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Sepsis is a complex disease that often results in mortality secondary to a 

dysregulated and maladaptive host immune response. The endothelial glycocalyx (EG) 

is responsible for regulating many aspects of this response. Hyaluronic acid (HA) is one 

of many EG constituents. The EG is damaged in sepsis, causing shedding of these 

constituents into circulation, serving as quantifiable biomarkers of EG integrity. Damage 

to the EG occurs with increasing levels of systemic inflammation and can also be 

caused by hypervolemia. The present research explored daily serum HA concentrations 

in dogs with septic peritonitis from admission through to recovery. Interactions between 

HA concentration, cytokine concentrations and total administered daily fluid volume 

(TADFV) were also explored. Interleukin-6 concentration was a significant predictor of 

HA concentration, as was TADFV when the patient’s IL-6 concentration was accounted 

for. The investigators also performed validation of a commercially available human HA 

enzyme-linked immunosorbent assay for use in feline plasma.  
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1 Literature Review 
1.1 Introduction 

Sepsis represents the most common cause of death in people admitted to the 

intensive care unit,1 and is also a common clinical presentation of critically ill cats and 

dogs. The clinical manifestation of sepsis is highly variable, depending on the site of 

infection, causative pathogen, host factors (comorbidities, immune status, pattern of 

acute organ dysfunction), and the time interval before initiation of treatment.2 Sepsis 

affects approximately 1.7 million adults in the United States each year, and contributes 

to over 250,000 deaths.1,3 The high burden of sepsis, along with the realization that 

many patients with sepsis die despite successfully eradicating the inciting pathogen, 

has spurred extensive research intending to gain further understanding to how it is often 

the host, not the pathogen, that drives the pathogenesis of sepsis.2   

Based on the development of theoretical models and advancement in 

experimental research over the past few decades, it has been shown that on the 

surface of healthy vascular endothelium resides the endothelial glycocalyx (EG), a 

multicomponent gel-like layer. This layer serves as an interface between the vessel wall 

and the bloodstream (vascular lumen and the luminal endothelial surface) and has 

many roles in maintaining homeostasis and vascular integrity. The EG is disrupted 

during several disease states including sepsis, and approaches to quantify EG 

derangement in pathological conditions is becoming a main area of focus in human 

literature. Damage to the EG can occur with increasing levels of systemic inflammation 

in multiple species,4–6 and can also be induced with therapeutic interventions such as 

intravenous fluid administration.7–9 Investigation of EG degradation in veterinary patients 

has occurred primarily in animal research models, of which canine models make up only 

a small amount of the available literature.10,11 Therefore, the purpose of the present 

research was to assess EG degradation through the use of EG biomarkers in dogs with 

naturally occurring sepsis, and correlate these findings with degree of inflammation and 

intravenous fluid therapy. Additionally, validation of a commercially available enzyme-
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linked immunosorbent assay (ELISA) for use of EG biomarker measurement in cats was 

pursued. 

1.2 The endothelial glycocalyx 

The endothelial lining of blood vessels makes up one of the largest surface areas 

in the body. The total endothelial surface is a complex, multi-layered structure. The 

innermost luminal surface, termed the EG, has multiple essential physiologic roles. The 

EG lies strategically between the flowing bloodstream and vascular endothelium. The 

existence of the EG was first proposed by Danielli in 194012 and was first visualized on 

vascular endothelial cells by Luft in 196613 via transmission electron microscopy and 

ruthenium red dye. However, it was not until Pries et al. published a thorough review14 

of glycocalyx literature in 2000 that renewed interest was spurred regarding not only its 

structure, but its contribution to health and disease.  

1.2.1 Structure 

The EG is a multicomponent carbohydrate-rich gel-like layer estimated to be 

approximately 0.2 – 0.5 um thick15 extending into the vascular lumen, and is thought to 

encompass 20% of the intravascular volume.16 It consists of a cell-bound component 

comprised of proteoglycans (PGs) and glycoproteins (GPs) that serve as the backbone 

of the dynamic structure. Proteoglycans serve as anchors to the endothelial surface and 

provide binding sites for intricately linked glycosaminoglycans (GAGs). The structure 

itself is fragile, and its stability relies on interactions between its various components. 

The EG is not a static structure and remains in constant dynamic equilibrium of 

shedding and biosynthesis of its constituents. This ever-changing composition makes 

the EG challenging to define geometrically, and it is often considered a self-assembling 

three-dimensional mesh that will vary in composition depending on the 

microenvironment. The constituents have synergistic interactions and enzymatic 

removal of any of the components dramatically affects glycocalyx properties.17 
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Proteoglycans provide the anchored building blocks of the EG and are 

considered the most important backbone molecules of the EG. They are composed of a 

core protein to which one or more GAG chains are linked. Their purpose is to secure the 

fragile structure to endothelial cells, bind together the constituents that form the mesh-

like surface layer, and partake in mechanotransduction. There are two main groups of 

PGs, syndecans and glypicans, contained within the EG. Syndecans are 

transmembranous proteins, and therefore span the extracellular, transmembrane and 

intracellular spaces of the endothelial cell.18,19 This allows them to recognize alterations 

in the extracellular environment within the bloodstream and transmit signals to the 

endothelial cytosolic domain as a response. Their extracellular domain has attachment 

sites for heparan sulfate or chondroitin sulfate GAG chains.20 Although there are four 

known syndecans in vertebrates, the EG primarily contains syndecan-1 (SDC-1).18,19 

Glypicans do not span the cell membrane, and are instead attached to the luminal 

membrane of endothelial cells. Glypican-1 is the only glypican expressed on the 

Figure 1-1: Schematic model of the endothelial glycocalyx. GAG side chains are 
labeled: CS= chondroitin sulfate, HA= hyaluronic acid, HS = heparan sulfate. 
Syndecan and glypican are proteoglycans. Image created with BioRender. 
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endothelium. Glypican-1 provides a binding site exclusively for heparan sulfate. The 

binding site for heparan sulfate is close to the cell membrane and localized around 

caveolae, membrane structures rich in signaling molecules that serve as communication 

hubs in the cell membrane.18,21 This is how glypicans are able to partake in signaling 

cascades with cytokines and other molecules such as nitric oxide (NO).18,21    

The PGs allow attachment of glycosaminoglycan (GAG) side chains that extend 

off the core protein into the vascular lumen. These GAGs are nonbranching linear 

polysaccharides which create the EG mesh-like structure. They are considered the most 

abundant component of the EG,19 and the proportion of various GAG chains present 

within the EG will differ under different circumstances and stimuli.17 There are five main 

GAGs present in the EG: heparan sulfate (HS), chondroitin sulfate (CS), dermatan 

sulfate, keratin sulfate and hyaluronic acid (HA). Some discrepancy regarding 

nomenclature of dermatan sulfate exists, as it is actually type B chondroitin sulfate. The 

two differ through epimerization of glucuronic acid into iduronic acid in dermatan sulfate, 

and since this has effects on functionality it is often seen as a separate class of GAG.17 

The location of each main GAG within the EG appears to be linked to their functional 

role. Those that are found predominantly at the luminal surface of the EG, such as HS, 

have a dominant role in structural integrity and cellular interaction. The GAGs that are 

located deeper in the EG and closer to the endothelial cell surface, such as HA and CS, 

have an important role in vascular permeability.18,22 For most GAGs, once the chain is 

formed it will undergo modification via sulfation. There are typically 16-48 different 

sulfation patterns that exist per disaccharide unit,17 and these sulfate groups impart a 

net negative charge to the EG.18  

Glycoproteins, the second backbone molecule of the EG, are located on the 

endothelial cell surface. Glycoproteins do not bind GAG chains, and instead are 

membrane-anchored proteins with short branched oligosaccharide units.18,23 The 

carbohydrate chains of these units terminate with sialic acid. Sialic acid contributes to 

the net negative charge of the EG due to its ionization at physiologic pH values.23 The 

endothelial GPs are considered cell adhesion molecules and receptors in intercellular 
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signaling that play a major role in cell recruitment from the bloodstream.17 The GPs can 

be separated into three distinct families based on structural and functional 

characteristics: selectins, immunoglobulins and integrins. Selectins found within the EG 

are E-selectin and P-selectin, both of which are involved in contact and adhesion of 

leukocytes and platelets to the activated endothelium.17,18 P-selectin is produced at a 

constant rate and subsequently stored inside endothelial cells until stimuli, such as 

thrombin, complement, fibrin or histamine, induces its rapid translocation to the cell 

surface.17,24 In contrast, E-selectins are induced and require transcription, translation 

and translocation to the cell surface.18,25 This protein synthesis typically takes up to 6 

hours following cytokine or antigenic stimulation.18 Integrins are membrane proteins 

composed of two subunits, ! and ". There are 19 different !-subunits and 9 "-subunits 

that have been identified,18,26 and the function of each integrin is determined by the 

specific combination of its subunits. Integrins play an important role in mediating 

leukocyte-endothelial and platelet-endothelial cell interactions.17 The immunoglobulin 

glycoproteins consist primarily of intercellular adhesion molecules (ICAM), vascular cell 

adhesion molecules (VCAM) and platelet/endothelial cell adhesion molecules. They 

support adhesion and migration of leukocytes between endothelial cells and are either 

expressed constitutively or upregulated upon endothelial cell activation.17  

Soluble plasma components are also incorporated into the EG, serving to further 

enhance the structure by altering its thickness and permeability.18,27 Albumin is one of 

the most important soluble components and is required in order to maintain normal 

barrier function of the endothelial lining. Although albumin has a net negative charge, it 

is able to tightly bind to the EG due to its amphoteric nature. Its incorporation into the 

EG reduces hydraulic conductivity across the vascular barrier, resists glycocalyx 

degradation, and facilitates transmission of shear stress.28 Albumin contributes to the 

maintenance of normal capillary permeability by delivering sphingosine-1-phosphate to 

the endothelial surface. Sphingosine-1-phosphate suppresses the activity of 

metalloproteinases, thereby protecting endothelial cells and reducing GAG degradation 

and shedding.29 Albumin also serves as a scavenger for reactive oxygen species (ROS) 
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and has additional antioxidant effects through binding of free copper ions which 

accelerate the production of free radicals.30  

1.3 Methods of assessing the endothelial glycocalyx 

The EG is an ever-changing, fragile and labile structure making in vivo, in vitro and 

ex vivo visualization challenging. The original methodology that permitted visualization 

of the EG was transmission electron microscopy,13 however vascular endothelial 

preparation caused severe damage to the glycocalyx leading to its inaccurate 

assessment and dimension. In fact, experimentally determined EG dimensions continue 

to vary substantially between studies, likely due to methodological heterogeneity and 

the EG’s inherent sensitivity to tissue fixation techniques.31 Furthermore, despite 

advancement in tissue preservation and staining, the common limiting factor of many of 

these modalities is their lack of utility in vivo.32 Therefore, recent focus has shifted to the 

development of real-time bed-side imaging modalities for direct assessment of the 

microvasculature. The microcirculation is made up of the smallest blood vessels (<100 

µm diameter) in the body’s circulatory system and consists of arterioles, venules and 

capillaries. These vessels are the interface for oxygen exchange, and it is now 

understood that altered tissue perfusion and oxygenation persist in tissues with 

microcirculatory dysfunction despite acceptable macrohemodynamic parameters.33 

Visual changes to the microvasculature can imply changes to the EG integrity. 

Alternatively, indirect assessment and quantification of EG damage has been explored 

through the use of EG biomarkers in blood. This review will explore both of these 

recently developed techniques.  

1.3.1 Intravital microscopy 

Intravital microscopy is an imaging technique that allows for visualization of 

superficial microvascular beds and is often focused on easy to access sites such as the 

sublingual region. The development of side-stream darkfield microscopy has allowed for 

real-time non-invasive imaging of the microcirculation in healthy34 and critically ill 
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humans,35 healthy anesthetized dogs,36 dogs in hemorrhagic shock,37 and healthy 

anesthetized cats.38 Using green light emitting diodes, the camera is able to detect 

hemoglobin within passing red blood cells.39 The images that are obtained are highly 

magnified and allow direct visualization of the microvasculature and individual cells 

moving within it. Unfortunately, this imaging modality is technically challenging and only 

useful in superficial vascular beds such as the sublingual region. It is unknown to what 

extent these superficial vascular beds serve as a surrogate for accurate identification of 

EG alterations at distant tissues. This technique is also highly sensitive to movement 

and pressure artifact, thereby posing an additional challenge for obtaining quality data 

on awake veterinary patients. In fact, all intravital microscopy studies in the veterinary 

literature thus far have been conducted on anesthetized patients.36–38 Assessment of 

the images and videos obtained by this method is technically challenging and time-

consuming, limiting its utility as a bedside tool. Attempts at rapid bedside video scoring 

systems for use in dogs demonstrated poor inter- and intra-observer agreement for 

assessing microcirculatory perfusion parameters.40 This technology is not yet ready for 

use in veterinary clinical patients, and there is need for development of automated 

analysis software if this technology is to be integrated into the intensive care unit (ICU) 

setting.  

1.3.2 Biomarkers 

Due to the challenges associated with direct visualization of the EG, the use of 

EG biomarkers has become common as a means to indirectly quantify EG degradation. 

Damage to the glycocalyx causes shedding of the aforementioned constituents into 

circulation, and measurement of these GAGs allows for indirect assessment of EG 

damage. Shedding of the EG occurs due to activation of various intracellular and 

membrane-bound enzymes. The key enzymes responsible for EG shedding are thought 

to be matrix metalloproteinases (MMPs), a family of cell surface proteases responsible 

for degrading extracellular matrices.18,41 These enzymes are stored within endothelial 

cells and are released and activated following adequate stimulation, and therefore can 

be rapidly released in early stages of inflammation. Various MMPs have been 
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implicated in direct cleavage of CS42 and HS proteoglycan SDC-1.43 The most 

commonly explored biomarkers of EG integrity include SDC-1, HS and HA. Each will be 

reviewed in further detail.  

1.3.2.1 Syndecan-1 

Syndecan-1, the main PG core protein found in the EG, has attracted interest as 

a reliable marker of EG integrity. Syndecan-1 is a transmembrane molecule and is 

therefore exposed to the mechanical pressure of the bloodstream. This pressure is 

detected by the viscous resistance that is applied to the core protein of SDC-1.19 The 

flow stress being applied to SDC-1 protects the underlying endothelial cells from direct 

damage, and transduces a signal to the cytosolic domain of the endothelial cell.19 In 

high shear stress environments, this signal transduction promotes cytoskeletal 

rearrangement to protect the EG integrity and maintain the intercellular junctions of the 

endothelium. Syndecan-1 also regulates leukocyte adhesion by mediating migration of 

leukocytes from the bloodstream and the binding of leukocytes to endothelial cells 

during inflammation.19 Syndecan shedding occurs through the direct action of 

sheddases such as MMPs. However, a variety of extracellular stimuli such as growth 

factors,44 chemokines,45 bacterial virulence factors,46 and insulin47 have been reported 

to induce syndecan shedding. Increased SDC-1 concentrations have been documented 

secondary to these pro-inflammatory substances in both in vitro and in vivo animal 

models.48–51 

1.3.2.2 Heparan sulfate 

Heparan sulfate is another commonly explored EG biomarker. Heparanase, an 

enzyme specific for the cleavage of HS, is often implicated in EG shedding. It is 

secreted by numerous cell types including ROS and inflammatory cytokines.54 

Enzymatic EG degradation with heparanase rapidly induces loss of EG thickness, 

consistent with the dominant proportion of this GAG in the EG structure.55  
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1.3.2.3 Hyaluronic acid 

Of particular interest to this review is HA, a high molecular weight GAG 

composed of disaccharide repeats of N-acetylglucosmaine and glucuronic acid. It differs 

from other GAGs in that it is not linked to a core protein. It is instead thought to be 

bound directly to the endothelial cell membrane via receptor CD44.17,56 Hyaluronic acid 

is also non-sulfated and does not undergo modification, acquiring its net negative 

charge via the presence of carboxyl groups instead. It is a relatively simple structure 

that is conserved throughout all mammals, suggesting that HA is a molecule of 

considerable importance.57 Although HA only accounts for 5 to 20% of the total GAG 

content in the EG, it is implicated in several key functions. In the vasculature, HA plays 

a fundamental role in the maintenance of vascular integrity. It contributes to EG 

thickness, plays an integral part of vessel permeability by repulsing or slowing down 

protein and macromolecule passage, and contributes to the EG’s mechanosensory 

effect thereby regulating flow-mediated NO production and vasodilation.53 It also 

interacts with itself, forming HA-HA complexes, which contribute to the structural 

stability of the EG.17,58 Hyaluronic acid shedding in disease states occurs through both 

enzymatic and non-enzymatic degradation. Reactive oxygen species, a common 

consequence of inflammation, are a main source of non-enzymatic degradation. These 

ROS are able to depolymerize GAGs, particularly HA.53,59 White blood cells produce 

hyaluronidase, providing a source of enzymatic degradation of HA. Regardless of the 

mechanism, HA becomes broken down into small fragments and is shed into circulation. 

In health, HA is found at low concentrations in circulation, because it is rapidly cleared 

from the bloodstream by endothelial cells in liver sinusoids.60 Hyaluronic acid 

concentrations have been shown to increase with fibrotic liver disease, attributable to 

decreased hepatic metabolism and clearance.61 Hyaluronic acid elevations are reported 

in a number of disease processes in humans, with correlations to hepatic and renal 

function, systemic inflammation, and clinical scores of disease severity.61 A large human 

study found that HA concentration at ICU admission was significantly elevated in 
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critically ill patients compared to healthy controls.61 The highest HA concentrations were 

observed in patients with pre-existing liver cirrhosis or sepsis.61  

Glycocalyx biomarkers are often measured in combination for improved 

assessment of changes to the EG. However, SDC-1 is by far the most frequently 

measured EG biomarker in people.62 A recent scoping review focused on the value of 

EG biomarkers reported that SDC-1 was measured in 90% of studies exploring EG 

biomarkers in septic people. Hyaluronic acid was measured second most commonly in 

30% of studies.62 There is no gold standard method of EG biomarker detection at this 

time, and reference intervals for these biomarkers are yet to be established and 

validated. Studies thus far indicate that there is high variability in reported concentration 

of EG biomarkers dependent on the commercial assay that is used for detection.62 

Therefore, the clinical utility of these biomarkers presently resides in serial 

measurements within a given population using the same assay, and comparison 

between various studies is limited.   

1.3.2.4 Glycocalyx biomarkers in veterinary medicine 

In the veterinary literature, use of EG biomarkers is uncommon. As previously 

mentioned, since these EG components are dispersed so widely throughout the body, 

they are not specific to the EG alone. At this time, HA is the only EG biomarker that has 

been validated for use in dogs. A single study utilizing HS and SDC-1 in dogs with 

induced septic shock has been published.11 Unfortunately, other researchers working in 

this arena have had difficulty with successful validation of the SDC-1 ELISA kit useda 

and the values for SDC-1 were markedly different from those reported in other 

attempts63 lending some concern to the validity of these results. Therefore, this review 

will focus on the use of HA in dogs.  

Interestingly, in the veterinary literature, HA is most often cited as a hepatic 

marker. In dogs, increased serum HA concentration has been identified in dogs with 

histologic evidence of cirrhosis,64 increasing degree of hepatic fibrosis,65 and with 
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congenital portosystemic shunts compared to healthy controls.66 Serum HA 

concentration has also been studied as a biomarker for osteoarthritis in dogs in multiple 

studies.67–69 

Studies investigating these biomarkers as they specifically pertain to the EG are 

even more rare at this time. Available studies are limited to animal research models, 

with no EG biomarker investigated in clinical patients to date. Hyaluronic acid has been 

used as an EG biomarker in a single canine study thus far, exploring the effects of 

varying fluid resuscitation protocols on the EG following induced hemorrhagic shock.10 

Results showed that following induced and sustained hypovolemic shock, resuscitation 

with crystalloid led to an early peak in HA concentration at 20 minutes compared to 

artificial colloid or fresh whole blood; artificial colloid was noted to have a peak HA 

concentration at 60 minutes.10 Further investigation of EG biomarkers in clinical 

veterinary patients is needed, and attempts at validating methods of measuring 

additional EG biomarkers is warranted.  

1.4 Physiologic functions of the glycocalyx 

Endothelial cells actively regulate the surface composition of GAGs as a means 

of adapting to changes in the local environment.70,71 Microenvironment conditions 

(shear stress, inflammation, pH) have an effect on the interactions between GAGs and 

soluble plasma proteins, which can subsequently alter the structure and function of the 

EG.71,72 Given the EG’s active nature and ability to adapt to ever changing conditions, it 

appears to play an important role in many aspects of homeostasis. The EG is necessary 

for maintaining normal vascular permeability73 and transvascular fluid flux, mediating 

cell-to-cell interactions74 particularly in regard to inflammatory responses and 

coagulation,75 and is essential for vascular mechanotransduction.71 Each of these 

features will be reviewed in detail.  
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1.4.1 Vascular permeability 

The strategic location of the EG between the flowing bloodstream and vascular 

endothelium allows for its integral role in vascular permeability. Water and solute 

exchange across the walls of the microcirculation is a constant dynamic process, 

necessary for maintaining tissue homeostasis. This review will first focus on the role of 

the EG in vascular permeability and fluid distribution as a main focus of the present 

research.  

The EG has significant effects on distribution of fluid between the vascular 

system and tissue.23 The rate of exchange is regulated by a variety of local conditions 

including blood pressure, vessel density and size, blood flow rate, concentration 

gradients of solutes, and the intrinsic permeability of the vessel wall itself.23 When 

considering the permeability of the vessel wall, recognizing both the individual 

contributions and synergism of the endothelial cells and EG must be considered. An 

animal model using guinea pig hearts found that simultaneous disruption to both the 

endothelial cellular barrier (by ischemia or histamine) and EG damage (via heparanase) 

was needed to increase coronary vessel leakage.76 These findings suggest that EG-

dependent permeability changes will only result in clinical vascular leakage if the 

endothelial cellular layer is also disrupted. In clinical patients, the potential for damage 

to both barriers during insult is likely. Recently, a great deal of focus on studying the 

EG’s contribution to vascular permeability independently has occurred. To do this, 

enzymatic removal or genetic knockdown of a specific glycocalyx component is often 

utilized.77 Research examples of this include in vitro removal of HS using heparanase 

with resultant increased flux of albumin across vascular endothelium78 and in rodent 

models using hyaluronidase to degrade HA from the EG which demonstrated increased 

glomerular albumin transit 5.6-fold.79,80  

With the discovery of the EG has also come an improved understanding of 

absorption and filtration of fluid in the body, and a revision to the classic Starling 

hypothesis. Originally, Starling described the movement of intravascular fluid as being 
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filtered out of the arterial end of a capillary and reabsorbed at the venous end.81 He 

showed that saline injected into the interstitial compartment of a dog’s pelvic limb was 

absorbed into venous blood as evidenced by hemodilution. However, when serum was 

injected into the interstitium, the fluid did not appear to be absorbed into the 

bloodstream.82 It was theorized that the movement of fluid between the intravascular 

and interstitial space was driven primarily by colloid oncotic pressure (COP) and 

hydrostatic pressure gradients between the two spaces.81 This theory was represented 

by the equation: Jv= k[(Pc - Pi) – #($p - $i)] where Jv is the fluid flow rate through unit 

area of microvascular walls. Jv is positive when net flow is from plasma to tissue. K is a 

filtration coefficient combining the permeability of microvascular walls and the surface 

area through which fluid is exchanged, and # is the reflection coefficient of proteins. Pc 

and Pi are the hydrostatic pressures in capillaries and interstitial fluid respectively, and 

$p and $i represent the COP of plasma and interstitial fluid.  

The revised Starling equation now hypothesizes that the main COP gradient is 

between the plasma and the subglycocalyx space, the space immediately underlying 

the EG.83 This subglycocalyx space is maintained between two barriers, the EG and the 

endothelial cells. In health, the endothelial cell surface is considered impermeable aside 

from specific sites called intercellular clefts. These clefts are the site of fluid movement 

from the intravascular to interstitial space. The fluid within the subglycocalyx space has 

a significantly lower protein concentration than the interstitial fluid because it consists 

primarily of continuously formed ultrafiltrate where proteins have been deflected by the 

negatively charged GAGs of the EG (see previous section 1.2.1).83 The interstitial fluid 

contains a much higher concentration of protein (30-60% of plasma concentration) 

because plasma proteins cross the endothelial surface through a separate pathway, the 

large pore system.83 However, reabsorption or back diffusion of proteins from the 

interstitium into the subglycocalyx space is prevented by the constant current of the 

ultrafiltrate formation that filters through endothelial clefts in the direction of the 

interstitium.18,84 The Starling equation has therefore been updated: Jv= k[(Pc - Pi) – #($p 

– $sg)] where $sg represents the oncotic pressure of the subglycocalyx space. We now 
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understand that the Staverman osmotic reflection coefficient (#) represents the ability of 

the EG to reflect albumin, and other proteins, from the subendothelial space.  

The new Starling theory highlights the role the EG plays in the maintenance of 

normal vascular permeability. Although ultrafiltrate is constantly flowing from the vessel 

lumen to the interstitium, in health the EG is able to selectively control solute exchange 

and restrict passage of solutes based on their size, shape and net charge.85 This is in 

part due to the net negative charge of the EG secondary to the large number of 

negatively charged GAG chains. 

  

Figure 1-2: Schematic model of the endothelial glycocalyx (EG), sub-glycocalyx space (sub-EG) and endothelial cell 
surface. The flow of filtrate through endothelial intercellular clefts (ETC) is depicted by the single-headed arrow 

representing the direction of flow. Modified from Dongho et al. 2019. Image created using BioRender. 
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Albumin and the EG have a complex interaction. The transvascular movement of 

albumin is heavily studied because it is fundamental in maintaining normal barrier 

function of the endothelial lining. Approximately 40% of total body albumin in humans is 

contained in the intravascular space, making it the main determinant of intravascular 

colloid oncotic pressure. However, its effect on reducing vascular permeability is not 

solely due to oncotic pressure. Despite its net negative charge, albumin is able to tightly 

bind and becomes incorporated into the EG. However, additional less recognized 

plasma components also must play a role in preventing fluid extravasation based on 

animal model studies using perfused microvessels from the frog86 and the rat.87 These 

studies reveal restoration of normal permeability and reduced fluid extravasation 

following perfusion with plasma compared to perfusion with albumin alone.86,87 

Additionally, the three-dimensional structure of the EG itself is hypothesized to work as 

a mesh, contributing to its semi-permeable nature. This concept is termed the fiber-

matrix theory and explains how the EG excludes large molecules while maintaining 

permeability to smaller molecules.88 Fundamental to this mesh-like structure is the 

intricately woven GAGs of the EG. The fiber-matrix theory is confirmed experimentally 

though enzymatic degradation of the EG in pig hearts resulting in a 60% increase in 

permeability.89 Studies have shown that all three of the major GAGs (HS, CS and HA) 

contribute to EG permeability. An animal model study using anesthetized rats showed 

reductions in EG thickness by 43.4%, 34.1% and 26.1% following injection of 

heparinase, chondroitinase and hyaluronidase, respectively. When a mixture of all three 

enzymes were administered, EG thickness was reduced by 89.7% by intravital 

microscopy.22  

1.4.2 Regulation of coagulation 

The EG participates in many aspects of the coagulation system while mediating 

homeostasis.71 An intact EG helps maintain laminar intravascular flow. Normal vascular 

flow can be pictured as smooth flowing channels. The center, or most luminal channel is 

a region of red blood cells (RBCs) which is surrounded by an outer channel consisting 

of platelets and plasma. The maintenance of this laminar flow structure prevents 
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adherence of RBCs to endothelial cells by preventing interaction or mixing between the 

various channels. The outer surface of RBCs has its own glycocalyx layer that is also 

negatively charged, creating repulsion between RBCs and the EG. This results in a low-

friction flow of blood through vessels and forms a plasma cushion between RBCs and 

the endothelial surface.90 When the EG is degraded, endothelial cells become exposed 

and are available for cell-to-cell interaction. A degraded EG leads to physical contact 

between RBCs and endothelial cells due to lack of electrostatic repulsion between the 

negatively charged EG and RBC’s. This results in higher drag forces. Interestingly, an in 

vitro study using endothelial cell culture mimicking increased drag forces found that the 

EG and RBC glycocalyx layers impacted one another.90 When one layer was targeted 

for enzymatic degradation, the initially intact partner layer was also damaged.90 It is 

hypothesized that mechanical interaction between the RBCs and endothelial cells are 

the cause, highlighting the importance of the electrostatic properties of these layers to 

prevent contact. It is also theorized that assessment of the RBC glycocalyx from a blood 

sample could provide insight into the state of the EG and may be a reasonable future 

diagnostic target.18,90  

An intact EG also helps mediate exposure of various molecules responsible for 

initiation of inflammatory or coagulation cascades. Many of these molecules are located 

at the base of the EG, concentrated near the endothelial surface. Therefore, the thick 

mesh-like layer of PGs ensures that these various components are typically completely 

submerged within the EG, and unavailable for interaction with circulating substances in 

the bloodstream. These hidden molecules and receptors include GPs that are 

responsible for white blood cell (WBC) recruitment and initiation of coagulation, vascular 

adhesion receptors, and signaling proteins involved in WBC recruitment called 

chemokines.74,75 When at least partial EG shedding is present, these molecules are 

exposed. Exposure of vascular adhesion molecules such as ICAM-1 and VCAM-1 lead 

to marked increase in WBC and platelet activation.75 Chemokines become available to 

signal for WBC recruitment which upregulates WBC integrin expression and potentiates 

binding to endothelial cell adhesion molecules.74 Recruitment of leukocytes is a precise 
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multistep process that includes sticking, rolling, adhesion and transmigration.91 

Selectins mediate sticking and rolling, whereas integrins mediate firm adhesion and 

transcellular movement of leukocytes to the surrounding tissue cells.16 Platelets also roll 

along the exposed vessel wall, mediated by exposed binding sites such as P-selectin. 

Not only does this interaction liberate pro-inflammatory mediators and promote 

chemotaxis,75 it promotes platelet adhesion and initiation of coagulation.24  

The EG also regulates coagulation by concentrating anticoagulant molecules 

within its structure. It binds antithrombin, thrombomodulin and protein C, and contains a 

high concentration of tissue factor pathway inhibitor.17,92 It also keeps von Willebrand 

factor, which is constitutively expressed on the endothelial surface, embedded within 

the EG to only allow platelet adhesion and activation under conditions of exposed 

endothelium.93 Antithrombin is another important anticoagulant molecule within the EG, 

and is well known to bind HS and together serve to augment anticoagulant activity.91 

1.4.3 Mechanotransduction 

Finally, the EG plays a role in mechanotransduction. This is the transformation of 

mechanical forces into a biochemical response.94 The EG structure senses the fluid 

shear stress exerted by the extracellular flow, and transmits this to the endothelial 

intracellular structure through its transmembrane components, such as proteoglycans.94 

The EG also acts as a mechanoreceptor, increasing NO production as a response to 

high shear stress environments. Nitric oxide normally maintains microvascular 

homeostasis by regulating arterial tone, RBC deformability, and leukocyte and platelet 

adhesion to endothelial cells. It also plays a role in mitochondrial respiration.95 The 

mechanisms of mechanotransduction remain not fully understood, however it is 

theorized that the membrane-attached PGs may be physically displaced when exposed 

to shear forces, with ensuant signals transmitted to the cellular surface invoking an 

endothelial intracellular response.96,97 Such a process would require the membrane-

bound PGs to have an extended extracellular domain capable of sensing flow as well as 

an intracellular, cytoplasmic domain for signal transmission.14,97 This structure is typical 
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of syndecans, highlighting the complexity of the EG structure and the individual 

contribution to its function from each component.  

The associated GAG chains are also involved in signal transduction of 

extracellular flow. An isolated canine femoral artery study highlighted HA’s role in 

mechanotransduction of shear stress.98 The arteries were perfused at a wide range of 

flow rates with or without pretreatment with hyaluronidase to degrade HA within the EG. 

The investigators found that when the arteries were pretreated with hyaluronidase, flow-

induced NO production was significantly decreased.98 Therefore, HA likely plays a 

pivotal role in detecting shear force of blood flow and triggering endothelium-derived NO 

production. In vitro studies using endothelial cell culture have shown that removal of 

HS97 or HA21 lead to similar losses of NO release secondary to shear stress. The 

specific EG structures involved in mechanotransduction are strategically located within 

caveolae where endothelial NO synthase resides, supporting the theory that they are 

involved in shear-induced nitic oxide release.21 In the absence of an intact EG under 

shear stress, the vasculature cannot vasodilate appropriately to respond to changing 

hemodynamic forces.18  

1.5 Disruption of the endothelial glycocalyx 

The previous section reviewed the many functions of the EG in health. Based on 

the aforementioned homeostatic roles it plays, the EG itself is often regarded as anti-

inflammatory and anticoagulant.18 Conversely, upon its disruption the EG plays an 

active role in promoting coagulation and inflammation. When observed from an adaptive 

perspective, the local inflammatory response is an appropriate and structured response 

to trauma or to invasion of microorganisms.32  Each of the steps in the inflammatory and 

coagulation cascade are critical for efficient host defense, however excessive 

upregulation of these processes can lead to damage of the endothelium and 

surrounding tissues.32 Many systemic states are often associated with a transition from 

the typical anti-inflammatory endothelial phenotype to a proinflammatory phenotype. 

Glycocalyx disruption has now been documented in an extensive list of disease states 
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in humans including atherosclerosis,99 hepatitis,100 diabetes101 and renal insufficiency.102 

In-depth review of all these conditions is beyond the scope of this review. The present 

research investigates EG disruption as it pertains to sepsis, and therefore will be the 

focus of the following section.  

1.5.1 The endothelial glycocalyx in sepsis 

Sepsis is a complex disease and the leading cause of death in people admitted 

to the intensive care unit.1 It is characterized by an excessive and maladaptive immune 

response to an infectious pathogen, resulting in widespread systemic inflammation and 

associated sequelae that often leads to acute organ failure and death. A new 

understanding of sequelae associated with EG disruption are providing insight to the 

pathogenesis of systemic inflammatory states and sepsis. Local or systemic 

inflammation causes changes in the structure and physiology of the EG and leads to 

endothelial dysfunction.32 This endothelial dysfunction affects the microcirculation 

resulting in loss of vascular reactivity and distributive alterations in microcirculatory flow 

between and within organ systems.103 The microcirculation is regulated by a variety of 

mechanisms: myogenic (shear stress), metabolic (O2, CO2, lactate and H+) and 

neurohumoral.33 Intact microcirculatory function is essential for appropriate tissue 

oxygenation, and therefore organ function.  

In the early stages of sepsis, tumor necrosis factor-alpha (TNF-%) and bacterial 

lipopolysaccharides (LPS) damage the EG.15 Tumour necrosis factor alpha triggers the 

release of cytokines, proteases, histamines and heparanases. Experimental studies in 

rats show that the thickness and stiffness of the EG is reduced following exposure to 

TNF-% or LPS.104 When the EG is softened, this can lead to changes in microvascular 

rheology, regulation of blood flow and overall hemodynamics.104,105 In normal 

physiologic conditions, capillary beds are dense and uniformly perfused. However, 

sepsis is associated with both a decrease in capillary density and increase in 

heterogeneity of capillary perfusion.106 These changes have a large impact on tissue 

oxygenation. In conditions of decreased capillary density, the diffusion distance for 
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oxygen exchange is increased, creating local areas of tissue hypoxia.106,107 Additionally, 

due to heterogenous microvascular blood flow, perfused and non-perfused capillaries 

become in close proximity to one another. This leads to alterations in oxygen extraction, 

and again hypoxic zones are created within the organ or tissue.106,108  

The importance of microvascular perfusion has been demonstrated in both 

animal model studies and human clinical trials.35,103,109 In rodents with sepsis, survival 

time has been found to be proportional to the density of perfused capillaries and 

functional capillary density.110 Edul et al. demonstrated that human patients with septic 

shock have decreased perfused capillary density, decreased RBC velocity, and 

increased microvascular heterogeneity compared with healthy controls.111 This study 

also showed that non-survivors showed more severe alterations than survivors.111 A 

study in septic human pediatric patients similarly found that microcirculatory alterations 

were persistent after 24 hours of admission in non-survivors.112 Finally, a study of 

human septic shock patients found that increased microcirculatory flow during the active 

resuscitation period was associated with reduced organ failure at 24 hours despite no 

substantial differences in global hemodynamics.113 What remains unknown is if 

alterations in the microvasculature are simply a reflection of disease severity, or if they 

contribute independently to morbidity and mortality.114 Regardless, many tissue capillary 

beds do not receive an adequate oxygen supply during sepsis because of 

microvascular endothelial injury. This lack of adequate tissue oxygenation is a 

predominant contributor to multiple organ dysfunction and failure that is notorious in 

sepsis.91  

Proinflammatory cytokines (such as TNF-%, IL-1 and LPS) stimulate upregulation 

of induced NO synthase at the endothelial level.95 The inducible form of NO synthase 

differs from the constitutive form. It releases massive amounts of NO, resulting in 

profound vasodilation and hypotension, dysfunction of vascular autoregulation, 

resistance to catecholamines and tissue damage.115,116 High concentrations of NO also 

contribute to mitochondrial dysfunction. In vitro studies of rat aorta endothelial cells 

have shown that NO inhibits mitochondrial respiration in an oxygen dependent 
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manner.117 Nitric oxide production is triggered by endothelial disruption through EG 

mechanotransduction, highlighting the pivotal role the EG plays in the commonly 

encountered clinical syndrome of refractory hypotension in sepsis. 

Release of proinflammatory cytokines also facilitates activation of enzymes that 

results in the cleavage of EG constituents from the PGs. Low-dose endotoxin models in 

human volunteers show a reduction in glycocalyx thickness and concurrent elevation in 

plasma HA, suggestive of EG shedding.118 Loss of constituents from the EG can vary 

from selective cleavage of HS or CS via upregulated enzyme activity, or major 

disturbances resulting in removal of entire syndecans or glypican core proteins and their 

attached GAG side chains.31,119 Since the EG normally retains a high reflection 

capability for albumin due to its high density of negatively charged GAG chains, as the 

EG deteriorates it is unable to maintain this function. In sepsis, the EG degrades, 

exposing the endothelial clefts. As the EG degrades, albumin is now able to move 

through these endothelial clefts, increasing the protein concentration of the 

subglycocalyx space. This space, normally virtually protein-free, becomes laden with 

albumin, and the increased albumin concentration increases the transcapillary flow rate 

accordingly due to changes in the colloid oncotic pressure gradient.32 This increase in 

transcapillary flow leads to the clinical development of interstitial edema. 

1.5.2 Glycocalyx biomarkers in sepsis 

Multiple circulating biomarkers of EG shedding have now been studied in sepsis, 

predominantly HA, HS and SDC-1.7,52,120,121 These are now being explored extensively 

in animal research models and human patients, however at this time no clinical studies 

investigating EG biomarkers in veterinary patients with sepsis have been performed.  

Animal models of induced sepsis provide a unique opportunity to control the 

subject conditions and obtain accurate and consistent timing of EG biomarker 

measurement. In a porcine endotoxin model, 6 hours following endotoxin administration 

serum HS concentrations significantly increased in the endotoxin group compared to the 
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control group.4 This study also investigated correlations between HS concentrations and 

markers of inflammation, finding positive correlations with WBC count, platelet count, 

TNF-% and IL-6 concentration.4 A rat model of sepsis highlighted the time course of HA 

shedding, documenting a peak plasma HA concentration 3 hours after LPS injection 

before decline.48 In a cecal ligation and puncture mouse model, inhaled LPS induced a 

decrease in EG thickness using intravital microscopy after 4 and 8 hours; plasma HA, 

SDC-1 and HS concentrations increased in parallel over the first 24 hours.122  

Early animal research affords a better understanding of EG disruption and can 

provide insight for future investigation in human clinical studies. Many human trials have 

focused on biomarker concentrations at hospital admission, as well as their prognostic 

value at subsequent measurements.120,123–126 A study of human patients with sepsis, 

severe sepsis or septic shock had serum EG biomarker concentrations measured on 

days 1, 3, 5 and 7 of ICU admission. Significantly elevated HA and SDC-1 

concentrations were identified in all categories of sepsis compared to healthy controls, 

with up to 3000 times normal HA level in septic shock patients.120 Levels of HA were 

also found to be significantly higher in severe sepsis and septic shock patients 

compared to sepsis patients until day 5 of sampling. Serum HA levels were higher in 

non-survivors at all time points, and a decreasing trend in serum HA in survivors was 

noted.120 This study was also able to establish cut-off values for mortality prediction, 

differentiating between survivors and non-survivors with a specificity of 90% for HA and 

86% for SDC-1.120 The trend noted in specific biomarker concentrations over time in this 

study highlight the potential utility of trending EG biomarker concentrations over time.    

Biomarker concentration can also be linked to disease severity, and many human 

studies have correlated EG biomarker concentrations with various categories of sepsis 

or compare septic patients to endotoxin models.120,127 One study compared healthy 

human volunteers undergoing endotoxemia (LPS injection) to patients with naturally 

occurring severe sepsis or septic shock. Although endotoxemia induced a systemic 

inflammatory response in volunteers indicated by tachycardia, pyrexia, hypotension and 

leukocytosis comparable to septic patients, biomarkers of EG integrity differed. 
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Syndecan-1 concentrations were unchanged at multiple time points in research 

participants with endotoxemia, whereas septic patients had significantly increased SDC-

1 concentrations which were also correlated with shock severity and coagulopathy.127 

This illustrates the complexity of sepsis and the multifactorial mechanism of EG loss in 

this condition.18,127 Multiple human clinical trials have demonstrated increased morbidity 

and mortality in patients with increased SDC-1 concentrations124,125,128–130 and elevated 

HA concentration is also well documented in human septic patients, and has repeatedly 

been correlated with disease severity.61,120,131 A prospective observational study in 

septic human patients also showed that elevated SDC-1 levels were correlated with 

development of disseminated intravascular coagulation.123 In contrast, another study 

was unable to show a correlation between SDC-1 concentration and clinical disease 

progression in human septic shock patients, however significantly increased SDC-1 

concentrations were observed at day 1 and day 4 in septic patients compared to healthy 

controls.130 

The association between biomarker concentration and disease severity may be 

attributed to EG degradation associated with systemic inflammation. Many human 

studies will concurrently measure biomarkers of inflammation and EG integrity. In a 

study investigating various EG biomarkers in septic shock patients, a correlation 

between HA concentration with markers of inflammation (IL-6 and IL-10) was identified.5 

HA concentrations from patients with septic shock were significantly higher compared to 

healthy human controls, and concentrations were correlated with mortality5 consistent 

with other reports.120,132 These investigators also identified a positive correlation 

between proinflammatory markers (IL-6 and IL-10) and HS concentration.5 Median HS 

concentration in this study did not differ in patients with positive blood culture compared 

to negative blood culture, however non-survivors had a three-fold higher HS 

concentration compared to survivors.5 Another study of human septic shock patients 

explored EG biomarker and cytokine concentrations following 6 hours of crystalloid 

resuscitation.6 The investigators found that HS concentration was associated with IL-6 

concentration, but not with TNF-%.6  
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In the small animal veterinary literature, no investigation of EG biomarkers in 

clinical patients has occurred. Biomarker investigation has been hampered by 

biomarker measurement techniques and validation of existing ELISA kits. There is a 

single investigation assessing sepsis in dogs using an E. coli septic shock model which 

utilized SDC-1 and HS to assess EG shedding.11 Heparan sulfate and SDC-1 were both 

measured in plasma using commercially available ELISA kits. The investigators showed 

significantly increased plasma SDC-1 and HS concentrations in dogs with septic shock 

compared to healthy control and septic dogs.11 These EG biomarker concentrations 

were also positively correlated with IL-6 and TNF-% in this study. As previously 

mentioned, the reliability of SDC-1 and HS assays in dogs is uncertain and results may 

be unreliable. If the results of these assays are accepted, it remains unknown if these 

findings will correlate with naturally occurring sepsis in dogs.  

Glycocalyx biomarkers are an important area of research that can elucidate 

microscopic changes with large clinical impact in septic patients. The studies to date 

frequently identify an association between shedding of the EG and inflammation. It must 

be recognized that this association may support that shedding of the EG can be caused 

by inflammation, and conversely EG shedding can contribute to systemic inflammation. 

Regardless, biomarker concentrations correlate to disease severity and may be useful 

in prognostication in clinical human patients. A solid groundwork of EG biomarker utility 

has been laid through the use of animal research models, and the importance of 

ongoing investigation in clinical veterinary patients should mirror the work found in the 

human literature.    

1.6 Markers of inflammation in sepsis 

In sepsis, a network of pro- and anti-inflammatory cytokines are activated and 

released into circulation, albeit inconsistently and in varied concentrations. Cytokine is a 

general term used to describe small protein mediators produced by immune cells. They 

can be further categorized to include interleukins, interferons, chemokines and tumour 

necrosis factors. It is important to note that cytokines enhance or suppress the 
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production of other cytokines, and it is therefore important to focus on cytokine networks 

or profiles in order to elucidate the complexity of conditions such as sepsis.133 

Endotoxin, or LPS, is an outer-membrane component of all gram-negative bacteria, and 

is widely recognized as the prime stimulating factor in sepsis.134 In response to 

infection, macrophages are triggered by endotoxin, and can then augment the release 

of proinflammatory molecules including TNF-%, IL-6, and IL-8.135 These macrophages 

are intended to initially promote clearance of bacteria, however they concurrently 

contribute to tissue injury through cytotoxicity, degranulation and release of 

proteases.135 Sometimes, mediators are released in excess, contributing to a systemic 

inflammatory response to sepsis. For example, IL-6 has been described as an ‘alarm 

hormone’, alerting the body that the producing cells are in danger.136,137 These 

proinflammatory molecules serve to activate cellular defenses, and similarly produce 

anti-inflammatory molecules (IL-4, IL-10) that attenuate the proinflammatory 

response.136 A well balanced immune response results in a better prognosis in septic 

patients.138 Studies show that death typically results during the initial, hyperinflammatory 

phase of sepsis, or at later time-points that are associated with a prolonged 

immunosuppressive state.139 The occurrence of compensatory anti-inflammatory 

responses (CARS), aim to limit inflammation-mediated damage while not interfering with 

pathogen elimination.138 However, if this response is ongoing or mis-timed, the host can 

become vulnerable to further pathogen invasion. 

The research within this thesis aimed to provide a cytokine profile of septic 

patients thereby evaluating both the pro- and anti-inflammatory response. For this 

purpose, IL-6, IL-8 and IL-10 were selected. Interleukin-6 is a pro-inflammatory cytokine 

that has been studied extensively in septic human patients, and IL-6 response to 

different inflammatory stimuli has been studied to some extent in models of canine 

sepsis140–142 allowing for experimental basis for data analysis. In dogs with induced or 

naturally occurring sepsis, a spike in IL-6 concentration persists longer than other pro-

inflammatory cytokines, such as TNF-!,143 making it a preferred choice for study, as 

patients may not be presented to hospital until well into the course of disease. 
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Interleukin-8 is another important pro-inflammatory mediator and is an early marker of 

disease in sepsis.144 Its role in the immune response varies from other cytokines, as will 

be discussed further, and therefore helps to round out investigation of the immune 

response. Finally, a marker of the anti-inflammatory response is essential to cytokine 

profiling, with IL-10 the most extensively studied cytokine in the CARS response in the 

human literature.138 It has also been included in multiple veterinary studies as well,145–

148 again providing an experimental basis for contrast. Importantly, all of these cytokines 

can be measured by a well-established bioassay in dogs.  

1.6.1 Interleukin-6 

Interleukin-6 is widely considered a proinflammatory cytokine, however it is now 

understood that it has both pro- and anti-inflammatory properties. It was first recognized 

as an important mediator in sepsis in 1989, when three publications reported high 

plasma concentrations in the majority of human patients with sepsis.149–151 In addition, 

the highest IL-6 concentrations were observed in patients in septic shock, and a clear 

correlation with mortality was identified.149 Interleukin-6 drives the hepatic acute phase 

protein response, and also promotes monocyte and B-cell differentiation and activates 

T-cells.152 Interleukin-6 is released early in the course of disease. An immediate, and 

transient, expression of IL-6 is generated in response to environmental stress factors 

such as infection or tissue injury. This expression acts as an alarm signal, activating 

host defense mechanisms. If the source of stress is removed, IL-6 mediated activity is 

ceased.152 Due to this rapid response and peak in IL-6 concentrations, it is a good 

marker of the severity of systemic bacterial infection when measured early in the course 

of disease.143 In fact, the majority of human studies report a correlation between high 

admission levels of IL-6 and mortality.149,153–157 The time course of IL-6 production is 

replicated in canine experimental models produced by administering either live 

Escherichia coli or LPS. A bacteremia model in dogs showed that IL-6 concentration 

was significantly higher compared to baseline at 90 minutes post administration of E. 

Coli.140 In a fever model in dogs, IL-6 concentrations increased in an LPS-dose 

dependent manner.142 A similar canine study used endotoxic shock-inducing 
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intravenous LPS doses and compared cytokine concentrations to control dogs and dogs 

receiving a non-septic inflammatory stimulus (intramuscular turpentine injection). In the 

LPS group, serum IL-6 concentration increased significantly 2 hours after injection.158 

Serum IL-6 concentration in the turpentine group increased dramatically by 4 hours 

post-injection with a peak value noted at 12 hours. The IL-6 concentration remained 

significantly higher than healthy controls until day 6.159 The first study observing plasma 

cytokine concentration changes in naturally occurring septicemia in dogs was reported 

in 2007.143 In this study, IL-6 concentrations were measured at hospital admission, and 

then daily for 2 days in survivors. Patients enrolled were further characterized by 

disease severity into the following categories: sepsis, severe sepsis or septic shock. 

Results revealed a correlation between IL-6 concentration on the day of hospital 

admission and the number of abnormal systemic inflammatory response syndrome 

(SIRS) criteria. A further correlation was identified specifically between IL-6 and WBC 

count, with WBC count being lower in patients with elevated IL-6. Additionally, higher IL-

6 concentration correlated significantly with severity of illness, and increased admission 

IL-6 was associated with higher mortality.143 A more recent clinical study comparing 

dogs admitted to ICU for variable causes of naturally occurring sepsis or non-septic 

SIRS compared to healthy controls showed that plasma IL-6 concentrations were more 

likely to be measurable in both ill study populations compared to healthy dogs.145 There 

was no significant difference between septic and non-septic SIRS patients.145 Finally, a 

similar study compared multiple cytokine concentrations in healthy dogs, dogs with 

IMHA and septic dogs.148 In this study, sepsis in dogs was defined as meeting outlined 

SIRS criteria in addition to bacterial infection confirmed via positive bacterial culture 

from a wound or body cavity, or presence of intracellular bacteria during cytologic 

evaluation of an effusion. Further details regarding the source of bacterial infection in 

these dogs was not provided. Dogs with IMHA or sepsis had significantly higher pro-

inflammatory cytokine concentrations compared to healthy control dogs. Interestingly, 

patients with IMHA had higher IL-8 concentrations compared to septic patients, and 

dogs with sepsis had higher IL-6 concentrations compared to those with IMHA.148 This 
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may be due in part to the fact that IL-8 concentrations tend to take longer to return to 

baseline, and the inflammation associated with IMHA is more chronic in nature.  

1.6.2 Interleukin-8 

Interleukin-8 is a chemokine, and an important regulator of neutrophil activation 

and migration, often detected in the circulation of septic patients.160 It has been 

suggested as an early marker for bacterial infection in humans. A study measuring 

serum concentration of IL-8 in septic people compared to healthy controls showed 

significantly higher concentrations in patients with sepsis, and that IL-8 elevations 

preceded the onset of fever.144 An in vitro component of this study also stimulated 

human whole blood with LPS. Detection of IL-8 was possible via mRNA expression after 

only 10 minutes of exposure to LPS, and IL-8 concentration was measurable in culture 

media after 3 hours.144 Human patients with clinical signs of septic shock have been 

found to have significantly higher IL-8 concentrations than normotensive septic patients, 

and levels at admission were significantly higher in non-survivors than in survivors.161 

IL-8 tends to be studied more extensively in relation to other cytokines as opposed to 

independently. A study comparing septic human patients, non-critically ill patients and 

healthy people showed significantly elevated concentrations of multiple cytokines 

including IL-6, IL-8 and IL-10 in septic and non-critically ill patients compared to controls 

during the acute phase of illness. Interleukin-8 concentrations were also significantly 

higher in septic patients compared to non-critically ill patients over time as measured on 

day 4.133 Interestingly, clustering analysis performed in this study identified IL-6, IL-8 

and IL-10 as a network of mediators, showing correlation with each other throughout the 

acute phase of sepsis.133 It was theorized that since endothelial injury is both strongly 

associated with sepsis, and can proliferate generation of cytokines IL-6 and IL-8, that 

endothelial cell injury might play a role in forming this cytokine network.133  

In a large clinical study describing cytokine profiles of dogs with sepsis and 

noninfectious systemic inflammation compared to healthy controls, concentrations of 

pro-inflammatory cytokines (IL-6 and IL-8) were significantly higher in dogs with sepsis 
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or non-septic SIRS compared to controls.147 Through simultaneous measurement of 13 

cytokines, the investigators determined that the cytokine profile for dogs with sepsis is 

predominantly proinflammatory.147 This differs with results of another study that used 

pyometra as a model for naturally occurring sepsis in dogs. Results of this study 

showed that concentrations of IL-6, IL-8, IL-10 and many other cytokines did not differ 

significantly between dogs with pyometra compared to healthy controls.162 Conversely, 

another canine pyometra study showed that median IL-8 concentration was significantly 

higher in patients with pyometra compared to healthy controls.163 Interestingly however, 

only the dogs with mild symptoms had significantly higher IL-8 values than healthy 

dogs. In patients with severe symptoms, much lower IL-8 concentrations were identified 

and were not statistically distinguishable from the control group.163 It was unclear 

whether low IL-8 concentrations were the cause or a result of more severe illness. 

However, it was theorized that decreased IL-8 concentrations could lead to an impaired 

neutrophil response, thereby allowing worsening of disease.163 

1.6.3 Interleukin-10 

Interleukin-10 is considered the most important anti-inflammatory cytokine 

encountered during a CARS response. This cytokine was first characterized in 1990 

and was shown to regulate T-cell populations.164 Since that time, many 

immunosuppressive roles of this cytokine have since been discovered, with perhaps the 

most important being down-regulation of TNF-% expression, and thereby predicting an 

increased risk of secondary infection and poorer prognosis.165 It also down-regulates 

production of other proinflammatory cytokines including IL-6 and IL-8.133 In animal 

models of sepsis, administration of IL-10 has been shown to have both positive166 and 

negative167 impacts on outcome. This is likely dependent on the time of administration 

and the severity of infection in the model. In a septic mouse model that followed 

cytokine profiles throughout the entire course of sepsis, the investigators identified that 

bacterial levels in tissue correlated with IL-10 levels.168 Another mouse model study 

showed that blocking IL-10 early in the course of sepsis had no effect on mortality, while 

blocking it late (12 hours) after induction of sepsis improved mortality.169 In naturally 
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occurring sepsis, IL-10 appears to be released later in the course of disease. In human 

patients with septic shock, IL-10 levels were measured daily for 5 days following 

admission.170 Concentrations peaked during the first 48 hours, and remained detectable 

for 3-5 days following admission.170 In human clinical trials, plasma IL-10 concentrations 

correlate with the Acute Physiology and Chronic Health Evaluation (APACHE) score, 

and have also been predictive of the incidence and severity of multiorgan failure.171  

Interleukin-10 is often included in veterinary studies exploring cytokine profiles of 

critically ill patients as well. In the previously discussed clinical study comparing dogs 

with IMHA or sepsis to healthy control dogs, anti-inflammatory cytokine concentrations 

were indistinguishable across all groups. IL-10 concentration appeared low, or 

undetectable, in the majority of patients.148 This is interesting when considering results 

of an aforementioned study that reported cytokine profiles in septic, non-septic 

inflammatory and healthy control dogs. Results showed that IL-10 concentrations were 

significantly higher in dogs with sepsis that did not survive, compared with survivors.147 

Other factors may play a confounding role in these small clinical studies, leading to 

variability in findings. One such factor could be the age of dogs represented in these 

studies, and it is important to consider demographic factors when interpreting results. It 

has been theorized that older patients do not mount as strong of an anti-inflammatory 

response. This was supported in an in vitro study comparing the cytokine response to 

LPS stimulation in whole blood of dogs from three various age groups.172 Results 

showed that whole blood from geriatric dogs produced significantly less IL-10 after LPS 

stimulation compared to young dogs.172 Interestingly, this study showed that IL-6 

production was similar across all age groups, and that only the anti-inflammatory 

response was blunted in geriatric dogs.172 These studies highlight the importance of 

also investigating the anti-inflammatory response of critically ill patients, and stress the 

need to understand how these responses may vary based on patient demographic or 

disease processes.  

Markers of inflammation are exhaustive and beyond the scope of this literature 

review. Other commonly used markers of inflammation include C-reactive protein and 
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other acute phase proteins, adhesion molecules (ICAM-1, VCAM-1), IFN-&, TNF-! and 

many various cytokines. A more complete assessment of inflammation to capture 

different types of inflammation is warranted, however in the study within the thesis the 

above markers were selected for their relatively consistent results noted in previous 

canine veterinary studies.  

1.7 Fluid balance in critical illness 

Central to the treatment of sepsis, and many other critical illnesses, is the 

administration of intravenous fluids (IVF) that are given to correct the 

macrohemodynamic alterations in these patients. However, it is essential to recognize 

the importance of cellular and microcirculatory alterations in sepsis pathogenesis, and 

that these aberrations are not correlated to macrohemodynamic indices such as blood 

pressure.33,173 Fluid resuscitation with crystalloids aimed at ameliorating 

macrohemodynamic disruptions is commonplace, however it is now unclear if this goal-

directed strategy is the correct approach for all septic patients. In fact, multiple large 

scale human trials investigating fluid loading have failed to demonstrate outcome benefit 

of early goal-directed therapy.174–176 Furthermore, persistent fluid overload is common in 

severe sepsis and septic shock patients treated with a fluid loading approach, and such 

fluid overload has been associated with increased mortality.177–180 The literature 

pertaining to fluid status in hospitalized small animal patients is limited in veterinary 

medicine, however a retrospective study exploring fluid balance in critically ill dogs 

found that critically ill dogs were at increased risk for fluid overload, and a weak but 

significant association was identified between degree of fluid overload and illness 

severity and mortality.181 The danger of hypovolemia causing organ hypoperfusion is 

well known and therefore avoided, however awareness that hypervolemia can cause its 

own detrimental effects on patient outcome is a more recent clinical paradigm. This will 

review will focus on the effects of intravenous fluid therapy and hypervolemia on the 

EG, and objective measurements of hypervolemia through the use of biomarkers.  
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1.7.1 Biomarkers of volume status 

Investigation of fluid balance in critically ill patients has drawn interest in 

understanding the mechanism of IVF’s deleterious effects. Inclusion of biomarkers of 

volume status in clinical trials allows for objective quantification of hypervolemia and is 

becoming more common in human literature. Atrial natriuretic peptide (ANP) is a 

hormone released from the cardiac atria into circulation in response to stretching of the 

atrial wall secondary to increased blood volume. Circulating ANP levels in animal 

models have been shown to cause shedding of the EG.182 Bruegger et al. noted that 

when ANP was transfused into an isolated guinea pig heart model, histologically 

detectable EG degradation, significant tissue edema and increased release of SDC-1 of 

up to 18-fold was identified.182 Bruegger et al. subsequently studied human patients 

undergoing coronary artery bypass grafting where a five-fold increases in ANP 

concentration was noted from baseline.183 Importantly, the increase in ANP peaked 

before the onset of EG degradation (HS, HA and SDC-1), and also preceded the rise of 

inflammatory cytokines (IL-6 and IL-8). The investigators concluded again that EG 

shedding was induced by circulating ANP and independent of inflammation.183 

A common cause of atrial stretch mediated ANP release is volume loading or over-

resuscitation. In people with good cardiopulmonary health, volume loading with 20 

mL/kg of a synthetic colloid solution over 15 minutes resulted in a significant increase 

(100%) in ANP concentration compared to baseline.184 Interestingly, serum HA and 

SDC-1 concentrations in these patients also significantly increased, by approximately 

80%, following volume loading.184 These findings suggest that glycocalyx shedding can 

be induced by fluid administration in human patients independent of inflammation. 

However, a direct effect of synthetic colloid cannot be ruled out. Interestingly, this study 

also compared volume loading to acute normovolemic hemodilution, a technique that 

withdraws whole blood from the patient and replaces this with equal volume of 

crystalloids, preventing hypervolemia and atrial stretch. The study showed that none of 

the above findings were repeatable in the acute normovolemic hemodilution group, 

suggesting hypervolemia and ANP as the cause of EG shedding.184 Atrial natriuretic 
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peptide concentration was also explored in a prospective clinical trial investigating 

associations between plasma HS concentrations and administered IVF volumes in 

septic and non-septic human patients presenting to the emergency department.6 

Patients were fluid resuscitated with crystalloid, and then blood samples were collected 

at 6 hours for measurement of ANP, EG biomarkers (HS, SDC-1), and cytokines (IL-6, 

TNF-!). Atrial natriuretic peptide concentration was not associated with plasma HS 

concentration despite the hypothesis that ANP was suspected to result in EG 

shedding.6 Another unexpected finding was that ANP levels were elevated at 6 hours 

after enrollment in patients who went on to survive septic shock compared to those that 

died.6 The lack of association with mortality was thought to suggest that although ANP 

has been implicated in other studies to cause EG damage, perhaps it is not a mediator 

of organ injury secondary to EG degradation.6  

 In the veterinary literature, the effects of IVF therapy on ANP concentration and 

the EG are limited to the aforementioned canine fixed-pressure hemorrhage model.10 

Following induction of hypotension, the dogs were resuscitated with either crystalloid, 

artificial colloid or blood product. Atrial natriuretic peptide concentrations did not differ 

from baseline or between groups at any time point throughout resuscitation (20, 60, 

120, 180 minutes).10 As resuscitation fluids were administered to dogs in hypovolemic 

shock, hypervolemia and atrial stretch mediated release of ANP may not have occurred. 

Overall atrial natriuretic peptide is a helpful inclusion to clinical studies investigating the 

effects of IVF on the EG, and allows for objective quantification of fluid balance in 

clinical patients. The remainder of this review will therefore focus on the impact of IVF 

administration in critically ill patients.  

1.7.2 Impact of intravenous fluids on the endothelial glycocalyx  

In sepsis, inflammatory injury to the EG leads to increased porosity of the 

endothelium, and consequently albumin can flow through the endothelial clefts. As this 

occurs, the oncotic pressure of the subglycocalyx space increases, preventing back-

filtration of fluid and driving edema formation. Infusion of IVF increases the intravascular 
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hydrostatic pressure in attempts to maintain normovolemia, however this further 

contributes to transcapillary fluid escape.32 It is therefore now proposed that the 

smallest volume of fluid for plasma volume resuscitation be used to both maintain 

normovolemia and simultaneously prevent the accumulation of interstitial fluid. In 

human patients undergoing major surgery, standard IVF protocols typically cause a 

weight increase of 3-6 kg post-operatively.185–187 This has important implications since 

fluid overload has been associated with poor survival and increased complication rates 

in multiple studies.177,180,188–191 

A study in human septic patients highlighted the importance of EG integrity and 

fluid therapy. In this study, patients with high SDC-1 concentrations tended to have a 

higher mortality prediction score (sequential organ failure assessment [SOFA] score), 

longer length of stay, and higher mortality128 consistent with other studies.124,192 The 

investigators also identified a significant linear relationship between administered IVF 

volume and SDC-1 concentration in septic patients with high SDC-1 levels.128 These 

findings may suggest detrimental effects of IVF on the EG. Patients with increased 

SDC-1 levels were also associated with an increased risk of intubation, likely secondary 

to IVF extravasation and pulmonary edema formation.128 The crystalloid volume 

administered did not differ significantly between intubated and non-intubated patients128, 

leading to the hypothesis that septic patients suffering from higher levels of EG 

degradation are more susceptible to extravasation of IVF. Another human clinical trial 

explored the relationship between fluid resuscitation and EG degradation in severe 

sepsis by comparing post-thoracotomy patients with severe sepsis vs open chest 

surgery for other causes.7 Plasma SDC-1 concentrations were found to be significantly 

higher in the sepsis group compared with the control group. Patient fluid balance 24-

hours post-operatively was significantly higher in septic patients and was also higher in 

non-survivors. Sydnecan-1 concentrations were also correlated with fluid balance in the 

sepsis group, but not in the control group.7 These findings support that increased fluid 

balance is associated with increased mortality, that EG shedding occurs in sepsis, and 
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that in the face of EG degradation patients become more susceptible to the negative 

consequences of IVF administration.  

When considering EG shedding secondary to IVF administration, the cause of 

EG degradation is not always clear. In a previously discussed trial of septic humans 

receiving differing fluid protocols, the volume of fluid resuscitation was associated with 

EG biomarker concentrations.6 However, an association between ANP and EG 

biomarkers was not identified.6 It was hypothesized that IVF may be capable of directly 

inducing endothelial injury, or that endothelial shear stress caused by fluid 

administration in the presence of systemic inflammation may exacerbate EG 

degradation.6 It therefore may not only be the amount of fluid but also the rate of 

administration and the timing of administration that is important.184 A rodent model of 

sepsis induction showed that in conditions of increased transcapillary flow, such as 

sepsis, the total volume of colloid required to maintain normovolemia can be 

significantly reduced if it is administered as a slow infusion compared to bolus.193 The 

rats received fixed volume of 5% albumin, crystalloid or synthetic colloid over either 15 

minutes or 3 hours. Plasma volume expansion was greater when synthetic or artificial 

colloid was administered slowly, most pronounced for albumin. No difference was noted 

for rate of infusion of crystalloid, and it overall had poor plasma volume expansion.193 It 

is theorized that a bolus likely leads to a sharp increase in intravascular hydrostatic 

pressure, subsequently resulting in increased transcapillary flow and poor intravascular 

retention of fluid. Boluses may also exacerbate EG degradation due to the rate of 

administration and intravascular effects of shear stress secondary to increased blood 

flow.  

In vitro studies using cultured human umbilical vein endothelial cells studied the 

effects of shear stress on EG alterations.194 The investigators found that shear stress 

significantly increased the amount of HA in the EG of shear stress-stimulated 

endothelial cells as measured via ELISA, suggesting remodeling attempts to maintain 

EG integrity.194 Interestingly, the amount of HA produced by sheer stress-stimulated 

cells increased over time as they continued to be exposed to shear stress. Hyaluronic 
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acid concentrations were 1.5, 3.5 and 23 times higher in shear stress-simulated cells 

compared to static cells at 1, 6, and 24 hours of shear stress, respectively.194 High 

shear stress has also been shown to increase albumin uptake in the EG, and alter EG 

properties such as increased thickness in experimental models of endothelial cell 

culture.195 This is theorized to act as a protective mechanism in response to changes in 

the local microenvironment. An increase in fluid shear stress also increases NO 

production through the EG’s role in mechanotransduction, resulting in vasodilation.196 It 

is therefore reasonable to consider that fluid boluses aimed at addressing hypotension, 

may in fact be serving to exacerbate the refractory hypotension that is characteristic of 

sepsis. This was demonstrated in an ovine endotoxemic shock model that compared 

fluid resuscitation with 40 mL/kg of 0.9% saline compared to vasopressor use to 

maintain blood pressure.179 The investigators found that animals that received fluid 

resuscitation required significantly higher vasopressor doses to maintain the same 

mean arterial pressure in the subsequent 12 hours. Both ANP and HA concentration 

were also significantly higher in the fluid-resuscitated group.179   

This brings into question the safety and appropriateness of the commonly used 

fluid challenge. Fluid challenges are a widely accepted test of preload reserve, used to 

rule out hypovolemia.188 However, fluid challenges often differ significantly in the volume 

of fluid, type of fluid used, and rate of administration. Some argue that rapid bolus 

administration results in a large increase in venous return, therefore testing the preload 

reserve to a large extent.197 However, others argue that a sharp increase in venous 

return may overcome the reserve in many patients, resulting in subsequent ANP 

release, EG degradation and fluid overload.188 One study compared the effects of fluid 

challenges on EG thickness in septic patients compared to patients undergoing 

minimally invasive spinal surgery. Fluid challenges of 5 mL/kg of crystalloid were either 

infused rapidly (5-10 minutes) or slowly (25-30 minutes) and EG thickness was 

determined pre- and post-fluid challenge using sublingual intravital microscopy. The 

investigators found that fluid challenges resulted in significantly reduced EG thickness in 

both groups, independent of the rate of administration.188 They also assessed fluid 
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responsiveness, finding that approximately 50% of patients in both cohorts were fluid 

responders,188 consistent with previous findings.198,199  

In the veterinary literature, a well-rounded study explored interactions of IVF with 

markers of inflammation and EG shedding, as previously discussed briefly. A canine 

fixed pressure hemorrhagic shock study aimed to compare the effect of different fluid 

resuscitation methods on multiple biomarkers including HA, ANP, IL-6, IL-8 and IL-10 

concentrations.10 Hemorrhage was induced to create hypotension, and mean arterial 

pressure was maintained at less than 60 mmHg for one hour. Dogs were then 

administered fresh whole blood, crystalloid, or artificial colloid at equipotent doses over 

20 minutes. Uniform cardiovascular responses to fluid intervention were noted in all 

groups. Interestingly, crystalloid resuscitation was associated with higher concentrations 

in HA compared to other fluid types, suggestive of increased EG shedding. Crystalloid 

treated dogs also showed an enhanced inflammatory response with significantly higher 

IL-6 and IL-10 concentrations compared to the other fluid types.10 A firm conclusion that 

the type of fluid administered is the cause of EG shedding cannot be drawn, however. It 

should be noted that the crystalloid group received 80 mL/kg of fluid while all other 

groups received 20 mL/kg, despite the fixed administration time of 20 minutes. 

Consequently, the rate of administration of the crystalloid group would be faster and the 

degree of intravascular shear stress would be higher. Therefore, this may be an 

underlying reason for the varied response. 

 The clinical data investigating the relative risk and benefits of intravenous fluids 

in sepsis remains mixed. The ideal volume, timing, and rate of administration of fluid 

resuscitation in sepsis remains unclear. However, a targeted approach for identifying 

patients that are particularly likely to derive benefit or harm from IVF will likely assist in 

the development of much needed personalized resuscitation strategies.128 
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1.8 Objectives and hypotheses 

Sepsis is common in critically ill dogs and cats. In dogs, the prognosis is 

considered guarded with only 50% of dogs surviving to hospital discharge. 

Accumulating observational evidence links the liberal use of intravenous fluid therapy 

with adverse outcomes in sepsis, including requirement for organ support and 

mortality.177,178,180 Beyond sepsis, growing evidence suggests that a positive fluid 

balance in critically ill patients is negatively associated with outcome in people,191 and 

similar results are suggested in dogs.181  

Recent investigation exploring sepsis and the deleterious effects of IVF have 

highlighted the importance of the EG. Damage to the EG causes shedding of its 

constituents into circulation. Measurement of these constituents provides an opportunity 

to indirectly quantify EG damage. In a clinical setting, these components may be 

valuable in assessing the severity of the damage to the EG and clinical outcomes. 

Limited studies have investigated EG degradation in dogs,10 and none have been 

pursued in cats. Hyaluronic acid is the only EG biomarker that has been applied 

successfully in dogs using a validated commercially available human enzyme-linked 

immunosorbent assay (ELISA).10  

The primary objective of Part 1 of this thesis aims to identify the utility of HA as an 

EG biomarker in septic dogs, and investigates for associations between EG 

degradation, inflammation and patient fluid balance. Previously collected daily blood 

samples from dogs with septic peritonitis from admission through to recovery were 

utilized to investigate the time course of changes in HA concentration in a clinical 

setting. As HA levels can be affected by inflammation and fluid administration, the 

study’s secondary objects were to explore associations between cytokine 

concentrations, administered fluid volume and HA concentration. We hypothesized that 

HA concentration would be highest at admission to hospital and would gradually 

decrease over time through recovery. Additionally, we predicted that both cytokine 
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concentration and daily administered fluid volume would positively correlate with 

increased concentrations of HA.  

The second part of this thesis aimed to validate a commercially available human 

HA ELISA for use in cats. This will be the first study to validate a method of measuring 

EG biomarkers in cats, allowing for further investigation into fluid administration effects 

in this species, in which the effects of hypervolemia are more frequently experienced. 

Since HA’s structure is conserved across all mammals,57 we hypothesized that 

validation of this ELISA kit would be successful.  

 

Footnotes: 

a. Seikagaku Corporation, Tokyo, Japan 
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2.1 Abstract 

Objective –  To describe daily changes in HA concentration during the course of septic 

peritonitis in dogs and to explore whether HA concentrations, markers of inflammation 

and patient daily fluid status are related.  

Animals – Eight client-owned dogs.  

Procedures – A prospective descriptive pilot study was performed. Serum samples from 

a separate study were frozen at -80° C and utilized for this study. Daily blood samples 

were collected at admission and during hospitalization. Serial measurements of HA, IL-

6, IL-8 and IL-10 were performed. Retrospectively, patient data including APPLEfull 

score, daily fluid administration (mL/kg/day), type of fluid, and daily CBC and lactate 

results were recorded. To determine significant predictors of HA, a general linear mixed 

model for repeated measures was developed.   

Results – All dogs survived to discharge. HA concentration ranged from 18-1050 ng/mL 

(IQR = 49-119 ng/mL) throughout hospitalization. IL-6 concentration was a significant 

predictor (p< 0.0001) of HA concentration, as was the total administered daily fluid 

volume (TADFV) (p= 0.04) when the patient’s IL-6 concentration was accounted for. 

However, when analyzed independent of inflammatory status, fluid volume was not 

significant. There was no significant changes of HA concentration over time. However, 

HA concentrations were noted to increase on days 2 or 3 of hospitalization.  

Conclusions and Clinical Relevance – Results lend support to the theory that 

inflammation is associated with glycocalyx degradation. In a state of inflammation, 

patients recovering from septic peritonitis may become more susceptible to further 

glycocalyx damage as increasing fluid volumes are delivered.  Further prospective 

investigation is warranted.  

2.2 Introduction 

Sepsis is characterized by severe systemic inflammation, putting patients at risk 

for the development of septic shock, multi-organ dysfunction, and death. Central to the 
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treatment of this pathophysiologic state is the administration of intravenous fluids, the 

effects of which are directed at correcting macrohemodynamic derangements. However, 

recent focus has shifted to the cellular and microcirculatory dysfunction that occurs in 

sepsis.33 Multiple large scale human studies have all failed to show clinical benefit to 

current liberal fluid resuscitation strategies.7,174,176,178,200  It is possible that aggressive 

fluid resuscitation neglects to address, and possibly exacerbates, the pathologic 

changes at the level of the microcirculation.7,201 

On the luminal surface of healthy vascular endothelium resides the endothelial 

glycocalyx (EG), a multicomponent gel-like layer. It consists of a cell-bound component 

and a surface layer of intricately linked glycosaminoglycans including HA, chondroitin 

sulfate and heparan sulfate.14,29,190,202–204 The EG is not a static structure, and remains 

in a constant dynamic equilibrium of biosynthesis and shedding of its constituents.18 

However, during pathologic states, this balance can be disrupted in favour of EG 

degradation. Shedding of the EG exacerbates systemic inflammation and its associated 

consequences by stimulating cytokine production205, disrupting coagulation14,29,202–204 

and increasing vascular permeability.29,206–208 Glycocalyx shedding is associated with 

increased mortality, and has been shown to act as an independent predictor of mortality 

in human trauma patients.124,184,209,210 Insult to the EG causes shedding of its 

constituents into circulation, and measurement of these glycosaminoglycans allows for 

indirect assessment of EG degradation.7,52,102,129,203  Syndecan-1, heparan sulfate, 

chondroitin sulfate and HA are all now considered valid markers of EG integrity in 

humans, and are utilized in clinical research to identify EG degradation.18 The use of EG 

biomarker quantification in companion animals is in its infancy10,11 with HA as the only 

EG biomarker that has been successfully validated in dogs.211  

Although establishing reliable methods of measuring EG degradation products is 

an essential first step, working to understand the cause for its shedding is also 

necessary. Multiple factors including inflammatory mediators, atrial natriuretic peptide, 

patient fluid balance, fluid resuscitation strategies (volume and rate of crystalloid, 
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artificial colloid, natural colloid solutions), and plasma administration have been 

implicated in EG degradation through human clinical trials and animal research 

models.182,184,190,210,212–214  Further exploration of EG biomarkers in veterinary patients, 

and gaining an understanding of EG disruption in various stages of critical illness, is 

increasingly relevant to the treatment of the veterinary septic patient population.  

The primary objective of this pilot study was to describe daily changes in serum 

HA concentration over the course of hospitalization in client-owned dogs with septic 

peritonitis. A secondary objective was to explore potential interaction of HA 

concentrations with serum cytokine concentrations and patient daily fluid status. We 

hypothesized that HA concentration would be highest at admission, and would gradually 

decrease over time with treatment. Additionally, we predicted that both cytokine 

concentration and daily fluid volume administered would positively correlate with 

increased concentrations of HA.  

2.3 Materials and Methods 

2.3.1 Case selection 

This study was conducted at the Ontario Veterinary College Health Science 

Center. Prospectively collected data and stored blood samples from eight client-owned 

dogs with confirmed septic peritonitis were used. Dogs were enrolled in a previously 

published study,215 and a subset of these patients (n=8) were used for our study based 

on stored serum sample availability.  

Dogs were hospitalized between January 2012 and June 2014. Enrolment 

criteria included a diagnosis of septic peritonitis which was based on the observation of 

overt intestinal leakage or necrotic bowel during surgery, or the presence of at least one 

of the following criteria: positive results on bacterial culture of abdominal fluid, 

identification of intracellular bacteria during cytologic examination of abdominal fluid, a 

blood to fluid glucose difference >20 mg/dL (1.1 mmol/L), and a blood to fluid lactate 
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difference >18 mg/dL (2 mmol/L). Both glucose and lactate were measured by point-of-

care blood gas analyzerb.215 Dogs were enrolled at hospital admission (Day 0) and had 

exploratory celiotomy within an average of 4.6 hours (range 2-16 hours) of presentation. 

A closed suction abdominal drain was placed in all dogs for post-operative 

management. Daily sample collection was performed each morning until abdominal 

drain removal. Drain removal was at the discretion of the attending clinician.  

The study protocol was approved by the Institutional Animal Care and Use 

Committee of the University of Guelph, and written consent was obtained from the 

owners of all dogs prior to study enrolment.  

2.3.2 Data collection 

Medical records were reviewed retrospectively for signalment, body weight at 

admission (kg), and prior medical history. Admission illness severity score was 

calculated using the Acute Patient Physiologic and Laboratory Evaluation Score 

(APPLEfull) illness severity stratification system for dogs.216  Total administered daily fluid 

volume at each blood sampling time point was calculated for each dog, based on 

patient records. Total administered daily fluid volume was defined as all fluids 

administered during the preceding day of hospitalization, and expressed as milliliters 

per kilogram (mL/kg). Fluids administered were defined as all crystalloid, artificial colloid 

or blood product administered intravenously. The volume of intravenous drugs was not 

included. The calculated volume for Day 1 was administered from the time of admission 

(Day 0) until the following morning (Day 1), and included all fluids delivered during 

surgery. For all other days, the calculated volume included all intravenous fluids 

administered in hospital over the previous 24 hours. Fluid volumes administered prior to 

presentation to the Ontario Veterinary College were not included. Measurements were 

discontinued the day of abdominal drain removal. The type of fluid administered 

(crystalloid, artificial colloid and blood products) was recorded.  
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2.3.3 Biomarker measurements 

Blood samples were collected at the time of hospital admission and prior to 

surgery (Day 0), and each morning thereafter until removal of the closed suction intra-

abdominal drain. Venous blood samples (5 mL) were collected during placement of an 

intravenous catheter on Day 0, and by saphenous or jugular venipuncture on each day 

thereafter. Following collection, a portion of the blood sample was transferred 

immediately to a heparinized syringe, and another portion to a blood collection tube 

containing EDTA as an anticoagulanta. Within 10 minutes of sample collection, the 

heparinized syringe was analyzed with a point-of-care blood gas analyzerb. The EDTA 

tubes were submitted for CBC and analyzed with an automated hematologic analyzer.c 

The remainder of the blood sample was transferred to a plastic VacutainerTM with no 

additived and allowed to clot for 15 minutes before being centrifuged (1,500 x g, 7 

minutes). The serum was collected and stored at -80° C within one hour of collection. All 

samples were subject to one previous freeze-thaw cycle.  

In the present study, all serum samples were analyzed as a batch. The samples 

were thawed at room temperature, vortexed and centrifuged for particulate removal, 

prior to being assayed. Serum HA concentration was measured using a commercial 

ELISA kit (TECOmedical Group, Switzerland). This kit has been validated by the 

manufacturer and its use in dogs has been previously reported.211 All samples were run 

in duplicate and according to manufacturer instructions. The minimum detectable HA 

concentration reported by the manufacturer was 2.7 ng/mL. Serum interleukin-6 (IL-6), 

interleukin-8 (IL-8) and interleukin-10 (IL-10) were measured in duplicate using a 

commercially available canine-specific multiplex cytokine immunoassay kit (EMD 

Millipore, MA, USA) that has been validated by the manufacturer. The cytokine assay 

was performed following overnight sample incubation at 4° C to maximize sensitivity 

according to manufacturer recommendations. The observed concentration of each 

analyte for each sample was calculated using a standard curve generated from the 

standards and blank provided by the manufacturer. The minimum detectable cytokine 
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concentrations provided by the manufacturer were regarded as the detection limits in 

the present study: 3.7 pg/mL (IL-6), 21.7 pg/mL (IL-8) and 8.5 pg/mL (IL-10).  

2.3.4 Statistical analysis 

Data was checked for normality with a Shapiro-Wilk test and examination of the 

residuals. Logarithmic transformations were performed to meet assumptions of 

normality when necessary. To determine significant predictors of HA, a general linear 

mixed model for repeated measures was developed. Fixed parameters of interest 

included time in days as a class variable, and continuous variables IL-6, IL-8 and IL-10 

tested separately as both mean fluorescence intensity (MFI) and concentration (pg/mL) 

with below limits of detection divided by the square root of 2. Statistical results for MFI 

were chosen for reporting cytokine interactions due to data distribution, although similar 

results were obtained with MFI and concentration. Continuous parameters of total white 

blood cell count, segmented neutrophil count, band neutrophil count, lactate 

concentration, TADFV (mL/kg) and quadratic effects of each cytokine, and cytokine and 

CBC interactions with volume were included in the model. Akaike information criterion 

(AIC) was used to determine which correlation structure to use to account for making 

repeated measures over time on each dog. AR(1) had the lowest AIC and was therefore 

used for modelling the repeated measures. Non-significant effects were removed from 

the model in the development of the predictive equation for HA. Each individual dog was 

treated as a random effect if the repeated error effect of each dog was not significant. 

All data was analyzed using SASe. Significance was set at p< 0.05.  

2.4 Results 

2.4.1 Patient data 

The study included 33 samples from eight dogs. The average age of dogs in the 

study was 5.7 years (range 6 months – 11 years). Average body weight was 24 kg 

(range 7.4 – 31.6 kg). There were 3 male dogs (2 castrated, 1 intact) and 5 females (4 



 

 

47 

 

spayed, 1 intact). Breeds included mixed breed dogs (n=3), and one each of Boxer, 

Doberman Pinscher, German Shepherd Dog, Miniature Schnauzer and Nova Scotia 

Duck Tolling Retriever. Documented previous or concurrent medical conditions included 

elevated serum hepatic enzyme concentration (n= 2) and cardiac murmur (n= 2).  The 

APPLEfull score at admission was available for 7 dogs, and the median APPLEfull score 

was 26 (range = 18-40). All patients underwent exploratory celiotomy and intestinal 

surgery and were recovered in the intensive care unit with a closed-suction abdominal 

drain. The average time from admission to removal of closed-suction abdominal drain 

was 3.25 days (range 3 – 4 days). All patients survived to discharge.  

2.4.2 Hyaluronic acid concentration over time 

The HA concentration throughout daily analysis is summarized (Table 2-1). 

There was no significant association found between HA concentration and time (p= 

0.34). However, although not statistically significant, when analyzed visually by plotting 

HA concentration against time for each dog, a trend in HA concentrations was noted, 

with an increase on days 2 or 3 of hospitalization, before subsequent decline (Figure 2-

1).   

2.4.3 Predictors of HA concentration – Inflammatory status 

The daily markers of inflammation are summarized (Table 2-1). The proportion of 

values that were below the detection limit for cytokine concentration were 2/33 (IL-6), 

4/33 (IL-8) and 8/33 (IL-10). Only IL-6 was found to be a significant predictor of elevated 

HA concentration (p < 0.0001). No significant association between HA and IL-8 (p= 

0.75) or IL-10 (p= 0.74) concentrations were identified. The total white blood cell count 

(p= 0.31), segmented neutrophil count (p= 0.30) and band neutrophil count (p= 0.50) 

were not significant predictors of HA concentration. 
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2.4.4 Predictors of HA concentration – Lactate and fluid type and volume 

The mean lactate concentration at the time of admission was 2.4 mmol/L (+/- 

0.7). Daily lactate measurements are summarized (Table 2-1). The patients’ lactate 

concentration showed no significant association with HA concentration. The average 

TADFV (mL/kg) are summarized in Table 2-1. The duration of time that TADFV was 

calculated on Day 1 ranged from 6 to 18 hours. On univariate analysis, TADFV was not 

a significant predictor of HA concentration (p = 0.23). However, when incorporated into 

the predictive model that also accounted for the patients’ IL-6 concentration, TADFV 

then had a significant (p = 0.04) effect on HA concentration. There was no association 

between IL-6 and TADFV.  

Types of intravenous fluids administered throughout hospitalization included a 

combination of crystalloid solutions, natural and synthetic colloids. All patients received 

Plasmalyte-A as the primary replacement fluid. Three patients received an additional 

crystalloid solution (Lactated Ringer’s (n= 1), 0.9% NaCl (n= 2) and ½ Plasmalyte-A (n= 

2)). Four patients received synthetic colloids (Voluvenf (n =1),  Pentaspang (n =4)). 

Three patients received blood products (fresh frozen plasma (n= 2), packed red blood 

cell (n =1), whole blood (n= 1)). Sample size was not sufficient to explore the effects of 

fluid type on HA concentration.  

2.5 Discussion 

This is the first veterinary study analyzing changes in HA concentration from 

admission through recovery in clinically ill dogs. The results did not support our 

hypothesis that peak HA concentrations would be noted at admission, however 

significant interactions between HA concentration, TADFV and cytokine concentration 

were identified. This study lends support to the use of HA as a EG biomarker in dogs. 

As a major component of the extracellular matrix, HA exists in all tissues and can be 

produced by many cell types.217 Due to its wide distribution throughout the body, HA is 

involved in multiple physiologic functions. It is also actively produced during tissue 
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injury, and serves to activate inflammatory cells to mount an innate immune 

response.217 In humans, elevated serum HA concentrations have been documented in 

an extensive list of disease states including pneumonia,218 hepatitis,219 diabetes,101 and 

renal insufficiency.220 Some of these conditions result in increased production or 

reduced clearance of HA, and therefore HA is not specific to the EG. Interpretation of 

HA measurement can become difficult in critically ill patients with comorbid 

conditions.126 In dogs, increases in serum HA concentration have been identified in 

dogs with histologic evidence of cirrhosis compared to non-cirrhotic hepatic disease,64 

increasing extent of hepatic fibrosis,65 and with congenital portosystemic shunts 

compared to healthy controls.66 Hepatic disease leads to both increased production and 

reduced clearance of HA.66 A canine hemorrhagic shock model documented changes in 

HA concentration as a marker of EG shedding in otherwise healthy dogs.10 The full 

extent of conditions aside from EG disruption that result in serum HA elevations in dogs 

is still unknown. However, the minimal extent of comorbid conditions in our study 

population provided an opportunity to observe a septic cohort without the extensive 

cumulative comorbidities that often complicate EG interpretation of septic ICU patients. 

Additionally, all dogs served as their own controls.  

 This study documented changes in daily HA concentration in septic dogs from 

admission through to recovery. Reference values for serum HA are not yet established 

in dogs, and therefore each dog served as its own control for analyzing changes in 

serum HA concentration over time. Although direct comparisons cannot be made due to 

variations in assay, the HA concentrations reported in this study are in line with previous 

reports in dogs.10,66,221 This study showed an initial increase in HA concentration 

compared to baseline, with peak concentrations noted at 48-72 hours following ICU 

admission. Human studies have similarly identified an initial increase in HA 

concentration following hospital admission, and findings are similarly varied regarding 

the timing of peak HA concentration. One study that investigated EG biomarkers in 

humans during the first 24 hours following emergency department admission identified a 

peak increase in HA concentration at 3 hours, which was positively correlated with 
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cumulative fluid volumes.126 Another study in human patients with septic shock showed 

marked HA elevations on day one. HA was rechecked on day four, showing a decrease 

compared to day one.222 Interestingly, one study found that survivors demonstrated a 

daily decline in HA concentration compared to baseline, while non-survivors tended to 

increase over subsequent days.120 Although our study did not identify significant 

changes in HA concentration with time, it is possible that this was confounded by the 

heterogeneity of fluid treatments in our small sample study population. A canine 

hemorrhagic shock model exploring HA shedding revealed varied timing of peak HA 

concentrations based on the chosen resuscitation fluid.10  

Understanding the time course of EG damage may be useful in considering 

therapeutic interventions, such as intravenous fluid therapy, in these patients. Our study 

found a significant association between TADFV and serum HA concentration when the 

patient’s inflammatory status was accounted for. It is possible that as the patients’ 

degree of inflammation increased, the TADFV required to cause a significant increase in 

HA concentration became lower. This would suggest that patients with more severe 

inflammation have more extensive EG degradation and are more susceptible to the 

exacerbating effects of liberal fluid administration. However, the alternative may also be 

true whereby more extensive EG shedding contributes to inflammation. In previous 

studies, the independent effects of intravenous fluid administration on the EG has also 

been established. A human study exploring this effect compared patients with simple 

infection and sepsis. The investigators documented an increase in HA concentration 

with increasing cumulative fluid volumes after adjustment for biomarkers of systemic 

inflammation, and independent of illness severity.126 In healthy dogs, increased HA 

concentrations following experimental hemorrhagic shock and fluid resuscitation has 

been shown.10 This study reported a possible induced inflammatory response, mainly 

IL-6 and IL-10 elevations, following crystalloid fluid bolus administration.10 In our study 

there was no association between inflammatory cytokine concentrations and TADFV, 

making this consideration less likely. However, due to small sample size and variability 

in cytokine concentrations, a type 2 error cannot be excluded. The relationship between 
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inflammation, fluid administration and EG degradation is complex and multi-factorial, 

however our pilot study suggests that fluid administration has an effect on the EG in the 

face of an inflammatory condition. It also suggests that degradation of the EG may 

continue over the first few days of hospitalization, and that particular caution may be 

required during this point of peak HA concentration. This may provide further support for 

current fluid strategies that recommend rapid de-escalation to avoid overzealous fluid 

administration in this time period.176,177,180,190 

The present study also explored various markers of inflammation and their 

interaction with HA concentration. We found a significant association between 

concentrations of IL-6 and HA. Interestingly, although IL-6 increased in association with 

HA, other cytokine concentrations (IL-8, IL-10) did not. Veterinary literature pertaining to 

cytokine profiling of septic dogs is varied in its findings. In vitro findings do not 

necessarily correlate to in vivo immune response, and the inconsistent timing of 

samples contributes to interstudy variability. In an in vitro model, when canine 

leukocytes are experimentally exposed to LPS, an early, dramatic increase in pro-

inflammatory IL-6 production is noted, almost immediately followed by an increase in 

anti-inflammatory IL-10 production.172,223 Another study exploring the immune response 

in critically ill dogs found that LPS induced leukocyte production of IL-6 and IL-10 was 

significantly lower within 24 hours of hospitalization in critically ill dogs compared to 

healthy controls,223 results suggestive of critical illness induced immune dysfunction. In 

a population of critically ill dogs with either sepsis or non-septic systemic inflammatory 

response syndrome, dogs diagnosed with sepsis had higher IL-6 concentrations and 

decreased IL-10 production at the time of admission compared to healthy controls. This 

study also showed that admission IL-8 concentrations did not differ between healthy, 

septic, and non-septic inflammatory response syndrome dogs.145 Another study 

reported the opposite, with increased IL-8 production noted in septic dogs compared to 

healthy controls.147 Peak cytokine concentrations may be time dependent or related to 

severity of illness; in this study peak cytokine concentrations may not have been 

captured in our clinically septic dogs at their time of presentation or at predetermined 
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sampling points. To provide context for interpretation of reported findings, one study 

established the following reference intervals in healthy dogs for commonly explored 

cytokines: IL-6 (0-133 pg/mL), IL-8 (0-3774.8 pg/mL) and IL-10 (0-2063.7 pg/mL). That 

study also measured these cytokine concentrations in septic dogs at a single 

unspecified time point, reporting a median concentration of 22 pg/mL (0-311), 1719 

pg/mL (0-11,117) and 0 pg/mL (0-3200) for IL-6, IL-8 and IL-10 respectively. 148 The 

results of our study show IL-6 and IL-10 concentrations within their reported range for 

septic dogs, however IL-8 concentration was higher at all time points in our study. Peak 

cytokine concentration is a dynamic measure, and since the time of collection was not 

provided in the previous study, direct comparison to our study results is not possible.  

The inflammatory nature of septic patients is known to contribute to EG 

degradation through a variety of mechanisms, and has been well documented in human 

clinical trials and animal research models.31,32 The interaction between IL-6 and HA 

concentration identified in this study further supports numerous findings identifying 

increased EG shedding in systemic inflammatory states.121,129 However, due to the 

nature of this pilot study, determining the major contributor to increased HA 

concentration was not possible. There are a few additional biomarkers that may have 

helped clarify and support our findings. As previously mentioned, HA is not a specific 

EG biomarker. The use of additional EG biomarkers would have strengthened our 

finding that HA elevations were due to EG degradation, however EG research is in its 

infancy in veterinary medicine. At the time of this study, HA is the only EG biomarker 

validated for use in dogs. In humans, additional validated EG biomarkers include 

syndecan-1, heparan sulfate and chondroitin sulfate.18 Disruption of the EG can range 

in severity from selective cleavage of heparan sulfate and chondroitin sulfate, to major 

disturbances represented by removal of entire syndecan core proteins.31 Syndecan-1 is 

commonly used in human studies, has been found to be related to endothelial damage 

and EG degradation, and since it is a transmembranous core protein is considered a 

marker of more extensive damage.32 It also correlates with serum levels of inflammatory 

cytokines including IL-10 in humans.206 Therefore it would have been an interesting 
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addition to our study facilitating further exploration of interactions between EG 

biomarkers and inflammatory markers. Unfortunately, previous studies have attempted 

use of commercially available human syndecan-1 ELISA which have not performed 

adequately.63  

Another helpful addition to the study would have been atrial natriuretic peptide 

(ANP), which has been shown to increase secondary to increased blood volume and 

cause shedding of EG constituents.182 Our results suggest that as the dogs’ degree of 

inflammation increased, their susceptibility to EG damage from intravenous fluid 

administration also increased. However, an alternative explanation to this finding would 

be transient volume overloading. In humans with good cardiopulmonary health, volume 

loading with 20mL/kg of a synthetic colloid solution over 15 minutes resulted in a 

significant increase in ANP and serum HA concentration compared to baseline.184 

These findings document that EG shedding can be induced by fluid administration in 

human patients with low levels of inflammation as well. With respect to volume loading, 

our study calculated the daily administered fluid volume when interpreting its effect on 

HA concentration. However, the rate of administration of fluid, and the timing of fluid 

administration in relation to the subsequent blood sampling time points may have been 

enlightening. These details, coupled with ANP measurements, may have made further 

insight into the stimulus for HA elevations possible.  

This study has several limitations. The small population size, observational 

design, variable treatment prior to referral, and the use of a single biomarker of EG 

degradation all limited our abilities to draw firm conclusions or extrapolate our results to 

a wider population. In addition, prolonged storage time may have had an effect on 

cytokine and HA concentrations in this study. All serum samples were stored at -80° C 

from the time of collection (2012-2014) and were subject to one freeze-thaw cycle 

before analysis. The stability of canine cytokine concentrations in storage is not known. 

However, since it is common in long-term clinical studies to store samples for future 

batch analysis, investigation of long-term stability of cytokine profiles has been carried 
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out in humans. Degradation of 50% or more of the initial concentration is expected 

within four years for many inflammatory cytokines. Specifically, IL-10 and IL-8 appear to 

be subject to more rapid deterioration.224 The effect of one freeze thaw cycle in our 

samples is unlikely to have caused variation in cytokine concentration. Research 

indicates that IL-6 and IL-10 are stable throughout multiple freeze-thaw cycles, and IL-8 

will start to decrease after more than one freeze-thaw cycle.224 The HA ELISA kit has 

been approved for use in up to three freeze thaw cycles in humans (TECOmedical 

Group, Switzerland), and the Milliplex Canine Cytokine Panel has been approved for up 

to two freeze-thaw cycles (EMD Millipore, MA).  

Overall, our study is the first to describe HA concentration over time throughout 

the course of sepsis in dogs. We confirmed an association between inflammation (IL-6 

concentrations) and HA concentration and identified a possible increase in susceptibility 

to EG disruption secondary to fluid administration in inflammatory patients. There is 

increasingly growing evidence challenging the rationale of early aggressive fluid 

resuscitation. However, what remains unclear is whether restrictive fluid strategies 

serve to prevent direct damage to the EG, or if an already disrupted EG requires a 

different approach. This descriptive study provides a foundation for understanding the 

complex changes in the EG during the course of sepsis in dogs. Future prospective 

investigation of the EG is warranted and will allow for further understanding of the 

pathophysiology of sepsis and may provide insight into developing more tailored fluid 

prescriptions in these patients.  
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2.6 Figures 

 

Figure 2-1: Daily HA concentration (ng/mL) in septic dogs throughout hospitalization. Colours 
represent serum HA concentration for each dog; the black line shows the median HA 
concentration. 
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2.7 Tables 
Table 2-1: Descriptive data for various variables on a daily basis. 

 Day 

Variable 0 1 2 3 4 

HA 

(ng/mL) 

71.4 [18.4-87.2] (4) 69.2 [38.5-192.5] (8) 105.9 [46.2-239.4] (8) 66.8 [24.3-1050] (8) 53.4 [31.3-170] (5) 

IL-6 

(pg/mL) 

54.1 [21.5-474.2] (4) 66.9 [11-519.4] (8) 18.8 [8.8-197.7] (7) 19.6 [6.5-522.4] (8) 9.9 [0-43.8] (5) 

IL-8 

(pg/mL) 

7879.7 [1030-10106] (4) 6300 [9-13624.7] (8) 6232.4 [237.4-18130] (7) 10509.9 [6-20680] (8) 2808.2 [1-15514.8] (5) 

IL-10 

(pg/mL) 

44.5 [32.3-178.7] (4) 12.6 [4-54.6] (8) 22.6 [12.9-40] (5) 11.2 [0.6-98.1] (8) 6 [2.7-28.2] (5) 

WBC (x 103 cells/uL) 

ref: 4.9 – 15.4 x 103 
cells/uL 

13.9 +/- 10.1 (7) 20.2 +/- 6.9 (8) 22.7 +/- 7.4 (7) 19.8 +/- 5.5 (8) 25.7 +/- 5.4 (6) 



 

 

57 

 

Neutrophils (x 103 
cells/uL) 

ref: 2.9 – 10.6 x 103 
cells/uL 

12 +/- 8.9 (7) 17 +/- 6.8 (8) 19.1 +/- 6.8 (7) 15.5 +/- 5.5 (8) 21 +/- 5.1 (6) 

Bands (x 103 cells/uL) 

ref: 0 – 0.3 x 103 
cells/uL 

2.4 +/- 1.8 (7) 4.6 +/- 3.1 (8) 1.1 +/- 1.7 (7) 0.56 +/- 0.4 (8) 0.87 +/- 0.6 (6)  

Lactate (mmol/L) 

ref: < 2.5 mmol/L 

2.4 +/- 0.7 (7) 1.5 +/- 0.9 (8) 1.1 +/- 0.5 (8) 1.1 +/- 0.1 (8) 0.9 +/- 0.3 (5) 

Fluid Volume (mL/kg) *  113 +/- 75 (8) 120 +/- 46 (8) 78 +/- 25 (8) 58 +/- 30 (8) 

Values represent the mean +/- SD or median [range]. The number in parenthesis represents the number of dogs that contributed to 

the reported value. The duration of the observation period was based on time until closed suction abdominal drain removal, and 

therefore varied among dogs; the number of dogs remaining in hospital decreased by Day 4. Also, missed samples did not contribute 

to the calculated values; therefore, the number of dogs evaluated on a given day may have differed among variables. ref = reference 

interval for associated value. * indicates unknown and variable fluid volume delivered prior to presentation and study enrollment.  
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2.9 Footnotes 

a. EDTA tube Vacutainer plus plastic plasma tubes, Becton Dickinson and Company, 

Franklin Lakes, NJ  

b. ABL800 FLEX, Radiometer Canada, London, ON, Canada 

c. Advia 2120, Siemens, Burlington, ON, Canada 

d. BD Vacutainer plus plastic serum tubes, Becton Dickinson and Company, Franklin 

Lakes, NJ 

e. SAS Institute Inc. 2013. SAS/STAT® 9.4, Cary, NC 
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f. Voluven 6% (HES 130/0,4), Fresenius Kabi Canada Ltd.  

g. Pentaspan 10%, Bristol-Myers Squibb Canada 
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3.1 Abstract 

The goal of this project was to validate a commercially available hyaluronic acid 

(HA) immunoassay for use in feline plasma. Plasma from five healthy cats and five 

critically ill cats were included for validation of the enzyme-linked immunosorbent assay. 

Validation methods performed included intra- and inter-assay variability, spike-and-

recovery and dilutional linearity. All measurements were performed in duplicate. The 

precision study revealed good intra-assay coefficient of variation (CV) of 7.4-8.9%, and 

inter-assay CV was 3.4-4.2%. Extraction efficiency via spiking tests yielded mean 

recovery of 89.9%. The assay met criteria for acceptable linearity using three serial 

dilutions. These results demonstrate that a commercial HA immunosorbent assay had 

acceptable analytical performance using feline plasma and can be a useful tool in the 

veterinary clinical research setting. The successful validation of this ELISA is the first 

reported investigation into endothelial glycocalyx biomarkers in this species. 

Keywords: endothelial glycocalyx; ELISA; hyaluronic acid; plasma; validation 

 

3.2 Brief communication 

Hyaluronic acid (HA) is a large glycosaminoglycan with a wide distribution 

throughout the body. It is found in most biological fluids and tissues and is conserved in 

all vertebrates.225 This has allowed HA to be utilized as a biomarker for multiple 

conditions in human medicine including renal insufficiency,226 hepatic fibrosis,100 

diabetes227 and atherosclerosis.228 Reports of hyaluronic acid quantification are limited 

in veterinary medicine. Increases in serum HA concentration have been reported in 

dogs with histologic evidence of cirrhosis compared to non-cirrhotic hepatic disease,64 

increasing extent of hepatic fibrosis65 and with congenital portosystemic shunts 

compared to healthy controls.66 More recently, HA as a biomarker of endothelial 

glycocalyx (EG) integrity has emerged.229  
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The EG is a complex, dynamic structure that lines the luminal surface of vascular 

endothelium. The structure consists of a cell-bound anchoring component comprised of 

proteoglycans (syndecans and glypicans) and glycoproteins (selectins, 

immunoglobulins and integrins), in addition to an intricate mesh-like surface layer. The 

endothelial surface layer is composed of multiple glycosaminoglycans, with HA located 

primarily at the luminal surface.18 Dynamic changes in EG integrity have been identified 

in multiple conditions in human patients including sepsis,120 ischemia reperfusion injury 

post-cardiac arrest,230 trauma,203 hemorrhagic shock206 and hypervolemia secondary to 

intravenous fluid administration.184 When the EG is damaged, its degradation is 

accompanied by shedding of one or more of its constituents, such as HA, into the 

bloodstream which can then be quantified. In veterinary medicine, HA has been 

successfully validated in dogs211, and interest in EG biomarker quantification research 

appears to be gathering momentum.10,11 No EG biomarker has been successfully 

validated in cats. This study aimed to validate a commercially available human 

hyaluronic acid ELISAa for use with feline plasma.  

 The TECOmedical Hyaluronic Acid Plus ELISA is a sensitive sandwich ELISA 

used for the quantification of HA in plasma, serum, and other biological fluids in 

humans. It has been validated and reported by the manufacturer to cross-react with 

multiple species including dogs, horses, mice, rats, sheep, pigs, monkeys and goats.a 

The assay consists of a microtiter plate coated with HA binding protein (HABP) and 

horseradish peroxidase (HRP) conjugated HABP for detection. The HRP conjugated 

HABP binds to HA in the sample, followed by a substrate reaction. Color development is 

catalyzed quantitatively dependent on HA levels in the sample. The reportable assay 

range is 15 – 1000 ng/mL. 

 Blood samples from five healthy blood donor cats and five critically ill cats 

presenting in shock were used. This study was approved by the Institutional Animal 

Care and Use Committee of the University of Guelph. Blood donor cats were deemed 

healthy based on normal physical examination, biochemical profile, complete blood 

count and urinalysis. Shock was defined as the presence of three or more of the 
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following objective parameters: rectal temperature < 37.8º Celsius, heart rate < 140 or > 

225 beats per minute, respiratory rate > 40 breaths per minute, capillary refill time > 2 

seconds, systolic arterial pressure < 90 mmHg, or blood lactate concentration > 2.5 

mmol/L. For healthy cats, 0.5 mL of blood was collected at the time of jugular 

venipuncture for blood donation. For critically ill cats, residual blood sample was utilized 

from the time of admission to hospital upon intravenous catheter placement. Following 

collection, the blood sample was transferred immediately to a blood collection tube 

containing EDTA as an anticoagulant.b Within 30 minutes of collection, the sample was 

centrifuged at 1000 x g for 15 minutes. Plasma samples were then aliquoted and stored 

at -80° Celsius. The samples were assayed immediately after thawing at room 

temperature. Since the samples were frozen in aliquots, an aliquot was thawed for each 

analysis to prevent potential variation due to freeze-thaw cycles. All measurements 

were performed in duplicate. A standard curve was prepared using serial dilutions of the 

standard diluent buffer provided in the test kit and according to the manufacturer’s 

instruction. Absorbance was detected at 450 nm with an ELISA plate reader.c 

Imprecision was evaluated by determining intra- and inter-assay variability. 

Coefficients of variation (CV) were based on repeated measurements within the same 

analytical run as well as across analytical runs. Intra-assay variability was performed 

using 10 duplicate measurements across two experiment days. Inter-assay variability 

was assessed over 2 experiment days using a total of 5 duplicate measurements on 5 

different plates. For each analytical run, standard deviation (SD) was calculated as the 

square root of the estimated variance components. The CV was then calculated as 

(SD/global mean) x 100 to evaluate imprecision of the assay. Imprecision was deemed 

acceptable for CVs £10%.231 Intra- and inter-assay CVs were 7.4 - 8.9% and 3.4 - 4.2%, 

respectively (Table 3-1).  

Accuracy was assessed by evaluating the ability of the assay to recover a known 

concentration of analyte. A recovery method based on addition of provided standard 

solution (HA 1000 ng/mL) to baseline plasma samples was used. Recovery was 
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performed using five baseline feline plasma samples at varying concentration levels (20 

- 100 ng/mL) and adding provided standard (HA 1000 ng/mL) to create a 10% spiked 

solution. Acceptable recovery after spiking was set to 80-120%.232 The mean accuracy 

assessed by the recovery study was 89.5% (Table 3-2).  

Linearity was evaluated by serial dilutions of baseline samples. This was 

assessed using three plasma samples from critically ill cats (HA concentration range 

140 – 220 ng/mL) performed in a single run. Duplicate HA measurements were 

performed on each sample. The samples were serially diluted by adding diluent (HA 0 

ng/mL) to obtain 50%, 25%, 12.5% and 6.25% dilutions. The dilutional linearity is shown 

(Figure 3-1) by reporting the measured values vs expected values calculated on the 

basis of the baseline samples and subsequent serial dilutions. The comparable 

measured and expected values of HA concentration was demonstrated by the slope of 

the linear regression curve, which was between 0.95 - 1 in each analytical run. The 

coefficient of correlation of the linear regression curve was also meaningful with an R2 

between 0.98 – 0.99.   

 The results of this study support analytical validation of the TECOmedical 

Hyaluronic Acid Plus ELISA for measurement of plasma HA in cats. The assay 

demonstrated adequate intra- and inter-assay variability. Spike-and-recovery method 

revealed acceptable mean accuracy of 89.5%. Interestingly, as baseline plasma HA 

concentration increased, the percent recovery decreased. When this occurs at 

extremely high concentrations, it can be consistent with a prozone effect. This effect 

describes a phenomenon where the effectiveness of immune complex formation 

becomes impaired when the concentration of an antibody or antigen are extremely 

high.233 However, since this effect is occurring well within the reportable range of the kit, 

it is likely that another form of matrix effect is occurring. Since all samples were 

collected, handled and stored uniformly, analyte-independent interference is considered 

unlikely. The overall recovery rate remains acceptable; however, it is possible the kit’s 

performance could differ at higher baseline HA concentrations. The linearity under 
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dilution was performed at both high and intermediate concentrations with three different 

samples and results were considered acceptable.  

The main limitation of this study pertained to the volume of sample available from 

each cat which prevented a higher number of repetitions, and the lack of availability for 

baseline samples at a wider HA concentration range. Performing dilutional linearity with 

five different samples is recommended by American Society for Veterinary Clinical 

Pathology (ASVCP) guidelines234 and was intended, however the samples meant to 

represent low concentrations were close to the lower limit of detection prior to dilution 

and therefore were excluded from further analysis. Linearity above the upper limit of 

quantification was also not performed, and therefore prozone effects at extremely high 

concentrations again cannot be ruled out. Overall, the results for linearity obtained in 

this study were excellent when performed at clinically relevant values. Furthermore, the 

principle of fit-for-purpose validation states that validation efforts should be tailored to 

meet the intended purpose of the biomarker study, and with a level of fastidiousness 

proportionate to the intended use of the data.235 The accuracy and linearity achieved in 

this study are therefore considered acceptable for ongoing investigation, however future 

investigators should consider their intended use of this biomarker to ensure that 

supplemental validation at varying concentrations is not required.  

 As previously mentioned, damage to the EG occurs in several conditions and can 

also be iatrogenic such as secondary to intravenous fluid therapy. Measurement of 

circulating EG constituents, such as HA, serve as biomarkers of EG health, and allow 

quantification of the extent of EG damage.53 Recent human literature has shown 

increased interest in the utility of EG biomarkers, and has stressed the importance of 

EG integrity in critically ill patients. The extent of its potential use in cats is unknown at 

this time. An interest from the authors to investigate the effects of fluid therapy on the 

EG in cats, particularly in light of their increased susceptibility to the negative effects of 

fluid therapy, prompted EG biomarker investigation. Method validation is a meticulous 

process but is an essential step in supporting scientific findings and contributing to 

reliable literature. The initial validation of this biomarker will allow its use in future 
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prospective studies and provides the foundation for investigation of this biomarker in 

cats.  

3.3 Sources and Manufacturers 

a. Hyaluronic Acid Plus ELISA TE1017-2. TECOmedical Group. Sissach, Switzerland.  

b. EDTA tube Vacutainer plus plastic plasma tubes, Becton Dickinson and Company, 

Franklin Lakes, NJ, USA. 

c. Epoch Microplate Spectrophotometer. BioTek Instruments, Inc. Winooski, VT, USA. 
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3.6 Tables 

 
Table 3-1: Imprecision of the TECOmedical Hyaluronic Acid Plus ELISA for measuring plasma HA concentration in cats over 2 
experiment days. Intra-assay variability was based on 10 replicate measurements and inter-assay variability on a total of 5 duplicate 
measurements over 5 plates. 

 Intra-assay Inter-assay 

Run 1 Run 2 Run 1 Run 2 

Mean (ng/mL) 208.7 197.1 180.9 201.7 

SD* 15.5 17.5 6.1 8.5 

CV† (%) 7.42 8.9 3.37 4.21 

n 10 10 6 4 

 

 

 

 

* standard deviation 
† coefficient of variation 
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Table 3-2: Recovery method of the TECOmedical Hyaluronic Acid Plus ELISA for measuring plasma HA concentration. Standard (1000 
ng/mL) was added to five healthy feline plasma samples. Mean recovery in bold. 
 

Mean reference plasma 
sample (ng/mL) 

Standard added (ng/mL) Mean observed HA 
(ng/mL) 

Expected (ng/mL) Recovery (%) 

95.7 1000 171.3 100 75.9 

50.1 1000 128.8 100 79 

47.2 1000 137.3 100 90.5 

18.5 1000 115.8 100 97.7 

13.3 1000 119.1 100 105.8 

 89.5 
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3.7 Figures 
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Figure 3-1: Linearity. Linear regression analysis of expected versus observed HA concentrations of 3 plasma samples serially diluted. Data points 
represent the mean of 2 determinations. 
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4 Summary and Conclusions 
 

 Sepsis results from an overwhelming host immune response to invading 

pathogens. It is characterized by severe systemic inflammation putting patients at risk 

for the development of septic shock, acute multi-organ failure, and death. Sepsis 

remains the highest cause of mortality in human patients admitted to the ICU1 and is 

also a well-recognized cause of mortality in dogs and cats. During sepsis, the immense 

inflammatory response results in damage to the endothelial glycocalyx (EG). Since the 

EG is intimately associated with the maintenance of overall homeostasis, damage to 

this fragile endothelial surface layer can have serious consequences. The EG plays a 

pivotal role in maintaining normal vascular permeability, regulating coagulation and 

inflammation, and transmitting signals throughout the body via mechanotransduction. 

When these important functions are disrupted, a cascade of clinical decline is a 

common sequela. Macrohemodynamic derangements such as hypotension and 

tachycardia are common in septic patients, and paramount to the treatment of these 

pathophysiologic vital parameters is the administration of intravenous fluids. However, 

upon further understanding of both the microcirculation and the EG, focus of sepsis 

therapy is shifting to the cellular and microcirculatory dysfunction present in this 

condition. When damage to the EG occurs, it results in degradation of the EG and 

shedding of its intricately linked PG and GAG side chains into the circulation. These 

shed constituents are now routinely being measured as EG biomarkers in human 

medicine, incorporating objective and quantitative EG assessment into large scale 

clinical trials.  

The components of the EG are incorporated into the delicate structure in various 

locations, with some constituents anchored securely to the endothelium and others 

more loosely woven near the luminal surface. Therefore, the variable quantities of each 

EG biomarker can help elucidate the extent of EG damage. The more severe the 

damage, the higher the concentration of deeply anchored EG constituents measurable 
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in circulation. Human trials often incorporate multiple EG biomarkers into a single study, 

which allows for these types of critical assessments and understanding of patient 

physiology. Unfortunately, at the time of the present research there is only a single EG 

biomarker for use in canine veterinary patients. Hyaluronic acid has been validated for 

use in dogs and has been reported most often as a hepatic marker64–66 in addition to a 

biomarker for osteoarthritis67–69 in this species. However, prior to the work in this thesis 

HA was implemented successfully as an EG biomarker in a single canine research 

study.10 This gap in the veterinary literature highlights the need for not only further 

validation of other known EG biomarkers in veterinary species, but also the need to 

make the transition from research models to clinical patients.  

 In the first chapter of this thesis, daily serum HA, IL-6, IL-8 and IL-10 

concentrations were measured in dogs with naturally occurring septic peritonitis. This 

pilot study is the first study to measure EG biomarkers in clinical septic veterinary 

patients and results provided observational data on the time course of serum HA 

concentration from hospital admission through to recovery. Although not statistically 

significant and in a small population size, a general trend of peak HA concentration on 

days 2 or 3 of hospitalization was identified. This is important and enlightening 

information, as the timing differed from our hypothesis that HA concentrations would be 

most deranged at time of presentation. The results steer future direction of clinical trials. 

An understanding on the time course of EG degradation throughout sepsis can guide 

future research planning, and may also help shift perspective and clinical decision 

making in the ICU. If future investigation confirms that EG degradation is at its highest 

at key time points in a patient’s hospitalization, it will provide further support for time 

sensitive interventions to mitigate EG degradation. For example, clinicians may de-

escalate fluid therapy more readily in hemodynamically stable patients. Human 

investigation has highlighted that the expected need for early fluid resuscitation in 

hypovolemic septic patients mandates de-escalation of fluid therapy as quickly as 

possible.236 Further research is needed in order to determine if similar therapeutic 
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management is beneficial in clinical veterinary patients, and thus to provide evidence-

based recommendations.  

 The present research also explored interactions between HA concentration, 

cytokine concentrations and daily intravenous fluid administration. Results found a 

significant association between concentrations of IL-6 and HA. This could suggest that 

patients with more severe inflammation have more extensive EG degradation, or that 

more EG degradation causes inflammation. In addition, our study found a significant 

association between TADFV and serum HA concentration when the patient’s 

inflammatory status (IL-6 concentration) was accounted for. These results supported the 

hypothesis that as the patient’s degree of inflammation increased, the amount of IVF 

required to cause a significant increase in HA concentration became lower, and 

therefore these patients may be more susceptible to the deleterious effects of liberal 

fluid administration.  

However, the causation of EG shedding in published studies, including our own, 

is not always clear. Although it is well documented that systemic inflammation leads to 

EG degradation and increased EG biomarker concentrations, the opposite effects are 

also reported. Shedding of the EG exacerbates systemic inflammation by stimulating 

cytokine production, disrupting coagulation and increasing vascular permeability. 

Therefore, developing linear causative relationships in these complex clinical sepsis 

trials is a challenging task, and one that is not often easily achieved. Viewing sepsis and 

its associated systemic inflammation and EG disruption as an ouroboros of sorts, an 

endless inherent cycle of self-destruction, allows for a broader perspective in studying 

this complex disease. Multiple factors including inflammatory mediators, ANP, patient 

fluid balance, fluid resuscitation strategies (volume and rate of crystalloid, artificial 

colloid, natural colloid solutions) and plasma administration have all been implicated in 

EG degradation through human clinical trials and animal research 

models.75,182,190,210,212,213 Therefore, the future of clinical trials may need to shift from 

investigating singular cause and effect relationships to observing many factors 

simultaneously to gain perspective on what elements are potentially impacting one 
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another. Inclusion of objective measurements of these various aspects that contribute 

to, or result from, EG degradation in future clinical trials is essential. A missing 

component in the present research was measurement of ANP. Unfortunately, collection 

and sample handling are very specific for ANP and therefore measurement of this 

biomarker was not possible in retrospectively collected samples. However, since ANP 

has been well documented as a cause of EG shedding, it is a helpful inclusion for 

studies exploring EG biomarkers. It is particularly helpful in studies that wish to explore 

the impact of IVF on EG biomarker concentration and can help to further clarify cause 

and effect relationships in these patients. Since atrial stretch-mediated release of ANP 

only occurs in physiologic states of hypervolemia, it is also important to carefully 

document multiple aspects of IVF therapy in prospective trials. The EG is sensitive to 

shear stress, and therefore the rate of fluid administration may also have an impact. 

Based on the findings of the present research, it is important for future studies to 

consider the volume of fluid, type of fluid, rate of administration, and the timing of fluid 

administration in relation to subsequent blood sampling time points when designing 

prospective trials.  

The present research has provided an important step in moving veterinary EG 

studies from the research model to clinical patients. The significant results of this pilot 

study have highlighted that there is room for future investigation in canine patients, and 

that developing prospective clinical trials is now warranted. The importance and value of 

serial EG biomarker measurement has been demonstrated as a way to correlate patient 

clinical status, administered therapies and objective measurements of patient 

inflammatory and volume status. Broad inclusion of these various parameters will lead 

to a more holistic understanding of the EG in a complex disease setting and provide 

opportunities to explore causative relationships between multiple factors. This research 

has also demonstrated that there is room for future investigations to consider 

segregation into different patient cohorts (for example, based on inflammatory status or 

illness severity) or variable treatment arms such as liberal versus restrictive fluid 

strategies.  
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 The second chapter of this thesis focused on EG biomarker validation in cats. At 

the present time there are no EG biomarkers that have been validated for use in this 

species, and therefore no research regarding the EG in cats has been performed. This 

is a large gap in the veterinary literature. Cats are more susceptible to fluid overload 

due to their smaller blood volume, lower metabolic rate, and higher incidence of occult 

cardiac disease.237,238 With the recent insights into detrimental effects of fluid overload 

in human180 and veterinary181 literature, an objective method of investigating the effects 

of fluid therapy on the feline EG is needed. This study reported successful analytical 

validation of a human commercially available HA ELISA for measurement of plasma HA 

in cats. Although method validation is a meticulous and time-consuming process, it is an 

essential step in progressing scientific investigation. The present research has 

effectively laid the groundwork to allow for future studies in cats, where a great deal of 

clinical insight into a fluid sensitive species can be made. At this time, small pilot studies 

of feline research models exploring the effects of IVF on EG integrity would be 

warranted.  

 Overall, the work presented in this thesis has been an important step in 

progressing veterinary scientific research in an important and current field. It provides 

an understanding of how damage to the EG results in widespread systemic 

consequence, and how commonly utilized clinical therapies such as IVF can have 

deleterious effects in our patients. The utility of EG biomarkers has been confirmed, and 

with the successful application of HA in this study, motivation for validation of further EG 

biomarkers has been provided to improve future work in dogs. The multifactorial nature 

of EG degradation has also been noted, and the importance to incorporate both 

markers of inflammation and markers of volume status in future trials has been 

stressed.  Upon reviewing the present research, there are many windows of opportunity 

for ongoing trials in both dogs and cats. From a clinical perspective, clinicians should 

keep in mind that EG degradation may continue to progress in the first few days of 

hospitalization. Current strategies to re-evaluate and de-escalate fluid therapy may have 

a positive impact on EG degradation and may support reduced morbidity associated 
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with a positive patient fluid balance. Clinicians should also have an altered perspective 

of IVF therapy, with the recognition that fluids can have adverse effects similar to other 

therapies. The administration of IVF to patients should be approached as a personal 

and tailored prescription to each patient, and a prescription that needs to be adjusted 

regularly according to clinical status. The exploration of the EG in veterinary medicine is 

just beginning and with it is the potential for further understanding and guidance into 

clinical management of our unique patient population.  
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APPENDICES 

 

Appendix 1: Raw Data- Evaluation of hyaluronic acid as a marker of glycocalyx degradation in dogs with septic 
peritonitis 

ID Age 

(yrs) 

Sex Day TADFV 

(mL/kg) 

HA IL-6 

MFI 

IL-8 

MFI 

IL-10 

MFI 

Lactate 

(mmol/L) 

WBC 

(x10^9/L) 

Seg N 

(x10^9/L) 

Bands 

(x10^9/L) 

APPLEfull Time to 

Surgery 

(hours) 

Time of 

Day 0 

(hours) 

1 10 FS 0 0     1.8 29.9 26.31 5.98 24 16 12 

   1 73.42 175.67 61 1188.3 45.5 1.1 30.8 28.03     

   2 140.17 239.37 27 682.8 49 0.7 34.1 29.67 0.68    

   3 101.85 453.91 24.8 607 42.8 1 29.8 25.63 0.6    

   4 58.91 170.04 23 387.3 41.8 0.7 25.7 21.59 0.51    

2 7 M 0 0 64.83 38.5 1826.5 93.3 2.5 3.9 3.28 1.4 28 2 14 

   1 108.8 46.67 29.8 976.5 49 0.5 20.1 18.69 11.46    

   2 108.8 60.57 20 681.3 42.5 1 22.9 21.3 5.27    

   3 88.16 45.15 22 1262 41 1.1 16.2 13.77 0    

   4 57.45  20.3 404.8 38  19.2 16.32 0.38    
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3 9 FS 0 0 87.15 255.3 1150.8 54.3  2 1.68 0.58 26 3 14 

   1 19.95 192.45 278 2612.8 60.5 2.7 5.1 4.59 1.88    

   2 65.27 115.37 115.3 2873.3 40.5 1.3 8.7 6.87 0.61    

   3 56.34 76.90 118.3 1371 45 1.3 10.6 7.95 1.17    

4 2.5 MC 0 0     2.8 8.2 6.15 3.2 28 5 18 

   1 160.26 69.15 39 2986.3 40.5 1.5 22 20.46 6.16    

   2 187.09 176.12 31.3 1092.3 54.5 2.4 21.7 18.23 0    

   3 91.59 56.75 30 2982.3 44.8 1.23 19.3 14.86     

   4 54.37 80.55 23.3 390.8 38.8 0.8 28.4 22.72 0.85    

5 1 FS 0 0 77.88 28.3 2051 52.5 3.3 10 8.5 0.8  2 18 

   1 283.23 117.57 32.5 2700 51.5 1.5 19.1 16.43 3.25    

   2 95.69 46.17 24.3 4195 55.3 0.7       

   3 64.52 24.27 24.3 4735 57.5 0.9 23.4 17.55 0.23    

   4 48 31.28 18.8 3495.5 51 0.9 23.5 17.86 0.47    

6 5 F 0 0 18.43 42.8 122 59.5 1.4 16.5 15.35 1.32 19 2 10 



 

 

98 

 

   1 72.84 38.45 67.3 31.8 43.3 3.4 24.1 21.45 4.82    

   2 85.11 96.61 31 46.5 47.5 1.5 29 25.52 0    

   3 53.87 1050 279.5 3729 76 1.2 24.2 20.57 0.73    

   4 43.46 51.43 28 89.8 42 1.6 35.9 21.23 2.15    

7 0.58 FS 0 0     3.4 27.1 22.76 4.07 18 3 6 

   1 109.02 69.21 23.5 464.5 45.3 0.5 24.1 18.08 1.93    

   2 81.05 64.55 22.5 1206 45.5 0.8 23.9 16.97 0.24    

   3 45.25 32.61 21.5 4862 47 1.1 15.3 8.51 0    

8 11 MC 0 0     2.1    40 4 17 

   1 75.67 51.792 101.5 28.8 36 0.8 16.6 8.96 2.99    

   2 195.79 121.98    0.7 18.7 15.15 1.31    

   3 121.05 79.27 38 28 38.5 1.1 19.8 15.64 1.19    

   4 132.93 53.43 38.8 27.3 35.5 0.9 21.6 16.63 0.86    
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Appendix 2: Raw Data- Feline HA ELISA Validation 
Intraassay Coefficient of Variation 

HA Plate Mean Plate SD 

Dev 

Intraassay 

CV 

193.842 208.743 15.5 7.425 

207.267  

200.189 

245.485 

194.481 

197.47 

221.191 

210.842 

204.801 

211.868 

                     

 

HA Plate Mean Plate SD 

Dev 

Intraassay 

CV 

187.345 197.056 17.5 8.904 

181.527  

175.718 

178.044 

193.607 

196.957 

225.983 

211.466 

220.669 

199.245 
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Inter-assay Coefficient of Variation

 

HA Plate Mean Plate SD 

Dev 

Interassay 

CV 

 

 

 

 

 

 

 

 

   

193.842 200.554 9.492 3.374 

207.267 

149.825 151.595 2.503 

153.366 

194.92 190.457 6.311 

185.994 

 

 

 

 

 

 

 

HA Plate Mean Plate SD 

Dev 

Interassay 

CV 

225.983 218.724 10.265 4.211 

211.466 

179.957 184.712 6.724 

189.467 
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Spike and Recovery  

 

Baseline HA 

(ng/mL) 

Mean Baseline HA 

(ng/mL) 

Spike (ng/mL) Observed HA (ng/mL) Mean Observed HA 

(ng/mL) 

Expected (ng/mL) % Recovery 

50.004 50.119 1000 132.948 128.844 100 78.724 

50.235 1000 124.74 

18.702 18.511 1000 113.787 115.788 100 97.276 

18.321 1000 117.789 

97.459 95.71 1000 165.796 171.338 100 75.628 

93.961 1000 176.88 

48.873 47.225 1000 134.617 137.32 100 90.095 

45.577 1000 140.023 

10.694 13.33 1000 123.708 119.133 100 105.803 

15.966 1000 114.559 
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Linearity  

Dilution Observed HA (ng/mL) Mean Observed HA (ng/mL) Expected (ng/mL) % Recovery 

1:100 14603.3 14361   

14118.7 

1:200 8774.5 8588.55 7180.5 119.609 

8402.6 

1:400 4696.8 4631.25 3590.25 128.995 

4565.7 

1:800 2040.6 1997.7 1795.125 111.284 

1954.8 

 

Dilution Observed HA (ng/mL) Mean Observed HA (ng/mL) Expected (ng/mL) % Recovery 

1:100 194.576 201.684   

208.792 

1:200 115.67 115.701 100.842 114.735 

115.733 

1:400 64.047 63.961 50.421 126.854 

63.876 
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1:800 30.003 29.278 25.21 116.531 

28.753 

 

Dilution Observed HA (ng/mL) Mean Observed  HA (ng/mL) Expected (ng/mL) % Recovery 

1:100 217.55 217.682   

217.814 

1:200 115.416 115.976 108.841 106.555 

116.536 

1:400 58.334 56.786 54.421 104.346 

55.238 

1:800 24.615 25.098 27.21 92.239 

25.582 

 

 

 


