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Machin DR, Bloom SI, Campbell RA, Phuong TTT, Gates PE,
Lesniewski LA, Rondina MT, Donato AJ. Advanced age results in
a diminished endothelial glycocalyx. Am J Physiol Heart Circ Physiol
315: H531–H539, 2018. First published May 11, 2018; doi:10.1152/
ajpheart.00104.2018.—Age-related microvascular dysfunction is well
characterized in rodents and humans, but little is known about the
properties of the microvascular endothelial glycocalyx in advanced
age. We examined the glycocalyx in microvessels of young and old
male C57BL6 mice (young: 6.1 ⫾ 0.1 mo vs. old: 24.6 ⫾ 0.2 mo)
using intravital microscopy and transmission electron microscopy and
in human participants (young: 29 ⫾ 1 yr vs. old: 60 ⫾ 2 yr) using
intravital microscopy. Glycocalyx thickness in mesenteric and skeletal
muscle microvessels was 51–54% lower in old compared with young
mice. We also observed 33% lower glycocalyx thickness in the
sublingual microcirculation of humans in advanced age. The perfused
boundary region, a marker of glycocalyx barrier function, was also
obtained using an automated capture and analysis system. In advanced
age, we observed a 10 –22% greater perfused boundary region in mice
and humans, indicating a more penetrable glycocalyx. Finally, using
this automated analysis system, we examined perfused microvascular
density and red blood cell (RBC) fraction. Perfused microvascular
density is a marker of microvascular function that reflects the length
of perfused microvessel segments in a given area; RBC fraction
represents the heterogeneity in RBC presence between microvessel
segments. Compared with young, the perfused microvascular density
was 16 –21% lower and RBC fraction was 5–14% lower in older mice
and in older humans. These data provide novel evidence that, across
mammalian species, a diminished glycocalyx is present in advanced
age and is accompanied by markers of impaired microvascular perfusion. Age-related glycocalyx deterioration may be an important
contributor to microvascular dysfunction in older adults and subsequent pathophysiology.
NEW & NOTEWORTHY Advanced age is characterized by microvascular dysfunction that contributes to age-related cardiovascular
diseases, but little is known about endothelial glycocalyx properties in
advanced age. This study reveals, for the first time, lower glycocalyx
thickness and barrier function that is accompanied by impaired microvascular perfusion in both mice and humans in advanced age.
aging; electron microscopy; intravital microscopy; microcirculation;
microvascular perfusion
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INTRODUCTION

Age-related microvascular dysfunction is well characterized
in rodents and humans, and the aged microcirculation exhibits
impaired perfusion and lower capillary density (1, 12, 37).
However, little is known about the structure and function of the
microvascular endothelial glycocalyx in advanced age. The
glycocalyx is a gel-like structure that lines the luminal surface
of the vascular endothelium (33, 46), and it is composed of
proteoglycans, glycoproteins, and glycolipids (7). Within the
microvasculature, the glycocalyx has several important functions, including modulating flow resistance to maintain microcirculatory blood flow homogeneity (19, 32), stimulating nitric
oxide release by mechanotransduction of fluid shear stress to
the endothelium (33, 48), and protecting endothelial cells from
oxidative stress (18), inflammation (25), and platelet (45) and
leukocyte adhesions (26). A diminished glycocalyx is present
in several age-related chronic diseases, such as cardiovascular
disease (CVD) (23, 35), end-stage renal disease (47), and
diabetes (2, 12, 29). However, it is not known if a diminished
glycocalyx occurs in primary aging.
In the present study, we sought to determine if the glycocalyx is diminished in advanced age. We hypothesized that
glycocalyx thickness and barrier function would be lower in
advanced age and that the hypothesized age-related glycocalyx
deterioration would be accompanied by markers of impaired
microvascular perfusion. To test this hypothesis, we examined
glycocalyx thickness using intravital microscopy and transmission electron microscopy in the microvasculature of multiple
tissues in mice. To gain insight into glycocalyx function, we
used intravital microscopy equipped with an automated capture
and analysis system to measure markers of glycocalyx barrier
function and microvascular perfusion. These intravital microscopy measurements were also measured in the sublingual
microcirculation of humans.
METHODS

Animal Intravital Microscopy
Animals. Young (4 – 6 mo) male C57BL6 mice were obtained from
Charles River Laboratories, and old (23–27 mo) male C57BL6 mice
were obtained from the National Institute of Aging colony maintained
by Charles River Laboratories. Animals used in this study were
housed in an animal care facility at the Veterans Affairs Medical
Center-Salt Lake City on a 12:12-h light-dark cycle and fed standard
rodent chow (Teklad Diet no. 8604, Envigo) ad libitum. Animal
experiments were performed under nonfasting conditions, conformed
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with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (8th ed.) (27), and were approved by the University of Utah and Veterans Affairs Medical Center-Salt Lake City
Institutional Animal Care and Use Committees.
Intravital microscopy. The mesenteric and gastrocnemius microcirculations were observed using intravital microscopy. For the mesenteric preparation, mice were anesthetized with 2% isoflurane and
placed in the supine position on a heated platform (37°C). An incision
was made along the linea alba, and the intestines were mobilized,
gently exteriorized, and placed into a warm isotonic 0.9% saline bath
(37°C). Subsequently, the cecum was identified and positioned for
intravital microscopy. For the gastrocnemius preparation, mice were
anesthetized with 2% isoflurane and placed in the prone position on a
heated platform (37°C). An incision was made along the posterior
hindlimb, and the biceps femoris posterior was dissected to expose the
gastrocnemius; an isotonic 0.9% saline solution was used to suffuse
the muscle. Subsequently, the medial gastrocnemius was identified
and positioned for intravital microscopy. Intravital microscopy was
performed with a CapiScope handheld video capillary microscope
(KK Research Technology, Honiton, UK) to view the mesenteric and
gastrocnemius microcirculation. The intravital microscope uses a
sidestream dark field camera that uses green light-emitting diodes and
captures video recordings of the microcirculation at 20 frames/s. The
green light is primarily absorbed by hemoglobin in red blood cells
(RBCs) in the microcirculation, which allows RBCs to be viewed in
contrast to the background.
Glycocalyx thickness. We derived an estimate of glycocalyx thickness by measuring the change in perfused diameter immediately
before and after the passage of a spontaneous leukocyte in individual
microvessels, as previously described and validated (19, 28). Leukocytes cannot freely penetrate the glycocalyx, and because of their size
they compress the glycocalyx as they flow through microvessels,
increasing the RBC flow width. The perfused diameter was determined with ImageJ by drawing a line segment perpendicular to the
microvessel. To minimize experimental error, we determined glycocalyx thickness in microvessels smaller than 8 m in diameter.
Additionally, pre- and postleukocyte perfused diameter measurements
were made at the same site, one to three frames before and one to five
frames after leukocyte passage, respectively. Glycocalyx thickness
was calculated using the following equation (28):
Glycocalyx thickness
共postleukocyte perfused diameter ⫺ preleukocyte perfused diameter兲
⫽
2

Automated measurement of microvascular function. Video of the
microcirculation was recorded and analyzed using an automated
capture and analysis system (GlycoCheck, MicroVascular Health
Solutions, Alpine, UT). We have described these automated measurements of microvascular function in detail previously (20). Briefly,
each trial lasts 2–3 min and consists of several 2-s video recordings
that are 40 frames in length. In each recording, microvessels with a 5to 25-m lumen diameter are identified by differences in contrast
between RBCs and the background and are subsequently divided into
10-m-long microvessel segments. Video recordings are repeated
until at least 3,000 microvessel segments have been acquired, concluding the trial. Thereafter, the automated analysis system determines functional outcomes in perfused microvessel segments, defined
as any segment with sufficient contrast that contains RBCs in ⱖ50%
of its length in the first frame of a 40-frame video recording session.
Perfused boundary region. Perfused boundary region (PBR) represents the depth of RBC penetration into the endothelial glycocalyx
and is taken as a marker of glycocalyx barrier function, with a larger
PBR indicating greater glycocalyx penetrability. The automated analysis algorithm identifies the median RBC flow width and maximal
RBC flow width in each perfused microvessel segment. PBR was
reported as an average across microvessel segments with a 5- to

25-m lumen diameter and was calculated using the following equation (17):
PBR ⫽

共maximal RBC flow width ⫺ median RBC flow width兲
2

Perfused microvascular density. Perfused microvascular density
represents the cumulative length of perfused microvessel segments in
a given area of tissue. Perfused microvascular density was reported as
a sum across microvessel segments with a 5- to 25-m lumen
diameter as well as at each individual microvessel segment diameter.
Perfused microvascular density was calculated using the following
equation (17):
Perfused microvascular density
共number of perfused microvessel segments ⫻ 10兲
⫽
tissue area recorded
RBC fraction. RBC fraction represents an estimate of the longitudinal tube hematocrit in perfused microvessel segments. To determine
RBC fraction, the automated system places 10 marker lines spaced 0.5
um apart on each side of the perfused microvessel segment marker
line (21 marker lines total). RBC fraction was calculated as the
percentage of marker lines crossed by RBCs in each perfused microvessel segment. This was repeated in the same microvessel segment in all 40 frames of a video recording and then averaged. RBC
fraction was reported as an average across microvessel segments with
a 5- to 25-m lumen diameter.
Animal Electron Microscopy
Animals. Young and old male C57BL6 mice were used in this
study, as described in Animal Intravital Microscopy above.
Transmission electron microscopy. Transmission electron microscopy was used to assess ex vivo glycocalyx thickness in the soleus
muscle. The soleus muscle was selected as it is a longitudinal muscle
with capillaries that are easily imaged with an electron microscope.
Thoracotomy was performed on the animal under isoflurane anesthesia, and ~10 ml of primary fixative [2% glutaraldehyde, 2% sucrose,
and 2% nitrate lanthanum hexahydrate in 0.1 M cacodylate buffer (pH
7.4)] was perfused through the left ventricle of the heart with a
21-gauge needle connected to a container filled with the primary
fixative that was suspended above the animal at a height of 40 cm,
which corresponds to a hydrostatic pressure of ~30 mmHg. After
needle placement in the left ventricle, the inferior vena cava was cut
to allow for outflow of blood and perfused fixative. Immediately after
perfusion, tissues were dissected, placed in the primary fixative, and
shielded from light on a rocker for 24 h at 4°C. Tissues were brought
to the University of Utah Electron Microscopy Core Laboratory for
further processing (6), where the samples were later imaged using a
JEOL-1400 plus (JEOL) transmission electron microscope equipped
with a charge-coupled device Gatan camera.
Glycocalyx thickness. After measuring the lumen perimeter and
glycocalyx area, we calculated glycocalyx thickness in individual
soleus microvessels using the following equations:
Lumen perimeter ⫽ lumen diameter ⫻ 
Lumen area ⫽ lumen radius2 ⫻ 
Glycocalyx-free diameter ⫽ 2 ⫻

冑

共lumen area ⫺ glycocalyx area兲


Quantitative PCR
mRNA expression of hyaluronan synthase isoforms 1, 2, and 3
(Has1, Has2, and Has3), hyaluronidase isoforms 1 and 2 (Hyal1 and
Hyal2), and hyaluronan and proteoglycan link protein 1 (Hapln1)
were measured in aortas of young and old male C57BL6 mice by
quantitative PCR. Briefly, RNA isolated from aortic tissue was used to
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synthesize cDNA via a QuantiTect Reverse Transcription kit (Qiagen,
Valencia, CA). Quantitative PCR was performed using RT2 SYBR
Green quantitative PCR Master Mix (Qiagen). The fold change in
mRNA expression was calculated as the fold difference in expression
of target mRNA to 18S rRNA using the following equation:
2⫺共target Ct⫺18S Ct兲, where Ct is threshold cycle, and normalized to young
values. Primer sequences were as follows: 18S, forward 5=TAGAGGGACAAGTGGCGTTC-3= and reverse 5=-CGCTGAGCCAGTCAGTGT-3=; Has1, forward 5=-AGAACAAGACGGAGAAGAGAGA-3= and reverse 5=-CTCTGAGGGCTTTGGCATGT-3=;
Has2, forward 5=-TCAGCGAAGTTATGGGCAGG-3= and reverse
5=-TCTGTCTCACCAGGTCCCTT-3=; Has3, 5=-TAACACCTTCTTTGACCAGCC-3= and reverse 5=-AAACGGGCTACCCCAGAAAA-3=; Hyal1, forward 5=-TCTGTTACTGCCTCAATAAACCC-3= and reverse 5=-AAAGACTGCCCGGCTAGGT-3=; Hyal2,
forward 5=-CGCCTGGTTCGAGTTCCTG-3= and reverse 5=-CATTCTTGTGTGGGCACGTT-3=; and Hapln1, forward 5=-CCCCCGTCTACTTGTGGAAG-3= and reverse 5=-TCCTGAGCCAAATGCTGTAGG-3=.
Human Intravital Microscopy
Participants. A total of 60 adults (30 young and 30 old participants)
were recruited from the general population. Participants were recruited based on no evidence of previous vascular disease or chronic
medical conditions and were not taking any medications that would
impact vascular function (i.e., participants on vasodilatory medications were excluded). All procedures were approved by the Institutional Review Board of the University of Utah. The nature, benefits,
and risks of the study were explained to the participants, and their
written informed consent was obtained before participation. All participants were nonsmokers and were asked to refrain from alcohol
and/or caffeine consumption within 12 h of testing as well as food
consumption within 1 h of testing.
Participant characteristics. For all participants, body mass index
was calculated from body mass and height. Brachial arterial blood
pressure measurements were made with a semiautomated blood pressure device (Omron Healthcare, Lake Forest, IL) in the upright seated
position, as previously described (21).
Intravital microscopy. The sublingual microcirculation was observed using a CapiScope handheld video capillary microscope (KK
Research Technology). We have previously described this technique
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in humans (20). Determination of glycocalyx thickness, as well as
automated measurements of PBR, perfused microvascular density,
and RBC fraction, was analyzed using the procedures described in
Animal Intravital Microscopy above.
Statistical Analysis
Statistics were performed using SPSS software (IBM, Chicago, IL).
Unpaired t-tests were used to evaluate differences between young and
old groups. Because systolic blood pressure was significantly higher
in old compared with young human participants, we used analysis of
covariance with systolic blood pressure or sex as covariates to determine if they had any effect on the dependent variables. Two-way
repeated-measures ANOVA was also used to evaluate differences in
perfused microvascular density across microvessel segment lumen
diameters between young and old groups, and a least-significantdifference unpaired t-test identified values that were significantly
different. The Pearson correlation coefficient was used to assess
correlations between PBR and glycocalyx thickness in animal and
human models. Statistical significance was set at P ⬍ 0.05 for all
analyses. Data are presented as means ⫾ SE.
RESULTS

Animal Intravital Microscopy
Animals. Young and old male C57BL6 mice used for intravital microscopy studies were 6.1 ⫾ 0.3 mo (n ⫽ 20) and
24.6 ⫾ 0.2 mo (n ⫽ 20) for mesenteric microcirculation experiments and 5.9 ⫾ 0.3 mo (n ⫽ 10) and 25.2 ⫾ 0.1 mo (n ⫽
10) for gastrocnemius microcirculation experiments. Compared with young mice, old mice had significantly higher body
mass in both mesenteric (young: 28.6 ⫾ 0.7 g vs. old:
30.9 ⫾ 0.6 g, P ⬍ 0.05) and gastrocnemius (young: 29.1 ⫾ 0.7
g vs. old: 30.9 ⫾ 0.6 g, P ⬍ 0.05) microcirculation experiments.
Glycocalyx properties. Glycocalyx thickness was 51–54%
lower in the mesenteric and gastrocnemius microcirculations of
old compared with young mice (P ⬍ 0.05; Fig. 1, A and B).
Additionally, we observed no difference in average postleukocyte perfused diameter between the age groups in both mes-

Fig. 1. Glycocalyx thickness in mesenteric (A) and
gastrocnemius (B) microvessel segments (4 – 8 m and
4 – 6 m, respectively) and perfused boundary region
(PBR) in mesenteric (C) and gastrocnemius (D) microvessel segments (5–25 m) of young and old
C57BL6 mice (n ⫽ 10 –20 per group). *P ⬍ 0.05,
significant difference vs. young mice. All data are
means ⫾ SE.
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enteric (young: 5.5 ⫾ 0.2 m vs. old: 5.4 ⫾ 0.2 m, P ⬎ 0.05)
and gastrocnemius (young: 5.1 ⫾ 0.2 m vs. old: 4.9 ⫾ 0.2
m, P ⬎ 0.05) microcirculations. Mean PBR was 15–22%
higher in old compared with young mice in both mesenteric
and gastrocnemius microcirculations (P ⬍ 0.05; Fig. 1, C and
D). There was a significant inverse relationship between PBR
and glycocalyx thickness in the mesenteric and gastrocnemius
microcirculations of mice (R ⫽ ⫺0.39 and ⫺0.47, respectively, P ⬍ 0.05).
Markers of microvascular perfusion. Perfused microvascular density was 16 –21% lower in old compared with young
mice in both mesenteric (young: 3,446 ⫾ 143 m/mm2 vs. old:
2,735 ⫾ 170 m/mm2, P ⬍ 0.05) and gastrocnemius (young:
3,902 ⫾ 335 m/mm2 vs. old: 3,277 ⫾ 125 m/mm2, P ⬍
0.05) microcirculations. Assessment of perfused microvascular
density in microvessel segments of different lumen diameters
revealed that differences between young and old mice tended
to be more prevalent in the smallest size microvessel segments
(i.e., 5–9 m in diameter) for both mesenteric and gastrocnemius microcirculations (P ⬍ 0.05; Fig. 2, A and B). Compared
with young mice, the RBC fraction was 7–14% lower in old
mice in both mesenteric and gastrocnemius microcirculations
(P ⬍ 0.05; Fig. 2, C and D).
Animal Electron Microscopy
Animals. Young and old male C57BL6 mice used for electron microscopy experiments were 5.4 ⫾ 0.6 mo (n ⫽ 6) and
27.2 ⫾ 1.2 mo (n ⫽ 6). There were no differences in body
mass between young and old mice for electron microscopy
experiments (young: 30.1 ⫾ 0.8 g vs. old: 30.2 ⫾ 1.1 g, P ⬎
0.05).
Glycocalyx thickness. Transmission electron microscopy of
the soleus muscle microvessels revealed that glycocalyx thickness was 53% lower in old compared with young mice (P ⬍
0.05; Fig. 3A). On average, glycocalyx thickness was determined in 6 microvessels/animal. We observed no difference in

average microvessel lumen diameters used for the determination of glycocalyx thickness between the age groups (young:
4.9 ⫾ 0.5 m vs. old: 4.9 ⫾ 0.5 m, P ⬎ 0.05).
Quantitative PCR
Animals. Young and old male C57BL6 mice used for gene
expression experiments were 5.4 ⫾ 0.1 mo (n ⫽ 10) and
24.3 ⫾ 0.2 mo (n ⫽ 10). Compared with young mice, old mice
used for quantitative PCR had a significantly higher body mass
(young: 29.0 ⫾ 0.4 g vs. old: 30.5 ⫾ 0.7 g, P ⬍ 0.05).
Gene expression. Aortic gene expression of Has2 was lower
in old compared with young mice (P ⬍ 0.05; Fig. 3C), whereas
Has1 and Has3 gene expression was similar in old and young
mice (P ⬎ 0.05). Hyal1 and Hyal2 gene expression was lower
in old compared with young mice (P ⬍ 0.05). Finally, there
was a trend for greater Hapln1 gene expression in old compared with young mice (P ⫽ 0.06).
Human Intravital Microscopy Experiments
Participants. Participant characteristics are shown in Table
1. Older participants were similar in body stature; however,
they had significantly higher systolic blood pressure than
young participants, although still within the normotensive
range (P ⬍ 0.05; Table 1). Thus, we used analysis of covariance with systolic blood pressure as a covariate, but the results
from these models did not differ from those reported below.
Glycocalyx properties. Glycocalyx thickness was 33% lower
in old compared with young participants (P ⬍ 0.05; Fig. 4A).
We observed no difference in average postleukocyte perfused
diameter between the age groups in the sublingual (young:
7.2 ⫾ 0.1 m vs. old: 7.1 ⫾ 0.1 m, P ⬎ 0.05) microcirculation. Mean PBR was significantly higher in old compared with
young participants (P ⬍ 0.05; Fig. 4B). There was a significant
inverse relationship between PBR and glycocalyx thickness in
the sublingual microcirculation of humans (R ⫽ ⫺0.27, P ⬍
0.05).

Fig. 2. Perfused microvascular density in mesenteric (A)
and gastrocnemius (B) microvessel segments (5–25
m) and red blood cell (RBC) fraction in mesenteric
(C) and gastrocnemius (D) microvessel segments (5–25
m) of young and old C57BL6 mice (n ⫽ 10 –20 per
group). *P ⬍ 0.05, significant difference vs. young
mice. All data are means ⫾ SE.
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young participants, RBC fraction was 5% lower in old participants (P ⬍ 0.05; Fig. 5B).
DISCUSSION

To our knowledge, this is the first study to demonstrate
age-related differences in glycocalyx thickness in multiple
tissues of mice and human participants. We observed lower
glycocalyx thickness in advanced age using intravital microscopy and transmission electron microscopy in the mesenteric
and skeletal muscle microcirculation of mice as well as in the
sublingual microcirculation of humans using intravital microscopy. We also observed greater glycocalyx penetrability and
lower markers of microvascular perfusion in both older mice
and humans using an automated capture and analysis system.
Finally, we found that the aorta mice had age-related alterations in the expression of genes that affect production, degradation, and handling of hyaluronan, a major component of the
glycocalyx. Taken together, these findings indicate that aging
is associated with significant glycocalyx deterioration that is
accompanied by markers of impaired microvascular perfusion
that may be influenced by age-related alterations in hyaluronan
synthesis.
Glycocalyx Structure and Function Are Altered in
Advanced Age
In advanced age, glycocalyx thickness and glycocalyx barrier function are markedly altered, suggesting age-related deterioration of the glycocalyx. We observed that these glycocalyx alterations occur in the microcirculation of multiple tissues
using intravital and electron microscopy. Although a deteriorated glycocalyx has been identified in a multitude of agerelated chronic diseases, such as CVD (23, 35), end-stage renal
disease (47), and diabetes (2, 12, 29), the present study is the
first study to demonstrate a diminished glycocalyx in advanced
age in humans and mice. Collectively, this study provides
novel evidence to support the idea that glycocalyx deterioration
occurs in advanced age and in the absence of age-related
diseases. Importantly, our findings are consistent with the
notion that glycocalyx deterioration may be an important
component of and/or predecessor to age-related diseases that
involve microvascular dysfunction (2, 12, 23, 29, 35, 47).
Table 1. Human participant characteristics
Fig. 3. A: glycocalyx thickness in soleus capillaries (4 – 6 m) of young and old
C57BL6 mice (n ⫽ 6 mice/group). B: representative image of the glycocalyx
in a soleus microvessel of a young (left) and old (right) mouse. C: aortic gene
expression was expressed relative to 18S gene expression to account for
differences in cDNA concentration and is shown normalized to young mice
(n ⫽ 8 –10 mice/group). *P ⬍ 0.05, significant difference vs. young mice. All
data are means ⫾ SE.

Markers of microvascular perfusion. Perfused microvascular density was 18% lower in old compared with young
participants (young: 2,890 ⫾ 175 m/mm2 vs. old: 2,468 ⫾
141 m/mm2, P ⬍ 0.05). Measurement of perfused microvascular density in microvessels of different lumen diameter
indicated that differences between young and old participants
appeared to only be present in microvessel segments that were
6 –11 m in diameter (P ⬍ 0.05; Fig. 5A). Compared with

Women/men, n
Age, yr
Height, cm
Weight, kg
Body mass index, kg/m2
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
Heart rate, beats/min
Medication usage
Thiazide diuretic, n (%)
Angiotensin-converting enzyme inhibitor, n (%)
␤-Blocker, n (%)
Ca2⫹ channel blocker, n (%)
Statin, n (%)
Levothyroxine, n (%)

Young

Old

15/15
29 ⫾ 1
169 ⫾ 2
67.9 ⫾ 2.5
23.6 ⫾ 0.6
112 ⫾ 2
75 ⫾ 1
87 ⫾ 1

15/15
60 ⫾ 2*
171 ⫾ 2
73.2 ⫾ 2.2
25.2 ⫾ 0.8
121 ⫾ 3*
75 ⫾ 2
91 ⫾ 2

0 (0)
0 (0)
0 (0)
0 (0)
1 (3)
1 (3)

1 (3)
0 (0)
1 (3)
0 (0)
2 (7)
2 (7)

Values are means ⫾ SE; n ⫽ number of participants. *P ⬍ 0.05 vs. the
young group.
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Fig. 4. Glycocalyx thickness (A) in sublingual microvessel segments (5– 8 m) and perfused boundary
region (PBR; B) in sublingual microvessel segments
(5–25 m) of younger and older human participants
(n ⫽ 30 participants/group). *P ⬍ 0.05, significant
difference vs. younger participants. All data are
means ⫾ SE.

Thus, further study is warranted to determine if a diminished
glycocalyx is a risk factor for age-related chronic diseases, as
well as to determine if the glycocalyx is a potential therapeutic
target to prevent these age-related chronic diseases.
In addition to diminished glycocalyx thickness, PBR, a
marker of glycocalyx barrier function, was higher in older mice
and in older humans, indicating a greater ability of RBCs to
penetrate the glycocalyx. PBR is derived using an automated
capture and analysis system that examines RBC positioning in
thousands of microvessel segments over the course of several
recordings. Thus, it is a fairly robust and unbiased marker of
the glycocalyx, in which higher scores are thought to indicate
greater glycocalyx penetrability. We have previously shown
that glycocalyx thickness and PBR have a moderate, inverse
relationship to each other (20), whereas others have observed
higher PBR in patients with sepsis (8). Furthermore, glycocalyx thickness is reduced in experimental sepsis in mice (5) as
well as in a rat model of chronic kidney disease (38). Taken
together, these findings suggest that lower glycocalyx thickness and greater penetration of RBCs into the glycocalyx are
characteristics of aged microvessels. The precise physiological
significance of this is uncertain, but current hypotheses include
a diminished protective endothelial barrier function as well as
impaired mechanotransduction of fluid shear stress and the
associated downstream signaling cascades. Studies that pharmacologically manipulate the glycocalyx are needed to elucidate the role of the glycocalyx in vascular physiology and
pathology.
Impact of the Glycocalyx on Markers of Microvascular
Perfusion
In addition to evaluating the glycocalyx, we examined two
markers of microvascular perfusion: perfused microvascular
density and RBC fraction. Although impaired microvascular
perfusion in advanced age has been previously identified (1,

37), our use of an automated capture and analysis system
provides an alternative approach to objectively measure agerelated microvascular perfusion in a large number of microvessel segments while simultaneously measuring the glycocalyx.
We observed lower perfused microvascular density and RBC
fraction in older mice and humans compared with their
younger counterparts. The difference in perfused microvascular density between young and old groups was primarily due to
a higher density of the smallest perfused microvessel segments
in both young mice and humans.
Because the intravital microscope used in this study identifies hemoglobin in RBCs, the microvessel segment diameter is
representative of the RBC flow width, rather than its anatomic
width. Thus, higher glycocalyx thickness in young groups
could be responsible for a greater density of the smallest
perfused microvessel segments, as a thicker and/or less penetrable glycocalyx would narrow the width of flowing RBCs,
giving the appearance of increased perfusion (reading as a
leftward shift in perfused microvascular density). Consistent
with this, Groen et al. (12) used a similar imaging technique
and automated capture and analysis system to evaluate glycocalyx properties in advanced age. They observed a trend
toward higher glycocalyx penetrability in advanced age and
also reported a similar leftward shift in perfused microvascular
density in younger compared with older humans (12). Thus, it
is possible that a higher density of the smallest perfused
microvessel segments could be a direct consequence of greater
glycocalyx thickness, establishing a link between the two.
RBC fraction, although similar to longitudinal tube hematocrit, does not account for individual RBCs. Rather, RBC
fraction is calculated by determining the percentage of marker
lines crossed by RBCs in each perfused microvessel segment.
Thus, lower RBC fraction in advanced age could represent
greater spacing between RBCs but may also be indicative of
RBC deformability. A thicker and less penetrable glycocalyx

Fig. 5. Perfused microvascular density (A) and red
blood cell (RBC) fraction (B) in the sublingual microvessel segments (5–25 m) of younger and older
human participants (n ⫽ 30 participants/group). *P ⬍
0.05, significant difference vs. younger participants. All
data are means ⫾ SE.
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results in greater RBC deformability (39), which could promote elongation of RBCs as they flow through microvessels.
While the physiological importance of RBC fraction in microvascular perfusion is unclear, a lower RBC fraction in advanced age suggests greater heterogeneity in RBC presence
between microvessel segments, which may be a consequence
of a deteriorated glycocalyx (24, 39).
Implications of Age-Related Glycocalyx Deterioration
The glycocalyx has been primarily studied for its role in the
microvasculature (13, 43), but it is also functional in the central
cardiovascular system. The glycocalyx plays a role in endothelium-dependent dilation by participating in the mechanotransduction of fluid shear stress to endothelial cells that
stimulates the production of nitric oxide by endothelial nitric
oxide synthase (33, 48). Additionally, the glycocalyx may play
a role in blood pressure regulation and arterial stiffness, as
pharmacologic glycocalyx deterioration with hyaluronidase
induces arteriolar vasoconstriction (44). Finally, given its location at the interface between the vascular endothelium and
flowing blood, the glycocalyx acts as a barrier, protecting
endothelial cells from circulating oxidants (18) and inflammatory cytokines (25), as well as platelet (45) and leukocyte
adhesions (26). Thus, in addition to its impact on the microcirculation, the glycocalyx may play a role in age-related
arterial dysfunction. Glycocalyx deterioration is recognized in
CVD (23, 35) and other age-related chronic diseases (1, 11, 24,
45), and our results contribute new evidence of a diminished
glycocalyx in advanced age that might act as an important
antecedent for these diseases. Further work is needed to fully
explore the ramifications of a deteriorated glycocalyx on the
aging vasculature.
Altered Expression of Genes That Regulate Hyaluronan
Hyaluronan is one of the major glycosaminoglycans that
comprise the endothelial glycocalyx (3, 10, 13, 41, 43) and
contributes to its barrier function (13). Thus, age-related alterations in the expression of genes that regulate the production
(Has2), degradation (Hyal1 and Hyal2), and handling (Hapln1)
of hyaluronan may impact glycocalyx properties in advanced
age. Arterial hyaluronan quantity has been shown to decrease
across the lifespan in human cadaver arteries that range in size
from the aorta to the radial artery (22). In addition to lower
hyaluronan content, there appears to be a shift toward a lower
hyaluronan molecular weight profile in advanced age (14, 16).
Among the three hyaluronan synthase isoforms, Has2 produces
the highest molecular weight hyaluronan, whereas Has1 and
Has3 produce small- to medium-sized hyaluronan (15). Interestingly, we observed a lower aortic Has2 expression in old
mice but no difference in Has1 or Has3. Lower Has2 expression in advanced age has been reported in other tissues (31, 40,
42). Alternatively, in a recent study, Reed et al. (34) found
elevated Has2 expression and hyaluronan content in the cerebral microvessels of old mice. Thus, further study is warranted
regarding age-related changes in arterial Has2 expression and
how it would affect glycocalyx synthesis.
We also observed a lower gene expression of the hyaluronidase isoforms, Hyal1 and Hyal2, in advanced age. This may
be the result of an age-related reduction in arterial hyaluronan
content (22) via lower Has2 gene expression, as hyaluronidase
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expression appears to be associated with hyaluronan content.
In support of this, in patients with diabetes, a diminished
glycocalyx is accompanied by elevated plasma hyaluronan and
hyaluronidase activity (2, 4, 12, 29). Presently, it is unclear
how age-related reductions in Has2, Hyal1, and Hyal2 would
impact the glycocalyx, as a reduction in hyaluronan synthesis
would be offset by a reduction in hyaluronan degradation.
However, a host of pathophysiological changes that occur in
advanced age, such as elevations in blood glucose, cholesterol,
and oxidative stress (9), have also been shown to degrade the
glycocalyx (30, 36, 45). Therefore, it is plausible that these
age-related changes in blood chemistry, as well as other factors, deteriorate the glycocalyx, which is then unable to be
resynthesized because of a Has2 deficiency-mediated lack of
high molecular weight hyaluronan.
Experimental Considerations
This study is not without limitations. Although the magnitude of difference in variables between young and old mice
was similar between mesenteric and gastrocnemius microcirculations, there appeared to be tissue-specific differences between measurement sites. Currently, it is unclear why tissuespecific differences would be present between measurement
sites. However, future investigations that include these, as well
as other, tissue beds may provide a greater physiological
insight into the role of the glycocalyx, which may also elucidate novel risk factors for age-related vascular disease states.
We measured glycocalyx thickness in microvessels of ⬍8 m
in diameter, as there was a concern that in microvessels larger
than 8 m there was more likely to be partial or no compression of the glycocalyx during spontaneous leukocyte passage.
Although there may have been some partial compression of the
glycocalyx in microvessels of ⬍8 m in diameter, this would
likely have a similar effect on glycocalyx thickness measurements in both young and old groups. In the present study, as
well as in a previous study (20), we observed a moderate but
significant inverse relationship between PBR and glycocalyx
thickness, indicating that it is unlikely that an underestimation
of glycocalyx thickness influenced the results of the present
study. However, the physiological relationship between PBR
and glycocalyx thickness remains unclear, as pharmacologic
glycocalyx deterioration studies with subsequent glycocalyx
thickness and PBR assessment have not yet been performed.
One would assume that the absence of a glycocalyx would
result in a PBR score that appears “healthy” as PBR is
calculated using median and maximal RBC flow widths, both
of which, in theory, would be similar when the glycocalyx is
absent.
Conclusions
Glycocalyx thickness and barrier function were lower in
advanced age in the microvasculature of mice and humans.
This was evident in multiple tissue beds, and lower glycocalyx
thickness was observed using both intravital microscopy and
transmission electron microscopy. This age-related glycocalyx
deterioration was accompanied by markers of impaired microvascular perfusion. Collectively, these data support the idea
that deterioration of the glycocalyx is a characteristic of vascular aging, and this may be an antecedent of age-associated
vascular pathophysiology. Whether glycocalyx deterioration
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precedes microvascular dysfunction, or vice versa, warrants
further study.
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