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Abstract
Compelling evidence continues to emerge suggesting that the glycocalyx surface layer on vascular
endothelial cells plays a determining role in numerous physiological processes including
inflammation, microvascular permeability, and endothelial mechanotransduction. Previous research
has shown that enzymes degrade the glycocalyx, while inflammation causes shedding of the layer.
To track the endogenous recovery of the glycocalyx in vivo, we used fluorescent micro-particle image
velocimetry (µ-PIV) in mouse cremaster-muscle venules to estimate the hydrodynamically relevant
glycocalyx thickness 1, 3, 5, and 7 days after enzymatic or cytokine-mediated degradation of the
layer. Results indicate that after acute degradation of the glycocalyx, 5–7 days are required for the
layer to endogenously restore itself to its native hydrodynamically relevant thickness in vivo. In light
of these findings, and since demonstrable evidence has emerged that standard cell-culture conditions
are not conducive to providing the environment and/or cellular conditions necessary to produce and
maintain a physiologically relevant cell-surface glycocalyx in vitro, we sought to determine if merely
the passage of time would be sufficient to promote the production of a hydrodynamically relevant
glycocalyx on a confluent monolayer of human umbilical vein endothelial cells (HUVECs). Using
µ-PIV, we found that the hydrodynamically relevant glycocalyx was substantially absent 7 days post-
confluence on HUVEC-lined cylindrical collagen microchannels maintained under standard culture
conditions. Thus it remains to be determined how a hydrodynamically relevant glycocalyx surface
layer can be synthesized and maintained in culture before the endothelial-cell culture model can be
used to elucidate glycocalyx-mediated mechanisms of endothelial-cell function.
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The endothelial-cell glycocalyx is currently the focus of intensive investigation, and significant
progress has recently been made to determine its composition, function, and clinical relevance.
Located on the apical surface of blood vessel endothelial cells, the glycocalyx has been
implicated in a wide range of mechanisms and pathologies, including vascular permeability,
inflammation, atherosclerosis, and diabetes1–5. The endothelial glycocalyx has been studied
using a variety of imaging methods in vivo, ex vivo, and in vitro. One of these methods, referred
to as microviscometry, involves the hydrodynamic analysis of micro-particle image
velocimetry (µ-PIV) data6–10. Another method uses electron microscopy of perfusion-fixed
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tissue11–13. Both methods have been applied to measure a physical dimension of the glycocalyx
and both clearly demonstrate that the endothelial glycocalyx observed in vivo (ex vivo) is
substantially absent in vitro.

The accompanying Research Commentary of Chappell et al.13 provides additional evidence
that suggests that the surface glycocalyx on cultured HUVECs in vitro is deficient when
compared with similar measurements made ex vivo, which is consistent with earlier findings
by these investigators using similar methods12. Results of Chappell et al.13 also corroborate
earlier findings of Potter and Damiano9, which were based on their microviscometric analysis
of the hydrodymanically relevant thickness of the endothelial glycocalyx in vivo and in vitro.
In addition to their measurements of glycocalyx thickness, Chappell et al.13 used
immunohistological staining of heparan sulfate and syndecan-1 to provide insight into the
molecular structure of the glycocalyx ex vivo and in vitro. While the methods employed by
Potter and Damiano9 allow for interrogation of the glycocalyx in vivo and in live tissue culture
in vitro, the methods of Chappell et al.13 provide information about molecular composition of
the glycocalyx in the same perfusion-fixed cell type ex vivo and in vitro. Despite the very
different experimental approaches taken in these two studies, the qualitative and quantitative
consistency of their findings both in vivo (ex vivo) and in vitro is quite remarkable.

In particular, Chappell et al.13 reported a mean glycocalyx thickness of 0.8–0.9 µm in
perfusion-fixed ex vivo specimens taken from umbilical veins immediately after caesarean
birth, and ≈0.03 µm in perfusion-fixed HUVECs in vitro. By comparison, Potter and
Damiano9 reported a hydrodynamically relevant glycocalyx of 0.5–0.6 µm in vivo and ≈0.03
µm in steadily perfused live HUVECs in vitro. The explanation for this deficiency of the
glycocalyx in the endothelial culture model is currently a matter of speculation. One possibility
suggested by Chappell et al.13 is that the isolation and preparation of endothelial cells for culture
may be responsible for the observed deficiencies in the glycocalyx in vitro. They further go on
to say that the time required for the glycocalyx to reconstruct itself in vivo is not known, nor
is it known if it is able to do so in vitro. It is precisely these two points that this study seeks to
address. In particular, we use microviscometric analysis of µ-PIV data obtained from mouse
cremaster-muscle venules to track the recovery time course of the hydrodynamically relevant
glycocalyx thickness in vivo at regular intervals for up to 7 days after either enzymatic or
cytokine-mediated degradation of the glycocalyx is brought about acutely on Day 0. This
recovery time course is compared with the progression, over the same time period, of systemic
white blood cell (WBC) count, which is used as a marker of inflammation. The time required
for the hydrodynamically relevant glycocalyx to make a full recovery in vivo is then applied
to cultured endothelial cells to determine if a hydrodynamically relevant glycocalyx would be
observed provided a similar incubation period were allowed to elapse post-confluence.

Materials and Methods
Cell Culture

Human umbilical vein endothelial cells (HUVECs) were cultured at 37°C in 5% CO2 in M199
(Invitrogen) and supplemented with 2 nM l-glutamine, 100 U/mL penicillin, 100 µg/ml
streptomycin (1% GPS, Invitrogen), 20% heat-inactivated fetal bovine serum, 5 U/ml heparin
(Sigma-Aldrich, Co.), and 25 µg/ml endothelial mitogen (ECGS, Biomedical Technologies).
The HUVECs were passaged with trypsin (Fisher Scientific) and cultured in gelatin-coated
tissue culture dishes. Cells were discarded after passage six.

Imaging and µ-PIV
Micro-particle image velocimetry (µ-PIV) was performed using a previously described
technique6–9. Fluorescent microspheres were visualized using stroboscopic double-flash (1–
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9 ms apart, DPS-1 Video, Rapp Opto Electronic) epi-illumination on a Zeiss microscope
(Axioskop II, Carl Zeiss, Inc., Thornwood, NY), and recordings were made with a CCD camera
(Sensicam QE, Cooke, Inc.) connected to a G5 Power Mac (Apple, Inc.). A Dualview (Optical
Insights, Inc.) beam splitter separates infrared transillumination from the fluorescent
microsphere image, allowing for simultaneous acquisition of the vessel or channel wall and
the microspheres. The midsagittal plane was defined as corresponding to the focal plane at
which the contrast of the edge of the intraluminal wall reversed6, 14.

Images were captured and processed with IPlab (BD Biosciences) and analyzed with the public
domain ImageJ program (http://rsb.info.nih.gov/ij/) as described6, 15. The flash-time interval
for µ-PIV recordings was chosen such that the two images for a given microsphere were ≈3–
10 µm apart. The collagen microchannel data were collected with both 40× and 63× saline
immersion objectives (NA 0.8 and 1.0, respectively) to accurately capture both center-stream
and near-wall microspheres. The distance between these two images, and the shortest distance
between the microsphere center and the vessel wall, were measured for at least 40 microspheres
in each venule or collagen microchannel. Since the velocity profile is known to be
monotonically decreasing with increasing radial position, a microsphere in the midsagittal
plane travels faster than any other microsphere at that measured radial location. In light of this,
and considering that not all of the recorded microspheres travel in the midsagittal plane of the
vessel, only the fastest microspheres at a given measured radial location were considered. As
such, all µ-PIV data sets were filtered to satisfy this monotonicity condition as previously
described6, 7, 9. Only monotonically filtered data were included in the analysis.

Intravital Experiments
All animal experiments were conducted under a protocol approved by the Boston University
Institutional Animal Care and Use Committee (Protocol #2474). Wild-type (WT) male mice
(C57Bl/6) were obtained from Charles River Labs (Wilmington, MA). All mice appeared
healthy and were between 8 and 14 weeks of age.

For Day 1–Day 7 experiments, enzymes were administered via a single tail-vein bolus injection
consisting of either 100 U hyaluronidase (Sigma-Aldrich Inc.) or 1 U heparinase III (Sigma-
Aldrich Inc.) in 100 µL saline. For Day 0 experiments, a single bolus of either 100 U
hyaluronidase, 1 U heparinase III, or 100 U denatured hyaluronidase in 100 µL saline was
administered via a carotid cannula. Hyaluronidase was denatured by heating a 1 U/µL solution
to 90°C for 10 minutes. The enzyme solution was then cooled to room temperature and used
on the same day it was prepared. For cytokine treatments, 0.2 µg tumor necrosis factor-α
(TNF-α) in 125 µL saline was administered via a single scrotal injection while the animal was
briefly anesthetized. Blood was extracted via the lateral tail vein for manual WBC counts using
a hemocytometer (Fisher Scientific Inc.).

To estimate the hydrodynamically relevant glycocalyx thickness in mouse cremastermuscle
venules, the mouse (25–30g) was initially placed in a small-rodent induction chamber for ≈2
minutes where 3% isoflurane mixed with oxygen was delivered through an anesthesia machine
(SergiVet 100 series vaporizer) at a flow rate of 500 cc/min. Once sedated, the mouse was
placed on a custom-heated stage where anesthesia was maintained with 1.5% isoflurane in
oxygen through endotracheal intubation. The respiration rate and tidal volume were controlled
by a ventilator (Inspira ASV, Harvard Apparatus) and auto-adjusted based on the animal’s
body mass. A carotid cannula was placed for administration of the microsphere solution,
enzyme solutions, and a P-selectin antibody (RB40.34, BD Biosciences). The cremaster muscle
was prepared for intravital microscopy as described16. Briefly, the cremaster muscle was
exteriorized, pinned to the stage, and superfused with thermocontrolled bicarbonate-buffered
saline equilibrated with 5% CO2 in N2 at 36–38°C.
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Intravital microscopic observations were made on a Zeiss microscope (Axioskop II, Carl Zeiss,
Inc., Thornwood, NY) with a 63× saline immersion objective (NA 1.0). A small volume (<
0.03 ml) of polychromatic red microspheres (1.75±0.055 µm, ρ =1.05 g/cm3, Polysciences,
Inc., Warrington, Pennsylvania) was slowly injected through the carotid cannula until 10–20
microspheres per second passed through the vessel. Measurements were not included if rolling
or firmly adherent leukocytes were present anywhere within the 15-µm measurement window.

EC-Lined Collagen Microchannel Experiments
The flow chamber and in vitro culture system consist of an endothelial-cell (EC)-lined
cylindrical microchannel (with a circular cross section) through a collagen gel contained within
a cured elastomer scaffold17. Both ends of the microchannel were immersed in media
reservoirs, which were connected, via ployethylene tubing, to culture dishes filled with media.

The microchannels were constantly perfused with media via a static gravity-induced pressure
head. Culture media flowed from the tissue culture dish feeding the microchannel to another
culture dish, which collected the media and was located 5 cm below the feeding culture dish.
At confluence the channels were ≈110–150 µm in diameter. The culture media was
supplemented with 4% 70 kDa Dextran to increase the viscosity of the media and thereby
reduce the amount of media consumed. Between experiments, the channels remained in an
incubator at 37°C in 5% CO2.

The µ-PIV data were collected after Fluoresbrite YG microspheres (0.47±0.01 µm, ρ = 1.05
g/cm3, Polysciences, Inc., Warrington, Pennsylvania) were added to the culture media. The
microchannels were thermocontrolled with the same superfusion appartatus used in the in vivo
experiments. The superfusion solution was constantly pooled and aspirated away on the glass
surface of the microchannel chamber and was maintained at 23–24°C. Data collection for a
single collagen microchannel typically required 15 minutes.

Analytical Methods
Analysis of µ-PIV data in vivo and in vitro was identical to methods described in Potter and
Damiano9. Briefly, the velocity profile over the vessel or microchannel cross-section was
extracted directly from fluid-particle velocities estimated from the µ-PIV data, as described
previously7–10. Using a fitting function for the velocity profile that consists of a constant term,
a quadratic term, and a growing and a decaying exponential term, a nonlinear regression
analysis is employed to determine the values of two constants that minimize the least-squares
error in the fit to the monotonically filtered fluid-particle velocity data. Further details regarding
this regression analysis are given by Damiano et al.17. The variation, relative to a trial
glycocalyx thickness, in the least-squares error associated with the fit to the fluid-particle
velocity data tracks the “quality” of the fit relative to each trial thickness. The minimum in this
variation in the least-squares error corresponds to the best fit of all trial thicknesses and provides
our calculated estimate for the hydrodynamically relevant glycocalyx thickness.

Statistical Analysis
Data are expressed as mean ± one standard deviation. ANOVA analysis was used to determine
if a statistically significant variation exists within a group, where a group includes all of the
untreated control data and all of the data from one post-treatment group (e. g. all of the data
from Day 0, 1, 3, 5, and 7 in the case of enzyme treatments and Day 1, 3, 5, and 7 in the case
of cytokine treatments). A difference arising from a comparison between data from the
untreated control data and data from different days within a group was determined via a post
hoc Tukey test and regarded as statistically significant if p < 0.05. When a group included
untreated control data and data from only one day post-treatment (e.g. the comparison between
the untreated control group and the group treated with denatured-hyaluronidase), a difference
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was determined via a two tailed student t-test and regarded as statistically significant if p <
0.05.

Results and Discussion
Recovery Time Course of the Glycocalyx in vivo

Representative monotonically filtered µ-PIV data sets obtained from cremaster-muscle venules
of WT mice are shown in Figure 1 at a series of discrete time points (up to 7 days) after the
administration of a single bolus injection on Day 0 of either hyaluronidase, heparinase III, or
TNF-α. The corresponding velocity profile extracted from each µ-PIV data set is also shown
in each panel of Figure 1 as is the maximum viscous shear stress, |τmax| (arising at the plasma–
glycocalyx interface), the vessel diameter, and the estimated hydrodynamically relevant
glycocalyx thickness. Results show that for all three treatments, a steady increase in the
hydrodynamically relevant glycocalyx thickness occurs over the course of 5–7 days. This trend
is supported with statistical significance when microviscometric analysis is applied to µ-PIV
data obtained from groups of Day-0, 1, 3, 5, and 7 mice in each of the three treatment protocols
(see Figure 2). The mean hydrodynamically relevant glycocalyx thickness was found to be
significantly different from, and less than, the untreated control group for up to 3 days after
TNF-α treatment and enzyme treatment to degrade the glycocalyx. By Day 7, the mean
hydrodynamically relevant glycocalyx thickness recovered in all three treatment groups so as
to be insignificantly different from the control group. Furthermore, treatment with denatured
hyaluronidase resulted in a mean hydrodynamically relevant glycocalyx thickness that was
insignificantly different from the control group.

While these results suggest that 5–7 days is required for the glycocalyx to make a full recovery
after various methods of degradation, determinants of this recovery rate are unknown at the
present time, and could be influenced by a variety of direct and/or indirect factors. Certainly,
the rate of hyaluronan and proteoglycan synthesis must be a determinant; however, the kinetics
of hyaluronan synthase renders any scenerio in which synthesis is the rate-limiting step
unlikely, since hyaluronan synthase is capable of producing a hyaluronan molecule of 240 kDa
within ≈5 minutes19. Unless the synthesis rate decreases as the molecular weight increases or
the expression of hyaluronan synthase is low, it seems likely that an endothelial cell should be
able to produce enough hyaluronan to consitute a hydrodynamically relevant layer within 24
hours. On the other hand, the acute trauma brought about by enzymatic degradation of the
glycocalyx may initiate a state of systemic inflammation that could compete with glycocalyx
synthesis and thus prolong the recovery process long enough to account for the extended 7-
day progression observed here. Other rate-limiting factors might include the role of secretory
organs, such as the liver. Since components of the endothelial glycocalyx aid in binding and
neutralizing potentially toxic substances, such as LDL20, glycocalyx degradation could lead
to a systemic build up of oxidative substances, which, in turn, could have deleterious
consequences on the liver and other organs that could indirectly feedback on the glycocalyx
and retard its recovery. Furthermore, the mere presence of systemically elevated blood-borne
free radicals would be a direct agonist for glycocalyx shedding. If these factors are indeed
determinants of the glycocalyx recovery rate, then recovery after local, rather than systemic,
degradation could be faster; such speculations, however, remain to be tested.

Relationship Between Glycocalyx Recovery and Systemic WBC Count
Evidence in support of the hypothesis that glycocalyx degradation is linked with inflammation
is provided in Figure 3, which shows a two-fold elevation in systemic WBC count relative to
control one day after any of the enzyme or cytokine treatments. Neutrophilia is a classical
indicator of acute inflammation arising from, among other causes, infection or acute
trauma21, 22. Acute and rapid increases in WBC count are generally indicative of a drug,
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disease, toxin, or trauma that has produced an inflammatory reaction21. Although nonspecific,
the observed rapid elevation in WBC count, along with its slow return toward baseline over
the 7 days following enzymatic degradation, is consistent with the rapid onset of glycocalyx
shedding and subsequent recovery time course of the glycocalyx over the same time period.
While shedding of the glycocalyx may cause leukocyte attachment and rolling, which tends to
decrease the number of circulating WBCs in the short term, inflammatory stimuli can initiate
rapid mobilization of WBCs from the bone marrow. The exact time scales associated with these
competing phenomena are not known for this particular process, but the present data suggest
that a net accumulation of WBCs into the vascular space occurs within one day after the enzyme
or cytokine challenge.

One explanation for these observations might be that the enzyme treatment acutely initiates an
inflammatory response, which simultaneously activates leukocytes and causes shedding of the
glycocalyx. However, in light of the short half life of these enzymes in blood23, 24, it is hard
to reconcile how the elevated WBC count could be sustained for a period of days unless some
other underlying pathology were dragging out the process. An alternative and far more
profound explanation for these observations might be that enzymatic degradation of the
glycocalyx results in trauma to the blood vessel wall, which sets up a wound-healing response.
In this case, it is not the mere presence of the enzyme in the blood that is causing the
inflammatory response, but rather it is the fact that the enzyme rapidly degrades the glycocalyx
leaving a denuded endothelium in its wake. In this scenario, the tissue trauma would initially
result in leukocyte rolling and adhesion, which is dependent on P-selectin via a mast-cell
dependent process25–27. However, soon thereafter, possibly within a matter of minutes23, 24,
the enzyme is cleared from the blood, but the injury to the endothelium remains, and the mere
absence of glycocalyx alone is sufficient for the endothelial cells themselves to continue to
mount an inflammatory response. In essence, we may be observing a wound-healing response
that takes place over the course of a week, over which time the glycocalyx recovers. Associated
with this trauma is an elevation in the systemic WBC count, which is typical of an immune
response that mounts in the presence of a wound. In this case, the wound occupies the entire
luminal endothelial-cell surface exposed to blood.

While speculative, if this interpretation of these observations is correct, it has important
implications for a variety of vascular disease processes including atherosclerosis and
hyperglycemia in diabetes. Recurring disruption of the glycocalyx as a result of, for example,
exposure to reactive oxygen species, such as hyperphysiological levels of the superoxide anion,
which is known to be elevated in hyperglycemia28, 29, or dietary factors that could lead to
elevated levels of oxidized low density lipoproteins in the blood, could result in cumulative
trauma to the endothelium locally or systemically. While isolated transient occurrences of such
injuries may be benign, the cumulative effect of repeated insults to the glycocalyx, along with
the resulting injury to the underlying endothelium, may be at the root of many chronic vascular
disease processes. For example, atherosclerosis is now understood to be a disease precipitated
and propagated by inflammation. Risk factors for atherosclerosis, such as consuming a high-
saturated-fat diet, smoking, hypertension, hyperglycemia, obesity, or insulin resistance, can
initiate the expression of adhesion molecules by endothelial cells, thus allowing the attachment
of leukocytes to the arterial wall30. It would seem that a necessary precipitating event to this
pathological cascade, however, is that these factors must first degrade or compromise the
glycocalyx sufficiently to allow leukocytes initial access to adhesion molecules on the
endothelium6, 31, 32. Such a scenario reinforces the importance of the inflammatory barrier
role of the endothelial glycocalyx in vascular health and disease.
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Implications of Glycocalyx Recovery for Cell Culture
While these results clearly have important implications in vivo, they impact endothelial-cell
culture studies as well. The recent microviscometric data from Potter and Damiano9, and the
supporting electron microscopy data in perfusion-fixed tissue from Chappell et al.13, provide
compelling evidence that standard cell-culture conditions are not conducive to providing the
environment and/or cellular conditions necessary for endothelial cells to produce and maintain
a physiologically relevant cell-surface glycocalyx in vitro. In order for future cell-culture
studies to elucidate in vivo mechanisms of endothelial-cell function that require an intact
glycocalyx, it is utterly essential that cell-culture protocols be developed to address the present
shortcoming.

Based on the in vivo data presented here, showing an inverse relationship between the extent
of glycocalyx recovery and the severity of systemic inflammation (Figure 2 and Figure 3), it
is clear that if a physiologically relevant endothelial-cell glycocalyx is to be produced and
maintained on cultured endothelial cells, it will evidently be necessary to first rescue the cells
from their inflamed state, which inevitably arises after the trypsinisation process to re-suspend
the cells prior to harvesting and seeding. When cells are passed, they are typically treated with
proteolytic enzymes that separate the cells from the tissue-culture plate. These enzymes very
likely cleave proteins that anchor the glycocalyx to the endothelial-cell surface. It is also known
that this process inflames the cells as well, since cultured endothelial cells are subjected to an
inflammatory stimulus at passage via their protease activated receptors33. Therefore, when
cells are first plated they are likely to be severely inflamed with little or no endothelial
glycocalyx on their surface.

The in vivo time course of glycocalyx recovery reported here is suggestive of a lower bound
on the time required of post-confluent endothelial cells to synthesize a hydrodynamically
relevant cell surface glycocalyx in vitro. We therefore sought to determine if the effect of time
alone was sufficient to account for the observed deficiency in the endothelial-cell culture
model9, 13. To do this, we acquired µ-PIV data from HUVEC-lined cylindrical collagen
microchannels (148±18 µm diameter) that were 7 days post-confluence, but otherwise identical
to those used in Potter and Damiano9. The mean hydrodynamically relevant thickness of the
endothelial-cell surface layer was found not to be significantly different from 0 µm in
microchannels after either 1 or 7 days post-confluence (see Figure 4). Allowing the cells 6
additional days to synthesize an endothelial surface layer was not sufficient to produce a
hydrodynamically relevant layer. This suggests that there are one or more aspects of standard
cell-culture conditions that prevent the formation of a hydrodynamically relevant glycocalyx
surface layer. However, endothelial cells in culture produce all of the major components that
are commonly thought to comprise the glycocalyx, including hyaluronan34, and heparan sulfate
proteoglycans13, 35, as well as components that are thought to be the primary anchoring
proteins, including glypican and syndecan−1, −2, and −413, 36–39. Nevertheless, these
components fail to assemble themselves into a hydro-dynamically relevant glycocalyx on
endothelial cells under standard culture conditions. This could reflect a fundamental defect in
the endothelial-cell culture model as it has been shown that, when cultured in vitro, rat lung
endothelial cells lack 41% of the proteins expressed on their apical surface in vivo40. Insofar
as cultured HUVECs are similar in this regard to rat lung endothelial cells in vitro, it follows
to reason that they might be fundamentally different from their in vivo counterparts, or perhaps
from all blood endothelial cells in vivo. If such a defect in cultured HUVECs were to interfere
with the cell’s ability to produce and maintain a glycocalyx in vitro, it would first be necessary
to identify and activate pathways that would enable the cells to achieve this. Beyond this, it
might further be necessary to adapt the culture environment to conditions more conducive to
production and maintanence of glycocalyx than standard cell culture conditions provide. For
example, it may first be necessary to coax them away from their growth-oriented phenotype
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and towards the non-proliferative and mature phe-notype of the endothelium in vivo. This may
involve a shift in culture conditions that would, for example, remove most of the growth factors
from the culture media and/or reduce PO2 to a normoxic incubation environment to prevent
the production of free oxygen radicals41 that could activate cleavage of the glycocalyx42. It
may also be necessary to add to culture media physiological concentrations of some or all of
the circulating plasma proteins and glycoproteins (e.g. fibrinogen, fibronectin, albondin, etc.)
in order to reconstitute the glycocalyx in vitro43.

These difficulties notwithstanding, we are not suggesting that an endothelial-cell culture model
cannot be developed that possesses a physiologically relevant glycocalyx, but rather it should
not be assumed that endothelial cells cultured under standard conditions possess a functional
glycocalyx until decisively demonstrated otherwise. Although molecular components of the
glycocalyx appear to be present in vitro13, they are evidently not organized in such a way as
to provide a hydrodynamically relevant cell surface layer on cultured HUVECs9. Yet in vivo,
the hydrodynamically quiescent environment near the endothelial-cell surface revealed by
microviscometry has broad and far-reaching implications as it impacts such a diverse spectrum
of phenomena relevant to cardiovascular physiology and pathophysiology. As such, it is
incumbent upon those seeking to use the cell culture model as a research tool to either validate
it as a platform upon which a hydrodynamically and physiologically relevant glycocalyx
surface layer can be synthesized and maintained, or to somehow show that the presence of an
intact and hydrodynamically relevant glycocalyx is not required to elucidate the particular in
vivo mechanism of endothelial-cell function that they wish to examine.

Throughout this study, we have used the hydrodynamically relevant glycocalyx thickness as
a means of characterizing the structure in vivo and in vitro. In a recent editorial of the Potter
and Damiano9 study, Barakat44 stated that the findings of Potter and Damiano9 “…provide no
information on the thickness, composition, or overall state of the glycocalyx layer…” On the
contrary, the microviscometric method used by Potter and Damiano does indeed provide
quantitative information about glycocalyx thickness. In particular, microviscometric analysis
of µ-PIV data determines the hydrodynamically relevant glycocalyx thickness, which, in some
applications (e.g. endothelial mechanotransduction, vascular permeability, and transport and
exchange of small molecules), may, in fact, be more physiologically relevant and meaningful
than the molecular or structural dimension of the glycocalyx measured using direct
visualization methods. The hydrodynamically relevant thickness reported by Potter and
Damiano9 captures a functional dimension, corresponding to the distance from the endothelium
where non-Newtonian hydrodynamic effects dominate. It is much like a viscous boundary layer
region in fluid mechanics, and as such, represents a physically real and quantitative
characterization of glycocalyx thickness in the literal sense. As it also determines the physical
extent of the non-circulating plasma layer bound up in the glycocalyx, it identifies the region
over which the transport of small molecules is diffusion rather than convection limited.
Furthermore, the hydrodynamically relevant thickness can certainly be used as one metric for
the overall state of the glycocalyx, particularly in those instances where the absence of a
hydrodynamically relevant layer (such as in culture or after enzyme or cytokine degradation)
is indicative of either damage, degradation, or some other structural deficiency. The method
does not, however, provide any information into the biomolecular composition of the
glycocalyx in vivo. For this it will be necessary to develop staining methods that identify unique
molecular constituents of the glycocalyx in conjunction with optical techniques, such as
intravital two-photon excited fluorescence microscopy. When combined with
microviscometry, such tools would provide new insight into the glycocalyx, by allowing for
simultaneous acquisition of the biomolecular composition and hydrodynamical drag properties
of the glycocalyx on live endothelial cells in vivo and in vitro.
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Figure 1.
Representative velocity profiles from mouse cremaster-muscle venules in vivo corresponding
to each experimental condition. Dots represent monotonically filtered µ-PIV data and each
curve corresponds to the velocity profile found using a nonlinear regression analysis which
minimizes the least-squares error in the fit to the µ-PIV data. The shaded region (if present)
represents the hydrodynamically relevant glycocalyx. The vessel diameter, D,
hydrodynamically relevant endothelial glycocalyx (EG) thickness, and shear stress, |τmax|, at
the plasma–glycocalyx interface are indicated for each experiment (note, vessels shown vary
from 22.8–57.4 µm in diameter).
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Figure 2.
The mean hydrodynamically relevant glycocalyx thickness determined by microviscometric
analysis of µ-PIV data obtained from mouse cremaster-muscle venules in vivo before and 0,
1, 3, 5, and 7 days after a single intravenous bolus injection of either hyaluronidase, heparinase
III, TNF-α, or denatured hyaluronidase (Day 0 only). Experiments were performed with 49
mice in 23 untreated control vessels (20–100 µm ID) and 143 treated vessels (18–66 µm ID).
Vessels were analyzed from 5 WT mice for each day and treatment combination, except for
the Day 0 hyaluronidase group and the untreated control group, which included vessels from
5 and 8 animals, respectively. Asterisks denote significant difference from untreated control
vessels via a two-tailed unpaired t-test (p < 0.05). Day-0 experiments involving enzyme-treated
vessels were preformed one hour after enzyme administration via a carotid cannula. For later
time points, the enzyme was administered via a single tail-vein injection and the cytokine was
administered as a single scrotal injection on Day 0. Note, in untreated control venules the mean
glycocalyx thickness was found to be 0.52±0.27 µm, and ~5–7 days was required for the mean
hydrodynamically relevant glycocalyx thickness to fully recover after either enzymatic or
cytokine degradation. The number of experiments conducted in each experimental group is
indicated in parentheses.
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Figure 3.
Systemic WBC count measured in 20 WT mice before (Day 0) and after administration with
either either 100 µL saline, 100 U hyaluronidase, 1U heparinase III, or 0.2 µg of TNF-α. Each
substance was administered to 5 WT mice, and each mouse was checked 1, 3, 5, and 7 days
after a single intravenous or scrotal (TNF-α only) bolus injection. After administration, the
WBC count of all treatment groups were significantly higher than the baseline for the length
of the experiment except for hyaluronidase treated mice, which were not statistically different
from control on Days 5 and 7. Similarly all experimental groups had a statistically significantly
higher WBC count than the sham control over all seven days, except for the hyaluronidase-
and heparanase-treated groups on Day 5 only. Relative to Day 1, the WBC count of all treatment
groups fell significantly over time. Note, the * indicates a statistically significant difference (p
< 0.05) from the untreated control, the † indicates a statistically significant difference from
that group’s corresponding Day-1 WBC count, and the § indicates a statistically significant
difference from the sham control on that day.
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Figure 4.
Estimates of the mean hydrodynamically relevant thickness of the endothelial glycocalyx
surface layer in cremaster-muscle venules in vivo and in HUVEC-lined cylindrical collagen
microchannels in vitro that were cultured for 1 day and 7 days after confluence. Whereas the
hydrodynamically relevant thickness of the endothelial glycocalyx in vivo was found to be
0.52±0.27 µm, neither in vitro condition produced a hydrodynamically relevant surface layer
with a thickness that was significantly different from zero.
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