatant was removed and the brain tissue was incubated with 2x 

trypsin (0.1% w/v) in dissection media at 37°C for 1 minute.  The trypsin supernatant was 

removed and glial growth media (GM media: 10% fetal bovine serum at low (< 0.05%) 

endotoxin content, 2 mM L-glutamine, 0.01% streptomycin, and Minimum Essential Medium 

(MEM)) was added to the settled tissue to neutralize the remaining trypsin.  The tissue was 

triturated in GM media to break up tissue and allowed to settle before the suspension was 

separated into 5 culture flasks (75 cm
2
, T75) containing pre-warmed GM media.  The cultures 
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were maintained in 5% CO2 at 37°C in a humidified incubator for 1 week and media was 

changed twice (the day after dissection and 4 days after dissection) before the cells were ready 

for harvesting.   Cultures were determined to be ready for harvest when the astrocyte monolayer 

was at 100% confluency with microglia floating or loosely attached and evenly distributed at 

approximately 300+ cells per field of view at 10x magnification.  Pure microglia cultures were 

harvested from the mixed glia cultures by mild shaking and collecting the floating cells.  The 

cells were then plated at a density of 5 × 10
5
 cells/well into 24-well plates and allowed to settle 

down for 24 hours at 37°C.   

 

4.2.2 Fatty acid and glucose preparation. 

 All fatty acids solutions were prepared in 50 mL batches in MEM supplemented with a 

low (< 0.05%) endotoxin 3% BSA (MEM + 3% BSA).  The fatty acids (oleic and palmitic acid) 

were prepared at 1.2 mM and were chosen to represent the concentrations seen in the blood of 

patients with Type 2 diabetes mellitus (Pieper et al., 1983; Xuan et al., 2014).  Palmitic acid 

(MW: 256.42 g/mol) solution was prepared by first dissolving solid palmitic acid in 100% 

ethanol at 70°C, then adding it to pre-warmed (37°C) MEM + 3% BSA.  Oleic acid solution was 

prepared by dissolving stock oleic acid (D: 0.89 g/mL @25°C) in pre-warmed (37°C) MEM + 

3% BSA.  The fatty acid solutions were then sterile-filtered (0.2 µm) and aliquoted before 

freezing at -20°C.  The 0.4 mM fatty acid preparations reflecting levels seen in blood of healthy 

patients were prepared the day of experiment by diluting (1:3) the 1.2 mM preparation with 

MEM + 3% BSA.  High glucose treatments were prepared by adjusting the glucose 
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concentration MEM + 3% BSA (5.5 mM glucose) to 16.7 mM through addition of 1M sterile-

filtered glucose solution. MEM + 3% BSA was used as a normal glucose control (5.5 mM). 

 

4.2.3 Cell culture experiments. 

Harvested microglia were incubated with 250 µL volume of 1) fatty acid and/or 2) high 

glucose solutions at 3 wells per experimental group.  MEM + 3% BSA solution was used as the 

control group for each set of experimental groups.  The cells were allowed to incubate in the 

experimental medium at 37°C for 24 hours, after which the culture medium was collected for 

nitric oxide and cytokine (section 4.3) assay.  For the medium collected for cytokine assays, 

culture medium was combined from triplicate wells and supplemented with a protease inhibitor 

cocktail (Pierce) before storing at -80°C until needed.  The cells were lysed afterwards with 

RIPA buffer to detect protein concentration in each well for data normalization purposes.  A 

culture plate was prepared identically in parallel for the morphology assessment. 

 

4.2.3.1 Nitric oxide and protein assay. 

The nitric oxide assay performed is a modification (Bratton & Marshall, 1939) of the 

Griess test originally developed in 1879 by Johann Peter Griess to detect the presence of nitrites 

by forming a red-violet coloured azo dye (Tsikas, 2007).  The advantage of the modified Griess 

test over the original is a higher sensitivity to nitrite with a lower limit of detection, down to 

approximately 300 nM (Ridnour et al., 2000).  The assay takes advantage of the short half-life of 

nitric oxide, which is estimated at 130 seconds (Ford et al., 1993) in aqueous solution.  This short 
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half-life is due to the autoxidization of nitric oxide with water and subsequent hydrolysis to form 

the exclusive product nitrite (Tsikas, 2007).  Due to the quick conversion of nitric oxide to 

nitrite, the Griess test makes it possible to indirectly measure nitric oxide levels within aqueous 

media.  The reaction scheme is outlined in Figure 8. 
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Figure 8: Reaction scheme of the modified Griess reagent with nitrite under acidic 

conditions. 

Nitric oxide undergoes auto-oxidation in aqueous solution to form nitrite, which reacts with 

sulphanilamide to form a diazonium salt.  The diazonium salt is then able to react with N-(1-

Napthyl)ethylenediamine to form a red-violet coloured azo dye in which absorbance can be 

measured. 
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A modified Griess reagent was prepared the day of the assay containing 60 mM 

sulphanilamide, 4 mM N-(1-Napthyl)ethylenediamine and 1.95% phosphoric acid in double 

distilled water.  The reagent was wrapped in aluminum foil to protect from light until use.  

NaNO2 standards were prepared in MEM at the following concentrations: 250, 125, 62.5, 31.25, 

15.6, 7.8, 3.9, 1.95, 0.98, 0 µM and plated 50 µL/well in triplicate on a 96-well plate.  Culture 

medium from each well was plated on the 96-well plate at 50 µL/well alongside the NaNO2 

standards and the modified Griess reagent was added at equal volumes (50 µL/well) and allowed 

to incubate at room temperature for 10 minutes.  The absorbance was then read at 540 nm.  A 

standard curve was plotted using Microsoft Excel and sample concentrations were calculated. 

For the protein assay, BSA standards were prepared in RIPA lysis buffer at 2.5, 1, 0.75, 

0.5, 0.25, 0.1, 0.05, 0.025, 0.01, 0 µg/µL and stored at 4°C until use.  Each well was washed 2 

times with MEM to remove culture medium protein leaving only cells in the well.  The cells 

were then lysed by scraping in RIPA lysis buffer on ice.  BSA standards and protein extracts 

were plated into a 96-well plate in triplicate at 5 µL volume per well, and protein concentration 

of each well was measured using a Bio-Rad DC protein assay kit with absorbance read at 750 

nm.  Standard curve was plotted with Microsoft Excel and protein concentrations were 

determined for each well.  Nitric oxide concentrations for each well were then divided by their 

respective protein concentrations to determine amount of nitric oxide released relative to amount 

of protein present.  All experimental groups were then normalized to the control (3% BSA in 

MEM) group. 
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4.2.3.2 Microglia morphology. 

 After 24 hours incubation in experimental culture medium, the cells were fixed with cold 

4% paraformaldehyde (PFA) solution for 10 minutes.  After 10 minutes, the wells were washed 

once with PBS before they were stored in PBS with 0.02% sodium azide at 4°C until imaged.  

Cells were imaged at 5 random viewpoints per well to determine morphology.  Microglial 

morphology was classified according to Figure 9 as ramified (small cell body with 2 or more thin 

processes), hypertrophic (enlarged cell body), or amoeboid (round, enlarged cell body with none 

to < 2 thick processes). 
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Figure 9: Representative morphology of ramified, hypertrophic, and amoeboid microglia. 

Microglia from each experimental group were classified as ramified (small cell body with 2 or 

more thin processes), hypertrophic (enlarged cell body), or amoeboid (round, enlarged cell body 

with none to < 2 thick processes). 
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4.3 Cytokine assay. 

 

 Cytokine assays were performed using a Raybiotech G-series antibody array kit to detect 

cytokine levels by immunofluorescence following the manufacturer‘s instructions.  Cell culture 

supernatants and brain homogenate supernatants from both 15-week old and neonatal brains 

were used for the assay.  Raw cytokine data was normalized first to the protein concentration of 

brain homogenate, and then normalized to either Lean LF (in vivo, 15 week-old), Lean (in vivo, 

neonatal), and normal glucose control (5.5 mM glucose, in vitro) as experimental controls and 

presented as fold-changes. 

 

4.4 Statistical analysis. 

 

 Data sets were analyzed using GraphPad Prism 6 with p<0.05 considered statistically 

significant.  All 15-week old datasets from immunohistochemistry and behavioural tests were 

analyzed by two-way ANOVA and multiple comparisons test to determine if differences exist 

between experimental groups.  This was followed by a Bonferroni post-hoc analysis to detect 

statistically significant differences between all pairs of means between the experimental groups.  

Cell culture morphology and nitric oxide data were analyzed with one-way ANOVA with 

planned comparisons test to determine differences between specific treatment groups.  This was 

followed with Bonferroni‘s post-hoc analysis to detect statistically significant differences 

between the means that were specified beforehand.  Neonatal cytokine data and 

immunohistochemistry were analyzed using Student‘s two-sample (two-tailed) t-test to 

determine significance (p<0.05) between Lean vs. GDM. 
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RESULTS 
 

5.1 Gestational diabetes mellitus offspring display abnormal exploratory behaviour in the 

open field test. 

 

 To determine the effects that GDM and post-weaning diet has on offspring cognition, 

several behavioural tests were performed.  The first performed was the Open Field Test that is 

used as a common measure for exploratory behaviour and locomotor activity (Gould et al., 

2009).  When the Lean LF rats were placed in the center of the open field, their first response 

was to move towards the walls.  The rest of their activity was situated along the periphery 

avoiding the open space in the center of the testing field.  This is typical behaviour of rats, as 

they tend to avoid being exposed in open, unfamiliar environments and prefer to remain near 

walls as a thigmotactic response (Lamprea et al., 2008).  When both the GDM LF and GDM 

HFS offspring were introduced to the testing chamber, it was noticed that both the GDM 

offspring groups displayed abnormal exploratory behaviour, where they had a tendency to spend 

more time exploring the center of the chamber as shown by the heat map in Figure 10A.  On the 

heat map, the darker the color indicates the more percent time spent on average in that particular 

area of the grid.  The time spent in the center area was quantified by calculating the total percent 

time spent in a 7 x 7 cell area focused on the center of the open field that had 15 x 15 cell 

dimensions (Figure 10B).  GDM HFS offspring spent almost 20% of the time during the test in 

the center of the chamber, which was a significant increase compared to the 10% seen in the 

Lean LF offspring.  GDM LF offspring also had a tendency to spend more time in the center and 

were close to reaching statistical significance with a p-value of 0.054.  Rearing behaviour in 

GDM offspring was significantly reduced by 38.89% compared to the Lean groups (Figure 10C). 



74 
 

This was determined when the rat stood only on its hind paws and raised its body at an angle 

greater than 45°.  The exploratory behaviour of the GDM offspring could be considered careless, 

as they are exploring the center of the open field while exposed and not actively surveying their 

surroundings as indicated by the rearing data.  Lean offspring tended to stay near the wall at the 

outer edges of the field, rarely crossing through the center and actively reared to watch their 

surroundings.  As for locomotor activity, GDM and lean offspring groups  did not show any 

statistical differences in the amount of time spent moving (Figure 10E), the distance travelled 

(Figure 10D), or the percentage of cells on the grid entered (Figure 10F).  
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Figure 10: Gestational diabetes mellitus induces abnormal exploratory behaviour in 15-

week old rat offspring. 

(A) Open field heat map indicates the average amount of time as a percentage of the total the 

animal spends in one section of the grid. The darker the color, the more time the animals have 

spent in that particular cell. (B) Quantification of the time spent in a 7 x 7 cell area set in the 

center of the open field. GDM HFS offspring spent significantly more time in the center 

compared to Lean LF offspring while GDM LF offspring were close to being statistically 

significant (p = 0.054). (C) Quantification of rearing behaviour showed rearing to be 

significantly reduced in GDM offspring. (D) Average total distance travelled in meters for each 

offspring group showed no significant differences between offspring groups although GDM 

offspring had a tendency to travel less distance than Lean offspring. (E) Average percent time 

spent moving showed no significant differences between offspring groups. (F) Average percent 

cells each offspring group entered showed no significant differences. *p<0.05 compared to Lean 

LF offspring using a multiple comparisons two-way ANOVA with a Bonferroni post hoc test, 

n=11 (Lean LF & Lean HFS), n=10 (GDM LF), n=9 (GDM HFS).  

A 
B 

C 

E D F 
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5.2 Gestational diabetes mellitus offspring display memory impairment in the Novel Object 

Recognition test. 

The novel object test was performed to assess if GDM had any effect on hippocampal 

dependent memory of the 15-week old offspring.  On training day of the novel object test, ideally 

the rat would spend roughly the same amount of time examining two identical objects so that the 

rat would recognize them as a familiar object on the testing day and be more inclined to examine 

the novel object.  Animals that did not examine identical objects equally on training day were 

excluded, since they did not familiarize themselves with both the familiar objects at both 

positions.  To determine the ability to recognize the familiar object, the percentage of time spent 

exploring novel vs. familiar object on testing day were compared within each offspring group.  

Out of the four animal groups, Lean offspring spent significantly more time observing the novel 

object than the familiar, while GDM offspring did not show any differences in the time they 

spend examining both objects (Figure 11).  This suggests that GDM offspring are unable to 

distinguish between the novel and familiar objects, indicating impairment in recognition 

memory.   
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Figure 11: Gestational diabetes mellitus induce recognition memory impairment in 15-

week old offspring. 

Quantification of novel object recognition test for 15-week old offspring.  Lean offspring 

displayed expected results, spending more time on average examining the novel object.  

However, GDM offspring spent approximately the same time examining both objects.  These 

results indicate memory impairments in offspring induced by GDM. *p<0.05 by Student‘s t-test 

comparing percent time exploring familiar vs. novel within each testing group, n=5 (Lean LF & 

Lean HFS), n=9 (GDM LF), n=6 (GDM HFS). 
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5.3 Morris water maze test show spatial learning and memory were unaffected in 

gestational diabetes offspring. 

 With memory impairment observed in the GDM offspring via novel object test, an 

additional test was performed that assessed hippocampal spatial learning and memory called the 

Morris water maze test.  In the Morris water maze, the platform was hidden due to turbid water 

so that navigation is only possible through visual cues attached to the walls of the water maze.   

The rats were tested after training with an exposed platform to locate the submerged platform 

using the visual cues for 3 days and the time each group of offspring spent to find the platform 

(escape latency) did not show any differences (Figure 12A).  The final test performed was the 

probe test, where the platform was removed and the amount of passes over where the platform 

used to be (Figure 12B), as well as the time spent within the quadrant the platform was in were 

recorded (Figure 12C).  No significant differences were observed between any of the groups in 

the probe test, suggesting spatial memory was unaffected with GDM offspring or HFS post-

weaning diet.  However, it was observed that Lean offspring tended to have an aversion to the 

water and had a tendency to display thigmotatic behaviour (Wolfer et al., 1998), where they 

would swim along the walls of the pool.  GDM offspring on the other hand, had a tendency to be 

calmer in the water and tended to swim around all areas of the pool.  The tendency for the Lean 

offspring groups to display aversion to water may indicate anxiety, which results in non-

cognitive swimming strategies such as thigmotaxis that have no link to spatial memory and 

learning (Wolfer et al., 1998).  Due to this, the lean offspring data may not be representative of 

their actual cognitive performance.  Rather, the lean offspring may have an instinctive response 

to water while not actively searching for the platform.    
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Figure 12: Morris water maze test show no significant effects on spatial learning and 

memory between Lean and GDM offspring. 

(A) Rats were trained prior with an exposed platform and then tested for 3 days to locate a 

submerged platform in the water maze. No differences were observed between groups for escape 

latency for all 3 testing days.  The probe test involved removing the platform and the amount of 

times the rat passed over where the platform used to be was counted.  In addition, the amount of 

time the rat spent within the quadrant that held the platform was also recorded.  (B) Quantified 

data of the number of passes over platform location and, (C) the percent time the rat spent within 

the platform quadrant.  There were no significant differences in either condition for p < 0.05, as 

tested using a multiple comparisons two-way ANOVA with a Bonferroni post hoc test, n=11 

(Lean LF & Lean HFS), n=10 (GDM LF), n=9 (GDM HFS). 

 

A 

B C 
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5.4 The hippocampus of gestational diabetes mellitus offspring on a high fat sugar diet 

show disorganization of pyramidal neurons in the CA1 layer. 

 

 After discovering that GDM offspring display abnormal exploratory behaviour and 

impaired memory, hippocampal neurons were analyzed  due to their involvement in memory and 

learning (Jarrard, 1993).  Brain slices from 15-week old offspring were immunostained for NeuN 

(neuronal nuclei/Fox-3), which is a nuclear antigen found in most neurons in the CNS other than 

a few cell types in the cerebellum, olfactory bulb, and retinal photoreceptors (Mullen et al., 

1992).  Other than the regions listed, NeuN is excellent cell marker for quantifying neurons in 

other parts of the CNS (Mullen et al., 1992).  Upon observing NeuN positive neurons in the CA1 

region of the hippocampus, it was noticed that in the GDM HFS offspring the CA1 layer of 

pyramidal neurons was not tightly organized into a dense layer of neurons as seen in the Lean LF 

offspring (Figure 13A).  The CA1 layer of the GDM HFS offspring had neurons spread out in a 

disorganized manner, resulting in a wider layer due to the derangement of the CA1 pyramidal 

neurons.  To attempt to quantify this, total layer thickness was measured and compared between 

offspring groups (Figure 13B).  GDM HFS offspring were found to have a 25.32% thicker CA1 

layer on average compared to Lean LF offspring, however the neurons were not as dense in the 

layer.  Quantifying the layer within the CA1 layer that had a compact organization of neuronal 

cells was also attempted to see if there were any differences (Figure 13C).  GDM HFS offspring 

showed a 22.27% reduction in the compact, organized layer compared to the Lean LF offspring 

group.    
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Figure 13: Gestational diabetes mellitus and high fat sugar diet induce derangement of 

pyramidal neurons in the CA1 layer of the hippocampus. 

Neurons were immunostained for NeuN to visualize neurons within the hippocampus at 3 slices 

per animal taken from each animals at matching hippocampal coordinates. (A) NeuN 

immunostaining showing banding pattern of neurons within CA1 regions of the hippocampus. 

Red line shows compact and dense neuronal organization and yellow line represents the total 

width of the CA1 banding organization.  GDM offspring on HFS post-weaning diet showed 

disorganization or collapse of the neuronal organization of the CA1 region. (B) Quantification of 

total width of CA1 neuron organization and, (C) quantification of the most dense and organized 

portion of the CA1. All measurements were taken while blinded to animal groups. Data 

presented is normalized to Lean LF offspring group. * P-value represents significant (< 0.05) 

difference compared to Lean LF and # p-value represents significant differences (< 0.05) 

comparing Lean HFS and GDM LF to GDM HFS, using a multiple comparisons two-way 

ANOVA with a Bonferroni post hoc test (n=4). 

A 
B 

C 
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5.5 Gestational diabetes mellitus reduces synaptic integrity in the hippocampus of 15-week 

old rat offspring. 

 

 With the neuronal derangement of the hippocampal CA1 pyramidal neurons observed in 

the GDM HFS offspring, the amount of synapses formed in the hippocampus was assessed to 

determine if neuronal functioning via synaptic integrity was compromised.  The brain slices of 

the 15-week old offspring were immunostained with synaptophysin to quantitate synapses 

present in the hippocampus. Synaptophysin is a pre-synaptic vesicle glycoprotein present in all 

synapses in the brain and is suitable for synapse selectivity and accurate synapse quantification 

(Calhoun et al., 1996).  Measurements were taken from the regions containing axons and 

dendrites (above and below the cell bodies of the pyramidal neurons of the CA1 layer). 

Background measurements were taken from the corpus callosum above the CA1 region of the 

hippocampus, as this area lacks axon terminals and therefore has very low synaptophysin levels 

(Stroemer et al., 1995).  GDM offspring were observed to have a significant reduction in 

synapses in the hippocampus.  GDM offspring had reduced synaptophysin expression by 21.7% 

in GDM LF offspring to a 28.7% reduction in GDM HFS offspring (Figure 14).  Lean HFS 

offspring did not show any significant changes compared to Lean LF offspring (p = 0.17).  
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Figure 14: Gestational diabetes mellitus reduces synaptic integrity in 15-week old offspring. 

Synapses were immunostained for synaptophysin, a presynaptic vesicle protein present in all 

neuronal synapses. 4-10 slices were immunostained per animal and imaged.  Images were 

analyzed based on intensity of sections above and below the CA1 region.  (A) Synaptophysin 

immunostaining of 15-week old offspring. Image intensity represents amount of synaptophysin 

present and therefore the amount of synapses present. (B) Quantification of synaptophysin 

immunostaining shows that GDM offspring have reduced amounts of synapses in the 

hippocampus, as indicated by the presence of synaptophysin. * P-value represents significant (< 

0.05) differences compared to Lean LF diet offspring using a multiple comparisons two-way 

ANOVA followed by a Bonferroni post hoc test.  n=4 (Lean LF & GDM HFS), n=6 (Lean HFS), 

n=5 (GDM LF).  

B A 
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5.6 Gestational diabetes mellitus induces morphological activation of microglia in the 

hippocampus of 15-week old rat offspring. 

 

 With synaptic integrity compromised in the neurons, microglia of the hippocampus was 

also assessed as they are essential regulators of synapses in the CNS.  As GDM is a condition 

associated with inflammation (Mrizak et al., 2013; Richardson & Carpenter, 2007) and microglia 

are the resident immune cells of the CNS that mediate inflammation, offspring brains were 

assessed for neuroinflammation as a potential link to cognitive impairments.  Morphology was 

first assessed as an indicator of potential neuroinflammation through Iba1 (ionized calcium-

binding adapter molecule 1) immunostaining of 15-week old brain sections,  since microglia are 

the first cells in the CNS that respond to inflammatory stimuli and undergo a rapid, dramatic 

change from ramified to amoeboid morphology (Zhang et al., 2010).  We found that the majority 

of microglia in the hippocampus of GDM offspring displayed hypertrophic and amoeboid 

morphology whereas in Lean LF offspring a large majority of microglia were ramified (Figure 

15A&B).  Both hypertrophic and amoeboid morphology was considered to be morphologically 

activated.  It is interesting to note that Lean offspring on a high fat and sugar post-weaning diet 

also showed increased numbers of hypertrophic microglia, suggesting that post-weaning diet 

high in fat and sugars are able to influence microglial morphology as well.   

 In addition to assessing microglial morphology, numbers of microglia in the 

hippocampus of each slice were also determined.  Microglial numbers were analyzed from 

images taken at 10x magnification equivalent to an area of 700 x 600 µm in the hippocampus.  

Microglia in Lean HFS and GDM LF offspring showed a 32.35% (Lean HFS) and 39.7% (GDM 

LF) increase in numbers, but when the GDM offspring were on the HFS post-weaning diet, 
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microglial numbers showed a 20% reduction compared to GDM LF offspring and an 11% 

increase compared to Lean LF offspring. 
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Figure 15: Gestational diabetes mellitus induces morphological activation of microglia of 

15-week old rat offspring. 

Microglia from the hippocampus of 15 week-old rat offspring were immunostained for Iba1 and 

then with fluorescent secondary antibody in 30 µm slices. (A) GDM offspring had increased 

levels of morphologically activated microglia with offspring post-weaning diet further 

influencing morphological activation. Arrows indicate differing morphology: ramified (solid 

arrow), hypertrophic (dashed arrow), and amoeboid (arrowhead). (B) Quantification of 

morphological changes between different offspring groups. (C) Quantification of microglial 

numbers in the hippocampus of different offspring groups.  * P-value indicates significant (< 

0.05) differences in comparison to Lean LF offspring using a multiple comparisons two-way 

ANOVA followed by a Bonferroni post hoc test.  # P < 0.05 between indicated groups using 

multiple comparisons two-way ANOVA followed by a Bonferroni post hoc test. n=4 (Lean LF & 

GDM HFS), n=6 (Lean HFS), n=5 (GDM LF). 
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5.7 Gestational diabetes mellitus induces reactive astrogliosis in the hippocampus of 15-

week old rat offspring. 

 

 Although Iba1 immunostaining revealed increased numbers of morphologically activated 

microglia in GDM offspring, it is not a definite indicator of whether inflammation is transient or 

prolonged.  Reactive astrogliosis is also an indicator of potential neuroinflammation and is 

characterized by an increase in GFAP expression (Zhang et al., 2010).  The brain sections of 15-

week old offspring were immunostained for GFAP to assess astrogliosis as well as to function as 

an indicator of potential neuroinflammation status within the hippocampus.  We observed a 

significant increase of 58.5% of GFAP expression in GDM LF offspring and a 60.6% increase in 

GDM HFS offspring compared to Lean LF offspring (Figure 16).  In addition, Lean offspring on 

a HFS post-weaning diet showed an increase in GFAP expression close (45.8% increase vs. Lean 

LF) to that of GDM offspring.  These data indicate that not only does GDM promote a chronic 

inflammatory environment in the CNS, but post-weaning diet can have similar effects to 

neuroinflammation as well. 
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Figure 16: Gestational diabetes mellitus induces reactive astrogliosis in 15-week old rat 

offspring. 

Astrocytes in the hippocampus of 15-week old offspring were immunostained for GFAP and 

then with fluorescent secondary antibody in 30 µm slices. Increases in astrocyte GFAP 

expression as a result of reactive astrogliosis was used as an indicator of chronic 

neuroinflammation status. (A) GFAP immunostaining of 15-week old offspring.  Increased 

intensity of the immunostaining indicates increased GFAP expression.  (B) Quantification of 

GFAP expression in 15-week old offspring show that GDM, as well as HFS post-weaning diet 

significantly increase GFAP expression in the hippocampus. *P-value represents significant (< 

0.05) differences in comparison to Lean LF offspring using a multiple comparisons two-way 

ANOVA followed by a Bonferroni post hoc test. n=4 (Lean LF & GDM HFS), n=6 (Lean HFS), 

n=5 (GDM LF). 
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5.8 Cytokine profile of 15-week old offspring. 

 

 Cytokine profiles of the brain homogenates were performed in an additional step to 

confirm neuroinflammation in the brains of 15-week old offspring, To determine the 

inflammatory and anti-inflammatory cytokine levels within the 15-week old offspring, assays 

were run using the Raybiotech G-series antibody array on protein from the brain homogenates.  

Levels of proinflammatory and anti-inflammatory cytokines were then assessed for each of the 

15-week old groups (Figure 17).  The 15-week old groups did not have significant differences 

between them with the exception of Lean HFS and GDM LF having greater levels of the anti-

inflammatory cytokine IL-10 and Lean HFS expressing higher levels of the proinflammatory 

cytokine MCP-1.    
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Figure 17: Cytokine profile data of 15-week old offspring. 

Cytokine profiling of 15-week old brains were performed using the supernatants from brain 

homogenates and a mouse inflammation array kit purchased from RayBiotech (cat.: GSR-INF-

1).  (A) Inflammatory cytokine profiles showed no significant changes in pro-inflammatory 

cytokines with the exception of MCP-1 in Lean HFS offspring when compared to Lean LF.  (B) 

Anti-inflammatory cytokine profile shows no significant differences with the exception of the 

anti-inflammatory cytokine IL-10 in Lean HFS and GDM LF when compared to Lean LF.  Each 

cytokine was analyzed separately.  * P-value represents significant (< 0.05) differences 

compared to Lean LF, using a multiple comparisons two-way ANOVA followed by a Bonferroni 

post hoc test (n=4).  

A 
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5.9 Western blot of fractalkine receptor (CX3CR1) expression in 15-week old offspring 

brain homogenate. 

 

 In the healthy brain, microglia perform a variety of supportive roles within the CNS and 

require communication with neurons to maintain their support.  One of the mechanisms neurons 

and microglia communicate with each other is through fractalkine signalling (Eyo & Wu, 2013).  

The fractalkine receptor (CX3CR1) is exclusively expressed by microglia in the brain and has 

been associated with microglial-mediated phagocytosis/regulation (Milior et al., 2015).  We 

found through western blot analysis of protein obtained in brain homogenates of 15-week old 

offspring that in GDM HFS offspring, there was a significant reduction of 54.6% in CX3CR1 

receptor expression (Figure 18B).  Lean HFS and GDM LF offspring showed a tendency for 

reduced CX3CR1 expression as well, with a 31.6% reduction in Lean HFS offspring and a 

30.6% reduction in GDM LF offspring for CX3CR1 using a two-way ANOVA with 

Bonferroni‘s post hoc test did not show significant changes compared to Lean LF offspring 

(Lean HFS: p = 0.2651, GDM LF: p = 0.2430). 
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Figure 18: Gestational diabetes mellitus (with high fat and sugar post-weaning diet) 

reduces fractalkine receptor (CX3CR1) expression in the brain of 15-week old offspring. 

Western blot was performed on brain tissue homogenate supernatants collected from the 15-

week old offspring. 100 µg of protein from homogenate supernatants were loaded into each well. 

(A) Western blot of 15-week old brain homogenates probed with CX3CR1 antibody and 

peroxidase-conjugated secondary antibody. CX3CR1 bands resolved at the expected range at 

around 50 kDa.  Actin was used as a loading control. (B) Quantification of CX3CR1 western 

blots.  We see an overall trend with of decreasing CX3CR1 expression, but only GDM HFS 

offspring showed a significant difference in CX3CR1 expression compared to Lean LF. * P-

value represents a significant (< 0.05) difference when comparing GDM HFS to Lean LF, using 

a multiple comparisons two-way ANOVA followed by a Bonferroni post hoc test, n=4. 
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5.10 Gestational diabetes mellitus reduces synaptic integrity in the hippocampus of 

neonatal (E20) offspring. 

 

 To determine whether hippocampal synaptic integrity was compromised at the neonatal 

age as observed in the 15-week old offspring, neonatal brain slices were immunostained for 

synaptophysin.  Measurements were taken from the neuronal processes (axons and dendrites) 

above and below the CA1 layer with background measurements taken from the corpus callosum.  

GDM neonates were found on average, to have a 10.75% reduction (Figure 19) in synaptophysin 

expression compared to Lean neonates, indicating reduced levels of synaptic vesicles and thus, 

potentially reduced synaptic connections between neurons within the hippocampus.  At this age 

point, assessment of CA1 neuronal layers was not possible due to the hippocampus not being 

fully developed and therefore neurons were still in the process of migrating to their final 

positions. 
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Figure 19: Gestational diabetes mellitus reduces synaptic integrity in neonatal offspring. 

(A) Neonatal (E20) brain tissue slices were immunostained with synaptophysin (pre-synaptic 

protein) as a marker for synaptic connections. Reduced synaptophysin expression based on 

intensity of immunostaining in neonatal offspring was observed in the hippocampus as a 

consequence of GDM in the mother. (B) Quantification of synaptophysin expression in neonatal 

hippocampus. * P-value indicates significant (< 0.05) difference between Lean and GDM 

neonates by Student‘s t-test, n=7. 
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5.11 Gestational diabetes mellitus induces microglial morphological changes in the 

hippocampus of neonatal (E20) offspring. 

 

 We wanted to first determine the effects that GDM has on neonatal microglia and 

neuroinflammatory status in the brain and whether the morphological distribution was similar to 

what was observed in the 15-week old offspring. To determine microglial morphology, neonatal 

brain slices were immunostained for Iba1, which is only expressed by microglia in the CNS 

amongst the CNS cell types.  On average, GDM neonates showed more amoeboid morphology 

than neonates from Lean dams (Figure 20). 
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Figure 20: Gestational diabetes mellitus induces microglial morphological changes in 

neonatal offspring. 

(A) Microglia from the hippocampus of neonatal GDM rat offspring were immunostained with 

Iba1 in 30 µm slices. Neonatal (E20) offspring from GDM rat dams displayed increased 

microglial morphological activation towards amoeboid morphology. Arrows indicate resting 

ramified morphology in lean neonatal offspring and arrowheads mark activated amoeboid 

morphology in GDM neonatal offspring. (B) Quantification of microglial morphology in Lean 

and GDM neonatal offspring. * P-value indicates significant (< 0.05) differences between 

indicated morphology of microglia from Lean vs. GDM neonates by Student‘s t-test, n=4.  
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5.12 Gestational diabetes mellitus neonatal (E20) offspring display no change in GFAP 

expression in the hippocampus. 

 

 In order to determine reactive astrogliosis status, neonatal brain slices were 

immunostained for GFAP.  GFAP immunostaining showed no significant changes in GFAP 

expression in GDM neonates (p = 0.1525) compared to Lean neonates (Figure 21).  However, a 

large variation in GFAP expression in the GDM offspring was noticed. 
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Figure 21: Gestational diabetes mellitus offspring display no change in GFAP expression 

and reactive astrogliosis at the neonatal age. 

(A) Neonatal (E20) brain tissues were immunostained for GFAP as an indicator of reactive 

astrogliosis and chronic inflammation. GFAP expression was assessed based on intensity of the 

immunostaining.  (B) Quantification of GFAP expression in neonatal hippocampus shows no 

significant increase in GDM offspring. p = 0.1525 Lean vs. GDM neonates by Student‘s t-test. 

Lean n=8, GDM n=6. 
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5.13 Cytokine profiling of neonatal (E20) offspring. 

 

 As a more definitive approach to determine neuroinflammation status within the brain, a 

cytokine assay was performed to determine levels of pro-inflammatory and anti-inflammatory 

cytokines levels.  In the GDM neonatal offspring brain tissue, we found a clear increase in 

several key proinflammatory cytokines levels (Figure 22) such as interferon gamma (IFNγ), IL-

1α, monocyte chemoattractant protein-1 (MCP-1), and TNFα were observed, along with an 

increase of the anti-inflammatory cytokine IL-4.   
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Figure 22: Cytokine profiling of neonatal (E20) offspring shows increased levels of 

proinflammatory cytokines in neonatal (E20) brains of gestational diabetes offspring. 

Cytokine profiling of neonatal (E20) brains were performed using the supernatants from brain 

homogenates and a mouse inflammation array kit purchased from RayBiotech (cat.: GSR-INF-

1).  Offspring from GDM dams showed on average, elevated levels of the inflammatory 

cytokines IFNγ, IL-1α, MCP-1, and TNFα.  In addition, GDM neonates showed an increase in 

levels of the anti-inflammatory cytokine IL-4.  * P-value indicates significant (< 0.05) 

differences between Lean and GDM neonates by Student‘s t-test (n = 4). 
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5.14 Exposure to high glucose and/or fatty acids induces morphological changes of mice 

microglia in cell culture. 

 

To assess how elevated maternal blood glucose and hyperlipidemia influence microglia 

in a developing embryo, primary microglial cultures were exposed to normal levels of glucose 

(5.5 mM) and fatty acids (0.4 mM) and high levels of glucose (16.7 mM) and fatty acids (1.2 

mM) found in the blood of T2D patients.  The degree of morphological transformation was 

assessed 24 hours after exposure to media from each experimental group.  Cells that were treated 

under the control conditions (normal glucose with MEM + 3% BSA) were mainly ramified as 

shown by the small cell body with 2 or more thin processes (Figure 23).  Upon introduction of 

high glucose (16.7 mM), the number of hypertrophic microglia was increased, indicated by the 

large cell body and thicker processes.  Oleic acid (0.4 mM and 1.2 mM) displayed similar 

hypertrophic morphology as the high glucose group.  Palmitic acid exposure transformed the 

majority of microglia into amoeboid morphology as indicated by a large, round soma with few to 

no processes.   
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Figure 23: Exposure to high glucose and/or fatty acids induces morphological activation of 

microglia. 

Microglia from 1-day old CD1 mice pups were cultured and exposed to normal and high levels 

of oleic or palmitic acid, in combination or without high glucose. (A) Microglial morphology in 

response to different treatments. Arrows indicate differing morphology: ramified (blue solid 

arrow), hypertrophic (orange dashed arrow), and amoeboid (red arrowhead). (B) Quantification 

of different morphologies in response different treatments. White notations refer to hypertrophic 

microglia (dark grey sections) and black notations are for amoeboid (light grey sections). 

Glucose and fatty acid labels: black indicates normal levels and red indicates high levels.  

#P<0.05 vs. 5.5 mM glucose; *P<0.05 vs. 16.7 mM glucose; §P<0.05 vs. 1.2 mM oleic acid by 

planned contrasts one-way ANOVA with Bonferonni post hoc test, n = 5-11.  

A 

B 
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5.15 Nitric oxide release in mice microglia exposed to fatty acids and/or high glucose in cell 

culture. 

As exposure to fatty acids and high glucose revealed that microglia morphology was 

affected, activation of microglia to the inflammatory M1 phenotype was determined by nitric 

oxide assay.  Cells that were exposed to high glucose (16.7 mM) and oleic acid (0.4 & 1.2 mM) 

alone or in combination with high glucose showed no changes in nitric oxide release (Figure 24).  

However, cells exposed to palmitic acid at high concentrations (1.2 mM) showed a 2.57-fold 

increase in nitric oxide release either by itself, or when in combination with high glucose at 2.82-

fold increase.  Although microglia that were exposed to normal levels of palmitic acid (0.4 mM) 

showed a tendency for increased nitric oxide release at 1.68-fold on average, the difference did 

not reach statistical significance (p = 0.0612).  
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Figure 24: Exposure to palmitic acid induces elevated nitric oxide release in mice microglia 

in cell culture. 

Quantification of nitric oxide released by microglia via measurement of nitrite using a modified 

Griess test. Values are normalized to normal glucose levels (5.5 mM). Glucose and fatty acid 

labels: black indicates normal levels and red indicates high levels.  *p-values indicate significant 

differences (P < 0.05) compared to normal glucose levels and #p-values indicate significant 

differences between indicated groups as calculated by a planned contrasts one-way ANOVA 

followed by a Bonferroni post hoc test, n = 6-10. 
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5.16 Cytokine profiles of microglia incubated with high glucose and fatty acids. 

 

Both the morphological assessment and nitric oxide assay revealed that palmitic acid 

increased amoeboid morphology and nitric oxide release, indicative of potential activation 

toward an inflammatory M1 phenotype.  In order to confirm this, cytokine profiles were assessed 

for each experimental group.  Cells that were exposed to palmitic acid showed a significant 

increase in several pro-inflammatory cytokine levels (IL-1α, IL-1β, IL-2, IL-3, IL-23, and IFNγ) 

(Figure 25) as well as anti-inflammatory cytokine levels (IL-4 & IL-10) (Figure 26).  Cells 

exposed to high glucose showed only an increase in 1 proinflammatory cytokine (IL-1α).   Cells 

exposed to oleic acid showed an increase in IL-6 levels, which has both proinflammatory and 

anti-inflammatory functions, and an increase in G-CSF, a cytokine shown to have neurotrophic 

properties (Guo et al., 2013). 
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Figure 25: Proinflammatory cytokine profile reveals that microglia exposed to palmitic 

acid significantly increase levels of several proinflammatory cytokines. 

Pure microglial cultures were incubated for 24 hours with normal glucose or high glucose with 

or without high levels of either palmitic or oleic acid.  A cytokine assay was then performed on 

the protein in the conditioned media to determine the concentrations of proinflammatory 

cytokines.  Microglia incubated with high palmitic acid levels alone showed significant increases 

in IL-1α, IL-1β, IL-2, IL-3, IL-23, and IFNγ release, however when in combination with high 

glucose the effects appear to be negated.  High glucose alone and with high palmitic acid showed 

increased IL-1α release.  High oleic acid did not increase proinflammatory cytokine production 

other than IL-6, however it did reduce the release of IL-1α by high glucose when incubated in 

combination. *p-values indicate significant differences (P < 0.05) compared to normal glucose 

levels and #p-values indicate significant differences (P < 0.05) in comparison to high oleic acid 

as calculated by a planned contrasts one-way ANOVA followed by a Bonferroni post hoc test, n 

= 6-10. 

 

 

 

 



107 
 

 

Figure 26: Anti-inflammatory cytokine profile show microglia exposed to palmitic acid 

increase levels of anti-inflammatory cytokines IL-4 and IL-10. 

Anti-inflammatory cytokines were assessed at the same time as the proinflammatory cytokines 

using the same kit and samples.  Microglia incubated with high palmitic acid levels alone 

showed increased release of IL-4 and IL-10, however palmitic acid alone and in combination 

with high glucose reduced expression of G-CSF.  High glucose did not have an effect on anti-

inflammatory cytokine release.  
+
notation indicates IL-6 pro- and anti-inflammatory properties.  

*P-values indicate significant differences (P < 0.05) compared to normal glucose levels and #P-

values indicate significant differences (P < 0.05) in comparison to high palmitic acid as 

calculated by a planned contrasts one-way ANOVA followed by a Bonferroni post hoc test, n = 

6-10. 
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DISCUSSION 
 

6.1 Offspring exposed to gestational diabetes mellitus display abnormal exploratory 

behaviour and memory impairment. 

 

  The combined data from the Open Field Test suggests that GDM does not influence 

locomotor activity but rather alters offspring exploratory behaviour to a ―reckless‖ type of 

pattern where the rats spend more time out in the open while rearing less often than offspring 

who were not exposed to GDM. We observed that rearing behaviour, which is associated with 

the hippocampus in response to novel environments (Alves et al., 2012) was significantly 

reduced in GDM offspring.  In regards to memory, we examined whether GDM had any 

influence on recognition and spatial memory in the offspring using the Novel Object Recognition 

and Morris Water Maze tests.  The Novel Object Recognition test assesses hippocampal 

dependent recognition memory through evaluating the time the rat spends examining the novel 

object in comparison to the familiar object (Broadbent et al., 2010).  Both of the Lean offspring 

groups displayed normal behaviour in which they would spend more time on average on the 

novel object than the familiar one, indicating they remember the familiar object and memory was 

unaffected.  However, both GDM groups showed no preference for the novel object and spent 

similar amounts of time examining both objects, suggesting unfamiliarity with both objects and 

impaired memory.  In regards to spatial memory, the Morris Water Maze did not show any 

significance in escape latency or during the probe test with passes over platform and time spent 

in target quadrant, indicating spatial memory was unaffected.  Due to Lean offspring groups 

tendencies to have aversion to water and to display thigmotactic responses in the water maze, the 
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test results are not reliable as the Lean offspring were not actively searching for the platform but 

rather spending most of their time along the walls. 

Our findings in the behavioural tests with GDM offspring show similar characteristics 

observed in human GDM children.  The population health studies have reported that children of 

GDM mothers performed poorly on intelligence tests (Fraser et al., 2012; Nielsen et al., 2010), 

which correlate to our findings with the novel object recognition test where GDM offspring 

performed poorly in recognizing the novel object to the familiar one.  Furthermore, the GDM 

offspring displayed a type of abnormal ―reckless‖ type of exploratory behaviour which can be 

correlated to reports that human GDM children display attention issues or ―ADHD‖-like 

behaviour (Nomura et al., 2012).  With this in mind, we conclude that the rat GDM offspring 

display similar characteristics of cognitive deficits that are observed in human GDM children 

and can be considered representative of clinical GDM offspring.  

 

6.2 Neuronal changes in the hippocampus correlate to impaired memory and abnormal 

behaviour in gestational diabetes offspring. 

 

 In order to determine the extent to which GDM affects the brain of the offspring, brain 

tissue was analyzed following behaviour tests.  The tissue analysis was focused on the 

hippocampus, as it has been associated with the rearing behaviour (Alves et al., 2012), 

recognition (Broadbent et al., 2010) and spatial memory (Broadbent et al., 2004).  

Immunostaining with the neuronal marker NeuN revealed that organization of CA1 layer 

neurons in GDM HFS was compromised, resulting in the layer becoming thicker due to loose 

organization of the neurons.  No changes were observed in the GDM LF offspring however, 
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indicating that combined fetal exposure to GDM and HFS post-weaning diet may work in 

tandem to cause a change that interrupts CA1 neuronal organization, however the process is still 

unknown.  It is possible that GDM may cause disruption of neuronal migration mechanisms 

during development which may cause the neurons to organize to imprecise locations.  The 

enzyme phosphatase and tensin homolog (PTEN) appears to play an important role in neuronal 

migration when expressed in neural progenitor cells (Wen et al., 2013).  The PTEN in astrocytes 

has been shown to be involved in neuron lamination, where it functions to keep neurons 

organized into their respective layers (Wen et al., 2013).  It is possible that due to the astrogliosis 

observed in the GDM offspring, there may be a disruption towards these PTEN-mediated 

organization mechanisms, however further studies will be required in order to prove this.  It is of 

interest to note however, that others (Golalipour et al., 2012) have noted similar findings in 

another GDM model, which utilizes maternal intraperitoneal injection of streptozotocin to induce 

hyperglycemia during pregnancy.  Their study noted a reduction in neurons in the CA1 and CA3 

region of the hippocampus as well as an increase in thickness of the neuron layer in the GDM 

offspring (Golalipour et al., 2012), indicating neuronal derangement of the layers, however no 

behaviour tests were performed to assess any changes to cognition. 

 Aside from neuronal organization, we observed a reduction in synaptic integrity via 

synaptophysin expression in the hippocampus of GDM offspring.  This reduction in hippocampal 

synapses was observed in both GDM groups at 15 weeks of age, with no significant differences 

observed between the LF and HFS post-weaning diets.  To determine whether this reduction in 

synaptic integrity occurs early on in development or if it occurs postnatal, we examined 

synaptophysin expression in the neonatal offspring hippocampus and found that synaptic 

integrity was already reduced in neonatal GDM offspring.  These findings suggests that synapses 
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are compromised during the gestation period as a result of GDM and that GDM causes 

permanent effects to synaptic integrity that lasts into the 15 week-old age, equalling the early 

adulthood in human.  Similar to our results, two independent studies (Jing et al., 2014; Vafaei-

Nezhad et al., 2016) using the streptozotocin GDM model have noted a reduction in 

synaptophysin expression in the hippocampus of GDM offspring.  These studies examined 

offspring at the embryonic days 14, 16, and 18 (Jing et al., 2014) as well as at postnatal days 0, 7, 

and 14 (Vafaei-Nezhad et al., 2016) and have shown significant synaptophysin reduction in 

offspring at all the time points for both studies, correlating with maternal hyperglycemia.  One of 

the studies also observed insulin receptor levels increasing, while insulin-like growth factor 

(IGF) receptor decreased in GDM offspring at the embryonic age points (Jing et al., 2014), 

which may correlate to reduced synaptophysin levels.  Insulin and IGF in particular, perform 

similar roles in the CNS and both are important signalling molecules associated with synaptic 

and dendritic plasticity (Banks et al., 2012).  Considering that insulin receptor expression was 

observed to be reduced in the liver of GDM offspring in the diet-induced GDM model used in 

this study (Pereira et al., 2015a), the reduced insulin response observed in the different organs of 

the two models may be a result of a common mechanism that could warrant further study.  

However, the limitation of the streptozotocin GDM model is that streptozotocin kills the insulin 

producing pancreatic β-cells (Pereira et al., 2015b) halting maternal insulin production and 

resulting in severely elevated maternal blood glucose levels (20+ mmol/L). This is more 

representative of type 1 diabetes mellitus rather than clinical GDM, in which the hyperglycemia 

is very mild (7.8 mmol/L) (Pereira et al., 2015b).   Our GDM model accurately mimics clinical 

symptoms of GDM such as excessive gestational weight gain, onset of mild hyperglycemia 

during mid-gestation, and macrosomia in the offspring (Pereira et al., 2015b), which is not 
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reproduced in the streptozotocin model.  One must consider that in GDM, insulin is still being 

produced and that the hyperglycemia is a result of increased insulin resistance, rather than a 

reduction of insulin (M. Wolf et al., 2004).  Considering these factors, impaired insulin 

signalling in GDM may contribute to a reduction in synapses in the CNS. In addition GDM is 

associated with other conditions that may play a role such as inflammation (M. Wolf et al., 

2004).  In rats, maternal inflammation in response to infection during the gestation period has 

been linked to neuroinflammation in the fetus, resulting in impaired cognition (Bilbo, 2013).  

Furthermore, neuroinflammation is associated with many neurodegenerative diseases (Perry et 

al., 2010) and may provide some insight into GDM associated cognitive impairment and synaptic 

reduction.  

 

6.3 Gestational diabetes mellitus induces activation of microglia in the hippocampus of 

offspring. 

 

 Microglia are the main mediators of neuroinflammation within the CNS and play a large 

role in neurodegenerative diseases (Minghetti, 2005).  Activation of microglia towards the 

inflammatory M1 phenotype occurs in response to injury/insult to the CNS and is accompanied 

by a change in morphology from ramified to amoeboid (Kettenmann et al., 2011).  Events 

occurring in the periphery, such as inflammation caused by GDM (Radaelli et al., 2003; Wolf et 

al., 2004) or infection (Bilbo, 2013; Hoogland et al., 2015) produce inflammatory cytokines that 

can cross the BBB through transport mechanisms, thus causing microglial activation (Banks, 

2015).  We observed a major shift in microglial morphology from mainly ramified seen in the 

Lean LF offspring, to mainly hypertrophic and amoeboid morphology seen in the GDM LF 
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offspring.  Furthermore, a HFS post-weaning diet exacerbates morphological activation of 

microglia, inducing an increase in hypertrophic morphology in Lean HFS offspring compared to 

Lean LF, and increasing the proportion of amoeboid microglia in GDM HFS compared to GDM 

LF.  This suggests that not only does GDM induce morphological activation of microglia, but 

post-weaning diet can further exacerbate these effects.  Typically, microglia assume amoeboid 

morphology in response to infection, tissue injury, or other types of signals such as glutamate 

and respond by releasing inflammatory cytokines in addition to other molecules associated with 

the innate immune response (Kauppinen et al., 2008).  The highly dynamic nature of microglia 

allows them to rapidly undergo changes in morphology in response to harmful stimuli 

(Kettenmann et al., 2011), allowing insight into changes in CNS milieu.   

In addition to the initial microglial response, reactive astrogliosis also occurs in response 

to injury/insult to the CNS albeit at a slower onset than microglia (Eng & Ghirnikar, 1994; 

Zhang et al., 2010).  Reactive astrogliosis is accompanied by an increase in GFAP expression at 

a time point after initial microglial activation, and is believed to be initiated and maintained by 

activated inflammatory microglia (Zhang et al., 2010).  Our results show that GDM offspring 

show a significant increase in GFAP expression and similar to what was observed in microglia 

activation for HFS diet, GFAP significantly increased in the Lean HFS offspring as well.  The 

increase in GFAP expression suggests that GDM alone and with HFS post-weaning diet, induce 

prolonged activation of microglia that in turn, was associated with activation of astrocytes. 

As an additional indicator of inflammation status, we assessed the cytokine profiles from 

protein of brain homogenates from each of the 15-week old offspring groups.  Of the 

inflammatory cytokines, IL-1α/β and TNFα are involved in the classical proinflammatory 

response (Abbas et al., 2012), while IL-2 and MCP-1 have been associated with microglial 
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proliferation and recruitment of immune cells to sites of insult/injury (Hinojosa et al., 2011; 

Sawada et al., 1995).  The 15-week old GDM offspring did not show any significant changes in 

their pro-inflammatory cytokine profiles.  Considering at the neonatal age GDM offspring brains 

show significant increases in proinflammatory cytokine levels (IFNγ, IL-1α, MCP-1, & TNFα) 

in addition to changes in microglial morphology, suggests that CNS development in GDM 

offspring occurs in an inflammatory environment while in the womb.  In addition, 15-week old 

GDM offspring did not show significant increases in anti-inflammatory cytokines, with the 

exception of IL-10, which was found elevated in GDM LF and Lean HFS offspring.  The anti-

inflammatory role of IL-10 is to inhibit production of inflammatory cytokines (Abbas et al., 

2012), however IL-4 and IL-13 exert their anti-inflammatory effects by inducing death of 

activated microglia (Yang et al., 2002).  It is possible that prolonged activation of microglia in 

15–week old offspring has reached steady state in regards to inflammatory and anti-

inflammatory cytokine levels (Sierra et al., 2007), however further experiments will be required 

to determine this.   

Microglia perform a variety of roles within the CNS aside from their immune functions 

and one of their roles is pruning excessive synapses during early development and onwards (Shi 

et al., 2015).  Microglia are thought to communicate with neurons through the fractalkine or 

CX3CR1 receptor, which is exclusively expressed in microglia within the CNS (Milior et al., 

2015).  Under healthy conditions, the role of the CX3CR1 receptor is thought to be involved with 

regulating microglial activation and recruitment to synapses (Schafer et al., 2013), while also 

modulating inflammatory responses depending on whether the CX3CL1 (fractalkine) ligand is 

membrane bound on the neuron, or is shed through cleavage by the metalloprotease ADAM10 

(Wolf et al., 2013).  Upon recruitment towards the synapse by CX3CR1/CX3CL1, microglia will 
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phagocytize weak synapses through the C3-mediated complement system (Hong et al., 2016; Shi 

et al., 2015; Stephan et al., 2012).  In the case of CX3CR1 deficient microglia, the ability to 

phagocytosis dead cells is still preserved while synaptic connections between the hippocampus 

and cortex are reduced (Filiano et al., 2015), suggesting that not only is CX3CR1 involved in 

microglial recruitment to synapses, but may play a role in regulating synaptic phagocytosis as 

well through an unknown mechanism (Chung et al., 2015; Filiano et al., 2015).  Our results 

showed a trend for reduced CX3CR1 in the brains of Lean HFS and GDM LF offspring, and a 

significant reduction in the GDM HFS offspring.  This is correlated with a significant reduction 

in synaptic integrity in both GDM LF and GDM HFS offspring, suggesting that the reduction in 

CX3CR1 expressing microglia may cause over-phagocytosis of synapses.  In addition, regulation 

of the CX3CR1 receptor involves NF-κB, where activation of NF-κB inhibits expression levels 

of CX3CR1 that can be rescued by inhibiting NF-κB activity (Raspé et al., 2013).  The reduced 

levels of CX3CR1 expression correlate with the neuroinflammation observed in the Lean HFS 

and both GDM offspring groups, suggesting that inflammatory status plays a role in regulating 

CX3CR1 expression in microglia.  Furthermore, the ability of microglia to provide trophic 

support for neurons is linked to the CX3CR1 receptor, which is involved in mediating microglia-

neuron interactions (Filiano et al., 2015; Ueno et al., 2013).  Neurotrophic support provided by 

microglia promotes neuronal viability and is  important in promoting synapse formation 

(Yamashita & Kuruvilla, 2016).  In the case of the GDM offspring, synaptic integrity may take a 

double hit in that the reduction of microglial CX3CR1 may promote over-phagocytosis of 

synapses by microglia, while also preventing them from providing the necessary trophic support 

in order to form new synapses. 
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Although the extent to which GDM affects microglia and inflammation in the offspring is 

clear at 15-weeks old, we wanted to determine whether these effects are seen during the neonatal 

age when the offspring are still naïve.  Our results show a similar shift in microglial morphology 

as seen in the 15-week old offspring from ramified majority towards amoeboid majority in the 

hippocampus of GDM neonatal offspring.  It should be noted that Lean offspring still had a large 

proportion of microglia in hypertrophic morphology and low levels of amoeboid morphology, 

however the majority was observed to be ramified.  This is due to essential low levels of 

microglial activation during the early developmental period, where microglia are actively 

phagocytizing excessive synapses and cellular debris (Bilbo, 2013).  At early development, an 

excessive amount of synapses are formed between neurons during early network establishment 

which leads to more synapses formed than required (Schafer et al., 2012).  During this period, 

microglia are active and targeting weaker or inappropriate synapses for phagocytosis (Schafer et 

al., 2012).  The GDM offspring however, had the proportion of ramified microglia reduced 3-

fold from Lean offspring while amoeboid microglia increased by 9-fold, suggesting increased 

microglial response and potential activity. In addition, the cytokine profile of GDM neonatal 

offspring show a significant increase in several inflammatory cytokines although GFAP 

expression did not indicate reactive astrogliosis at the neonatal age, possibly due to slower 

astrocyte response to changes in the parenchyma compared to microglia.  When considering the 

15-week old GDM LF offspring that are only exposed to GDM in the womb and a lean diet post-

weaning, neuroinflammation is still observed in regards to microglial morphology and 

astrogliosis at the 15-week old age, while at the neonatal age inflammation was observed via 

microglial morphology and inflammatory cytokine profile.  It is possible that GDM exposure 

during the early development period may program microglia and potentially other cells within 



117 
 

the CNS towards a particular path that may make them more susceptible to microglial chronic 

activation and dysfunction.  Studies on fetal programming are limited, however it has been 

suggested that maternal inflammation due to obesity or immune challenge induces metabolic 

imprinting and microglial epigenetic modifications that support a neuroinflammatory 

environment in the offspring (Bolton & Bilbo, 2014).  Furthermore, fetal microglia exposed to 

maternal LPS immune challenge have been found to have a ‗memory‘ of prior inflammatory 

events and when exposed to the same challenge in vitro, produced an amplified response (Cao et 

al., 2015).  These studies hint that microglia undergo programming in response to maternal 

inflammation that highly influences their phenotype as adults, however further studies will be 

needed in order to examine these effects in GDM offspring.  

Although GFAP expression was not significantly increased in the neonatal offspring, it 

should be noted that neonatal brains were unfortunately not identified by sex.  The analyzed 

neonatal brains contained an unknown population of male and female offspring and sexual 

dimorphism in offspring inflammatory responses may have diluted an otherwise significant 

result.  In regards to sexual dimorphism, several studies have shown that male offspring are more 

prone to excessive maternal nutrient transport of free fatty acids and glucose through the placenta 

than females (Brett et al., 2014; Reynolds et al., 2015; Tarrade et al., 2013).  Interestingly, it was 

found that maternal diet high in fat content decreased placental weight and increased placental 

expression of glucose and fatty acid transporters in male rat offspring (Reynolds et al., 2015).  

Also, placental inflammatory cytokine expression of IL-1β and TNFα in male rat offspring was 

also observed suggesting that males were not only exposed to increased nutrients, but 

inflammation as well when compared to females (Reynolds et al., 2015).  Furthermore, sex-

dependent adaptations in the placenta of female rabbit offspring have been identified that protect 
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them from the dyslipidemia and placental inflammatory responses that were otherwise seen in 

male offspring upon exposure to maternal high fat diet (Tarrade et al., 2013).   

 

6.4 Excess levels of nutrients cause changes in microglial morphology and inflammatory 

responses. 

 

 In the CNS, microglia are the resident immune cells that mediate the inflammatory 

response in similar pathways to macrophages in the periphery  (Prinz & Priller, 2014).  Microglia 

express many of the signalling receptors that are found on macrophages including TLR2 and 

TLR4 (Facci et al., 2014), which have been shown to bind saturated fatty acids inducing 

inflammatory responses in peripheral macrophages (Huang et al., 2012).  Additionally, microglia 

are exposed to circulating free fatty acids from the periphery via transport through the BBB by 

fatty acid transport proteins (Gnaedinger et al., 1988; Mitchell et al., 2011).  In this study we 

observed that cultured primary microglia, upon 24 hour exposure to the saturated fatty acid 

palmitic acid (C16:0) displayed amoeboid morphology as well as increased nitric oxide release.  

The production of nitric oxide in microglia is exclusive to the enzyme inducible nitric oxide 

synthase (iNOS) (Sierra et al., 2014) and requires the activation of the inflammatory 

transcription factor NF-kB in order to increase expression of the enzyme (Xie et al., 1994).  In 

addition, activation of the NF-kB complex and subsequent production of nitric oxide by iNOS 

occurs downstream of TLR signalling (Yao et al., 2013), suggesting that palmitic acid induces 

microglial activation towards the M1 inflammatory phenotype. This was confirmed by our 

cytokine data showing palmitic acid inducing microglial production of multiple inflammatory 

cytokines such as GM-CSF, IL-1α, IL-1β, IL-2, IL-3, IL-23, and IFN-γ however, TNFα and IL-6 
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showed no significant changes.  Of these, GM-CSF is a cytokine involved in the proliferation of 

microglia as well as the innate immune response (Re et al., 2002) while both of the IL-1‘s, IFNγ, 

and TNFα are involved in the classical proinflammatory response (Abbas et al., 2012).  IL-6 can 

potentially be both proinflammatory and anti-inflammatory (Scheller et al., 2011), while IL-2 

and IL-3 are involved with microglial proliferation and recruitment of immune cells to sites of 

insult/injury (Gebicke-Haerter et al., 1994; Sawada et al., 1995).  Lastly, IL-23 has been 

associated with autoimmune responses within the brain (Cua et al., 2003).   

 In addition to inflammatory cytokines, palmitic acid incubated microglia showed an 

increase in the anti-inflammatory cytokines IL-4 and IL-10, with a decrease in G-CSF, IL-6, and 

no change in IL-13.  G-CSF, IL-4, and IL-13  has been shown to promote M2 polarization of 

microglia towards the anti-inflammatory phenotype (Colton, 2009; Guo et al., 2013). IL-6 has 

dual properties as mentioned previously, and IL-10 functions as an inhibitor to proinflammatory 

cytokine production (Abbas et al., 2012).  The reduction in G-CSF levels of palmitic acid 

incubated microglia suggests that the inflammatory response from palmitic acid may overpower 

the compensatory mechanism of G-CSF towards polarization to the M2 phenotype and the 

increase in anti-inflammatory IL-10 and IL-4 levels may be an attempt to resolve the 

inflammatory response. 

Interestingly, the unsaturated fatty acid oleic acid (C18:1) did not induce any significant 

increases in nitric oxide production or inflammatory cytokines in microglia but instead showed 

increased release of the anti-inflammatory cytokine G-CSF, which promotes the microglial M2 

phenotype (Guo et al., 2013).  Furthermore, oleic acid has been previously found to ligate to the 

transcription factor PPAR (peroxisome proliferator-activated receptor), inducing polarization of 

microglia and macrophages towards the alternative M2 phenotype and anti-inflammatory 
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responses (Cherry et al., 2014; Odegaard & Chawla, 2008).  Depending on the fatty acid present, 

our data suggests that palmitic acid and oleic acid are able to induce either inflammatory or anti-

inflammatory responses in macrophages and microglia. 

 In addition to fatty acids influencing inflammatory responses in monocytes such as 

macrophages and microglia, glucose has also been found to contribute to the inflammatory 

response.  In microglia, glucose uptake into the cell is mediated by the GLUT1 transporter 

(Maher et al., 1994).  Elevated blood glucose levels can result in excess glucose consumption 

and oxidative stress in monocytes, leading to oligomerization and nuclear import of pyruvate 

kinase M2 (PKM2) (Shirai et al., 2016; Wuensch et al., 2010).  Inside the nucleus, PKM2 

phosphorylates STAT3 to initiate transcription and production of the inflammatory cytokines IL-

6 and IL-1β (Gao et al., 2012; Shirai et al., 2016).  This is in contrast to our data that shows only 

IL-1α increases for high glucose (16.7 mM) incubated microglia as well as in vivo, with no 

significant changes in either pro- or anti-inflammatory cytokines.  It is possible that the time 

point in which the cytokines were collected could play a role.  Studies involving ischemic stroke 

and hypoxia have observed that microglial/myeloid cell release of IL-1α precedes IL-1β in 

response to sterile inflammation, or inflammation induced by non-pathogenic molecules seen 

during tissue damage (Luheshi et al., 2011; Rider et al., 2011).  It is likely that IL-1α is first 

released as an ‗alarm‘ cytokine (Rider et al., 2011) in response to glucose-induced oxidative 

stress, however further investigations will be needed to confirm this.  What is interesting is that 

when high glucose is combined with high palmitic acid levels, there appears to be a reducing 

effect when compared to high palmitic acid levels alone.  When looking at the nitric oxide data, 

we still observe a similar increase in nitric oxide release compared to palmitic alone, indicating 

that NF-kB-induced iNOS activity was unaffected.  It is unclear how the presence of high 
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glucose conditions impedes inflammatory cytokine production while preserving iNOS activity 

and may be an unexpected cell culture artifact.  Interestingly, an in vivo study examining the 

effects of recurrent hyperglycemia on microglial activation in neonatal rats has observed that 

although there was an increase in NF-κB mRNA expression, iNOs activity and inflammatory 

cytokine levels were decreased (Gisslen et al., 2015)  The authors suggested that the neonatal 

brain has certain neuroprotection mechanisms that activate in response to hyperglycemia-induced 

oxidative stress that diminish with age (Gisslen et al., 2015).  Since our primary microglial 

cultures were prepared from neonatal pups, it is possible that these protective mechanisms are 

still in place and activate in response to the hyperglycemic conditions, reducing the inflammatory 

effects induced by palmitic acid.  However, this theory when applied to cell culture is still 

speculation. 

The combined data indicate GDM offspring are exposed to chronic inflammatory milieu 

in the CNS during the early developmental stage that potentially programs microglia towards a 

highly sensitive inflammatory phenotype that persists into adulthood outlined in Figure 27.  The 

GDM offspring show increased neuroinflammation that is exacerbated with a HFS post-weaning 

diet resulting in impaired memory and abnormal exploratory behaviour.  In addition, neuronal 

organization in the CA1 layer of the hippocampus is compromised, but it is unknown what the 

specific cause of this is.  It is possible that neuroinflammation and astrogliosis may disrupt 

astrocyte-mediated organizational mechanisms such as PTEN involved with neuronal lamination 

(Wen et al., 2013), however further studies will be required to assess this.  Despite this, we have 

observed that synaptic connections are reduced in GDM offspring.  This may be due to 

dysfunctional microglia and reduced microglial CX3CR1 receptor expression that regulates 

synaptic phagocytosis, resulting in over-pruning of synapses.  In addition, the reduction in 
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CX3CR1 expression may prevent microglia from providing neurotrophic support, which would 

impede synapse formation.  GDM-like conditions in vitro induce microglial inflammatory 

responses similar to what is observed in vivo.  The combined data demonstrates that GDM is 

able to induce activation of microglia, promoting chronic neuroinflammation and reduction in 

synaptic integrity in offspring at early development and onwards, resulting lifelong impaired 

neurocognitive abilities. 
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Figure 27: Proposed mechanisms of the effects of GDM exposure on the offspring brain. 

(A) Under normal development, microglia perform a variety of beneficial roles that promote 

neuronal viability mediated through interactions with the microglial CX3CR1 receptor and 

neuronal fractalkine. Microglial pruning of excessive inappropriate synapses formed during early 

development is regulated through CX3CR1 interactions. (B) Neuroinflammation promoted 

through maternal conditions in GDM (hyperglycemia, hyperlipidemia, inflammatory cytokines) 

induce microglial activation towards the M1 phenotype during early development, while high fat 

and sugar post-weaning diets exacerbate the neuroinflammatory response. Microglia release 

inflammatory cytokines that induces reactive astrogliosis in astrocytes, promoting a chronic 

neuroinflammatory environment.  Chronically activated microglia display reduced CX3XR1 

expression that could potentiate excessive synaptic pruning by microglia. Neuronal CA1 layer 

organization is also compromised through an unknown mechanism in GDM HFS offspring. The 

combined findings support the hypothesis that GDM induces neuroinflammation mediated 

through microglia, leading to impaired cognitive functions and behavioural changes. 

  

A B 



124 
 

CONCLUSION 
 

 The conclusions that can be drawn from this study are that the maternal environment in 

GDM can cause offspring to display abnormal exploratory behaviour that can be considered 

reckless, in addition to impaired memory as assessed by behavioural tests.  GDM offspring also 

display chronic neuroinflammation in 15-week old offspring that correlates to reduced 

hippocampal synaptophysin expression, possibly caused by changes in microglial functions.  The 

assessment of neonatal brain tissue shows similar results in inflammation and synaptophysin 

reduction suggesting that the chronic neuroinflammation observed in rat offspring at 15-weeks 

old may be due to possible fetal programming mechanisms and adaptations occurring in response 

to the GDM maternal environment.  In particular, microglia may undergo development towards a 

hypersensitive phenotype during maternal GDM exposure that causes them to become more 

reactive to certain stimuli such as fatty acids and sugars, however further assessment is required 

in order to determine this.  As such, our novel findings in this study provide a basis in which to 

discern potential mechanisms involved with offspring cognitive impairment in GDM, and to 

provide rationale for potential therapeutic strategies in order to prevent/treat the complication. 

 

SIGNIFICANCE OF THE FINDINGS 
 

 The findings in this study suggest a potential link to how GDM adversely affects 

offspring cognition.  As the prevalence of GDM is increasing due to increasing diet trends with 

excess fat and sugars, more children are at risk of developing cognitive impairment.  By using a 

diet-induced rat GDM model that accurately mimics human clinical GDM, we can discern the 
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underlying mechanisms involved with offspring cognitive impairment so that future therapeutic 

approaches can be developed.  The study identified a chronic inflammatory state within the 

hippocampus of the brain of GDM offspring that is correlated with reduced synaptophysin 

expression and therefore, reduced synaptic connections between hippocampal neurons.  In 

addition, in the presence of a HFS post-weaning diet, GDM offspring display neuronal 

derangement of layered hippocampal CA1 pyramidal neurons.  Furthermore reduced CX3CR1 

expression in microglia may provide a medium in which microglial-neuronal interactions can 

result in the observed reduction in hippocampal synapses.  These findings suggest that microglia 

and the inflammatory response associated with GDM may be a potential platform in which to 

develop therapeutic approaches to offspring cognitive impairment. 

 

FUTURE DIRECTIONS 
 

 The results of this study have provided insight into possible mechanisms for GDM-

induced cognitive impairments in the offspring.  However, this study was limited due to animals 

produced prioritized for other experiments by our collaborators from the Dolinsky lab, and as 

such we had no control over perfusion of animal tissue, the amount and age of animals we could 

collect tissue from, and the animals we could perform behavioural experiments on.  Although we 

have found correlations between neuroinflammation and reduced synaptophysin expression, 

future studies will be required in order to discern whether the reduction in hippocampal synapses 

is due to increased phagocytosis by microglia, or if neuronal numbers are decreased resulting in 

overall reduced synaptic connections formed.  As we have found that microglial CX3CR1 

expression is reduced, further experiments assessing neuronal fractalkine (CX3CL1) levels, 
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trophic factor levels (BDNF, IGF) that support neuronal viability, and microglial phagocytosis 

markers such as cluster of differentiation 68 (CD68) and major-histocompatability complex II 

(MHC-II) (Fu et al., 2014) can be performed.  In addition, quantification of neuronal numbers in 

the CA1 later can be performed when tissue from additional animals is available.  Further studies 

examining the effects of GDM at different age groups can also be performed to determine at 

which stages changes to CA1 layer neurons occur.  The aim of this project was to identify 

potential mechanisms that occur in GDM offspring cognitive impairment and as such, establish a 

starting point in which therapeutic approaches to prevent and treat these complications can be 

developed. 
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