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Abstract 
 

The goal of this thesis was to test the hypothesis that insulin mediated hyperemia is 

partially dependent on local muscle oxygen concentration. To do so, microvascular blood 

flow was measured in response to varying imposed concentrations of oxygen in rat 

skeletal muscle. Sprague-Dawley rats were anesthetized, and the extensor digitorum 

longus (EDL) was reflected onto an inverted microscope. Intravital video microscopy 

sequences were recorded during baseline and hyperinsulinemic euglycemia. The muscle 

was reflected over a glass stage insert (Experiment 1a and 1b), or over a gas exchange 

chamber (Experiment 2), and microvascular capillary blood flow was recorded during 

sequential changes (7%-12%-2%-7%) of oxygen (O2) concentration. Blood flow was 

measured by the red blood cell supply rate (SR) in number of cells per second. In 

Experiment 1a, supply rate (SR) increased from 8.0 to 14 cells/s at baseline to euglycemia 

(p = 0.01), while no significant SR variation was detected after performing a sham 

hyperinsulinemic euglycemic clamp (Experiment 1b). In Experiment 2, SR decreased at 

12% O2 and increased at 2% O2, compared to 7% O2, under both experimental conditions. 

SR responses to oxygen square wave oscillations during euglycemia were not different to 

those at baseline at each O2 concentration (p > 0.9). Our results suggest the increase in 

blood flow observed in response to insulin is eliminated if tissue oxygen 

microenvironment is clamped at given oxygen concentrations.  

 

All animal protocols were approved by Memorial University’s Institutional Animal Care 

Committee. 
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General Summary 
 

The goal of this thesis was to determine if blood flow increases caused by insulin are 

affected by oxygen levels. To do so, blood flow was measured in response to different 

levels of oxygen in rat muscle. A muscle located in the rat’s leg was placed onto a 

microscope stage. The muscle was reflected over glass (Experiment 1a and 1b), or over a 

gas exchange chamber (Experiment 2), and blood flow was recorded across different 

oxygen levels. Live video recordings were taken during both normal and high insulin 

conditions. In Experiment 1a, blood flow was significantly faster in high insulin 

conditions compared to normal conditions. In Experiment 2, blood flow was slower at 

high oxygen levels and faster at low oxygen levels under both normal and high insulin 

conditions. Blood flow responses to changing oxygen levels were not different between 

normal and high insulin conditions. Thus, our results suggest that the increase in blood 

flow observed in response to insulin is eliminated if oxygen is held at a given oxygen 

level.  
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Chapter 1: Introduction and Background 

 

1.1 Objectives 
 

The cardiovascular system is responsible for pumping and transporting blood and 

nutrients from the heart to every organ and tissue throughout the mammalian body. This 

system consists of a branching network of blood vessels, starting with large arteries, that 

facilitate high volume blood flow, and ending with the intricate microcirculation found in 

all tissues. Because of its relatively easy access, skeletal muscle is a suitable and well-

documented model of tissue for the study of microcirculation.  

The microcirculation matches the supply and demand of active or inactive skeletal 

muscle through dynamic regulation of the blood flow entering the capillaries - the 

smallest vessels of the vascular system where exchange of nutrients between blood and 

tissue occur. In skeletal muscle, regulation of blood flow entering the capillaries is 

conducted through the modulation of arteriolar diameter. Arterioles are blood vessels that 

precede the capillaries in the cardiovascular tree and whose walls contain smooth muscle 

which can constrict or dilate thus adjusting vascular resistance and flow. Numerous 

factors can influence arteriolar tone across a wide range of conditions, including high 

insulin levels and varying tissue oxygen concentrations, which contributes to modulate 

the rate of blood flow entering the microvasculature (Duling, 1974; Pittman & Duling, 

1973; Richey, 2013; Steinberg et al., 1994). Oxygen, in addition to glucose, is also a 

requirement for aerobic respiration and ATP production within muscle tissue. Insulin has 

been shown to increase blood flow to the microcirculation through vasodilatory 

mechanisms and to increase the uptake of glucose into skeletal muscle (Akerstrom et al., 
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2019; Ramos et al., 2020; Wang et al., 2013). Additionally, increased blood flow to the 

capillary bed, either dependently or independently of insulin, leads to an increase in the 

delivery of glucose to muscle tissue, which further increases glucose uptake and 

metabolism as the muscle is provided with more glucose that can be availed of (Balon & 

Nadler, 1997; Baron et al., 1994; McClatchey et al., 2019). Together, these factors 

support the existence of a connection between oxygen and insulin effects on blood flow 

response. This putative “oxygen-insulin” relationship has not been addressed to date and 

numerous questions remain. 

In particular, the increase in the microvascular blood flow seen in response to insulin 

may not only to facilitate glucose uptake by delivering more glucose, but may also ensure 

the sufficient supply of oxygen to the muscle (Baron et al., 1994). To fill this gap in our 

understanding of how the regulation of microvascular blood flow is linked to insulin, I 

have tested the following hypothesis:  

The blood flow responses to insulin are partially mediated by the local metabolic 

demand reflecting the increased oxygen consumption required to uptake and 

convert glucose into glycogen in skeletal muscle.  

To test this hypothesis, I addressed the following objectives: 

1. Experiment 1a was to verify in this model whether, as seen previously 

(Akerstrom et al., 2019), capillary blood flow increases under 

hyperinsulinemic conditions in skeletal muscle microcirculation when 

performing a hyperinsulinemia euglycemic clamp. The combination of the 

clamp with IVVM was used to show that both blood flow and glucose uptake 

increases in response to increased insulin levels.  
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2. Experiment 1b was to confirm that the hyperinsulinemic euglycemic clamp 

method is effective in studying insulin blood flow responses and glucose 

metabolism. I performed a sham hyperinsulinemia euglycemic clamp to verify 

that potential flow increases were a result from the euglycemic clamp and not 

from the effect of time or fluid infusion. 

3. Experiment 2 was to combine a gas exchange chamber device with the 

hyperinsulinemia euglycemic clamp and, using IVVM, to study the combined 

effects of oxygen and insulin on blood flow. The gas exchange chamber setup 

was designed to enable rapid changes of local oxygen concentrations in the 

muscle tissue microenvironment while insulin and glucose are simultaneously 

being infused through the clamp method.  

 

1.2 The Microcirculation 
 

The mammalian circulatory system is a closed compartment that is responsible for 

carrying blood from the heart throughout the body through a branching network of 

interconnected blood vessels. Oxygenated blood is pumped from the heart through 

systemic arteries which continue to branch into progressively smaller vessels. The 

capillaries are the smallest vessels of the vascular tree and provide the exchange interface 

between the blood and surrounding tissues. Blood is drained from the capillaries into the 

venous vascular tree which transports blood back to the heart and lungs through the 

venous system to be reoxygenated. Thus, the microcirculation can be defined as the blood 

vessels with a diameter of less than 300 μm in humans and less than 100 μm in rats. 

Arterioles (diameter in human: 5 - 100 μm), capillaries (5 - 10 μm) and venules (8 - 100 
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μm) are the major constituents of the microcirculation (Popel and Johnson, 2005). These 

vessels form intricate and expansive networks through skeletal muscle, which enables 

dynamic and localized control of blood flow within the tissue. 

Feed arteries supply blood to first-order arterioles (arterioles directly branching from 

an artery) that progressively branch distally into smaller arterioles of successive orders 

before eventually branching into terminal arterioles which immediately precede the 

capillary beds (Jackson, 2016). The wall of arteriolar vessels, which precede the 

capillaries in the cardiovascular tree, contain a collagen fibre coating, smooth muscle 

layer, a basement membrane, and an endothelium. The layer of smooth muscle cells 

allows the arterioles to constrict and dilate, hence modulating the rate of blood flow 

entering the downstream capillaries (which lack smooth muscle cells). Endothelial cells 

form the linings of the heart and every blood vessel across the entire cardiovascular tree 

and contribute to control the passage of materials in and out the bloodstream (Alberts, et 

al., 2002). These endothelial cells also play a crucial role in the modulation of smooth 

muscle cells. For example, the endothelial cells respond to physical changes in the vessel 

such as the shear stress generated by the blood flowing through the vessel, leading to 

changes in the arteriole diameter through modulation of smooth muscle tone. Similarly, 

the endothelium also responds to neural signalling by releasing various vasoactive agents 

that rapidly induce constriction or dilation of arteriolar smooth muscle, thus regulating the 

blood flow entering the capillaries downstream (Alberts, et al., 2002; Amiya, et al., 2014). 

Capillary networks that branch from arterioles, form a dense, mesh-like, 3D 

interconnected arrangement. This creates a structure with a large surface area that 

interweaves in close proximity to all tissues in the mammalian body. This proximity 
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minimizes the distance between capillaries and tissue, thus facilitating the transport by 

diffusion of materials such as oxygen into the tissue, providing the essential fuel for 

aerobic metabolism (Smith et al., 2019). Diffusion of O2 from a capillary to tissue is 

governed by Fick’s 1st law of diffusion, and radial O2 diffusion flux can be determined by 

Krogh’s O2 diffusion coefficient, KO2. Direct evaluation of O2 diffusion is technically 

challenging as it requires in vivo determination of the diffusion coefficient, therefore only 

approximations from in vitro data are used, and more recently computational models 

incorporating in vivo data have been developed (Bateman, 2003; Fraser et al., 2012a).  

Although the microcirculation generally plays the same role across the body, its 

structure varies to match specific functions of each organ and tissue (Augustin & Koh, 

2017). For example, in the central nervous system, the microcirculation not only provides 

the brain with nutrients and oxygen, but also plays a significant role in protecting the 

brain through strict regulation at the capillary endothelial layer. The capillary networks 

found in the brain are comprised of a mesh-like lattice that are even more dense in 

structure compared to other parts of the body. This structure provides a number of 

capillaries reaching all areas of the brain to continually supply nutrients to use as energy, 

as brain lacks its own fuel reserve.  It has been suggested that nearly every neuron in the 

brain is matched with a capillary to provide these essential nutrients. The endothelium of 

these capillaries simultaneously blocks harmful substances from leaving the bloodstream 

through the blood-brain barrier. These capillaries have a continuous endothelium lining 

with tight junctions that form a highly regulated barrier that limits what molecules can 

cross between blood and tissue. This protects the brain from being exposed to potentially 

harmful endogenous or exogenous substances (Cipolla, 2009; Augustin & Koh, 2017). 
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This contrasts the fenestrated or sinusoidal capillaries that have pores or gaps in the 

endothelial lining in filtering organs such as the liver or kidneys; these gaps allow for free 

exchange of materials from the blood (Augustin & Koh, 2017). 

Skeletal muscle contains the most expansive capillary beds in the body. The 

capillaries are arranged longitudinally in between muscle fibres, whereas the terminal 

arterioles (preceding these capillaries) and post-capillary venules (found immediately 

downstream) are largely oriented transversally (Mendelson et al., 2021). In contrast to the 

lattice pattern seen in the brain microcirculation, the capillaries of skeletal muscle are 

arranged around the architecture of muscle fibres, which are generally columnar in shape 

and can be millimetres in length in small animals and several centimetres long in humans 

(Mendelson et al., 2021). The intricacies of the capillary networks allow for precise 

execution of different functions across the body’s organ systems, including the ability to 

regulate blood flow to match tissue activity in skeletal muscle. 

 

1.3 Blood Flow Regulation 
 

The microcirculation, across all tissues, is responsible for delivering nutrients and 

hormones, such as oxygen and insulin, while simultaneously removing waste products 

such as carbon dioxide, produced from cellular processes (Duling & Berne, 1970; Segal, 

2005). This tightly regulated transport of substances through the microcirculation matches 

the metabolic demand of the muscle tissue. It is also responsible for maintaining the 

systemic homeostasis through the regulation of glucose delivery and subsequent disposal 

in skeletal muscle. As explained in 1.2, blood flow in the microcirculation is mainly 
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regulated by changes in the diameter of arteriolar vessels in response to different 

vasoactive stimuli. In addition to vasoactive stimuli released from endothelial cells, 

arterioles respond to stimuli from local blood flow to either dilate or constrict to alter the 

blood flow entering the branching capillary network. For example, an increase in shear 

stress experienced by the vessel wall will cause the arteriole to dilate, leading to an 

increase in blood flow downstream. Thus, arterioles play a role in the distribution of 

blood flow to specific capillary networks in skeletal muscle tissue. 

Under resting conditions, arterioles exhibit a basal level of vasoconstriction via 

sympathetic activation of α-adrenoreceptors on smooth muscle cells, which contributes to 

maintain the mean arterial pressure within physiological range (Joyner & Casey, 2014). 

When aerobic metabolism is stimulated in skeletal muscle during exercise, the arterioles 

vasodilate in response to signals thought to originate downstream from various 

metabolites released from endothelium, tissue, and RBCs (Davis et al., 2008). Several 

vasodilatory mechanisms act to promote increased blood flow during periods of higher 

metabolic demand, with nitric oxide being one of the most thoroughly described. Nitric 

oxide (NO) was first proven to be the endothelium derived relaxing factor (EDRF) 

responsible for vessel relaxation under multiple conditions in the 1980s. The NO-

mediated vasorelaxation of arterioles is now a well-documented mechanism (Bauer & 

Sotníková, 2010). Through the comparison of effects from endothelial-dependent 

relaxants such as bradykinin and the biological activity of EDRFs through bioassays, 

three independent research groups came to the conclusion that EDRF was in fact NO 

(Ignarro et al., 1987; Palmer et al., 1987; Furchgott, 1988). NO release from the 

endothelium and subsequent increase of downstream blood flow occur in response to 
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mechanical signalling, such as increasing shear stress in the vessel wall (Wray et al., 

2011), or to neural signalling, such as muscle sympathetic nerve activity during exercise 

(Katayama and Saito, 2019). Interestingly, the blood flow increase during exercise is 

abolished when blocking NO production by specific antagonists, suggesting the 

involvement of NO in the hyperaemic response (Wray et al., 2011). Other studies have 

suggested a link between the release of NO and metabolites that effect the regulation of 

blood flow in the microcirculation, such as insulin, glucose, and oxygen (Steinberg et al., 

1994; Richey, 2013; Balon & Nadler, 1997; Higaki et al., 2001; Hirai et al., 2010).  

Recent evidence has implicated a role of K+ channels in blood flow regulation. K+ 

channels located in the capillary endothelium can stimulate a vasodilatory response and 

increase the flow in active muscle tissue (Jackson, 2017). Cells of excitable tissue, like 

skeletal muscle, rely on the efflux of K+ through K+ channels to repolarize the cell during 

each action potential. An accumulation of K+ ions in the interstitium occurs during 

periods of increased activity. K+ channels located in capillary endothelium are exposed to 

this accumulation and transduce this signal into endothelial cell hyperpolarization that is 

transmitted upstream. This signal is transmitted through gap junctions between 

electrically coupled endothelial cells to arterioles to stimulate an increase in their 

diameter. This results in an increase in blood flow entering the capillaries downstream, 

matching the increase in metabolic demand of the active muscle tissue creating the signal, 

generating a feedback loop (Jackson, 2017). 

As mentioned above, like exercise, hypoxic conditions can enhance the blood flow to 

skeletal muscle capillary beds in order to provide more oxygen to the muscle tissue and 

remove the excess of carbon dioxide (Duling & Berne, 1970). The opposite also occurs 
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during hyperoxic conditions, in which the supplying arterioles vasoconstrict to reduce the 

blood flow in the microcirculation (Gutterman et al., 2017; Segal, 2005; Jackson, 2016). 

Arterioles generally vasodilate in response to low oxygen levels to match metabolic 

supply and demand in active muscle tissue, but arterioles can also further constrict to 

limit blood flow in an inactive muscle tissue. Interestingly, metabolites, such as AMP or 

adenosine, can override the sympathetic vasoconstriction normally seen in all arterioles, 

to direct blood flow to active skeletal muscle tissue — a phenomenon known as 

functional sympatholysis (Calbet & Joyner, 2010; Remensnyder et al., 1962; Roy & 

Secomb, 2014). Blood flow regulation in response to changing oxygen concentrations in 

the microcirculation is a dynamic process that involves many contributing factors that 

play a role in matching the supply to skeletal muscle with its demand. 

There is a lack of clarity in the literature on how oxygen concentrations in skeletal 

muscle tissue is sensed.  The mechanisms by which arterioles are stimulated to modulate 

their diameters to regulate downstream microvascular blood flow in response to changing 

oxygen are also unknown. Numerous studies have shown that the arterioles themselves 

were responsible for sensing low oxygen pressures, while others have recently suggested 

that oxygen sensing was linked to NO release (Pittman & Duling, 1973; Duling, 1974; 

Jackson, 1987; Jia et al., 1996). However, the previously proposed mechanisms do not 

provide the level of sensitivity and rapid time course needed to match the oxygen supply 

with the demand in muscle tissue (Ellsworth et al., 2016). Additionally, myoglobin has 

been previously identified as a temporary O2 store in both cardiac and striated muscle and 

may play a potential role in regulating O2 levels in hypoxia conditions. The P50 of 

myoglobin is 3.1 mmHg demonstrating a high affinity for O2. In cardiomyocytes, there is 
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evidence supporting the role of myoglobin in facilitated transport of O2 into the cell. 

However, the results found in rat skeletal muscle do not demonstrate the same findings. In 

these studies, myoglobin had no effect on O2 consumption or ATP production rate 

(Kamga et al, 2012).  

Release of ATP from red blood cells (RBCs) has been shown in recent years to be a 

potential sensor of oxygen concentration. RBCs release ATP when hemoglobin 

desaturates in response to low oxygen environments. Hemoglobin desaturation in RBCs 

causes activation of the G-protein Gi and adenyl cyclase which leads to increases of the 

cyclic adenosine monophosphate (cAMP). Protein kinase A and then cystic fibrosis 

transmembrane inductance regulator are activated, causing release of ATP from the RBC 

through the pannexin-1 channel (Ellsworth et al., 2016). Luminal ATP is then believed to 

produce vasodilatory effects through binding to the P2 class endothelial purinergic 

receptors that subsequently stimulate endothelium-derived hyperpolarizing factors 

(Ellsworth et al., 2016). 

Direct infusion of ATP into skeletal muscle microvasculature leads to vasodilation 

upstream in the feed arterioles, resulting in an increase in perfusion in the muscle tissue 

(McCullough et al., 1997; Collins et al., 1998; Dora, 2017). ATP release from RBCs not 

only plays a role in sensing low oxygen conditions but may also regulate microvascular 

perfusion through arteriole vasodilation (Ellsworth et al., 1995). In muscle tissue regions 

experiencing increased aerobic metabolism, RBC-released ATP travel upstream to dilate 

arterioles and increase blood flow in areas of muscle tissue with decreased oxygen 

concentrations, thereby matching the demand of active skeletal muscle. It has also been 

demonstrated in human blood that increased insulin levels, similar to levels seen in 
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diabetic states, inhibit the ATP release from RBCs ex vivo in low oxygen conditions, 

possibly due to the hydrolysis of cAMP and reduced expression of the G protein observed 

with increased insulin (Hanson et al., 2009; Hanson et al., 2010; Sprague et al., 2011). 

The release of ATP in low oxygen conditions and the subsequent inhibition in diabetic 

states further supports the hypothesis that oxygen saturation dependent ATP release from 

RBCs regulates blood flow in the microcirculation to match metabolic demand of tissue, 

and this may also be linked to both oxygen and insulin levels present. 

 

1.4 Insulin and Glucose Uptake 
 

Insulin is a peptide hormone released from β-cells in the pancreas and plays an 

important role in maintaining normal blood glucose levels in the body. Glucose levels are 

sensed by the β-cells through binding with the membrane receptor GLUT2, which 

triggers a signal cascade leading to the release of insulin into the bloodstream (Fu et al., 

2019; Kolka & Bergman, 2013). Insulin travels through the body’s circulation and binds 

with insulin receptors expressed on the microvascular endothelium and is transcytosed 

into the interstitial space. Within the interstitium, insulin can then bind to the appropriate 

receptors on the cell membranes of myocytes and trigger the translocation of the GLUT4 

transporter to the cell surface (Bhattacharya et al., 2007). GLUT4 is a high affinity 

glucose transporter and, once inserted into the cell membrane, facilitates the diffusion of 

glucose down its concentration gradient into the myocyte. As glucose enters the muscle 

tissue, it is metabolized via oxidative phosphorylation to produce ATP, or undergoes 
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other metabolic processes such as glycogenesis depending on the energy demand 

(Bhattacharya et al., 2007). 

In addition to stimulating translocation of glucose transporters to the cell surface, 

insulin has also been shown to elicit a blood flow response in the microcirculation. 

Insulin acts on the endothelial-derived nitric oxide synthase (eNOS) through the PI-3 

kinase pathway, which is present in the microcirculation endothelium, to produce NO - a 

potent vasoactive stimulus (Richey, 2013; Wang et al., 2013). As described above, NO is 

released from endothelial cells and acts to vasodilate arterioles by inducing relaxation of 

the smooth muscles surrounding the vessels, therefore increasing blood flow downstream 

(Figure 1.1).  Insulin binds to the insulin receptors on the endothelial cells and activates 

eNOS to release NO, thus causing an increase in blood flow. This mechanism has also 

been supported by studies of blood flow in human subjects (Steinberg et al., 1994). 
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Figure 1.1 Insulin transduction pathway in endothelial cells. Insulin binds to its 

receptor on the endothelium layer resulting in the release of the vasoactive stimulus nitric 

oxide and translocation of the GLUT4 receptor to the cell surface in muscle tissue 

(Richey, 2013). (American Diabetes Association [The vascular endothelium, a benign 

restrictive barrier? NO! role of nitric oxide in regulating insulin action, American 

Diabetes Association, [2013]. Copyright and all rights reserved. Material from this 

publication has been used with the permission of American Diabetes Association.) 

https://diabetes.diabetesjournals.org/content/62/12/4006 Accessed August 26, 2021. 

 

  

https://diabetes.diabetesjournals.org/content/62/12/4006
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Insulin increases blood flow by dilating the arterioles and also stimulates GLUT4 

translocation to the myocyte membrane. Therefore, insulin increases the supply of 

glucose to the skeletal muscle while simultaneously increasing the uptake of glucose in 

the muscle tissue through its increase of blood flow in the microcirculation.  

It is well established that insulin plays an important role in regulating glucose 

concentration, however it is not the sole contributor (DeFronzo et al., 1979; James et al., 

1985). Increases in blood flow separate from those seen from insulin binding have also 

been shown to increase the delivery of glucose to the skeletal muscle, and therefore lead 

to small increases in the uptake as well (Balon & Nadler, 1997; Higaki et al., 2001). NO, 

as described above, increases blood flow to the microcirculation by relaxing the smooth 

muscle of arteriolar vessels (Wang et al., 2013). This vasoactive stimulus can result in an 

increase in blood flow independently of insulin and leads to an increase in glucose 

uptake. Increase in the blood flow per se allows more glucose to reach the muscle tissue, 

and subsequently allows more glucose to be used for metabolic process in the skeletal 

muscle (McClatchey et al., 2019). 

Glucose is the most efficient energy source for ATP production through oxidative 

phosphorylation in the muscle tissue under aerobic conditions, thus generating the energy 

needed by the muscle to perform normal cellular functions. Sufficient levels of oxygen in 

the microcirculation are also required for oxidative phosphorylation in the myocytes. 

Previous literature has suggested a potential link between oxygen concentrations in the 

microcirculation and glucose uptake into skeletal muscle because the biochemical 
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processes of both lead to production of ATP.  One study suggested, through 

computational modelling, that the sensing of glucose is dependent on the oxygen 

concentration available to pancreatic tissue and suggested that a similar phenomenon 

occurs in muscle tissue as well (Wilson & Matschinsky, 2019). As mentioned previously, 

under normoxic conditions, glucose metabolism requires oxygen to produce ATP through 

aerobic respiration, therefore it would be reasonable to assume that sufficient levels of 

oxygen must be present in muscle tissue in order to uptake glucose for ATP production to 

occur. Reactive oxygen species (ROS), which are by-products of oxidative metabolism, 

have also been studied as a potential regulator of muscle glucose uptake. One study found 

that ROS, particularly H2O2, play an important role in contraction-mediated activation of 

glucose transport in fast-twitch muscle (Sandstrom et al., 2006). This is one of the few 

studies that suggest a potential link between glucose fixation and oxygen concentrations 

in the muscle tissue, independently of circulating insulin levels.  

 

1.5 Hyperinsulinemic Euglycemic Clamp 
 

A hyperinsulinemic euglycemic clamp is an experimental method frequently used to 

investigate a subject’s overall sensitivity to insulin and the resulting glucose uptake rate. 

This method consists of simultaneously infusing insulin and glucose at rates based on 

animal weight and blood glucose concentration, with the achievement of euglycemia 

being the end point. Euglycemia is defined as the steady-state condition in which normal 

blood glucose level (between 5 - 7mM) is maintained through variable infusion of 

glucose in conjunction with steady insulin infusion (DeFronzo et al., 1979). During 
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hyperinsulinemic state, human or animal subjects are infused with a steady concentration 

of insulin while infusion of glucose is adjusted to achieve and then maintain euglycemia. 

The glucose infusion rate at euglycemia reflects the overall glucose uptake, primarily by 

the muscle tissues throughout the body, and can be used as an indicator of insulin 

sensitivity, and overall glucose metabolism (DeFronzo et al., 1979). As the insulin 

circulates and binds to the endothelium on skeletal muscle myocytes during the clamp 

procedure, there is an increase in GLUT4 expression on the cell surfaces, leading to 

higher uptake of glucose into the muscle. Higher glucose infusion rate is required to reach 

normoglycemic levels, indicating that more glucose is being transported into the muscle 

tissue.  This represents an increase in glucose metabolism, as more glucose is needed to 

be infused in order to maintain euglycemia as the insulin levels increase in the body 

(DeFronzo et al., 1979).  

This quantification method of insulin sensitivity has been used in a variety of studies 

of insulin resistance in cardiovascular and metabolic research. The hyperinsulinemic 

euglycemic clamp is an effective method for comparing differing blood flow effects and 

metabolic deficits between healthy and diseased models (DeFronzo et al., 1979). 

Particularly, the blood flow response to an increase of insulin levels can be compared 

between healthy and insulin resistant models (DeFronzo et al., 1979); these changes in 

blood flow can be measured at different levels of the cardiovascular tree, including both 

larger arteries and the microcirculation (Bradley et al., 2019; Akerstrom et al., 2019). The 

clamp method also allows researchers to examine the effects of compounds, such as the 

widely studied drug metformin, on re-establishing the normal blood flow response to 

insulin in diseased models (Bradley et al., 2019). Other researchers have used the clamp 
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method in animal studies to examine the heterogeneity of insulin action in different 

skeletal muscle tissue throughout the body. It has been shown that insulin-induced 

increases in glucose disposal occurred primarily in muscles containing mostly oxidative 

fibres (James et al., 1985). In conscious rats, the rate of glucose uptake in glycolytic 

muscle was more than double the rates measured in oxidative muscles within the 

physiological range of circulating insulin levels. Aerobic respiration, a process that uses 

both oxygen and glucose, occurs mainly in these oxidative muscles and in much less 

extent in glycolytic muscles (James et al., 1985). This suggests a potential interaction 

between oxygen and insulin-mediated glucose uptake, as the glucose disposal occurred 

primarily in muscles where oxygen is being utilized under hyperinsulinemic conditions. 

This occurred despite oxidative and glycolytic muscles having similar oxygen 

consumption rates under resting conditions (Bockman, 1983).  

The hyperinsulinemic euglycemic clamp method has also been used to study the 

pathways and mechanisms of insulin-mediated blood flow responses and glucose uptake 

in human (Clerk et al., 2006). Recently, the insulin pathway, specifically the 

phosphorylation of Akt, and glucose uptake in leg skeletal muscle was compared between 

lean and obese human volunteers. It was determined that there were no significant 

differences in the phosphorylation of Akt between groups, despite the obese individuals 

having reduced glucose uptake (Ramos et al., 2020). Additional research involving 

healthy and diabetic volunteers have used the clamp method to determine whether 

hyperinsulinemia impairs NO release from the endothelium in arterioles (Mahmoud et al., 

2016). Hyperinsulinemia increased the expression of the vasoconstrictor endothelin-1, 

while simultaneously decreasing phosphorylation of eNOS resulting in a decrease in NO 
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production. This imbalance in vasoactive stimuli leads to increased basal vasoconstriction 

of the arterioles (Mahmoud et al., 2016). 

A direct correlation between skeletal muscle capillary density and insulin-mediated 

glucose uptake has also been demonstrated in previous studies using the clamp method on 

human participants (Lillioja et al., 1987; Hedman et al., 2000). Additional studies have 

shown reduced capillary density and microvascular blood flow in diabetic subjects, 

meaning a decrease in delivery of glucose to skeletal muscle (Kindig et al.,1998). 

Furthermore, researchers using the clamp method demonstrated that muscle glucose 

uptake relies on the delivery of glucose to the muscle tissue, and this would likely be 

impaired in conditions that cause reduced capillary density and flow in skeletal muscle 

vasculature (Baron et al., 1994). In these studies, hyperinsulinemic euglycemic clamps 

have provided further insight into the relationship between insulin and glucose uptake, 

however oxygen concentration was not considered when discussing increased glucose 

uptake. In addition, many of these clamp experiments have been conducted on human 

participants and the microcirculation was not assessed directly.  

 

1.6 Intravital Video Microscopy  
 

Intravital video microscopy (IVVM) has become the standard method for studying 

blood flow in the microcirculation. It allows for the direct observation of blood flow 

compared to other methods, such as contrast-enhanced ultrasound (CEU), that indirectly 

measure blood flow (Akerstrom et al., 2019, McClatchey et al., 2020). The CEU method 

is based on the ultrasound imaging signal obtained from infused microspheres or 
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microbubbles that are intended to represent RBC flow in the capillaries. However, these 

microspheres or microbubbles are not the same size as RBCs and therefore do not 

accurately reflect actual RBC or plasma flow through the microcirculation due to size 

dependent differences in rheology (Akerstrom et al., 2019).   

In the present thesis, IVVM was used to examine the microcirculation of the extensor 

digitorum longus (EDL) muscle of rats, a muscle preparation specifically developed for 

this approach. In this preparation, the muscle is carefully exposed by surgical technique 

and arranged on the stage of an inverted microscope for visualization of the 

microcirculation. A major advantage of the EDL preparation is the minimal mechanical 

manipulation of the muscle, therefore little, if any, damage is done to the muscle of 

interest if the method is performed correctly and the microvascular blood flow is not 

impacted and remains stable for many hours (Tyml & Budreau, 1991). Another advantage 

of this muscle preparation is that the EDL does not required to be bathed in a prepared 

superfusion fluid after exposure; it can instead be isolated from the surroundings using 

various approaches (Tyml & Budreau, 1991). Further, additional studies have confirmed 

that exteriorization of skeletal muscle does not affect vascular function (Bailey et al., 

2000; Lindbom et al., 1982.; McClatchey et al., 2020). Other muscle preparations used 

for visualizing the microcirculation, such as the spinotrapezius and cremaster muscles, do 

not possess the same advantages as the EDL preparation as they are much thinner 

preparations. These thinner muscles may not be representative of typical fusiform skeletal 

muscle, especially larger muscles used for locomotion that possess extensive 

microvascular networks comprising of multiple capillary units used to facilitate blood 

flow regulation in active muscle tissue (Akerstrom et al., 2019; Mendelson et al., 2021). 
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Specifically, the EDL preparation readily allows for visualization of the structure of 

microvessels organized around the muscle fibres.  

The IVVM method and apparatus used in the current thesis enabled the analysis of 

both hemodynamic parameters and oxygen saturation of RBCs flowing through 

capillaries. To measure hemodynamic parameters in the microcirculation, analysis of the 

IVVM video recordings can be conducted based on changes in light intensities of the 

video pixels in each recording. As mentioned above, most capillaries contain single-file 

RBC flow, therefore differences in light intensity can be identified between the RBCs 

flowing through the vessel and the distinct intermittent plasma gaps that were present. 

The fluctuating changes in light intensity are processed by a computer to generate space-

time images (STIs), which describe the transit of RBCs over time and the position within 

the capillary lumen (Ellis et al., 1992). These images are then used to determine 

hemodynamic parameters such as RBC velocity (μm/s), which is calculated by tracking 

the displacement of RBCs across the capillary over a period of time. Lineal density 

(cells/mm) is determined by the number of RBCs per unit length along the capillary. RBC 

supply rate (cells/s) is the product of velocity and lineal density, and hematocrit is the 

ratio of RBC volume to the total measured volume of a vessel segment based on the 

measured vessel diameter (Figure 1.2). 
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Figure 1. 2 Offline analysis conducted using custom MATLAB software to measure 

capillary RBC saturation. Saturation measurements were analyzed from selected 

capillaries during the imposed oxygen oscillations within the microcirculation of the 

extensor digitorum longus (EDL) muscle. A) The imposed oxygen oscillation performed 

during the 4 minute recording. Oxygen saturation of hemoglobin is calculated based on 

the ratio of the optical density measured from the isosbestic wavelength (420 nm) shown 

in B) and the oxygen-dependent wavelength (438 nm) STI shown in C). D) The optical 

density at each wavelength is measured using the light intensity of incident light and light 

intensity from RBCs flowing single-file through capillaries with clear plasma gaps in 

between. The lines in these images represent the transit of individual RBCs through the 

selected capillary throughout the 4 minute recording. E) RBC SO2 of a selected capillary 

across the oxygen oscillation. 
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Oxygen saturation measurements involve the quantification of the absorbance of RBC 

at two different wavelengths while recording the microscopic fields — both an isosbestic 

(a specific point in which two chemical species have the same absorptivity) and oxygen-

dependent wavelength (Ellis et al., 1990). For the isosbestic wavelength (e.g. 420nm), 

light absorption of hemoglobin is insensitive to changes in oxygen saturation because the 

molar attenuation coefficient is the same for both oxy- and deoxy-hemoglobin. The 

oxygen-dependent wavelength (e.g. 438nm) on the other hand is sensitive to changes in 

oxygen saturation. This wavelength corresponds to a disparate light absorption, which is 

dependent on the relative oxy- and deoxy-hemoglobin concentrations (Figure 1.3). Thus, 

optical density measurements of RBCs taken at both wavelengths, as well as the 

combination of the two together, are necessary for measuring oxygen saturation of RBCs 

in the microcirculation, as seen in the calculation below, where the optical density (OD) 

at each wavelength is calculated from the length of the capillary (L) and the molar 

attenuation coefficient (ε) (Ellis et al., 1990; Ellsworth et al., 1987). 

𝑂𝐷 =  log (
𝐼𝑜

𝐼
) 

𝑂𝐷 = 𝐿[𝐻𝑏]𝜀 

𝑂𝐷438

𝑂𝐷420
=

𝜀438

𝜀420
 

Oxygen saturation of hemoglobin is calculated based on the ratio of the optical 

density measured from the oxygen-dependent wavelength, divided by the isosbestic 

wavelength (Ellis et al., 1992). The optical density at each wavelength is measured using 

the light intensity of incident light and light intensity from RBCs (Figure 1.4). This is a 
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convenient measurement in capillaries because most of these vessels have single-file 

RBC flow, which creates distinct plasma gaps that can be used to measured incident light 

intensity. A linear relationship exists between the ratio of optical density measured from 

the two wavelengths and the RBC oxygen saturation – this is an adaptation of the Beer-

Lambert’s Law and allows for the spectrophotometric determination of microvascular 

RBC oxygen saturation (Ellis et al., 1990; Ellsworth et al., 1987). Both a and C are 

constants determined from in vivo calibration. 

𝑆𝑂2 = 𝑎 (
𝑂𝐷438

𝑂𝐷420
) + 𝐶 

 

 

 



 26 

 

 

Figure 1. 3 Molar attenuation coefficients of hemoglobin. The difference in molar 

attenuation coefficient for oxy- (red line) and deoxy- (blue line) hemoglobin are shown 

across the visible spectrum as depicted by the horizontal colour bar. In the present thesis, 

were 420 nm and 438 nm wavelengths which are used for the calculation of red blood cell 

oxygen saturation (Adapted from Fraser, 2012, using data from Prahl, 1999). 
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Figure 1.4 Offline analysis conducted using custom MATLAB software to measure 

hemodynamics.  Hemodynamic parameters were analyzed from selected capillaries 

during the imposed oxygen oscillations in the microcirculation of the extensor digitorum 

longus (EDL) muscle. A) Microcirculation is imaged by 4 minutes video sequences 

captured at 30 frames/sec, (7200 frames/video sequence). B) Perfused capillaries with 

single-file RBC flow are selected from functional images using a semi-automated 

process. These images are processed from the intravital microscopy recordings of 

different fields of view of the EDL microcirculation captured in real-time and display all 

of the perfused capillaries in a single field of view. C) The imposed oxygen oscillation in 

the gas exchange chamber performed during the 4 minutes recording. D) Light intensity 

fluctuations from plasma gaps between RBCs are used to generate space-time images 

(STIs), which are then used to calculate the hemodynamic parameters. The lines represent 

the transit of each RBC through the selected capillary throughout the duration of the 4 

minute recording. E) Hematocrit of a selected capillary across the duration the oxygen 

oscillation. F) RBC velocity of a selected capillary across the oxygen oscillation. G) RBC 

supply rate of a selected capillary across the oxygen oscillation.  
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1.7 Gas Exchange Chamber 
 

The gas exchange chamber is a recently developed 3D printed device that allows for 

the direct manipulation of skeletal muscle tissue environment (Figure 1.5) (Sové et al., 

2021).  
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Figure 1.5 Three-dimensional (3D) computer aided design rendering of gas exchange 

chamber components. Components were 3D printed and the gas channel is sealed on the 

bottom with a glass cover slide (Sové et al., 2021, used under Creative Commons 

License). 
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This device is placed into the stage of the inverted microscope used for intravital 

microscopy and produces rapid changes in the muscle’s tissue microenvironment that can 

be observed in real time within approximately 3s. The isolated EDL muscle is placed atop 

a thin poly(dimethylsiloxane) (PDMS) membrane, which is gas permeable, while 

simultaneously being covered by a thin impermeable film, resulting in the muscle being 

exposed only to exogenous gases flowing through a channel underneath the PDMS 

membrane (Figure 1.6). 
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Figure 1.6 Experimental setup of the animal placed atop the gas exchange chamber. 

The gas exchange chamber insert is fitted into the microscope stage, with the muscle 

aligned over the PDMS membrane and covered with a small piece of gas impermeable 

polyvinylidene film (Saran, Dow Corning), therefore the muscle is affected only by the 

gases flowing through the chamber (Sové et al., 2021, used under Creative Commons 

License). 
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Gas exchange between the chamber and the muscle is facilitated by a gas permeable 

membrane made from PDMS allowing oxygen concentrations within the muscle to be 

manipulated dynamically. PDMS is ideal to facilitate this gas exchange because it is an 

elastomer that is permeable to gases due to its porous structure, it’s an inexpensive 

material and is also optically transparent (Sové et al., 2021). The composition of gases 

flowing through the device and the PDMS are controlled using computer software 

connected to digital mass flow meters, which accurately measures the mass flow rate of 

the gases as they flow from their respective tanks to the gas exchange chamber. For 

example, skeletal muscle can quickly be perturbed to undergo hypoxic conditions by 

flowing a low oxygen gas composition through the gas exchange device, or vice versa 

with high oxygen concentrations in the exchange chamber.  

Previously, superfusion fluids have been used with similar preparations to maintain 

the viability of the skeletal muscle being imaged. Superfusion consists of buffering a 

solution to immerse skeletal muscle that preserves the physiological state of the muscle. 

This solution could also be used to administer drugs to the muscle, making it an effective 

method for studying muscle vasculature. One aspect of preparing the superfusion fluid is 

bubbling the solution at a chosen gas composition, using some combination of nitrogen, 

carbon dioxide, and oxygen; therefore, when the muscle is bathed in this solution, the 

muscle tissue environment is held at the chosen gas concentrations, similar to how tissue 

gas concentrations are imposed using the gas exchange chamber. Some studies have 

examined the microcirculation of different skeletal muscle preparations that have been 

superfused in a solution with 95% N2/5% CO2, completely lacking oxygen (Williams, et 

al., 2018; Hirai, et al., 2010). It has been well established that muscle tissue needs oxygen 
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for metabolic purposes, including aerobic respiration to produce ATP, and immersing the 

muscle in a solution with 0% O2 for a period of time will cause blood flow to the muscle 

to increase in order to supply the needed oxygen; therefore, the blood flow measurements 

gathered from such studies may be impacted by the chosen oxygen concentrations that the 

muscle tissue is exposed to. Using the gas exchange chamber, gas concentrations, most 

notably oxygen, are kept within physiological range and can be dynamically controlled 

and strictly monitored throughout the experiment to directly study the effects on the 

microvessels in the skeletal muscle being imaged. 

These gas exchange chamber devices provide a unique and effective way to study the 

effects of tissue oxygen concentration on blood flow in the microcirculation that can be 

applied to different experimental models in combination with dynamically oscillating 

oxygen concentrations. The design of the gas exchange chamber enables it to be 

combined with other experimental methods with ease, allowing for instance, to study the 

simultaneous effects of multiple vasoactive stimuli on the blood flow in the 

microcirculation. Intravascular administration of different compounds, such as insulin and 

glucose, can be achieved in conjunction with variation of oxygen concentration in the 

tissue environment through the exchange chamber. More specifically, oxygen and insulin 

have both been shown to stimulate blood flow responses in the microcirculation, and 

these responses can be studied together by combining the gas exchange chamber with the 

hyperinsulinemia euglycemic clamp method, and the hemodynamic parameters can be 

measured using IVVM, as seen in the present thesis.  
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1.8 Summary 
 

The microcirculation is a complex and dynamic system that is responsible for the 

delivery of nutrients and hormones, such as insulin, glucose, and oxygen, to myocytes, 

allowing the supply of blood to match the demand of muscle tissue throughout the body. 

Previous literature has demonstrated the intricate relationship between circulating insulin 

levels, glucose fixation in skeletal muscle, and blood flow regulation in response to 

differing oxygen levels. However, the interaction between insulin and oxygen in relation 

to the conversion of glucose into glycogen is yet to be thoroughly studied, despite the 

requirement of both substances to be present in order for glucose metabolism to occur. 

The combination of hyperinsulinemic euglycemic clamp, IVVM, and recently developed 

gas exchange chamber, enables us to address this gap in our knowledge. These methods 

allowed for direct visualization of skeletal muscle microcirculation while manipulating 

insulin, glucose, and oxygen concentrations simultaneously, hence gaining insights into 

the interactions of insulin and oxygen in muscle tissue as presented in Chapter 2.  
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Chapter 2: Clamping skeletal muscle PO2 eliminates hyperinsulinemic 

microvascular blood flow response 

(In preparation for submission to Microcirculation)  
 

2.1 Introduction 
 

 The microcirculation plays a crucial role in the regulation of muscle tissue 

metabolism and is impacted by a variety of vasoactive stimuli. Endogenous vasoactive 

agents include oxygen concentration, carbon dioxide, and humoral substances such as 

adenosine and insulin. Insulin, a peptide hormone released from cells within the pancreas, 

has been shown to increase blood flow in skeletal muscle vasculature, as well as act as an 

important regulator of blood glucose levels (Baron et al., 1994; Akerstrom et al., 2019; 

Zierath & Krook, 2000). It is well established that insulin promotes the translocation of 

the GLUT4 receptor to the cell surface, increasing glucose uptake into skeletal muscle 

myocytes (Zierath & Krook, 2000). Skeletal muscle is therefore a critical tissue for the 

disposal of blood glucose and serves as the primary storage pool of glycogen within the 

body (Zierath & Krook, 2000).  Previous studies have suggested that insulin itself causes 

vasodilation through stimulating the release of nitric oxide (NO) from the endothelial 

cells, which dilate arterioles to cause an increase in blood flow to downstream vascular 

beds (Steinberg et al., 1994). Increasing flow to the microcirculation increases the 

delivery of glucose to the skeletal muscle, and therefore allows for an increase of glucose 

uptake into the muscle (Baron et al., 1994; McClatchey et al., 2019). Enhanced glucose 

uptake has been shown to occur with increases in NO independently of insulin levels, due 

to the effect that NO has on vascular tone (Hiagki et al., 2001; Balon & Nadler. 1997).  
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Whether or not insulin directly interacts with other known vasoactive mechanisms 

remains to be elucidated. 

In addition to insulin and glucose, oxygen is an essential material for oxidative 

metabolism that is delivered to skeletal muscle through the capillaries. It has been shown 

that changes in blood flow occur in the microcirculation in response to changing 

metabolic demand of the muscle tissue, often seen in exercise states (Ghonaim et al., 

2011; Jackson et al., 2010). Blood flow to the microcirculation will increase to deliver 

more oxygen in response to hypoxia or elevated oxidative metabolism, for example 

during exercise (Segal, 2005; Jackson et al., 2010; Hudlicka, 1985). While there is 

currently little evidence in the literature connecting oxygen concentrations with insulin-

mediated glucose uptake, recently it has been suggested that the sensing, and therefore the 

uptake of glucose is dependent on oxygen concentrations within the muscle (Wilson & 

Matchinsky, 2019). It was demonstrated experimentally that sufficient levels of oxygen 

must be present for pancreatic cells to sense, and subsequently uptake available glucose in 

order for glucose metabolism and oxidative phosphorylation to occur, and computational 

modelling suggests similar tendencies in muscle tissue as well (Wilson & Matchinsky, 

2019). Additionally, reactive oxygen species (ROS), which are by-products of oxidative 

metabolism, have also been studied as a potential regulator of muscle glucose uptake. 

One study found that ROS, particularly H2O2, play an important role in contraction-

mediated activation of glucose transport in fast-twitch muscle (Sandstrom et al., 2006). 

This suggests a potential link between insulin-mediated glucose uptake and oxygen 

concentrations in the microcirculation; New methods have been developed to directly 

study the blood flow responses in the microvasculature to these stimuli. 
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 Intravital video microscopy (IVVM) has been an effective method of studying the 

capillaries in skeletal muscle preparations, and emerging technologies have allowed for 

the measurements of the rate of blood flow through the microcirculation (Japee et al., 

2004). Other methods utilizing the IVVM apparatus have also been developed that allow 

for the quantification of the oxygen saturation of red blood cells passing through 

capillaries (Ellis et al., 1990). These methodologies are particularly important in 

measuring the changes in blood flow and oxygen saturation in the capillaries due to the 

effects of different factors, such as changing insulin levels or imposing local oxygen 

concentration perturbations, either separately or together. By combining IVVM, 

hyperinsulinemic euglycemic clamp, and direct oxygen perturbations, the interacting 

effects these compounds have on blood flow in the microcirculation can be studied 

directly.  

Given the impact that both oxygen and insulin have on microvascular blood flow, 

the ability to increase flow and therefore promote glucose uptake, it is reasonable to 

consider a potential interaction between these vasoactive stimuli. In the present study we 

aimed to address the hypothesis that blood flow responses to insulin are partially 

mediated by local metabolic demand reflecting increased oxygen consumption required to 

fix glucose.  To address this hypothesis, we quantified the in vivo hyperinsulinemic blood 

flow response in skeletal muscle capillaries in an isolated preparation where all oxygen 

was supplied by the endogenous microvasculature.  In order to test the oxygen 

dependence of the hyperinsulinemic response, we repeated this quantification while the 

muscle was interfaced with a microfluidic gas exchange chamber to clamp tissue gas 

concentrations.  Our data shows that fixing gas concentrations within the muscle 



 47 

eliminates the expected insulin mediated flow response, and that microvascular perfusion 

dynamically matches tissue oxygen conditions imposed by the exchange chamber 

irrespective of the hyperinsulinemic state.  

 

2.2 Materials and Methods 

 

2.2.1 Animal Surgery 
 

 16 male Sprague Dawley rats (161g - 204g) were used in the described 

experiments.  Rats were obtained from Charles River Laboratories and were housed in 

Animal Care facilities in the Health Sciences Centre and were allowed to acclimatize for 

one week. Rats were fed Teklad 2018 (Envigo, Indianapolis, IND, USA) standard rodent 

chow. All animal protocols were approved by Memorial University Animal Care 

Committee. 

 On the day of testing, animals were anesthetized with a 65 mg/kg intraperitoneal 

injection of sodium pentobarbital (Euthanyl, Bimeda, Cambridge, ON, Canada). 

Following induction, depth of anaesthesia was assessed with palpebral reflex and toe 

pinch prior to the start of surgery to verify the animal was sufficiently anesthetized. Once 

in the surgical plane, a rectal temperature probe was inserted to monitor the body 

temperature of the animal throughout the experiment. Physiological temperatures were 

maintained between 36 - 37°C using a heated mat and/or a heat lamp as necessary.  

 To facilitate surgical instrumentation, an incision was made between the clavicle 

and jaw along the midline, as described previously (Fraser et al., 2012). The left common 

carotid artery was blunt dissected and isolated, allowing it to be cannulated with 0.58mm 
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outside diameter polyethylene tubing (Intramedic, BD, Franklin Lakes, NJ, USA). The 

carotid cannula was perfused with heparinized saline connected to a pressure infusion bag 

(C-Fusor, Smith-Medical, Minneapolis, MN, USA) and a momentary valve integrated 

into a blood pressure transducer to maintain patency throughout the experiment.  The 

carotid cannula was connected to a pressure transducer (TruWave 3, Edwards 

Lifesciences, Irvine, CA, USA) that allowed for continuous monitoring and recording of 

mean arterial blood pressure and heart rate. Digital output from the blood pressure 

analyzer (400a, Digi-Med, Louisville, KY, USA) was recorded using the manufacturer’s 

software and saved to text file. Custom double cannulas were fabricated to join 2 lengths 

of 0.635 mm internal diameter Silastic tubing (Dow Corning, Midland, MI, USA) into a 

single cannula for insertion into the jugular vein (Figure 2.1). The right external jugular 

vein was blunt dissected, isolated, and cannulated with the double cannula.  One length of 

the double cannula was connected to an infusion pump (PhD 2000, Harvard Apparatus, 

Holliston, MA, USA) to deliver heparinized saline (1 U/ml, 0.5 ml/kg/hour) for fluid 

resuscitation, and the other length was tied off, and later connected to infusion pumps for 

insulin and glucose for the hyperinsulinemic euglycemic clamp.  Maintenance anesthetic 

(32.8 mg/kg) was administered via the jugular cannula every 30 minutes or as needed. 

Depth of anesthesia was frequently evaluated by assessing the animal’s response to 

nociceptive stimuli, and by monitoring heart rate variability and mean arterial blood 

pressure. A tracheotomy was performed to allow mechanical ventilation with an FiO2 of 

30 - 35% O2 with the balance of N2. Initial ventilation rate and volume was determined 

based on animal weight as per the manufacturer’s instructions. Following the 

tracheotomy, the neck incision was sutured closed using a continuous lock stitch. 
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Figure 2.1 Apparatus for glucose and insulin infusion into the jugular vein during 

hyperinsulinemic euglycemic clamp. The components of the custom double cannulas 

are shown, which are inserted into the right jugular vein of the rat for administration of 

insulin, glucose, and saline for fluid resuscitation. Insulin and glucose are placed in 

infusion pumps for continuous infusion throughout the hyperinsulinemic euglycemic 

clamp. Heparinized saline is connected via a t-connector (not shown) that allows for 

administration of additional anesthetic as needed. 
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 Following the neck surgery, a small section of skin was removed from the right 

lower hindlimb and the overlying connective tissue was blunt dissected to expose and 

isolate the extensor digitorum longus (EDL), as described previously (Fraser et al., 2012; 

Tyml & Budreau, 1991). A silk ligature was tied to the isolated distal tendon of the EDL 

before cutting the tendon to free the muscle from its insertion. The EDL muscle was 

reflected over the objective on the stage of an inverted microscope (Olympus IX73, 

Tokyo, Japan). The EDL was fixed at approximately in situ length using the ligature 

attached to the tendon, covered with a polyvinylidene chloride film (Saran, Dow Corning, 

MI, USA), bathed in warm saline, and gently compressed with a glass coverslip and 

microscope slide secured to the stage with a thin bead of vacuum grease on two sides 

(Dow Corning, Midland, MI, USA). The animal was allowed to acclimatize on the stage 

for 30 minutes following completion of the EDL setup. Following this acclimatization, 

and when the animal reached a body temperature of 36 °C and MAP was above 80 

mmHg, an arterial blood sample was collected and loaded onto a CD4+ blood gas 

analyzer cartridge and inserted into a VetScan iSTAT (Abbott Point of Care Inc., 

Princeton, NJ, USA). Partial pressure of carbon dioxide (PCO2) and partial pressure of 

oxygen (PO2) were maintained at physiological levels by adjusting ventilation rate and 

volume as needed.  

 

2.2.2 Intravital Microscopy Setup 
 

 The microscopy imaging setup was composed of an inverted microscope 

(Olympus IX73, Tokyo, Japan) fitted for transillumination with a 300W xenon light 
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source (Sutter Lambda LS, San Francisco, CA, USA). A parfocal beam splitter (OptoSplit 

II bypass, Cairn, Kent, UK), fitted with a 80:20, reflection:transmission mirror, connected 

to the side observation port of the microscope with the reflected light path passing 

through a 420 nm bandpass filter (isosbestic wavelength) and the transmitted beam 

passing through a 438 nm (oxygen-sensitive) filter; this allowed for simultaneous and 

parfocal capture of video sequences at both wavelengths using a single camera. Video 

recordings were made using an Orca Flash4.0 v3 scientific digital camera (Hamamatsu, 

Tokyo, Japan) connected to a desktop computer. HCImage Live software (Hamamatsu, 

Tokyo, Japan) was used to display and capture microscopic images.  

 

2.2.3. Experiment 1a  
 

 At baseline conditions, an extended depth of field (EDF) map across the surface of 

the EDL muscle was recorded. Manual EDF recordings begin at the surface of the muscle 

and progressively focusing into the muscle to a depth of approximately 100 μm over 1 

minute. The resulting video sequence is processed to produce functional images, 

analogous to a mean intensity projection images, that show the 2D geometry of flowing 

microvessels within the observed volume. In addition to the map, EDF recordings were 

captured at four different fields of view within the EDL. Following the EDF recordings, 1 

minute intravital videos of the microcirculation were recorded at multiple focal planes 

within the four fields of view. Focal planes with the highest number of in focus capillaries 

were selected for video capture. All video recordings were captured using a 10X objective 

at 30 frames/second.  
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 After the completion of the baseline recordings, a hyperinsulinemic euglycemic 

clamp procedure was performed by simultaneously infusing glucose (50%) and insulin 

(HumulinR, 2 U/ml/kg/hr) diluted with heparinized saline, using the double cannula 

inserted in the jugular vein. A glucometer (CONTOUR NEXT ONE, Ascensia Diabetes 

Care, Mississauga, ON, Canada) was used to measure blood glucose concentration using 

blood samples taken from a small cut at the tip of the tail. Glucose infusion rates were 

titrated to achieve normoglycemic levels, while insulin was infused at a constant rate. 

Euglycemia was defined as three consecutive stable blood glucose measurements between 

5 – 7 mM (Leonard et al., 2005). Once euglycemia was achieved, recordings of 

microvascular blood flow were repeated in the same fields of view that were captured at 

baseline as described above. At the end of data collection, the animal was euthanized with 

an intravenous injection of sodium pentobarbital (150 mg/kg) (Figure 2.2). 
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Figure 2.2 Timeline of the experimental protocol for Experiment 1a. Following the 

surgery to prepare the animal for intravital video microscopy (IVVM) imaging, baseline 

recordings of the extensor digitorum longus (EDL) muscle microcirculation are captured. 

Upon completion of the baseline recordings, the hyperinsulinemic euglycemic clamp 

begins. Insulin is infused at a steady rate, while glucose is infused at varying rates until a 

steady state of normal blood glucose levels, i.e. euglycemia, is achieved. Once this 

occurs, recordings that were captured at baseline are then repeated. 



 54 

2.2.4. Experiment 1b  
 

 The same protocols were followed during baseline captures as described 

above for Experiment 1a with the following additions. To ensure the effects on the 

microvascular blood flow following the hyperinsulinemic euglycemic clamp were due to 

the introduction of high insulin and glucose infusions, and not an effect of time or fluid 

delivery during the clamp, a sham clamp was performed on a separate group of animals. 

Using the double cannula, two separate infusions of heparinized saline were delivered 

into the jugular vein to match infusion rates of insulin, and time matched average rate of 

glucose infusion used during Experiment 1a. Sham insulin infusion consisted of 1 

ml/kg/hr of heparinized saline to match the volume of insulin infused in experiment 1a.  

Sham glucose infusion rates of heparinized saline were determined based on the average 

glucose infusion rates over time and normalized to body weight, and the duration of the 

sham glucose infusion matched the average time to reach euglycemia from experiment 

1a. Blood glucose measurements were conducted as described above. After the target 

time for the sham euglycemic clamp was reached recordings captured at baseline were 

repeated (Figure 2.3), following which the animal was euthanized.  
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Figure 2.3 Timeline of the experimental protocol for Experiment 1b. Following the 

surgery to prepare the animal for intravital video microscopy (IVVM) imaging, baseline 

recordings of the extensor digitorum longus (EDL) muscle microcirculation are captured. 

Upon completion of the baseline recordings, the sham hyperinsulinemic euglycemic 

clamp is started, which consists of infusing saline at similar rates as insulin and glucose in 

the real clamp procedures. Saline was continuously infused for the average period of time 

it took to reach euglycemia in Experiment 1a. Once this was complete, recordings that 

were captured at baseline are then repeated. 
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2.2.5. Experiment 2  
 

 At baseline conditions, an EDF map was collected as described above to visualize 

the connectivity of the microvasculature in the EDL muscle. To evaluate oxygen 

dependence of blood flow, four-minute recordings were taken in four different fields of 

view across the muscle at a focal depth within 50 μm of the surface, while attempting to 

maximize the number of in focus capillaries. Oxygen concentration at the surface of the 

muscle was oscillated from 7%-12%-2%-7% for one minute each during the four-minute 

recordings in each field using a gas exchange chamber as described below (Sové et al., 

2021). CO2 was kept stable at 5%, with N2 making up the balance of the gas mixture. 

Gases were delivered to the surface of the EDL muscle using a three-dimensionally (3D) 

printed gas exchange chamber as described previously (Sové et al., 2021). Briefly, the gas 

exchange chamber consisted of a 3D printed base designed to fit in the stage insert of the 

microscope, with a micro gas channel formed between a 45 x 55 mm glass coverslip, 3D 

printed gas channel gasket, and an overlying 3D printed layer to mount the exchange 

membrane and connections for the gas supply. This device contains an exchange window 

(5 x 3.5mm) covered with a 100 μm oxygen permeable membrane fabricated by spin 

coating poly(dimethyl siloxane) (PDMS) onto a standard glass slide. PDMS membranes 

were removed from the glass slide and cut into 30 x 30 mm sheets before being mounted 

to the gas exchange chamber.  The assembled device was connected by plastic tubing to a 

triple-inlet manifold supplied by three computer-controlled mass flow meters 

(SmartTrak100, Sierra Instruments, Monterey, CA, USA) for each gas channel, with a 

frequency response of <300 ms. The EDL muscle was placed over the exchange window 

of the device and isolated from room air as described above. In this configuration, the 
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muscle surface viewable by the microscope is interfaced with the gas channel via the gas 

permeable PDMS membrane allowing for rapid changes in tissue oxygen concentrations 

to be imposed similar to what has been described previously (Figure 2.4) (Sové et al., 

2021). Gas concentrations from the mass flow meters were dynamically controlled by 

custom MATLAB software allowing changes in oxygen concentration to be triggered 

automatically at the appropriate time and sequence. 

 A hyperinsulinemic euglycemic clamp was performed as described in Experiment 

1a after baseline captures were completed. After euglycemia was achieved, the fields of 

view captured at baseline were recorded again, imposing the same oxygen oscillation. 

Upon completion of these recordings, the animal was euthanized (Figure 2.5).  
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Figure 2.4 Adapted experimental setup of the animal placed atop the gas exchange 

chamber inserted into the microscope stage. The chamber fitted into the inverted 

microscope stage, with the muscle aligned over the PDMS membrane and covered with a 

small piece of gas impermeable polyvinylidene film (Saran, Dow Corning, Midland, MI, 

USA), therefore the muscle is affected only by the gases flowing through the chamber 

(Adapted from Sové et al., 2021, used under Creative Commons License).  
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Figure 2.5 Timeline of the experimental protocol for Experiment 2. Following the 

surgery to prepare the animal for intravital video microscopy (IVVM) imaging, baseline 

recordings of the extensor digitorum longus (EDL) muscle microcirculation are captured 

while performing oxygen oscillations using the gas exchange device. Upon completion of 

the baseline recordings, the hyperinsulinemic euglycemic clamp begins. Insulin is infused 

at a steady rate, while glucose is infused at varying rates until a steady state of normal 

blood glucose levels, or euglycemia, is achieved. Once this occurs, recordings that were 

captured at baseline are then repeated in the hyperemic muscle while performing the same 

oxygen oscillations as before. 
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2.2.6. Offline Analysis and Statistics 
 

 Offline analysis was conducted using custom software written in MATLAB 

(Mathworks, Natick, Mass, MA, USA). The software generated MP4 videos of captured 

sequences and functional images including variance and sum of absolute difference 

(SAD) images used to facilitate identification of in focus vessel segments for analysis. In 

focus capillaries with single file RBC flow were semi-automatically selected for analysis 

and space time images (STIs) were generated at each wavelength as described previously. 

STIs were analyzed using the custom software package and frame-by-frame 

measurements for velocity, lineal density, RBC supply rate, and oxygen saturation were 

written out to text files for aggregation and statistical analysis (Ellis et al., 1992). All 

reported values represent per-animal mean hemodynamic measurements with standard 

deviation taken from analyzed capillaries at baseline and euglycemia for the experiment 

protocols unless otherwise noted. For experiment 2, mean values were calculated from 

measurements taken from the last 15s of the 7%-12%-2%-7% steps of the oscillation. For 

the first step of the oscillation, measurements from the entire minute were included in the 

mean values to include periodic variability in blood flow. EDF maps were generated for 

reference using custom mapping software written in MATLAB as described previously 

(Fraser et al., 2012). 

Statistical analysis of the hemodynamic data was completed using Prism software 

(Graphpad, CA, USA). Paired t-tests were used for comparisons of hemodynamic 

measurements between baseline and euglycemic conditions paired for each animal. 

Unpaired t-tests were used for the comparison of glucose infusion rate (GIR) between 

experiment 1 and 2. Analysis of Variance (ANOVA) multiple comparison tests with 
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Tukey post-hoc tests were used to compare systemic animal data between all three 

experiments and hemodynamic data at each oxygen concentration for both conditions in 

Experiment 2. A p value of < 0.05 was considered significant. 

 

2.3 Results 
 

2.3.1. Systemic Physiological and Clamp Measurements 
 

 Systemic physiological parameters for each animal group are shown in Table 2.1; 

Similarly, blood gases were sampled during experiments were similar for each group and 

condition shown in Table 2.2. Blood glucose levels were not significantly different during 

baseline or hyperinsulinemic euglycemic conditions between experiments as per 

experimental design, and glucose infusion rates during hyperinsulinemic euglycemic 

clamp also did not vary significantly between experiments (Figure 2.6). 
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Table 2.1 Mean and standard deviation of systemic animal data for each experiment 

protocol. 

 Experiment 1a 

(N = 6) 

Experiment 1b 

(N = 4) 

Experiment 2 

(N = 6) 

Animal weight (g) 179.2 ± 11.3 184.8 ± 16.5 189.8 ± 9.3 

Mean arterial pressure 

(mmHg) 

95.7 ± 6.0 98.4 ± 6.0 91.3 ± 3.6 

Systolic blood pressure 

(mmHg) 

100.0 ± 5.8 103.4 ± 5.7 96.3 ± 3.6 

Diastolic blood pressure 

(mmHg) 

89.3 ± 6.2 90.9 ± 6.7 84.2 ± 4.0 

Heart rate (beats/min) 406.7 ± 24.5 415.2 ± 25.3 397.9 ± 10.1 

Respiratory rate 

(breaths/min) 

83.3 ± 1.2 82.8 ± 2.4 83.0 ± 1.1 

Respiratory volume (cc) 1.2 ± 0.1 1.2 ± 0.1 1.3 ± 0.1 

Note: Blood pressure measurements were missing from one animal in Experiment 2.  
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Table 2.2 Mean and standard deviation of data collected from arterial blood gas 

samples for each experiment. 

 Experiment 1a 

(N = 6) 

Experiment 1b 

(N = 4) 

Experiment 2 

(N = 6) 

pH 7.4 ± 0.03 7.4 ± 0.03 7.4 ± 0.03 

PCO2 (mmHg) 50.4 ± 5.3 48.1 ± 3.1 50.1 ± 5.6 

PO2 (mmHg) 130.9 ± 21.2 104.7 ± 28.1 130.8 ± 16.2 

BEecf (mmol/L) 4.6 ± 2.3 5.0 ± 1.7 5.3 ± 1.8 

HCO3 (mmol/L) 29.7 ± 2.1 29.9 ± 1.5 30.2 ± 1.9 

TCO2 (mmol/L0 31.0 ± 2.3 31.3 ± 1.6 31.7 ± 2.2 

SO2 (%) 98.6 ± 0.8 96.6 ± 3.4 98.7 ± 0.5 

Lac (mmol/L) 1.1 ± 0.4 0.9 ± 0.4 1.1 ± 0.5 

Note: PCO2: partial pressure of carbon dioxide; PO2: partial pressure of oxygen; BEecf: 

base excess in the extracellular fluid compartment concentration; HCO3: 

bicarbonate concentration; TCO2: total carbon dioxide; SO2: oxygen saturation; 

Lac: lactate concentration 
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Figure 2.6 Blood glucose measurements during baseline and hyperinsulinemic 

euglycemic clamp for each experimental protocol. Experiment 1a and 1b were 

conducted using a glass microscope stage insert and Experiment 2 used a gas exchange 

stage insert. A) Mean blood glucose level at baseline and hyperinsulinemia euglycemic 

clamp conditions. Mean values were calculated during capturing periods for all 

experiment protocols and blood glucose was measured from tail blood samples using a 

standard glucose meter. Euglycemia was achieved when a stable blood glucose level 

between 5 - 7 mM was reached. B) Mean glucose infusion rate during hyperinsulinemic 

euglycemic clamp conditions for experiment 1a and 1b. Glucose infusion rates were 

adjusted during euglycemic clamp to achieve normoglycemic blood levels and to ensure 

the values were maintained in this range. Each point represents a per animal mean, with 

error bars showing standard error of the mean. N = 6 for experiment 1a, 2 for experiment 

1b, and 5 for experiment 2. 
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2.3.2. Results: Experiment 1a and 1b 
 

 For Experiment 1a hemodynamic parameters, a total of 677 capillaries were 

analyzed at baseline conditions and 552 capillaries were analyzed at euglycemic 

conditions across 6 animals. For Experiment 1b, 501 capillaries were analyzed at baseline 

and 417 capillaries were analyzed at euglycemic conditions across 4 animals. Mean RBC 

velocity for Experiment 1a was found to be different at baseline (186.1 ± 54.8 μm/sec) 

and euglycemic clamp (259.7 ± 59.3 μm/sec) (p = 0.02). For Experiment 1b, mean RBC 

velocity was 219.6 ± 48.6 μm/sec at baseline and 230.3 ± 70.8 μm/sec following sham 

euglycemic clamp (Figure 2.7). Mean RBC supply rate for Experiment 1a was also found 

to be different at baseline (8.9 ± 3.1 cells/s) and euglycemic clamp (14.2 ± 4.9 cells/sec) 

(p = 0.01). For Experiment 1b, mean RBC supply rate was 11.1 ± 1.9 cells/sec at baseline 

and 12.1 ± 4.2 cells/sec at sham clamp (Figure 2.8). Mean hematocrit for Experiment 1a 

was 17.3 ± 0.6% at baseline and 17.6 ± 2.2% at euglycemic clamp.  For Experiment 1b, 

mean hematocrit was 18.7 ± 1.7% at baseline and 17.7 ± 1.9% at sham clamp (Figure 

2.9).  

For saturation measurements, 659 capillaries were analyzed at baseline conditions 

and 528 capillaries were analyzed at euglycemia across 6 animals in Experiment 1a. In 

Experiment 1b, 464 capillaries were analyzed at baseline and 397 capillaries were 

analyzed at euglycemic conditions across 4 animals. The mean RBC oxygen saturation 

(SO2) for Experiment 1a was 42.8 ± 4.6% at baseline and 48.0 ± 7.6% at euglycemic 

clamp. Mean SO2 for Experiment 1b was 48.3 ± 5.2% at baseline and 49.0 ± 10.1% 

following sham clamp (Figure 2.10). There were no significant differences in any of the 
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hemodynamic or SO2 measurements between baseline and sham euglycemic conditions in 

Experiment 1b. 
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Figure 2.7 Mean capillary red blood cell velocity measured during baseline and 

euglycemic clamp. Measurements of red blood cell velocity were taken in the extensor 

digitorum longus muscle, with Experiment 1a consisting of baseline and 

hyperinsulinemic euglycemic conditions and Experiment 1b consisting of baseline and 

sham clamp conditions (using saline). Each data point represents a per animal mean and 

error bars showing standard error of the mean. For 1a, velocity increased from 186 

μm/sec at baseline to 260 μm/sec at hyperinsulinemic euglycemia (p = 0.02). N = 6 

animals (677 capillaries at baseline, and 552 capillaries at clamp). For 1b, velocity was 

220 μm/sec at baseline and 230 μm/sec following saline infusion. N = 4 animals (501 

capillaries at baseline, and 417 capillaries at clamp). **: p < 0.05, compared to baseline 

(Paired t-test). 
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Figure 2.8 Mean capillary red blood cell supply rate measured during baseline and 

euglycemic clamp. Measurements of red blood cell supply rate were taken in the 

extensor digitorum longus muscle, with Experiment 1a consisting of baseline and 

hyperinsulinemic euglycemic conditions and Experiment 1b consisting of baseline and 

sham clamp conditions (using saline). Each data point represents a per animal mean and 

error bars showing standard error of the mean. For 1a, supply rate increased from 9 

cells/sec at baseline to 14 cells/sec at hyperinsulinemic euglycemia (p = 0.01). N = 6 

animals (677 capillaries at baseline, and 552 capillaries at clamp). For 1b, supply rate was 

11 cells/sec at baseline and 12 cells/sec following saline infusion. N = 4 animals (501 

capillaries at baseline, and 417 capillaries at clamp). *: p < 0.05, compared to baseline 

(Paired t-test). 
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Figure 2.9 Mean capillary hematocrit measured during baseline and euglycemic 

clamp. Measurements of capillary hematocrit were taken in the extensor digitorum 

longus muscle, with Experiment 1a consisting of baseline and hyperinsulinemic 

euglycemic conditions and Experiment 1b consisting of baseline and sham clamp 

conditions (using saline). Each data point represents a per animal mean and error bars 

showing standard error of the mean. For 1a, hematocrit was 17% at baseline and 18% at 

hyperinsulinemic euglycemia (p = 0.01). N = 6 animals (677 capillaries at baseline, and 

552 capillaries at clamp). For 1b, hematocrit was 19% at baseline and 18% following 

saline infusion. N = 4 animals (501 capillaries at baseline, and 417 capillaries at clamp).  
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Figure 2.10 Mean red blood cell oxygen saturation measured during baseline and 

euglycemic clamp. Measurements of capillary red blood cell oxygen saturation were 

taken in the extensor digitorum longus muscle, with Experiment 1a consisting of baseline 

and hyperinsulinemic euglycemic conditions and Experiment 1b consisting of baseline 

and sham clamp conditions (using saline). Each data point represents a per animal mean 

and error bars showing standard error of the mean. For experiment 1a, SO2 was 43% at 

baseline and 48% at hyperinsulinemic euglycemia. (N = 6 animals (659 capillaries at 

baseline, and 528 capillaries at clamp). For 1b, SO2 was 48% at baseline and 49% 

following saline infusion. N = 4 animals (464 capillaries at baseline, and 397 capillaries at 

clamp). 
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2.3.3. Results: Experiment 2 
 

For Experiment 2, 313 capillaries were analyzed at baseline conditions and 195 

were analyzed at euglycemia across 6 animals for hemodynamic parameters. Under 

baseline conditions, mean RBC velocity was 217.7 ± 72.7 μm/sec during the initial 7% O2 

concentration. Velocity was significantly different at 12% and 2% concentrations, 177.9 ± 

72.7 μm/sec (p = 0.002) and 273.4 ± 69.6 μm/sec (p = 0.01) respectively, under baseline 

conditions. For the final 7% concentration, mean velocity was 230.3 ± 76.3 μm/sec (p = 

0.03). During euglycemia, mean RBC velocity was 235.4 ± 72.3 μm/sec during the initial 

7% concentration. At 12% and 2% O2 concentrations at euglycemia, mean velocity was 

184.8 ± 56.9 and 271.9 ± 65.8 μm/sec respectively. For the final 7% concentration, mean 

RBC velocity was 233.8 ± 68.4 μm/sec. Comparing the velocity at each step of the 

oscillation between baseline and during euglycemia, no significant differences were 

found (Figure 2.11). 

Mean RBC supply rate during the first 7% O2 concentration was 10.7 ± 5.3 

cells/sec at baseline conditions. Supply rate was significantly different at 12% and 2% 

concentrations during baseline, 6.9 ± 5.2 (p = 0.01) and 17.3 ± 5.2 cells/sec (p = 0.01) 

respectively. At the final 7% concentration, mean supply rate was 12.4 ± 6.6 cells/sec. 

During euglycemia, mean RBC supply rate was 10.8 ± 3.0 cells/sec during the first 7% O2 

concentration. Mean supply rate was significantly different at 12% and 2% 

concentrations, 7.3 ± 2.3 (p = 0.03) and 16.0 ±. 5.2 cells/sec (p = 0.04) respectively, at 

euglycemia. During the final 7% concentration, mean supply rate was 10.9 ± 4.5 cells/sec. 

No significant differences were found when comparing the corresponding mean supply 

rates measured at each O2 concentration between the two conditions (Figure 2.12). 
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During baseline conditions, mean hematocrit was 12.3 ± 6.7% during the initial 7 

concentration. At 12% and 2% O2 concentrations, hematocrit was 11.8 ± 4.4 and 20.8 ± 

1.8% respectively. Mean hematocrit at the final 7% concentration at baseline was 17.6 ± 

2.6%. During euglycemia, mean hematocrit during the first 7% concentration was 10.4 ± 

4.9%. Mean hematocrit was 12.9 ± 3.0 and 18.5 ± 4.3% at 12% and 2% concentrations 

respectively. During the final 7% concentration, mean hematocrit was 14.5 ± 3.8% at 

euglycemia. No significant differences were found between the two conditions when 

comparing the mean hematocrit at each step of the oxygen oscillation (Figure 2.13). 

For saturation measurements, 110 capillaries were analyzed at baseline and 73 

were analyzed at euglycemic conditions across 6 animals. At baseline conditions, mean 

SO2 during the first 7% O2 concentration was 60.4 ± 4.0%. Mean SO2 significantly 

changed at 12% and 2% concentrations, 81.1 ± 4.1 (p < 0.0001) and 41.1 ± 5.3% (p = 

0.02), at baseline. During the final 7% concentration, mean SO2 was 63.1 ± 3.2%. At 

euglycemia, mean SO2 was 60.8 ± 5.2% during the initial 7% concentration. Mean SO2 

significantly changed at 12% and 2% concentrations, 79.2 ± 6.4 (p = 0.0004) and 36.7 ± 

6.6 (p = 0.002), during euglycemia. At the final 7% concentration, mean SO2 was 56.3 ± 

3.0%. When comparing the mean SO2 across the oscillation between baseline and 

euglycemia, no significant differences were found (Figure 2.14). 
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Figure 2.11 Mean capillary red blood cell velocity in response to oxygen oscillation 

during baseline and hyperinsulinemia euglycemic conditions in Experiment 2. A) 

Capillary red blood cell velocity measurements were made from intravital video 

microscopy sequences captured while the muscle was coupled with the gas exchange 

chamber microscope insert. O2 concentrations ([O2]) were oscillated from 7%-12%-2%-

7% for 1 minute each in both conditions. The mean values represent the average of the 

last 15s of each 1 minute interval, compared to the 1 minute mean of the initial 7% 

chamber oxygen concentration included. Each point represents a per animal mean, with 

error bars showing standard error of the mean. B) Time series graph showing the changes 

in red blood cell (RBC) velocity across the 4 minute O2 oscillation.  Mean values were 

calculated for each second across the 240 s oscillation from each capillary analyzed from 

the extensor digitorum longus muscle using intravital microscopy video sequences and 

custom MATLAB software. N = 6 animals (313 capillaries at baseline, and 195 

capillaries at clamp). *: p < 0.05, **: p < 0.01, ****: p < 0.0001 (one-way ANOVA).  
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Figure 2.12 Mean capillary red blood cell supply rate in response to oxygen 

oscillation during baseline and hyperinsulinemia euglycemic conditions in 

Experiment 2. A) Capillary red blood cell supply rate measurements were made from 

intravital video microscopy sequences captured while the muscle was coupled with the 

gas exchange chamber microscope insert. O2 concentrations ([O2]) were oscillated from 

7%-12%-2%-7% for 1 minute each in both conditions. The mean values represent the 

average of the last 15s of each 1 minute interval, compared to the 1 minute mean of the 

initial 7% chamber oxygen concentration included. Each point represents a per animal 

mean, with error bars showing standard error of the mean. B) Time series graph showing 

the changes in red blood cell (RBC) supply rate across the 4 minute O2 oscillation.  Mean 

values were calculated for each second across the 240 s oscillation from each capillary 

analyzed from the extensor digitorum longus muscle using intravital microscopy video 

sequences and custom MATLAB software. N = 6 animals (313 capillaries at baseline, and 

195 capillaries at clamp). *: p < 0.05, ** p < 0.01 (one-way ANOVA). 
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Figure 2.13 Mean capillary hematocrit in response to oxygen oscillation during 

baseline and hyperinsulinemia euglycemic conditions in Experiment 2. A) Capillary 

hematocrit measurements were made from intravital video microscopy sequences 

captured while the muscle was coupled with the gas exchange chamber microscope insert. 

O2 concentrations ([O2]) were oscillated from 7%-12%-2%-7% for 1 minute each in both 

conditions. The mean values represent the average of the last 15s of each 1 minute 

interval, compared to the 1 minute mean of the initial 7% chamber oxygen concentration 

included. Each point represents a per animal mean, with error bars showing standard error 

of the mean. B) Time series graph showing the changes in red blood cell (RBC) 

hematocrit across the 4 minute O2 oscillation.  Mean values were calculated for each 

second across the 240 s oscillation from each capillary analyzed from the extensor 

digitorum longus muscle using intravital microscopy video sequences and custom 

MATLAB software. N = 6 animals (313 capillaries at baseline, and 195 capillaries at 

clamp). *: p < 0.05 (one-way ANOVA). 
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Figure 2.14 Mean capillary red blood cell oxygen saturation in response to oxygen 

oscillation during baseline and hyperinsulinemia euglycemic conditions in 

Experiment 2. A) Capillary red blood cell oxygen saturation (SO2) measurements were 

made from intravital video microscopy sequences captured while the muscle was coupled 

with the gas exchange chamber microscope insert. O2 concentrations ([O2]) were 

oscillated from 7%-12%-2%-7% for 1 minute each in both conditions. The mean values 

represent the average of the last 15 s of each 1 minute interval, compared to the 1 minute 

mean of the initial 7% chamber oxygen concentration included. Each point represents a 

per animal mean, with error bars showing standard error of the mean. Each point 

represents a per animal mean, with error bars showing standard error of the mean. B) 

Time series graph showing the changes in red blood cell (RBC) SO2 across the 4 minute 

O2 oscillation.  Mean values were calculated for each second across the 240 s oscillation 

from each capillary analyzed from the extensor digitorum longus muscle using intravital 

microscopy video sequences and custom MATLAB software. N = 6 animals (110 

capillaries at baseline, and 73 capillaries at clamp). *: p < 0.05, **: p < 0.01, ***: p < 

0.001, ****: p <0.0001 (one-way ANOVA). 

 

  



 82 

2.4 Discussion 
 

 The objective of this study was to determine if skeletal muscle microvascular 

blood flow response to insulin is partially mediated by local tissue oxygen concentration. 

The first step to addressing this objective was to confirm previous observations that 

skeletal muscle microvascular blood flow increases in response to elevated blood insulin 

imposed via a hyperinsulinemic euglycemic clamp. In our experimental conditions, we 

found a significant increase in blood flow, determined by RBC supply rate, during 

hyperinsulinemic euglycemia (Experiment 1a; Figure 2.7). RBC supply rate significantly 

increased by 60% following the insulin infusion. This result matches the 80% increase 

observed by Akerstrom et al. (2019) using a similar animal model and method, and the 

130% increase in femoral vein flow that Steinberg et al. (1994) measured in humans 

using an invasive thermodilution method. The different magnitude in the blood flow 

responses observed in our study are likely due to our methodology.  Previous work has 

demonstrated that variations to the hyperinsulinemic euglycemic clamp method itself, 

such as decreasing the timeframe for infusion of insulin, will not provoke a significant 

change in blood flow due to insufficient time for the insulin mediated response (Vincent 

et al., 2004). In the present study, insulin was infused on average for 90 minutes before 

any measurements were taken, ensuring that sufficient time elapsed for insulin to elicit a 

response. Also, the anaesthetic employed in animal models could affect the baseline 

blood flow and the relative flow response to insulin. For example, sodium pentobarbital, 

used in the present study, is known to depress the central nervous system thus lowering 

basal sympathetic tone. This effect could explain, at least partially, the increased 

dilatation in arterioles and increase in blood flow (Shimokawa et al., 1998). Nevertheless, 
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we observed a significant increase in response to insulin despite having a higher supply 

rate measurement at baseline conditions. The findings from Experiment 1a were further 

supported from the lack of blood flow response observed in the sham euglycemic clamp 

employed in Experiment 1b.   

A significant increase in supply rate measurements after performing the 

hyperinsulinemic euglycemic clamp confirms that insulin does increase blood flow in the 

skeletal muscle. The presence of normoglycemic blood levels, despite the continuous 

infusion during the clamp procedure, indicates that the high insulin also increases glucose 

uptake. Increases in blood flow in the microcirculation, even independently of insulin, 

have been shown to increase the delivery and therefore the uptake of glucose in the 

muscle tissue. Therefore, the increase in blood flow in response to high insulin levels 

further increases the insulin’s ability to enhance glucose disposal from the blood (Baron 

et al., 1994; McClatchey et al., 2019). Glucose is transported throughout the body through 

the plasma, and Akerstrom et al. (2019) demonstrated that plasma flow, not just RBC 

flow, increased following insulin infusion, providing further evidence that insulin 

facilitates the glucose delivery and uptake in muscle tissue. Insulin is thought to increase 

skeletal muscle blood flow through modulation of NO release from the endothelial cells, 

causing vasodilation of arterioles increasing the blood flow in the microvasculature, and 

simultaneously increasing GLUT4 translocation to the cell surface in myocytes (Steinberg 

et al., 1994; Bhattacharya et al., 2007). Higaki et al. (2001) demonstrated that 

vasodilation caused by the NO production independent of insulin release, increased blood 

flow in skeletal muscle and therefore enhanced the glucose uptake. Consequently, there is 

strong evidence demonstrating that regulation of glucose by the insulin in the body is a 
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two-fold response: it increases blood flow to skeletal muscle to increase glucose 

availability in the microcirculation while simultaneously increasing GLUT4 translocation 

to the cell surface, both of which facilitate glucose uptake into the muscle tissue for 

metabolic processes. 

 In experiment 2, using the gas exchange chamber, hyperinsulinemic euglycemic 

clamp, and IVVM apparatus, we could measure the blood flow hemodynamics in the 

EDL microcirculation while simultaneously manipulating both insulin levels and oxygen 

concentrations. We found that the supply rate responded to the changing oxygen 

concentrations in the gas exchange chamber as expected, thus confirming that blood flow 

matches the oxygen conditions in the muscle tissue (Figure 2.7). Increasing oxygen 

concentrations to 12% in the chamber caused a decrease in blood flow, and the opposite 

occurred when the chamber dropped to a low oxygen concentration of 2% with nearly 

identical magnitude between baseline and euglycemic clamp conditions. In contrast to the 

results of Experiment 1a, an increase in blood flow was not observed during 

hyperinsulinemic conditions compared to the corresponding oxygen condition during 

baseline, showing that when the muscle is exposed to a fixed oxygen concentration, 

insulin no longer increases blood flow. This result suggests that the response due to 

insulin, at least partly, occurs in order to ensure sufficient O2 delivery for glucose 

fixation. Therefore, when O2 is being supplemented from another source, in this case the 

gas exchange chamber, insulin no longer stimulates an increase in skeletal muscle blood 

flow. Previous evidence demonstrating the impact of increased blood flow in the 

microcirculation on glucose uptake in skeletal muscle, combined with the results of our 

study, suggest that insulin increases blood flow to facilitate the delivery of both glucose 
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and oxygen to muscle tissue (Baron et al., 1994; McClatchey eet al., 2019). Our results 

from Experiment 2 are consistent with the suggestion made by Wilson and Matchinsky 

that sufficient oxygen levels must be maintained for muscle tissue to uptake glucose, a 

conclusion derived from computational modelling (Wilson & Matchinsky, 2019).  

Additionally, Experiment 2 demonstrates the effectiveness of combining a gas exchange 

device with IVVM to directly manipulate microvascular flow in vivo under a range of 

physiological conditions; future studies could be conducted to further investigate potential 

common mechanisms between O2 and insulin in regulating blood flow, such as NO. A 

mechanism that links O2 and insulin could explain the results of the present study and 

previous work showing a connection between NO release, both insulin and oxygen blood 

flow responses, and glucose uptake (Steinberg et al., 1994; Higaki et al., 2001; Golub et 

al., 2014). 

 The changes in both velocity and supply rate in the capillaries following the 

imposed O2 changes as demonstrated in the time series plots provides clear evidence of 

the rapid and dynamic responses of the microcirculation to changing oxygen 

concentrations in muscle tissue (Figures 2.6 and 2.7).  The SO2 measurements show an 

almost instantaneous change in capillary RBC SO2 in the muscle resulting from the 

imposed O2 concentrations in the gas exchange chamber, with the hemodynamic 

parameters responding very shortly after. This is one of the few studies conducted that 

directly measures the effects of imposing SO2 changes on blood flow in the 

microcirculation (Ghonaim, et al., 2011; Sové et al., 2021). The present study directly 

shows the effects of oxygen availability on flow to the muscle tissue, but previous 

methods studying blood flow in the microcirculation have often made conclusions based 
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on indirect observations. Changes in arteriolar diameter is frequently used to study 

changes in microvascular flow; an increase in diameter implicitly causes an increase in 

flow to downstream microvessels and vice versa (Tyml & Budreau, 1998; Jackson et al., 

2010). However, increasing the diameter of a selected arteriole only increases blood flow 

entering the connected capillary bed downstream and does not represent an increase in 

total blood flow entering the microcirculation; this is due to the redistribution of blood 

flow that occurs in skeletal muscle to match metabolic demand when the entire 

cardiovascular tree is involved, therefore only measuring a single arteriole may not 

accurately reflect total blood flow changes in the microcirculation (Segal, 2005) . Thus, 

being able to directly measure the change in hemodynamic parameters following the 

imposed SO2 provides critical detail to quantify the dynamic effect that oxygen has on 

local blood flow regulation in the microcirculation. 

 The gas exchange chamber design and oxygen oscillation method used in this 

study was adapted from previous work and is an emerging method of directly 

manipulating RBC SO2 in the microcirculation in vivo (Sové et al., 2021). Sové et al. 

(2021) imposed O2 oscillations from 5%-12%-2%-5% and yet held the 12% and 2% O2 

chamber concentrations for 2 minutes opposed to 1 minute as in the present study.  

Additionally, in our study a single exchange window of approximately 5 x 3.5 mm in size 

was used to perturb a large area of the muscle tissue environment, but Sové et al. (2021) 

used an exchange device that consisted of five 200 x 400 um exchange windows 

interfaced with the muscle to study more localized effects of oxygen perturbations. 

Despite these technical differences, similar SO2 levels were found across the oscillation in 

the selected capillaries in both studies, and this was irrespective of circulating insulin 
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levels as demonstrated in the present study. It has been suggested that RBCs are 

responsible for sensing low oxygen concentrations in the muscle environment through 

ATP release when hemoglobin desaturates in response to low oxygen conditions, which 

induces an increase in flow to the muscle (Ellsworth et al., 2016);  at high oxygen 

concentrations, superoxide anions are generated in the interstitial space and are believed 

to neutralize NO, therefore negating its vasodilatory effects and reducing flow (Golub et 

al., 2014). The deoxygenation of hemoglobin has also been linked to the release of NO to 

stimulate vasodilation (Stambler et al., 1997). Oxygen binding to hemoglobin promotes 

the binding of NO to cysteineβ93 to form S-nitrohemoglobin, however during low 

oxygen conditions, S-nitrohemoglobin transitions from its R to its T structure, releasing 

NO in the process, resulting in an increase of blood flow and oxygen delivery to the 

muscle tissue (Stambler et al., 1997). Impairments in both ATP release from RBCs and 

insulin-induced eNOS phosphorylation to produce NO has been demonstrated previously 

in hyperinsulinemic conditions associated with insulin resistant diseases (Hanson et al., 

2009; Hanson et al., 2010; Sprague et al., 2011; Kubota et al., 2011); however, there is no 

evidence that oxygen sensing is impaired in the present study, at either high, low, or 

normal oxygen concentrations. SO2 measurements responded rapidly to the imposed 

oxygen perturbations in both baseline and euglycemic conditions, as demonstrated in the 

time transient data (Figure 2.13).  

O2 gas concentrations in the exchange chamber ranging from 2% - 12% have been 

used previously and were selected for several reasons (Ghonaim, et al., 2011). Mean 

tissue PO2 in rat skeletal muscle is generally reported to be ~40mmHg (equivalent to ~5% 

[O2]) and has been used in previous gas exchange studies (Sové et al., 2021). In our setup, 
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there is expected to be a small PO2 drop across the gas exchange membrane and so we 

use a slightly higher [O2] of 7% to maintain normal tissue PO2. The low [O2] of 2% 

(~15mmHg) is consistent with lower bounds of normal tissue PO2, and importantly is 

above recent empirical measures of Pcritical, below which mitochondrial respiration rates 

are likely to be affected (Golub & Pittman, 2012; Wilson, et al., 2014). High [O2] at 12% 

(91mmHg) is consistent with arterial SO2 (~93% saturation) allowing for RBC in 

capillaries to be highly saturated while remaining within a physiological range (Padilla, et 

al., 2007). 7% O2 falls in the middle of the high and low concentrations chosen and 

therefore produces a balanced square wave oscillation allowing us to examine blood flow 

responses across a wide physiological range. This, however, results in a slightly higher 

baseline SO2 in Experiment 2 compared to Experiments 1a and 1b. Baseline SO2 

measurements for Experiment 1a and 1b were 43% and 45% respectively, whereas 

baseline SO2 at 7% O2 was 60% (Figures 2.10 and 2.14). We would not expect that this 

difference in capillary SO2 to impact our findings, as evidenced by the close matching in 

capillary RBC velocity and SR between baseline and euglycemic clamp at all three [O2] 

studied.  

 Based on previous work by DeFronzo et al. (1979) and data gathered from the 

present study, there is evidence that glucose uptake and tissue metabolism are increased 

following the euglycemic clamp. DeFronzo et al. (1979) demonstrated that the glucose 

infusion rate at euglycemia is representative of glucose uptake, primarily occurring in 

skeletal muscle, and this increase in metabolism should result in an increase in oxygen 

consumption in the skeletal muscle based on the need for both oxygen and glucose to 

produce ATP through aerobic respiration (Wilson & Matchinsky, 2019). Further data 
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analysis measuring the extractions ratios of O2 from the arterial to the venule end of the 

capillaries (as described previously) could be used to confirm that O2 consumption is 

increased to accommodate changing myocyte glucose metabolism from the infusion of 

insulin (Ellis et al., 2002). Additionally, it should be noted that CO2 concentrations were 

necessarily clamped at a steady 5% throughout all oxygen oscillations performed in the 

present study. CO2 is a waste product produced from cellular processes in muscle tissue 

and also acts as a vasoactive stimulus; increased levels of CO2 in the blood induce an 

increase in flow to the microcirculation through arteriole vasodilation to quickly dispose 

of this product of aerobic metabolism (Diji, 1959; Battisti-Charbonney et al., 2011). 

Therefore, clamping this vasoactive stimulus may also have an effect on blood flow 

responses in the present study. Maintaining CO2 at 5% (~40 mmHg) is generally 

considered to be the normal physiological level and is consistent with other similar 

studies using both gas exchange chambers and superfusion solutions. Future studies could 

employ different CO2 concentrations to confirm that clamping CO2 at this level did not 

significantly affect the results found, although it is impossible to study one stimulus (i.e. 

O2 or CO2) without clamping the other due to the nature of the gas exchange chamber. 

 This study recapitulated that hyperinsulinemia increases blood flow in skeletal 

muscle microvasculature, and further demonstrated that setting the oxygen environment 

surrounding the muscle tissue also leads to a matching in blood flow to the imposed 

oxygen condition, irrespective of a hyperinsulinemic euglycemic condition. Finally, this 

study demonstrates for the first time a potential link between oxygen sensing and the 

hyperemic insulin response, as constraining the tissue oxygen concentration eliminated 

the expected hyperinsulinemic flow response, providing support for the hypothesis of this 
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study and changing our understanding of the interrelated effects of these stimuli on the 

microcirculation. 

Perspectives 
 

 The use of a gas exchange chamber, coupled with IVVM, allows for the 

observation of direct effects of both insulin and oxygen on skeletal muscle 

microvasculature in vivo. The present study demonstrates for the first time a potential link 

between the blood flow responses to insulin and oxygen, specifically that constraining 

tissue oxygen concentration overrides insulin mediated hyperemia. This finding provides 

further insight into blood flow regulation and glucose disposal in skeletal muscle in 

healthy states which may ultimately inform our understanding in pathological conditions, 

such as insulin resistance and type 2 diabetes. This novel observation has potential 

implications for associated cardiovascular disease in which regulation of blood flow to 

match supply and demand of oxygen in muscle tissue is likely impaired.   
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Chapter 3: Summary 

 

3.1 Summary and Discussion of Results 
 

 In Chapter 2, it was demonstrated through the first set of experiments (that in our 

hands insulin increases microvascular blood flow and stimulates glucose uptake during 

hyperinsulinemic euglycemic clamp (Objective 1). Both capillary red blood cell (RBC) 

velocity and supply rate increased significantly under euglycemia compared to baseline. 

This finding is consistent with what has been reported previously using similar methods 

in both animal and human studies. In contrast, our sham clamp Experiment 1b, did not 

produce a similar increase in flow compared to Experiment 1a. Experiment 1b showed no 

significant differences in capillary RBC velocity or supply rate between baseline 

measurements and measurements taken following the infusion of saline during the sham 

clamp; the absence of a flow response during the sham euglycemic clamp verifies that 

infusion of saline alone has no impact on microvascular blood flow, nor does the blood 

flow increase over time while the animal is maintained for intravital video microscopy 

(Objective #2). Finally, in Experiment 2, measured RBC oxygen saturation (SO2) 

dynamically changed to match oxygen concentrations imposed by the gas exchange 

chamber as expected. SO2 increased with increased oxygen concentrations and vice versa, 

in both baseline and euglycemic conditions. Additionally, capillary blood flow responded 

to the imposed O2 changes in the gas exchange chamber as expected. Velocity and supply 

rate measurements significantly increased during low oxygen concentrations, and 

significantly decreased during high oxygen concentration in nearly identical proportions 

at baseline and euglycemic conditions. As such, no significant differences in capillary 
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supply rate were found between baseline and euglycemic conditions at corresponding 

oxygen concentrations, unlike what was found in Experiment 1a (Objective #3). 

Remarkably, capillary RBC supply rate measurements taken at baseline mirrored those 

taken during euglycemia matching across the entire oxygen oscillation (Figure 11, 

Chapter 2). The elimination of the insulin-mediated blood flow response seen in 

Experiment 2 is a novel finding and provides new information suggesting a link between 

insulin and oxygen blood flow regulation. Previously, it has been demonstrated that 

insulin increased blood flow to increase the delivery of glucose to skeletal muscle in order 

to facilitate glucose uptake, and this uptake requires the use of ATP which is produced 

from aerobic respiration (Steinberg et al., 1994; Ramos et al., 2020). The results from this 

thesis suggest that insulin may also increase blood flow to facilitate the delivery of 

oxygen to the muscle tissue as well to ensure enough energy is produced to convert 

glucose into glycogen, and when the tissue oxygen environment is clamped from another 

source, such as a gas exchange chamber, insulin no longer provokes an increase in flow to 

provide more oxygen to the muscle.  

 

3.2 Limitations 
 

The hyperinsulinemic euglycemic clamp has become a standard for measuring the 

effects of insulin on blood flow and glucose uptake in the body as well as an individual’s 

sensitivity to the hormone (DeFronzo et al., 1979). This method has proven effective in a 

variety of different models, including both animal and human studies. In the present 

study, the blood flow response typically seen with an increase of insulin in the body was 



 98 

directly measured in the skeletal muscle microcirculation, but glucose uptake and oxygen 

consumption of the surrounding muscle tissue was not directly measured. Blood glucose 

levels were continuously measured at regular intervals from a tail sample once the clamp 

was started and these measurements were used as an indicator of glucose uptake rate and 

metabolism. As insulin is steadily infused during the clamp, glucose is also infused at 

varying rates to maintain normoglycemia. Since high levels of both insulin and glucose 

are being infused into the animal subject, but blood glucose is maintained at a normal 

level, it can be deduced that the rate of glucose infusion matches that which is being 

metabolized in skeletal muscle tissue (DeFronzo et al., 1979). Additionally, if glucose 

uptake is increased to facilitate increased metabolism in the muscle, then we expect 

increased oxygen consumption may also have to occur, as aerobic respiration is the 

primary means through which muscle tissue at rest produces the ATP necessary for 

cellular processes such as glucose fixation. 

Although the gas exchange chamber is an elegant tool for directly manipulating 

the oxygen concentrations in the muscle tissue environment, it does have limitations. 

During the oxygen oscillations, N2 was automatically adjusted to balance the total gas 

composition, but CO2 remained steady at a 5% concentration. This steady level of CO2 in 

the chamber was chosen to maintain tissue PCO2 at the expected physiological level of 

~40 mmHg. However, the consequences of clamping muscle tissue at a specific CO2 

concentration on microvascular blood flow remains unknown. CO2 is known to act as a 

vasoactive stimulus that can alter blood flow in the microcirculation through vasodilation 

of arterioles. An abundance of CO2 in the capillary bed stimulates an increase of blood 

flow to the muscle tissue in order to accelerate the removal of CO2, as it is a waste 
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product that is formed from cellular processes and excesses can cause an increase in 

tissue pH (Diji, 1959; Battisti‐Charbonney, et al., 2011). Ongoing research within our lab 

group has demonstrated that the gas exchange chamber can also be used to perform CO2 

oscillations, similar to the O2 oscillations performed in the present study, and these 

experiments have demonstrated that blood flow responds dynamically to CO2 

perturbations in a manner similar to O2 perturbations. Although CO2 was kept fixed in the 

study described in Chapter 2, microvascular blood flow showed profound responses to 

changing exchange chamber oxygen concentrations across the range imposed. 

Unravelling how both O2 and CO2 may work in concert to establish the level of capillary 

blood flow, both at rest and during hyperinsulinemia, is a topic for future study. 

 

3.3 Future Directions 

 

The outcome of the work for this thesis has provided evidence to support the 

hypothesis that insulin mediated hyperemia is partially dependent on local muscle oxygen 

concentration. In Experiment 1a, there were no significant differences in SO2 

measurements between baseline and euglycemic clamp conditions despite a significant 

increase in RBC supply rate at euglycemia. This finding suggests that more oxygen is 

being consumed by the muscle tissue during clamp conditions because more oxygen is 

being delivered from the increased blood flow to the muscle, but we are not seeing a 

subsequent increase in SO2 measurements. In order to determine that oxygen 

consumption may increase during the hyperinsulinemic euglycemic clamp in conjunction 

with increased insulin-mediated glucose uptake, future studies can be undertaken to 



 100 

calculate oxygen extraction ratios from the EDL capillaries as has been described 

previously (Ellis et al., 2002). This measurement represents the extraction of oxygen as it 

passes through the capillaries in the muscle by comparing the differences in capillary 

RBC O2 saturation measurements at the arteriolar and venular end of the capillaries, 

which are weighed against RBC SR measurements in the corresponding capillaries to 

account for different rates of blood flow. The ratio between the saturation measurements 

taken at the opposite ends of the capillaries would increase if oxygen consumption in the 

muscle has increased, as this would indicate that more oxygen is being extracted from the 

capillaries into the muscle tissue and thus a much lower venule saturation measurement 

will be recorded, creating a bigger difference between the arterial and venule 

measurements compared to resting conditions where oxygen consumption rates would be 

lower. Increased blood flow will typically result in an increased venular saturation 

measurement under resting conditions, and under conditions with increased tissue 

metabolism, this will appear as a small difference between arterial and venule saturation, 

despite extraction having actually increased; the equation to calculate extraction ratios 

accounts for these scenarios by incorporating SR measurements taken at individual 

capillaries.  

 The combination of the hyperinsulinemic clamp, IVVM apparatus, and the gas 

exchange chamber allow for the direct observation of multiple stimuli interacting in the 

skeletal muscle simultaneously and can be adjusted to further study potential mediators 

involved in these interactions. The vasodilatory effects of insulin and the resulting 

increases in blood flow have been attributed to the release of NO from the endothelium 

and this mechanism has been studied extensively in the past (Wang et al., 2013; Steinberg 
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et al., 1994); more recently, however, NO release has been linked to glucose uptake in 

skeletal muscle and even O2 consumption (Higaki et al., 2001; Golub et al., 2014). The 

effects of NO have been studied in various conditions using NO blockers such as L-

NMMA to block the release of NO from the endothelial using the hyperinsulinemic 

euglycemic clamp (Steinberg et al., 1994). However, blocking NO has never been done 

while simultaneously infusing insulin and glucose using the clamp method while 

performing oxygen perturbations. The infusion of a NO blocker could be added to the 

methods already used in this thesis in order to further assess if the insulin-mediated blood 

flow response is partially dependent on local oxygen concentrations. Blocking the release 

of NO from the endothelium would give us the ability to study the oxygen-mediated 

blood flow responses and the subsequent interactions with insulin independently of the 

NO mechanism.  

 The methods employed in this thesis could easily be adapted to study blood flow 

regulation in disease models. The hyperinsulinemic euglycemic clamp is frequently used 

to study impairments in insulin-mediated blood flow responses and glucose uptake by 

comparing results healthy and insulin resistance models, such as a type 2 diabetic model 

(DeFronzo et al., 1979; Ramos et al., 2020). Direct observation of the microcirculation 

during oxygen perturbations using the IVVM apparatus and gas exchange device in an 

insulin resistant model could provide further insight into the impairments of blood flow 

regulation seen in these conditions, which are often associated with cardiovascular 

diseases. It is has been shown previously that insulin-mediated hyperaemia is eliminated 

in diabetic models, therefore the delivery of nutrients such as glucose and oxygen to 

skeletal muscle tissue in these models is impaired (Clerk et al., 2006); additional studies 
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have measured decreases in RBC velocity in diabetic models and further calculations 

predicted an approximate 50% decrease in oxygen delivery to skeletal muscle (Kindig et 

al., 1998).  

 Our research group has demonstrated that the gas exchange device can be used for 

both O2 and CO2 perturbations in the skeletal muscle microcirculation. To address one of 

the limitations of the present study, future work could perform O2 oscillations at different 

physiological CO2 concentrations to determine if tissue CO2 concentration impacts the 

resulting blood flow responses to imposed O2 changes. Hemodynamic measurements 

across the O2 oscillation at high and low CO2 concentrations can be compared against the 

measurements taken at the 5% CO2 concentration, like in the present study, and any 

differences could be observed and quantified. However, it is important to note that when 

using the gas exchange chamber to study the effects of manipulating either O2 or CO2 on 

microvascular blood flow, the other gas has to be clamped in order to vary the 

concentration of the other; in other words, it is impossible to conduct O2 perturbations 

without clamping CO2 at some concentration, and vice versa. Taking this into 

consideration, it is very difficult to completely separate the influences these gases have on 

each other, and to study each stimulus completely independently. Despite this, insulin-

mediated blood flow responses and glucose uptake could then also be compared across 

different CO2 concentrations; this is a topic that has yet to be addressed in the literature 

and there could be an interaction between insulin and CO2 in the microcirculation, like we 

saw with O2, but it has not yet been studied.  
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3.4 Final Summary 
 

 The regulation of blood flow in the microcirculation is a dynamic process that 

ensures the supply of nutrients to muscle tissue matches the moment-to-moment aerobic 

demands of the parenchyma. This occurs through modulation of arteriolar vascular tone 

that can either contract or dilate in response to various vasoactive stimuli such as insulin 

and oxygen. The goal of this thesis was to quantify the capillary blood flow responses to 

both insulin and oxygen in vivo using a gas exchange device combined with IVVM and a 

hyperinsulinemic euglycemic clamp to address the following hypothesis: insulin-

mediated blood flow increases are partially mediated by local oxygen concentrations. 

Three different experimental protocols were conducted in this thesis to address the 

hypothesis, starting with the first set of experiments that demonstrated in our hands using 

a hyperinsulinemic euglycemic clamp that hyperinsulinemia does increase blood flow in 

skeletal muscle microcirculation. The second set of experiments were conducted to 

support the use of the clamp method and demonstrated that blood flow did not increase 

from simply infusing saline or due to any time effects. Finally, the third set of 

experiments combined the gas exchange chamber with the hyperinsulinemic euglycemic 

clamp and we found that the insulin-mediated blood flow response was abolished when 

oxygen concentrations were clamped using the exchange device.  The results gathered 

from these experiments provides the first evidence that skeletal muscle hyperemia caused 

by insulin may have an oxygen mediated component; this finding has wide ranging 

impact of our understanding of glucose disposal and how defects to oxygen mediated 

blood flow regulation may impact pathological states such as type 2 diabetes by further 

hampering glucose disposal. 
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