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Chapter 7     
 
 
 
 

General Discussion 
 
 
   
In cellular functioning not only the intracellular cytoskeleton plays an important mechanical 
role but also the extracellular compartment that is attached to the cell-membrane: the 
pericellular matrix (PCM). Numerous cell types express a PCM, but the aim of this thesis 
was to understand one PCM in particular, namely the endothelial glycocalyx (EG).  
 The approach chosen was to locally probe the viscoelastic properties of the EG since 
this information seems to be essential in further developing concepts on the interaction 
between plasma, blood particles and the vessel wall. Human umbilical vein endothelial 
cells in culture were studied. Both a cell line (RF24) and primary cells were used and both, 
without or with a pre-shear of 24 hrs.  Shear up-regulates the production of hyaluronan, 
HA [1], an important structural component of the EG [2]. No viscoelastic layer, however, 
was detected. This was briefly reported in chapter 1 but no detailed report on these 
negative results in the form of a separate chapter was given. In light of these negative 
findings, and without the recent knowledge that cells in culture do not express a significant 
EG, it was important to investigate the rheological properties of EG model solutions.  
These experiments were discussed in chapters 3 & 4, and demonstrated that an HA 
based EG has viscoelastic properties which should be detectable with the measuring 
technique used. In order to return closer to a cellular situation but with a higher chance of 
success, a cell type, which expresses a more pronounced pericellular matrix, was needed. 
For this the PC3 cell line, an epithelial prostate cancer cell line, which expresses a large 
amount of HA, was chosen. These experiments were discussed in chapter 5, and were 
successful in demonstrating that the microrheological properties of the PCM in a cell 
culture system could be detected with the method used.  
 The ultimate aim was to measure the viscoelastic properties of the EG and since a 
mechanical EG appeared to be absent on cells in culture, to measure the mechanical 
properties of the EG in capillary vessels. The in vivo experiments were limited to mouse 
cremaster capillaries with (temporarily) halted flow. As probe particles the same 
submicron beads, which were used in the model solutions and cell studies, were applied. 
However, as was reported in chapter 6, also in vivo no viscoelastic effect close to the 
endothelial cells was observed. In these experiments endogenous platelets were readily 
available and were also used as probes for measuring the viscoelasticity of the EG. 
Moreover, the experiments involving the platelets, which are also presented in chapter 6, 
resulted in interesting observations on platelet-vessel wall interaction. 
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The role of Hyaluronan 
 
HA is an important constituent of the glycocalyx, which has the potential of forming a 
viscoelastic compartment by itself. In chapter 3 the effect of HA concentration and chain 
length on the microrheological behavior of these solutions was demonstrated. It was found 
that HA can form an entangled network when the concentration and/or molecular weight 
of the HA chains are high enough. Endothelial cells express the HA synthesis enzyme 
HAS2, which can synthesize HA polymers with molecular weights > 106 kDA, and thus 
with polymer lengths > 2.5 µm. Although the in vivo layer thickness is mostly found to be 
0.5 µm on average (for capillaries), this does not mean that the length of the HA chain is 
limited to this size. EG dimensions larger than 3 µm have been reported. Such a large 
thickness could indicate an extended HA configuration in the EG, with maybe interweaved 
HA chains forming a network.  In the HA-bulk-solution study of chapter 3, the HA network 
formed was quickly disentangled in the presence of the HA degrading enzyme 
hyaluronidase (HAase), used at a concentration similar as in in vivo EG degrading 
experiments. This loss of elasticity could explain the reduction in shear sensing by 
endothelial cells when HA in the EG is (partly) removed by HAase.  
How exactly HA is structuring the EG is not yet known. More information is needed on the 
HA chain length and the concentration of the chains in the endothelial glycocalyx. When 
this information becomes available the present results will be useful for understanding the 
mechanical properties of the glycocalyx. In any case, we conclude from chapter 3 that a 
mechanical stable EG capable of transmitting shear between plasma and endothelial cells 
is possible based on the presence of HA alone. 
 
 
Hyaluronan supportive molecules 
 
In chapter 4, the EG model system was extended with different components that occur in 
addition to HA. Several studies have shown that HA is not the only factor involved in the 
proper mechanical functioning of the EG. When serum is left out of the culture medium, 
for instance, the EG has a collapsed configuration and no cytoskeletal rearrangement 
under shear flow is observed. The endothelial cell’s shear sensing pathway, leading to 
cytoskeletal redistribution under shear flow, does only function when serum or the main 
plasma protein albumin is present in the medium [3]. In another study a co-localization of 
albumin and HA above the endothelial cell surface was found [4], suggesting an 
interaction between the two, or at least a hindrance of diffusion of the albumin molecules 
by the HA polymers without a direct interaction.  In the experiments of chapter 4 no 
evidence was found for an interaction between HA and albumin or plasma that lead to a 
change in the mechanical properties of the HA solution, apart from a slight increase in 
viscosity.  Thus we did not find evidence for a structuring of the HA chains by albumin or 
another of the plasma components present in our reconstituted plasma solution.  
 Other plasma components might be able to crosslink HA, such as IαI (inter-alpha 
trypsin inhibitor). In the experiments of chapter 4 the use of reconstituted lyophilized 
plasma might have affected some of the plasma components necessary for cross-linking 
HA. As mentioned in chapter 1, serum induces up-regulation of HA. The intact shear 
sensing of the endothelial cells when a simple medium with serum is administered [3] 
could thus be due to an increase in extracellular HA compared to the medium without 
serum. Thus maybe serum does not directly change the structure of the EG by interacting 
with HA, but by somehow up-regulating HA and thereby inducing a shear sensing EG. 
This hypothesis was not tested in the shear sensing study [3] where the focus was on the 
EG component heparan sulfate (HS).  
 Heparan sulfate (HS) has also been shown to play a role in proper EG functioning, 
without its presence shear sensing is abolished [5]. Thus maybe HS could change the  
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mechanical properties of HA by interacting with it. No evidence for such an interaction 
leading to a change in the mechanical properties of the simple HA solution of chapter 4 in 
the presence of HS chains, however, was found. HS was commercially obtained and was 
derived from bovine kidney. Since there is a variety in HS chains it may be possible that 
other type(s) of HS than used in chapter 4 are part of the EG and can interact with HA.  
 An example of such a component is chondroitin sulfate (CS) of which CS-C (or -6), 
which is mostly produced by endothelial cells, has a higher affinity for HA than the CS-A 
(or -4) form which is sulfated at a different position. In the simple HA solution of chapter 4, 
an effect of CS-C on both the elasticity and viscosity of the HA solution, although the latter 
was increased more than the former, was found. Thus CS does interact with HA, possibly 
by H-bonding. After enzymatic removal of HA, both HA and CS had to be simultaneously 
infused in an in vivo study [6], to restore the proper barrier function of the EG. This may be 
explained by HA – CS interaction discussed in chapter 3.  However, in the simple solution 
study CS did not cross-link HA and no evidence for entanglement of the not yet entangled 
solution was found. Aggrecan, on the other hand, did show a slight increase in elasticity 
compared to viscosity, and seemed to entangle the solution more. Aggrecan has mainly 
CS-side chains and a HA binding region. It is not present in the EG but its cousin versican 
(the same HA binding region although less CS-side chains) has been shown to be 
expressed by kidney and aortic endothelial cells. At least for these types of endothelial 
cells the combination of HA and versican can be a dominating factor in the rheological 
properties of the EG. Still the viscoelastic response of the simple HA+aggrecan solution of 
chapter 4 was dominated by high molecular weight HA. 
 
 
Free versus surface bound HA 
 
In the model solution experiments of chapter 3 and 4, the HA chains were not attached to 
a surface. This in contrast to HA chains in the EG, which can be bound by HA surface 
receptors like CD44 and Rhamm and by one of the HA synthases. HA could also, after 
release by its synthase, remain inside the EG by interacting with the chondroitin sulfate 
(CS) side chains of surface-attached proteoglycans. The way HA is structured in the EG 
is, however, not known. 
 
 
The extended pericellular matrix of epithelial prostate cancer cells  
 
In chapter 5 the pericellular matrix, PCM, expressed by PC3-cells was found to be very 
soft (< 1 Pa). The cell body for instance is about a factor 1000 stiffer. Although in the 
presence of exogenous aggrecan, the thickness of the viscoelastic PCM increased 
significantly (from ~ 1 µm to > 3 µm), the elastic modulus did not change. This is in 
agreement with the bulk solution measurements of chapter 3, where the mechanical 
response was dominated by HA. Obviously, there is a difference between bulk solutions 
and membrane bound chains. In the PCM, the HA polymers are cell surface attached and 
due to the geometry of the cell, the HA density is expected to decrease with distance from 
the surface. This would mean that the shear modulus would also decrease with distance, 
which is in agreement with our findings. That the HA chains extend from the surface in the 
presence of aggrecan is a hypothesis that cannot be confirmed by the experiments of 
chapter 5. In the case HA chains extend all the way from the membrane these chains 
should have at least a molecular weight of 1400 kDa. We found a thicker PCM (6.5 µm) in 
the presence of long microvillus-like protrusions, which could indicate the presence of 
longer HA chains, or the presence of shorter chains that are produced by HA synthase  
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present in the protrusions. Again no distinction can be made based on the findings 
reported in chapter 5.  
 The PC3 cell study demonstrates clearly that glycocalyx viscoelasticity can be 
measured when present. Hence, the fact that no viscoelastic EG expressed by human 
umbilical vein endothelial cells in culture was found is thus not due to the measuring 
technique. It could be due to the fact that in culture under static conditions there is just not 
enough HA produced. Even in the presence of aggrecan no PCM with mechanical 
properties different from the solution was found (chapter 1). This absence of a mechanical 
PCM is in agreement with experiments done by others in which µ-PIV was used as a 
measuring technique: an EG capable of flow retardation was found in vivo but strangely 
not in the cell culture experiments under physiological flow [7]. The absence of a 
mechanical EG under normal cell culture conditions and physiological flow remains 
puzzling.   
 
 
Microrheology in vivo  
 
In chapter 6 the inside of mouse cremaster capillaries was probed and again only a 
viscous environment covering the endothelial cells was found. Although it was possible to 
trap probe particles, including platelets, and measure their displacements, the 
experiments were limited to vessels that were (temporary) occluded and were not under 
normal shear conditions. Thus in the vessels that were probed the EG might have been 
collapsed/diminished [1]. However, simple halting of flow in vivo capillaries is not a 
sufficient explanation. From the study of red cell transport through capillaries it was 
concluded that more glycocalyx is present at lower capillary hematocrit [8, 9]. Hence, 
other factors should be considered for explaining the absence of viscoelastic properties 
near the endothelial wall. 
 
 
Adhesion of platelets to endothelium 
 
The EG can be deteriorated by oxygen derived free radicals upon which the occurrence of 
platelet-wall adhesion incidents is increased [10]. In chapter 6 light-dye treatment of the 
vessels, an established procedure for diminishing the EG [11], was used while platelets 
were trapped in the center or in close proximity to the vessel wall. Interestingly, about half 
of the latter platelets adhered to the vessel wall when treated. In contrast, less than 10 % 
of the “center” platelets adhered when brought to the vessel wall after the light-dye period 
of 10 sec. Although we did not observe a shape change of the platelets, which would have 
been a clear indicator of platelet activation, we cannot rule out that the light-dye treatment 
had not activated the platelets in the center. Apparently platelets need to be in close 
proximity during diminishing of the EG and/or platelet activation. Although it was not the 
aim of our work to study platelet-vessel wall interactions, these results do show the 
broader in vivo application of this particular microrheology technique to the 
microcirculation. 
 
 
Conclusion 
 
Although the measuring technique used in this thesis, optical tweezers + far-field 
interferometry,  is a promising tool for probing in vivo cell-vessel wall interactions, it 
remains a challenge to probe the mechanical properties of the EG. Still, as was shown in 
chapter 5, when a pericellular matrix is expressed, it is possible to mechanical probe it  
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with this setup.  As it has now become evident from recent studies [12, 13, 7], cells in 
culture do not express a mechanical EG. We were limited in our in vivo study to vessels 
that were temporarily occluded beyond our control. A next step would be to use for 
instance a micropipette to temporarily occlude a vessel, insert the probe particle, bring the 
probe particle in place near the vessel wall and then undo the occlusion. In this way the 
measurements can be done in healthy vessels under physiological flow.  
 The EG might be the first line of defense against vascular disease. It is for instance 
diminished in diabetics. To be able to target it, a thorough understanding of this layer 
including its mechanical properties is necessary. Furthermore a thorough knowledge of 
the functioning of the PCM in general, which when expressed by cancer cells can facilitate 
metastasis, might help in targeting such a deadly disease. The studies contained in this 
thesis are a first step in probing the mechanical properties of the PCM  and show that the 
macromolecule HA is an important factor in the mechanical functioning of the PCM and 
possibly of the EG. To confirm the latter further in vivo studies should be pursued.  
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