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Atherogenic region and diet diminish glycocalyx dimension and increase
intima-to-media ratios at murine carotid artery bifurcation
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van den Berg, Bernard M., Jos A. E. Spaan, Titia M. Rolf, and
Hans Vink. Atherogenic region and diet diminish glycocalyx dimension
and increase intima-to-media ratios at murine carotid artery bifurcation.
Am J Physiol Heart Circ Physiol 290: H915–H920, 2006. First published
September 9, 2005; doi:10.1152/ajpheart.00051.2005.—It was hypothe-
sized that endothelial glycocalyx perturbation contributes to increased
vulnerability of the arterial wall exposed to atherogenic risk factors.
Glycocalyx and intima-to-media ratios (IMR) were studied at a low- and
a high-risk region within the murine carotid artery (common region) and
internal carotid branch (sinus region) in control C57BL/6J (C57BL6) and
age-matched C57BL/6J/apoE*3-Leiden (apoE*3; on an atherogenic diet)
mice. Electron micrographs revealed significantly thinner glycocalyces
[73 (SD 36) vs. 399 (SD 174) nm, P � 0.05] and greater IMR [0.096 (SD
0.045) vs. 0.044 (SD 0.023), P � 0.05] at the sinus region of C57BL6
mice than in the common region. Thinner glycocalyces [100 (SD 27) vs.
399 (SD 174) nm, P � 0.05] and greater IMR [0.071 (SD 0.024) vs.
0.044 (SD 0.023), P � 0.05] were also observed in the common region
of age-matched apoE*3 mice on an atherogenic diet for 6 wk vs. C57BL6
mice on a normal diet. Greater IMR were due to greater intima layers,
without significant changes in media layer dimension. In addition, athero-
genic diet resulted in increased endothelial cell thickness at the sinus
region [0.85 (SD 0.49) vs. 0.53 (SD 0.28) �m, P � 0.05] but not at the
common region [0.66 (SD 0.37) vs. 0.62 (SD 0.32) �m]. It is concluded
that both regional and diet-induced increases in atherogenic risk are
associated with smaller glycocalyx dimensions and greater IMR and that
vascular sites with diminished glycocalyx are more vulnerable to proin-
flammatory and atherosclerotic sequelae.

flow; permeability

THE IMPORTANCE of an endothelial cell surface glycocalyx has
been established by functional studies and electron micro-
scopic observations. The endothelial glycocalyx shields the
vascular wall from flowing blood, limits leakage of fluid and
macromolecules across its endothelial lining, forms a mechan-
ical barrier against adhesion of leukocytes and platelets to the
endothelial surface, and stimulates endothelial NO release by
mechanotransducing fluid shear stresses (3–5, 15, 21, 23).
Although reduced levels of surface-bound sialic acids (9) and
increased endothelial permeability and susceptibility to athero-
sclerotic lesion formation (10) have been found to coincide
with arterial branch points and curvatures, little is known about
the contribution of glycocalyx perturbation to the increased
vascular vulnerability of high-atherogenic risk areas.

Atherosclerotic lesions within the arterial tree develop at
predictable vessel geometries, e.g., arterial branching and cur-
vatures, and constraints on vessel motion by the surrounding
tissues, which lead to local flow instabilities and separations

(24). Such lesions can be detected and visualized as changes in
vascular wall properties and quantified as intima-to-media
ratios (IMR). Increases in IMR have been found to be associ-
ated with increased cardiovascular risk factors and atheroscle-
rosis (1, 17, 18).

We hypothesized that endothelial cells, which play a central
role in response to shear stress (6), express a modified surface
glycocalyx at high-atherogenic risk regions and, in turn, con-
tribute to predisposition of these arterial sites to atherosclerotic
lesion formation. In the present study, endothelial glycocalyx
dimension was investigated at low- and high-risk regions of the
C57BL/6J (C57BL6) mouse carotid artery, using the common
and internal carotid bifurcation (sinus) area as a model for
arterial sites exposed to low and high atherogenic risk, respec-
tively (13). In addition, age-matched C57BL/6J/apoE*3-Lei-
den (apoE*3) mice received an atherogenic stimulus for a
relatively short period of 6 wk to investigate its early effects on
the endothelial glycocalyx. These transgenic apoE*3 mice
contain a mutant human apoE gene that is associated with
familial dyslipoproteinemia in humans and are a suitable model
for different aspects of early atherogenesis when fed a high-fat,
high-cholesterol diet (14, 22).

Electron microscopy on combined Alcian blue 8GX- and
acridine orange-stained vessels was used to determine the
endothelial glycocalyx thickness, IMR, and endothelial and
subendothelial layer thickness in the common carotid and
internal carotid regions in C57BL6 and apoE*3 mice.

MATERIALS AND METHODS

Mice. Male C57BL6 (n � 6) and apoE*3 (n � 6) mice were used.
Transgenic apoE*3 mice expressing the human apoE*3-Leiden gene
were generated and bred with C57BL6 females as described earlier
(22), and the F10 generation was used. Mice were kept on standard
mouse chow (SRM-A; Hope Farms, Woerden, The Netherlands) until,
at the age of 8 wk, apoE*3 mice were put on a diet containing 15%
cacao butter, 0.5% cholate, 1% cholesterol, 40.5% sucrose, 10% corn
starch, 1% corn oil, and 4.7% cellulose (Diet-N; Hope Farms) for 6
wk (16).

Cholesterol and triglyceride serum levels were determined (n �
6/group) from blood collected by saphenous vein puncture (10) with
a MPR2 cholesterol kit (Boehringer Mannheim) and a GPO-Trinder
kit (Sigma-Aldrich), respectively.

Perfusion and tissue preparation. The experimental protocol was
approved by the local Animal Ethical Committee (DEC) of the
Academic Medical Center at the University of Amsterdam. Fourteen-
week-old male C57BL6 and apoE*3 mice received an intraperitoneal
dose of 125 mg/kg ketamine HCl (Nimatek; Eurovet, Bladel, The
Netherlands) and 0.2 mg medetomidine HCl (Orion, Expoo, Finland).
The abdominal aorta and vena cava of anesthetized mice [24.9 (SD
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1.4) and 22.0 (SD 3.4) g, respectively] were ligated cranial to the iliac
artery bifurcation. The abdominal aorta was cannulated in retrograde
caudal to the left renal artery branch, and perfusion was started with
oxygenated HEPES-buffered salt solution (in mmol/l: 5.55 glucose,
114 NaCl, 10 KCl, 1.18 KH2PO4, 1.17 MgSO4 �7H2O, 0.5 CaCl2, 25
NaHCO3, 5.0 HEPES, 0.025 EDTA) containing 0.1% bovine serum
albumin and 5 IU/ml heparin (pH 7.4, 37°C) at 2 ml/min [23 (SD 3.9)
and 22 (SD 7.7) mmHg, respectively]. Both left and right external
jugular veins were cut to create an outflow, and perfusion continued
for 10 min to remove the blood. Perfusion solution was changed to a
phosphate-buffered fixative (pH 7.4) containing 15 mmol/l MgCl2 at
2 ml/min, to which acridine orange and Alcian blue 8GX (Sigma, St.
Louis, MO) were added after 2 min (final concentrations 0.01% and
0.05%, respectively), and perfusion continued for 30 min at room
temperature [46 (SD 12) and 44 (SD 17) mmHg, respectively]. During
perfusion, inflow of perfusion solutions was monitored continuously
with an in-line flow probe and meter (Transonic Systems, Ithaca, NY)
and recorded with a Powerlab/4sp (ADInstruments, Castle Hill, Aus-
tralia). Application of a 2 ml/min flow in the abdominal aorta resulted
in a left common carotid artery flow of 0.14 ml/min (SD 0.02)
(C57BL6, n � 5), as measured with a 0.5-V B424 flow probe
(Transonic) placed locally around the left common carotid artery.

After perfusion, the left common carotid artery plus internal and
external carotid arteries were dissected as a whole (n � 6/group).
After a further overnight fixation in 4% buffered formalin, the entire
vessel segment was postfixed with 1% osmium tetroxide (Electron
Microscopy Sciences, Fort Washington, PA) and 1% lanthanum
nitrate (Sigma) in water for 2 h at room temperature, followed by 1%
aqueous uranyl acetate for 1 h, and processed further for electron
microscopy. The carotid artery preparation was positioned in such a
way that allowed a longitudinal sectioning of both the common and
internal carotid arteries as depicted in Fig. 1. Within the resulting
sections, three regions were localized, corresponding to the common
carotid artery (region I), the sinus region within the internal carotid
artery (region II), and its opposite region, the flow divider site of the
internal carotid artery (region III). Digital pictures from regions I and
II (Fig. 1) of each 80-nm ultrathin section of the vessel wall were
obtained with a built-in Megaview II charge-coupled device camera
and processed with analySIS image analytical software (both from
Soft Imaging Systems, Münster, Germany). Digital pictures of region
III of sections from C57BL6 mice were also obtained as a control.

Data analysis. Pictures were analyzed with Image-Pro Plus soft-
ware version 3.0 (Media Cybernetics, Silver Spring, MD). The num-
ber of micrographs per region of interest is indicated in Figs. 3 and 4
and Table 2. The micrographs cover �100 �m in length within these

regions. Endothelial surface glycocalyx thickness recorded at trans-
mission electron microscopy (TEM) magnifications (�1,040) was
measured at places within the depicted regions with a visible mem-
brane double layer (confirmed at �18,000 or �25,000). Such sections
of endothelial cells were considered to be cut perpendicular to the cell
surface with an error of not more than �6° (2). Mean endothelial
surface glycocalyx thickness within the indicated carotid artery re-
gions was determined to be the distance of stained structures between
the luminal membrane of the endothelial cell and their luminal
boundary, measured as the optical background density � 2SD. This
represents �95% of detectable length of the stained structures (21).

The IMR was determined to be the intimal thickness divided by the
medial layer thickness. Intimal thickness, between vascular lumen and
internal elastic lamina (19), was recorded at TEM magnification
(�1040) and comprised both endothelial and subendothelial layers.
Intimal thickness was determined by measured intimal area divided by
intimal area midlength. Medial thickness, between internal and exter-
nal elastic lamina, was determined accordingly.

Subendothelial matrix thickness, between endothelial basal mem-
brane and internal elastic lamina, recorded at TEM magnifications
(�4,200, �18,000, or �25,000), was determined by measured sub-
endothelial matrix area divided by subendothelial matrix midlength.
Endothelial cell layer thickness was determined accordingly.

Data are presented as means (SD). Differences in serum cholesterol
and triglyceride levels between C57BL6 and apoE*3 mice were
assessed by means of two-sample t-test (2 way). Differences in
glycocalyx thickness and intima and endothelial cell layer thickness
between carotid artery regions of C57BL6 and apoE*3 mice were
assessed by means of two-sample t-test (2 way). Differences in intimal
and medial thickness and IMR were assessed by paired-sample t-test
(2 way). A value of P � 0.05 was considered statistically significant.

RESULTS

Glycocalyx dimensions in C57BL6 mice on normal diet.
Electron micrographs of the luminal surface of combined
Alcian blue- and acridine orange-stained left internal carotid
sinus region in C57BL6 mice revealed a thinner, condensed
surface coat compared with the bushlike structures observed on
the left common carotid artery surface (Fig. 2, B and A,
respectively). Within the internal carotid sinus (region II) the
endothelial glycocalyx of 73 (SD 36) nm was significantly
smaller (P � 0.05) than the glycocalyx lining the common
carotid artery (region I), measuring 399 (SD 174) nm (Fig. 3).

In addition, glycocalyx thickness was measured in the op-
posite site of the internal sinus region, the internal flow divider
region (region III; Fig. 1). Whereas the sinus (region II) of the
internal carotid artery is exposed to a disturbed laminar flow,
the opposite site (region III) is supposed to be exposed to high
undisturbed laminar flow profiles. Glycocalyx thickness in the
flow divider region measures 308 (SD 185) nm, which is not
different from the common carotid glycocalyx thickness.

Glycocalyx dimensions in apoE*3 mice on atherogenic diet.
An age-matched group of apoE*3 mice were put on a high-fat,
high-cholesterol diet for 6 wk to induce systemic high choles-
terol and triglyceride levels, a risk factor for atherosclerotic
lesion formation. In this relatively short period, apoE*3 mice
already had significantly higher serum cholesterol [47.5 (SD
6.53) vs. 3.1 (SD 0.53) mmol/l, P � 0.05] and triglyceride [2.0
(SD 0.85) vs. 0.8 (SD 0.16) mmol/l, P � 0.05] levels compared
with C57BL6 mice on a normal diet (Table 1). Electron
micrographs of the common carotid and internal carotid sinus

Fig. 1. Schematic drawing of longitudinal section of the common carotid
artery (CCA) and internal carotid artery (ICA) segment depicting the regions
used for measurement. I, common carotid region; II, internal carotid, sinus
region; III, internal carotid, flow divider region.
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regions in these mice showed in both regions a thin condensed
surface coat similar to the staining observed in C57BL6 mouse
internal carotid sinus (Fig. 2, C and D, respectively). Glyco-
calyx dimension at the common carotid area [100 nm (SD 27)]
was significantly reduced (P � 0.05) compared with mice on a
normal diet. No significant change was observed in the dimen-
sion of the glycocalyx at the sinus area of the internal carotid
artery branch [68 nm (SD 21); Fig. 3].

Intima-to-media ratios. Investigation of changes in vascular
wall properties revealed a significant difference (P � 0.05) in
IMR between the common carotid and internal carotid sinus
regions of C57BL6 mice [0.044 (SD 0.023) and 0.096 (SD
0.045), respectively; Table 2]. Compared with mice on a
normal diet, the IMR at the common carotid artery region of
high-fat apoE*3 mice was significantly increased to 0.071 (SD

0.024) (P � 0.05). There was no significant effect of the
atherogenic diet on IMR at the sinus area [0.190 (SD 0.303)].
In apoE*3 mice, IMR at the common carotid area remained
significantly smaller than the sinus area IMR (P � 0.05).

Dimensions of intima and media layers. No significant
differences were observed in the media layer thickness of the
common and sinus areas of mice on normal and high-fat diets
(Table 2). Consistent with the observed greater IMR at the
sinus areas, the corresponding sinus area intima were thicker in
normal-diet mice [1.45 (SD 0.65) vs. 0.79 (SD 0.30) �m, sinus
area vs. common area; P � 0.05] and atherogenic-diet mice
[2.85 (SD 4.01) vs. 1.01 (SD 0.42) �m, sinus area vs. common
area; P � 0.05].

The thicker intima at the sinus regions were accompanied by
significant swelling of the subendothelial matrix between en-
dothelium and internal elastic lamina in normal-diet mice [347
(SD 167) vs. 136 (SD 61] nm, sinus area vs. common area; P �
0.05) as well as in atherogenic-diet mice [448 (SD 508) vs. 187
(SD 132) nm, sinus vs. common area; P � 0.05; Fig. 4].
Furthermore, the endothelial cell layer was significantly thicker
in apoE*3 mice [851 (SD 489) and 658 (SD 366) nm, sinus and
common area, respectively] compared with the endothelial
thickness at the same areas in mice on a normal diet [527 (SD
276) and 617 (SD 316) nm, respectively].

Table 1. Serum cholesterol and triglyceride levels

Strain Diet n
Cholesterol,

mmol/l
Triglycerides,

mmol/l

C57BL6 NC 6 3.1 (0.53) 0.8 (0.16)
apoE*3 HFC 6 47.5 (6.53)* 2.0 (0.85)*

Results are means (SD) for n serum samples. Difference in serum choles-
terol and triglyceride levels between C57BL/6J (C57BL6) and C57BL/6J/
apoE*3-Leiden (apoE*3) mice was assessed by means of 2-sample t-test (2
way). NC, normal chow; HFC, high-fat chow. *P � 0.05 vs. C57BL6.

Fig. 2. Electron microscopic overview of Alcian blue 8GX-
stained mouse left common carotid artery region (A and C) and
internal carotid artery sinus region (B and D) of C57BL/6J or
C57BL/6J/apoE*3-Leiden mice. Asterisk indicates the location
of the subendothelial matrix layer within the vascular wall
segment.

Fig. 3. Distribution of glycocalyx thickness measured within the common
carotid artery region of C57BL/6J (C57BL6) and C57BL/6J/apoE*3-Leiden
(apoE*3) mice (data from 18 and 26 micrographs, respectively) and the
internal carotid artery sinus region of C57BL6 and apoE*3 mice (data from 18
and 20 micrographs, respectively). Values are means (SD). Difference in
glycocalyx thickness between carotid artery regions of C57BL6 and apoE*3
mice was assessed by means of 2-sample t-test (2 way). *P � 0.05 vs.
C57BL6, common carotid region.
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DISCUSSION

Main findings. In the present study we demonstrate that the
dimension of the endothelial glycocalyx at the sinus region of
the mouse internal carotid artery is significantly less than the
glycocalyx dimension on the luminal surface of the common
carotid artery. This finding supports the hypothesis that pertur-

bation of the glycocalyx contributes to the increased vascular
vulnerability of regions that are at high atherogenic risk.
Furthermore, this thinner glycocalyx is accompanied by greater
IMR and a thicker subendothelial layer, confirming that re-
gional differences in glycocalyx dimension reflect variations in
its vasculoprotective capacity. In addition, we found that com-
mon carotid glycocalyx dimensions are reduced in an athero-
genic mouse model put on a high-fat, high-cholesterol diet for
6 wk. In agreement, this atherogenic perturbation of the gly-
cocalyx is again accompanied by increases in IMR and greater
intima dimensions.

Mechanism of glycocalyx reduction at high-risk regions.
The fact that glycocalyx dimension is significantly less at the
sinus region than the glycocalyx dimensions at the opposite site
of the internal carotid near the flow divider as well as at the
common carotid area just proximal to the carotid bifurcation
suggests that spatial differences in glycocalyx dimension are
related to local variations in flow profiles. It is well known that
areas of high atherogenic risk are located close to regions of
disturbed flow at arterial bifurcations. Therefore, it is tempting
to speculate that undisturbed flow patterns and the associated
stimulation of vascular endothelium by fluid shear stress are
essential to obtain optimal glycocalyx protective properties.

Table 2. Intimal and medial thickness and intima-to-media
ratio of vascular wall within common carotid and internal
carotid artery sinus of C57BL6 and apoE*3 mice

Mouse
Region n

Intimal Thickness,*
�m

Medial Thickness,
�m

Intima-to-Media
Ratio*

C57BL6
I 18 0.79 (0.30) 19.2 (3.6) 0.044 (0.023)
II 18 1.45 (0.65) 15.7 (3.9) 0.096 (0.045)

apoE*3
I 26 1.01 (0.42) 14.3 (3.1) 0.071 (0.024)
II 20 2.85 (4.01) 18.0 (3.9) 0.190 (0.303)

Results are means (SD) for n micrographs. Difference in intimal and medial
thickness and intima-to-media ratio between carotid artery regions of C57BL6
and apoE*3 mice was assessed by paired-sample t-test (2 way). *P � 0.05
between regions I and II of C57BL6 and apoE*3 mice.

Fig. 4. Electron microscopic detail of Alcian blue 8GX-stained
normal diet C57BL6 mouse left common carotid (A) and internal
carotid (B) arteries. Arrowheads indicate upper and lower
boundary of the subendothelial matrix. Bars � 0.2 �m. C:
distribution of subendothelial matrix layer thickness measured
within the common carotid artery region of C57BL6 and apoE*3
mice (data from 41 and 63 micrographs, respectively) and the
internal carotid artery sinus region of C57BL6 and apoE*3 mice
(data from 51 and 39 micrographs, respectively). Values are
means (SD). Difference in glycocalyx thickness between carotid
artery regions of C57BL6 and apoE*3 mice was assessed by
means of 2-sample t-test (2 way). *P � 0.05 vs. C57BL6,
common carotid region.
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However, although studies have recently demonstrated that the
endothelial glycocalyx indeed plays an important role in mech-
anotransduction of fluid shear stress, no data are available on
the relation between fluid shear stress and glycocalyx synthesis
(6, 7, 15).

In addition to the spatial differences in glycocalyx dimen-
sion, we also report that the glycocalyx is diminished in
atherogenic mice on a high-fat, high-cholesterol diet. In line
with the spatial relation between glycocalyx dimension and
regional atherogenic risk, systemic perturbation of the glyco-
calyx by hypercholesterolemia and/or hypertriglyceremia in-
troduced similar increases in vascular vulnerability. The mech-
anism by which the glycocalyx is diminished in atherogenic
mice remains to be elucidated, but the present finding is
consistent with previous studies demonstrating rapid shedding
of glycocalyx from the endothelial surface on acute stimulation
with elevated plasma levels of oxidized LDL or by acute
exposure of the endothelium to inflammatory agents like
thrombin or TNF-� (4, 12, 20).

Glycocalyx dimension and IMR. Previous studies demon-
strated that loss of glycosaminoglycans from the endothelial
glycocalyx by enzyme treatment is associated with edema
formation of the subendothelial space (21), indicating that flow
profile-related modulation of the glycocalyx might contribute
to the earlier observed progression from a decreased endothe-
lial barrier function into subsequent intimal edema at vascular
regions exposed to disturbed flow (8). Whether edema forma-
tion contributed to the increased IMR in the present study
remains to be explored. However, the site-specific differences
and diet-induced increases in IMR occurred in the absence of
changes in the dimension of the media layer and were predom-
inantly due to respective differences and increases in the
dimension of the subendothelial space. Furthermore, no evi-
dence was found for accumulation of blood cells or monocytes
in the intima layer, indicating that the contribution of the
inflammatory response was minimal at this stage.

Study limitations. To ensure an unobstructed perfusion dur-
ing staining, blood was removed with a solution containing
both bovine serum albumin and a low dose of heparin. Because
we cannot fully exclude possible interactions of heparin with
proteins and carbohydrates within the endothelial glycocalyx
layer, loss of glycocalyx components during this procedure
must be considered. The present findings, although possibly
lower for all regions, still allow comparison between the
various regions of interest. Furthermore, the present dimen-
sions of the common carotid and internal carotid flow divider
artery region are still consistent with previous electron (without
heparin) and intravital microscopic estimates (11, 21, 23).

In conclusion, atherosclerotic lesions develop at predisposed
vascular regions and under conditions of elevated atheroscle-
rotic risk. In the present study we demonstrate that the mor-
phology and dimension of the endothelial cell glycocalyx are
dramatically modified at atherogenic risk areas and by athero-
genic high-fat diet. Small glycocalyx dimensions therefore
reflect vulnerable endothelium, which is further supported by
the increased IMR at these sites.

Although the current study does not prove causality of
glycocalyx perturbation in development of intima thickening, it
may stimulate further research to investigate the relation be-
tween atherogenic glycocalyx changes and loss of the protec-

tive properties of vascular endothelium against the develop-
ment of atherosclerotic lesions.
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