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Abstract
Studies in perfused hearts show that flow-sensitive G-protein coupled receptors are lectinic suggesting that flow exerts its effects by modulating the interaction
between endothelial surface layer oligosaccharides and lectinic transmembrane G-protein coupled receptors. To test this hypothesis guinea pig carotid arteries were
perfused with Krebs-Henseleit at 11 or 16 ml/min. The effects of flow on the contraction induced by stimulating the bradykinin receptor were determined using the
flow-induced changes of bradykinin concentration-vascular response curves. Flow effects on the bradykinin receptor were studied in four independent groups; in
Groups 1 and 2 (controls) the endothelial surface layer glyosidic composition was not altered, in Group 3 an oligosaccharide polymer that lectinically and irreversibly
binds to endothelial surface layer was infused, and in Group 4 endothelial surface layer heparinic were hydrolyzed. Results show that an increase in flow from 11 to 16
ml/min shifted the vascular response curve of bradykinin upward and to the left. Similar results were obtained with endothelial surface layer oligosaccharide polymer
binding and heparinic removal but elevation of flow from 11 to 16 ml/min had no effect. Thus, the flow dependence of the lectinic bradykinin receptor depends on its
ability to interact with the oligosaccharide environment and heparinic groups.

Introduction
The molecular and physical mechanisms by which endothelial
cells transduce flow into biochemical responses are ambiguous [15], because the transducing molecules directly affected by flow, the
“mechanosensors”, are unknown. Flow sensing properties likely reside
in the luminal endothelial surface; constituted by the cell membrane
and glycocalyx which is acted by flow [6-13]. We have shown that flowinduced responses require endothelial surface layer oligosaccharides
and oligosaccharide-recognizing proteins, lectins because a) specific
enzymatic hydrolysis of endogenous oligosaccharides or their binding
to exogenous lectins exactly alter flow-induced responses and b)
infusion of diverse exogenous oligosaccharides that bind to endothelial
surface lectins alter the effects of flow [8,11,12].
Our extensive work in the heart has established that coronary
flow regulates diverse cardiac and vascular functions, and these flow
sensing effects require the presence of various endothelial surface
specific oligosaccharides and lectins among which there are several
G-protein coupled receptors [12,14]. Interestingly, the roles of
individual endothelial surface sugars and lectins in flow-induced
responses are function biased; a complexity that makes difficult to
identify the exact “mechanosensor(s)” for each response [6,8,10-13,15].
In contrast, in the case of a defined G-protein coupled receptor, the
response triggered by its specific agonist identifies it as the structure
of origin, the agonist-sensor [1,3,4,14]. If this agonist-sensor induced
response is modulated by flow, it would suggest that this G-protein
coupled receptor is also a flow-sensor and because of being lectinic,
this flow-modulated response will react to specific alterations of the
endothelial surface layer oligosaccharide composition, suggesting that
the oligosaccharide environment modulates the G-protein coupled
receptor flow-sensitivity.
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The coronary endothelial-cardiac cell system is an in vivo complex
network associated with diverse parenchymal cell populations.
Obviously, there is a need for a simpler model, where flow and the cell
surface can be directly accessed, such as isolated blood vessels perfused
at a controlled flow [7,8]. In this study, in the guinea pig carotid artery,
the effects of flow on the bradykinin B2 receptor; which is directly
activated by flow [1], were resolved using alterations of the vasoactive
bradykinin effects which also altered upon an irreversible binding
of an oligosaccharide polymer to the endothelial surface layer or the
enzymatic removal of heparinic groups.
In the present work, we show that vasoactive bradykinin effects are
enhanced by increasing flow which depend of the endothelial surface
layer oligosaccharide composition.

Methods
All procedures were in accordance with International Guiding
Principles in the care and use of animals and all protocols were
approved by the University Committee on the use of animals for
experimentation.
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Isolated perfused guinea pig carotid artery
An isolated blood vessel preparation was selected because it is
a simple anatomical model and frequently used to study functional
interactions between endothelial and adjacent smooth muscle cells [1625]. For our study we chose the isolated guinea pig carotid artery which
has an internal diameter of about 0.5 mm, a length of 1.5 ± 0.5 cm and
can be perfused at a controlled flow.
Dunkin Hartley guinea pigs were anesthetized. A frontal neck
longitudinal surgical incision was made, each common carotid was
exposed, cleaned of adherent tissue, dissected to all of its length, excised
and placed in a dish containing oxygenated Krebs-Henseleit buffer.
Thereafter, a cannula was inserted into each carotid artery, one at the
proximal anatomical end and another at the distal end, and the vessel
length between the two cannulas (artery length) was determined. The
cannula at the distal end was used to create a constant resistance to
flow at the exit. Afterwards, the cannula at the proximal anatomical
end was connected to a constant flow perfusion system containing
Krebs-Henseleit (95 % O2, 5 % CO2, pH 7.4 at 37ºC), the artery was
introduced in an enclosed humid atmosphere chamber at 37ºC and the
perfusion pressure was continuously monitored. Prior to experimental
measurements, flow was maintained at 16 ml/min for an equilibration
period of 20 min. Thereafter, the various experimental manipulations
were applied.

Synthesis of oligosaccharide polymer containing three
different monosaccharides; N-acetylglucosamine, mannose
and galactose and its properties as a lectinic probe
Synthesis of the soluble oligosaccharide polymer: Well established
procedures in our laboratory were utilized [8,12,14,16,26,27]. Briefly,
glucose polymer, 70 kDa dextran, was dissolved in NaCO3 (0.5M, pH
11), mixed with sufficient divinyl sulfone (DVS), so each of the three
-OH groups per glucose moiety reacted with one of the two vinyl
moieties of each DVS, leaving one free vinyl moiety per each DVS
molecule. Subsequently upon stoichiometric addition of equal amounts
of mannose or galactose or N-acetylglucosamine, the free vinyl groups
reacted covalently with one hydroxyl group of either mannose or
galactose or N-acetylglucosamine completing the synthesis of soluble
oligosaccharide polymer with a molecular weight of 460 kDa. The
polymer could also be labeled with fluorescein isothiocyanate (FITC).
As negative control, no sugars were added for binding but replaced by
large amounts of ethanolamine. The negative control polymers do not
have a physiological effect and do not bind to the endothelial surface
layer [8,12,16,26,28].
Synthesis of insoluble oligosaccharide polymer as an affinity
resin: Once the soluble oligosaccharide polymer was synthesized, the
solution pH was raised to 11 with NaCO3, resulting in insoluble particles
which were used to pack affinity chromatography columns. The ability
and specificity of the columns to retain lectins was positively established
using commercially available plant lectins.

Isolation of luminal endothelial membrane proteins and the
lectinic luminal endothelial membrane protein fraction
Isolation of luminal endothelial membrane protein fraction:
In four previous papers we have reliably isolated the whole protein
fraction from the coronary luminal endothelial surface membrane and
glycocalyx thanks to the method developed and refined by different
groups [8,12,14,26,29,30]. This procedure consists of coating of
luminal endothelial membrane proteins with cationic colloidal silica
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particles (20- to 50-nm diameters) due to strong electrical binding
to glycocalyx anionic proteins and polymerizing luminal endothelial
membrane protein-bound silica with an anionic polymer. The anionic
polymer cross-links the silica particles and neutralizes all of its free
positive charges. Thereafter, tissue is homogenized followed by density
gradient centrifugation and protein separation from the silica yielding
the luminal endothelial membrane protein fraction.
Isolation of lectinic luminal endothelial membrane protein
fraction: Affinity resin oligosaccharide polymer columns equilibrated
with PBS were loaded with luminal endothelial membrane protein
fraction, washed with PBS and the bound lectins were eluted with a
mixture of 200 mM of each of three sugars.
Two- dimensional sodium dodecyl sulfate- polyacrylamide
gel electrophoresis (SDS-PAGE) of lectinic membrane proteins:
Lectinic luminal endothelial membrane proteins were loaded on
strips 11 cm long with a pH gradient of 3–10. Focusing was carried
out with an isoelectric focusing system and hold voltage mode. The
second-dimension SDS-PAGE was performed in polyacrylamide
gels following standard procedures, gels were fixed overnight, silver
stained, visualized and a number of proteins were identified through
their coordinates, molecular weight and isoelectric point.
Immune dot blots and Western Blot of some proteins in the
whole and lectinic luminal endothelial membrane protein fraction:
Well defined procedures were followed. For dot blots proteins loaded
on nitrocellulose membranes were incubated with the primary
antibody and reacted with peroxidase coupling secondary antibody,
developed with chemiluminescence reagent, and visualized on Kodak
photographic paper. For some proteins, these results were confirmed
using Western blot analysis.

Bradykinin concentration-response curves at two different
flows during five different experimental conditions
Intravascular hormone administration leads to specific binding to
endothelial surface layer receptors, resulting in stoichiometric release
of endothelial messengers that act on parenchymal cells [19-25,31-35,].
Intravascular bradykinin acts exclusively and selectively by activation
of bradykinin B2 receptors in the endothelial surface layer [36].
Although bradykinin-induced vasodilation is frequently reported, in
the guinea pig carotid artery as well other blood vessels, the response
is a receptor-mediated constriction [19-25]. This vasoconstriction
response was blocked by Hoe 140, a specific bradykinin B2 receptor
antagonist (not shown) [37]. In this preparation phenylephrine
induces vasoconstriction and acetylcholine produces vasodilation,
however, detailed studies were not performed with these agonists.
Bolus injections of bradykinin (50 µl volume, 0.5 second duration)
were chosen as a way to activate the bradykinin receptor for brief
periods of time to minimize the possibility of a decaying response due
to tachyphylaxis. This procedure allowed repeated administration of
the agonist in the same preparation so that the dose-response effects
in the same carotid could be compared under different experimental
conditions. Stock Krebs-Henseleit solutions of high concentrations of
bradykinin were infused as a bolus (50 µl volume, 0.5 second duration)
and the concentration at the peak of the bolus was estimated from the
dilution. The final bradykinin concentrations tested were; 0.05, 0.2, 0.8
and 3.5 µM. In all experiments, the effects of flow on the concentrationvascular response curves to bradykinin were compared at two flows; 11
ml/min and 16 ml/min, and at these two flows concentration-vascular
response curves were determined in four different groups of experiments.
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Group 1
Concentration-vascular response curves to bradykinin at two
flows: The carotid flow was set to 11 ml/min and, after a basal pressure
(49.1 ± 1.9 mmHg) was achieved, a given bradykinin concentration
was administered. The response was recorded and the pressure was
permitted to return to baseline. Flow was increased to 16 ml/min and,
after a basal pressure (74.3 ± 2.6 mmHg) was achieved, bradykinin was
administered at the same concentration. The responses to bradykinin
at both 11 and 16 ml/min were compared with each carotid serving
as its own control. Thereafter, flow was reduced to 11 ml/min and a
different dose of bradykinin was administered. This cycle was repeated
for all bradykinin doses. The response amplitude was defined as the
peak pressure value (mmHg) minus the basal pressure at the time of
injection divided by the artery length (in cm because the length of the
artery varied in each preparation) and the response was expressed in
mmHg/cm (Figure 1). Response amplitude values were plotted against
either the corresponding concentration (linear plot) or the logarithm
of the concentration (semi-logarithmic plot, n=45).

Group 2
L-NAME treatment: In the guinea pig carotid artery, bradykinin
induces a biphasic response with a dominant vasoconstriction followed
by a weak vasodilation due to the release of nitric oxide. L-NAME (LN6- nitroarginine methyl ester), an analog of arginine that inhibits
nitric oxide production, is expected to potentiate the bradykinin
concentration-constrictor response curves because the dilation is
prevented [19-25,35]. As described for group 1, control dose-response

curves to bradykinin were obtained at 11 and16 ml/min. Thereafter, a
continuous infusion of 100 µM L-NAME was maintained during the
repetition of the concentration-response curves at a flow of 11 (basal
pressure 53.4 ± 2.3 mmHg) and 16 ml/min (basal pressure 77.1 ± 2.3
mmHg) (n=9). Response amplitude values were plotted against either
the corresponding concentration (linear plot) or the logarithm of the
concentration (semi-logarithmic plot).

Group 3
Oligosaccharide polymer pretreatment: Our previous
confocal microscopic and functional studies have shown that
oligosaccharide polymers (a combination of mannose, galactose, and
N-acetylglucosamine covalently bound to dextran) bind irreversibly
with a high affinity to endothelial surface layer structures and, once
bound, are not washed away [8,16,12,26]. As described above, control
concentration-response curves to bradykinin were obtained at 11 ml/
min (basal pressure 51.1 ± 2.9 mmHg) and at 16 ml/min (basal pressure
81.2 ± 4.1 mmHg). Thereafter, soluble oligosaccharide polymer was
infused for 5 min at a concentration of 400 µM followed by a wash
period of 10 min so that only oligosaccharide polymer remains bound
to the endothelial surface layer and there is no free oligosaccharide
polymer in the perfusion solution [816,26,38]. The concentrationresponse curves were repeated at a flow of 11 ml/min (basal pressure
46.0 ± 2.1 mmHg) and at 16 ml/min (basal pressure 78.9 ± 3.1). In
each experiment, concentration-response curves at 11 and 16 ml/
min before and after oligosaccharide polymer pretreatment were
compared with each other and with their corresponding control
curves (n=10). Response amplitude values were plotted against either

Figure 1. Under control conditions flow enhances the responses to stimulation of the endothelial luminal B2 receptor by bradykinin.
Original recordings of perfusion pressures from a representative experiment to illustrate the criteria adopted for response amplitude measurement. Responses induced by a bolus injection of
the same concentration of bradykinin at a flow 11 ml/min followed by the response at a flow of 16 ml/min. Each bolus induced a transient pressure response; Peak pressure (Pr) minus basal
pressure (Pb) defined ΔP (mmHg) which was divided by the length of the artery in cm. The magnitude of the response (ΔP/cm) expressed as mmHg/cm. A. Concentration-response curve as
) Responses at a flow of 11 ml/min. (
) Responses at a
a linear plot. Ordinates represent the response amplitude and the abscissae represents the bradykinin concentration (X 10-6 M). (
flow of 16 ml/min. Responses to bradykinin at a flow of 16 ml/min are significantly greater than those at flow of 11 ml/min. Each artery was its own control, * Indicates a p < 0.001. Results
from group 1 (n=45). B. Concentration-response curve as a semi-logarithmic plot. Same data as in figure 1A. Ordinates represent the response amplitude and the abscissae the logarithm of
bradykinin concentration. The data are represented by straight lines with a correlation coefficient ≥ 0.98. The parameter A and slope values for the straight line at 16 ml/min 49.7 ± 1.9 and
24.0 ± 1.4, respectively, are greater than those at 11 ml/min (34.0 ± 1.3 and 15.0 ± 1.2).
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the corresponding concentration (linear plot) or the logarithm of the
concentration (semi-logarithmic plot).

as ΔP/cm; mmHg/cm. Clearly, the response to the same concentration
of bradykinin is greater at 16 ml/min than at 11 ml/min.

Group 4

The concentration-response curves to bradykinin under control
conditions at two flows, 11 ml/min ( ) and 16 ml/min ( ), are
shown in Figures 1A and 1B. In Figure 1A, at all concentrations of
bradykinin, the responses at 16 ml/min are significantly greater than
those at 11 ml/min (each artery was its own control, * Indicates p <
0.001, n= 45). Figure 1B represents the semi-logarithmic plot of the
control concentration-response curves at the two flows. These plots are
represented by two straight lines (correlation coefficient > 0.98) where
A and B correspond to the intercept and slope values, respectively. At
11 and 16 ml/min, the respective intercepts were 34.0 ± 1.3 < 49.7 ±
1.4 and their slopes 15.0 ± 1.2 < 24.0 ± 1.4 (Table 2). The fact that,
at the two flows, intercepts and slopes are different implies that the
concentration-response curve for each flow is different. In the control
groups of the other four different experimental conditions, the values
of intercept and slope were similar to the control group 1 (Table 2).
The greater slope value at a flow of 16 ml/min compared to 11 ml/min
indicates that the same change in bradykinin concentration causes a
greater change in the bradykinin-induced response. Flow enhances the
endothelial-mediated vascular responses to bradykinin stimulation.

Heparinase treatment: Endogenous endothelial surface layer
heparinate groups participate in diverse flow-induced responses
[10,11,13,31], and these numerous groups can be exclusively and
selectively hydrolyzed with intravascular heparinase [39-43]. To
minimize the possibility of transendothelial diffusion, heparinase
was administered repeatedly using a low concentration gradient and
very short exposure times [8,11,13,31,44]. As described above, control
concentration-response curves to bradykinin were obtained at 11 ml/
min (basal pressure 52.4 ± 2.6 mmHg) and at 16 ml/min (basal pressure
81.2 ± 6.8 mmHg). Thereafter, heparinase (1 U/ml) was infused for 0.5
min at a flow of 8 ml/min followed by a wash period of 3 min. This cycle
was repeated 6 times. Thereafter, the concentration-response curves
were repeated at a flow of 11 ml/min (basal pressure 46.9 ± 2.4 mmHg)
and at 16 ml/min (basal pressure 75.0 ± 5.0 mmHg). In each experiment,
the concentration-response curves at 11 and 16 ml/min before and after
heparinase pretreatment were compared with each other and with their
corresponding control curves (n=11). Response amplitude values were
plotted against either the corresponding concentration (linear plot) or
the logarithm of the concentration (semi-logarithmic plot).

Statistical analyses
In all groups, each blood vessel was its own control. Because the
"control" and "experimental" responses were measured in the same
carotid, a paired t-test was chosen as the most appropriate statistical
analysis and results with p < 0.05 were taken as statistically significant.

Results
Control group I: Flow enhances bradykinin-induced
stimulation of the luminal endothelial bradykinin B2 receptor
Bradykinin is an agonist capable of causing vasodilation,
vasoconstriction or both, and, although vasodilation is commonly
reported, vasoconstriction occurs in various vascular preparations
[19-25,45]. To illustrate the vasoconstriction response at different
concentrations of bradykinin, original recordings are shown in figure
1. Vasoconstriction following a bolus injection of bradykinin (0.8 µM)
results in a change in pressure (ΔP) at 11 ml/min that is enhanced at
16 ml/min. Since ΔP varies with the length of the corresponding artery,
ΔP was divided by the artery length (cm) and responses were defined
Table 1. Parameters that describe the straight lines (logarithm concentration-response
curves) of the flow data shown in figures 1-5. Parameter A corresponds to the intersection of
the line with the X-axis and B corresponds to the slope of the straight line. Values of A and
B are shown at the two flows of 11 ml/min and 16 ml/min under five different conditions;
Control, L-NAME, oligosaccharide polymer (Sac-Pol), and heparinase treatments. Only in
the control and L-NAME groups are the parameters A and B at 16 ml/min greater than those
at 11 ml/min. i. e. the straight lines at the two flows are different. Following oligosaccharide
polymer and heparinase treatments, flow fails to alter these parameters.
Molecule

Molecular Weight (x 10 )

Isoelectric Point (pl)

B2R

41.56

8.88

AT1

45-48

6.7

ETAR

48.58

8.68

PRL-R

66

5.66

3

Similar plots were performed under the four different experimental
conditions; however, the graphs are not presented to prevent an excess
of figures and only the intercept and slope values are given in Table 2.

Group 2: Effects of L-NAME on the concentration-vascular
response curves to bradykinin at two flows
The dose-response curves to bradykinin are illustrated in figure
2 (n=9). Figure 2A shows the results at a flow of 11 ml/min under
control conditions ( ) and during the sustained infusion of L-NAME
( ). Figure 2B shows the results at a flow of 16 ml/min under
control conditions ( ) and during the sustained infusion of
L-NAME ( ). L-NAME at the two flows significantly upward shifted
the concentration-vascular responses to bradykinin (each artery was its
own control, * Indicates p < 0.001 and # p < 0.05). In semi-logarithmic
plots these four curves are also represented by straight lines with
high correlation coefficients (≥ 0.98). During L-NAME infusion, as
compared to control, the intercept values increased at 11 ml/min (40.1
± 2.0 > 31.1 ± 1.1) and 16 ml/min (56.0 ± 2.6 > 42.4 ± 1.5). In contrast,
Table 2. In a 2-dimensional SDS-PAGE (2D-SDS-PAGE) pattern were identified protein
dots with the coordinates values of the listed G-protein coupled receptors found in a luminal
lectinic endothelial protein fraction. The receptor-lectins were: B2R; Bradykinin B2,
AT1R; Angiotensin II, ETAR; Endothelin. PRL-R; Prolactin, TXA2R; Thromboxane, A2,
A1-R; Adenosine 1, A2A-R; Adenosine 2, β1-AR; Adrenergic β1, α1-AR; Adrenergic α1.
In addition, identification of bradykinin B2R and the others listed proteins was performed
by inmuno-Dot and found to be present in both the whole endothelial luminal membrane
fraction and in the luminal lectinic endothelial fraction. Modified from Perez-et al Am. J.
Physiol Heart Circ Physiol 306:H699-H708, 2014.
Flow
Group #
CONTROL
CONTROL

11 ml/min

16 ml/min

A

B

A

B

34.0±1.3

15.0±1.2

*49.7±1.4

'24.0±1.4
"22.8±1.6

31.1±1.1

15.5±0.9

"42.4±1.5

"40.1±2.0

18.2±2.2

#"56.0±2.6

27.5±2.3

CONTROL

37.9±2.2

19.3±1.9

*50.0±6.2

*28.4±6.8

L-NAME

TXA2R

37.1

10

ZSac-Pol

*69.2±2.3

*25.3±3.0

"76.3±2.1

26.1±2.5

A1-R

36.64

8.77

CONTROL

32.3±2.1

16.3±2.0

"45.4±1.3

*23.2±1.3

A2A-R

44.88

8.68

Heparinase

*47.9±2.3

"22.4±1.9

53.2±1.8

22.2±2.1

B1-AR

47.06

6.78

78

5.9

* Greater than its corresponding control parameter
# Greater than its corresponding parameter at flow of 11 ml/min

A1A-AR
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Figure 2. Effect of continuous L-NAME infusion at the two flows; 11 ml/min and 16 ml/min enhances the responses to stimulation of the endothelial luminal B2 receptor by bradykinin. A.
Concentration-response curves as a linear plot at a flow of 11 ml/min. Ordinates represent the response amplitude and the abscissae of the bradykinin concentration (X 10-6 M). Responses
at a flow of 11 ml/min under control conditions are represented by
and those during L-NAME administration are represented by
. The responses to bradykinin during L-NAME
administration are significantly greater than those during control. Each artery was its own control, * Indicates a p < 0.001 and # p < 0.05. B. Concentration-response curves as a linear plot
-6
at a flow of 16 ml/min. Ordinates represent the response amplitude and the abscissae the bradykinin concentration (X 10 M). Responses at a flow of 16 ml/min under control conditions are
represented by
and those during L-NAME administration are represented by
. Responses to bradykinin during L-NAME administration are significantly greater than those during
control. Each artery was its own control, * Indicates a p < 0.001 and # p < 0.05. Results from group 2 (n= 9).

Figure 3. Effect of bound oligosaccharide polymer (Sac-Pol) to the endothelial surface layer at the two flows; 11 ml/min and 16 ml/min enhances the responses to stimulation of the
endothelial luminal B2 receptor by bradykinin. A. Concentration-response curves as a linear plot at a flow of 11 ml/min. Ordinates represent the response amplitude and the abscissae the
bradykinin concentration (X 10-6 M). Responses at a flow of 11 ml/min under control conditions are represented by
and those after oligosaccharide polymer (Sac-Pol) administration,
wash and binding to endothelial surface layer are represented by
. The responses to bradykinin once oligosaccharide polymer (Sac-Pol) is bound to endothelial surface layer are
significantly greater than those during control. Each artery was its own control, * Indicates a p < 0.001. B. Concentration-response curves as a linear plot at a flow of 16 ml/min. Responses
at a flow of 16 ml/min under control conditions are represented by
and those after oligosaccharide polymer administration and binding to endothelial surface layer are represented by
. The responses to bradykinin once oligosaccharide polymer is bound to endothelial surface layer are significantly greater than those during control. Each artery was its own control, *
Indicates a p < 0.001. Results from group 3 (n= 10).

the slope values did not change at 11 ml/min (18.2 ± 2.2 ≈ 15.5 ± 0.9)
and at 16 ml/min (27.5 ± 2.3 ≈ 22.8 ± 1.6) (Table 2).

Group 3: Effects of oligosaccharide polymer on the
concentration-vascular response curves to bradykinin at two flows

The presence of G-protein coupled receptors in the luminal
endothelial membrane protein and lectinic luminal
endothelial membrane protein fractions

Extensive work from our laboratory has established that in vivo
oligosaccharide polymers bind with a high affinity and lectinically to
the luminal endothelial membrane proteins. After a transient infusion,
the oligosaccharide polymer remains bound to the luminal endothelial
membrane as shown by confocal microscopy, even after extensive
washout. Upon binding [31,43,46-49]. Thus, oligosaccharide polymer,
after binding to endothelial surface layer lectins such as the bradykinin B2
receptor, likely competes for binding with endogenous oligosaccharides.

Luminal endothelial membrane protein fraction was isolated and
passed through an oligosaccharide polymer affinity column to obtain
the corresponding lectinic luminal endothelial membrane protein
fraction which was subjected to 2D-SDS-PAGE (not shown) and 167
proteins were detected [8,12,14,26]. Protein points with coordinates of
bradykinin B2 receptor plus other various G-protein coupled receptors
were found in the 2D-SDS-PAGE gel. These receptors are listed in Table
1. Furthermore, the identity of these proteins in the whole and lectinic
luminal endothelial membrane protein fractions was determined using
immune-dot blots. Thus, a list of G-protein coupled receptors are
present in the luminal endothelial membrane protein fraction and are
lectinic.
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The dose-response curves to bradykinin are illustrated in figure 3
(n=10). Figure 3A shows the results at a flow of 11 ml/min under control
conditions ( ) and the subsequent results from oligosaccharide
polymer binding to the endothelial surface layer ( ). Figure 3B shows
the results at a flow of 16 ml/min under control conditions ( )
and the subsequent results after oligosaccharide polymer binding to
the endothelial surface layer ( ). Bound endothelial surface layer
oligosaccharide polymer at the two flows significantly caused an
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Figure 4. Effect of removal of heparinic group from the endothelial surface layer at the two flows; 11 ml/min and 16 ml/min enhances the responses to stimulation of the endothelial
luminal B2 receptor by bradykinin. A. Concentration-response curves as a linear plot at a flow of 11 ml/min. Ordinates represent the response amplitude and the abscissae the bradykinin
and those after heparinase infusion, washing and endothelial surface layer
concentration (X 10-6 M). Responses at a flow of 11 ml/min under control conditions are represented by
heparinic group removal are represented by
. The responses to bradykinin once endothelial surface layer heparinic groups are removed are significantly greater than those during control.
Each artery was its own control, * Indicates a p < 0.001 and # p < 0.05. B. Concentration-response curves as a linear plot at a flow of 16 ml/min. Responses at a flow of 16 ml/min under
and those after heparinase infusion, washing and endothelial surface layer heparinic group removal are represented by
. The responses to
control conditions are represented by
bradykinin once endothelial surface layer heparinic groups are removed are significantly greater than those during control. Each artery was its own control, * Indicates a p < 0.001 and # p
< 0.05. Results from group 4 (n= 11).

upward shift of the concentration-vascular responses to bradykinin
potentiating the bradykinin effects at the two flows equally (each
artery was its own control, * Indicates p < 0.001). In semi-logarithmic
plots these four curves are also represented by straight lines with high
correlation coefficients (≥ 0.98) (Table 2). As a result of oligosaccharide
polymer bound to the endothelial surface layer, the intercept values
as compared to control increased at 11 ml/min (69.2 ± 2.3 > 37.9 ±
2.2) and at 16 ml/min (76.3 ± 2.1 > 50.0 ± 6.2). In contrast, when
oligosaccharide polymer binds to the endothelial surface layer, the
slope values increased only at 11 ml/min (25.3 ± 3.0 > 19.3 ± 1.9),
while at 16 ml/min slope values were the same (26.1 ± 2.5 ≈ 28.4 ±
6.8) and similar to that at 11 ml/min in the presence of oligosaccharide
polymer; 25.3 ± 3.0 (Table 2). Oligosaccharide polymer at a flow of
11 ml/min and 16 ml/min displaces each of the corresponding control
concentration-response curves upward to the same level. But in the
presence of oligosaccharide polymer, the concentration-response
curves at the two flows were identical because the slope and intercept
values at the two flows are not different (Table 2).
Group 4: Effects of heparinase on the concentration-vascular
response curves to bradykinin at two flows
Work from our laboratory and many others have shown that the
perfusion of heparinase into blood vessels removes endothelial surface
layer heparinic functional groups [10,11,31,13,39,40,42]. Heparinate,
a branched oligosaccharide, is known to be lectinically bound to
endothelial surface layer functional [40].
The dose-response curves to bradykinin are illustrated in figure
4 (n=11). Figure 4A shows the results at a flow of 11 ml/min under
control conditions ( ) and after removal endothelial surface layer
heparinic groups ( ). Figure 4B shows the results at a flow of 16
ml/min under control conditions ( ) and after removal endothelial
surface layer heparinic groups ( ). Removal of endothelial surface
layer heparinic groups at a flow of 11 ml/min significantly shifted
upward the concentration-vascular responses to bradykinin. Similar
upward displacement occurs at a flow of 16 ml/min, although to a
lesser extent compared to the oligosaccharide polymer (each artery
was its own control, * Indicates a p < 0.001 and # p < 0.05). In semilogarithmic plots these four curves are also represented by straight
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lines with high correlation coefficients (≥ 0.98) (Table 2). Following
the infusion of heparinase, the intercept values as compared to control
increased at both 11 ml/min (47.9 ± 2.3 > 32.3 ± 2.1) and at 16 ml/min
(53.2 ± 1.8 > 45.4 ± 1.3). In contrast, following endothelial surface layer
heparinate removal, the slope values as compared to control increased
only at 11 ml/min (22.4 ± 3.0 > 16.3 ± 2.0), while at 16 ml/min, slope
values were the same (22.2 ± 2.1 ≈ 23.2 ± 1.3) and similar to that at 11
ml/min following heparinate removal; 22.4 ± 1.9 (Table 2). Heparinase
pretreatment at a flow of 11 ml/min and 16 ml/min displaces each of
the corresponding control concentration-response curves upward to
the same level. But after treatment with heparinase, the concentrationresponse curves at the two flows were identical because the slope and
intercept values at the two flows are not different (Table 2). Clearly
binding of oligosaccharide polymer to luminal endothelial membrane
protein and removal of its heparinate groups exerts similar qualitative
effects, although there are quantitative differences.
Comparison of the effects of flow on the concentration-vascular
response curve for bradykinin under four different experimental
conditions
The results of the direct effects of flow under the four different
conditions described in figures 1-4 are compared in Figure 5. Figures
5A, 5B, 5C and 5D compare the effects of the two flows under control,
sustained infusion of L-NAME, oligosaccharide polymer bound
to luminal endothelial membrane protein and removal of luminal
endothelial membrane protein heparinate, respectively. During control
and sustained infusion of L-NAME, the curves at a flow of 11 ml/min
(Figures 5A
and 5B
) are significantly below the corresponding
curve at 16 ml/min ( and
). Clearly, under these two conditions,
flow enhances the effects of bradykinin (each artery was its own control,
* Indicates a p < 0.001). However, the curves obtained at a flow of 11
ml/min and at 16 ml/min after oligosaccharide polymer is bound to
the luminal endothelial membrane protein (Figures 5C ,
) and
luminal endothelial membrane protein heparinic groups removed
(Figure 5D
,
) are not different from each other. Clearly, under
these two conditions, flow fails to enhance the effects of bradykinin.
In semi-logarithmic plots, all of these eight curves are represented
by straight lines with high correlation coefficients ≥ 0.98 and their
intercept (A) and slope values (B) are given in Table 2.
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Figure 5. Flow effects on the responses to bradykinin stimulation of the endothelial surface layer bradykinin B2 receptor (concentration-response curve) under four different experimental
conditions. A. under control conditions. Ordinates represent the response amplitude and the abscissae the bradykinin concentration (X 10-6 M).
= Responses at a flow of 11 ml/min.
= Responses at a flow of 16 ml/min. Responses to bradykinin at a flow of 16 ml/min are significantly greater than those at 11 ml/min. Under this condition, flow enhances the response to
bradykinin. Each artery was its own control, * Indicates a p < 0.001. Results from group 1 (n= 4). B. during the sustained infusion of L-NAME. Concentration-response curve as a linear
plot. Ordinates represent the response amplitude and the abscissae the bradykinin concentration (X 10-6 M).
= Responses at a flow of 11 ml/min.
= Responses at a flow of 16 ml/min.
Responses to bradykinin at a flow of 16 ml/min are significantly greater than those at f 11 ml/min. Under this condition, flow enhances the response to bradykinin. Each artery was its own
control, * Indicates a p < 0.001. Results from group 2 (n= 9). C. After oligosaccharide polymer (Sac-Pol) binding to endothelial surface layer. Ordinates represent the response amplitude
and the abscissae the bradykinin concentration (X 10-6 M). = Responses at a flow of 11 ml/min.
= Responses at a flow of 16 ml/min. Responses to bradykinin at the two flows are
the same. Under this condition, flow fails to enhance the response to bradykinin. Each artery was its own control. Results from group 3 (n= 10). D. After endothelial surface layer heparinic
group removal. Ordinates represent the response amplitude and the abscissae the bradykinin concentration (X 10-6 M).
= Responses at a flow of 11 ml/min.
= Responses at a flow
of 16 ml/min. Responses to bradykinin at the two flows are the same. Under this condition, flow fails to enhance the response to bradykinin. Each artery was its own control. Results from
group 4 (n= 11). All these concentration-response curves in a semi-logarithmic plot yielded straight lines with correlation coefficients ≥ 0.98 and the parameters that describe these straight
lines A and slope (B) are shown in table II.

Discussion
For our present study, we chose the isolated guinea pig carotid
artery perfused at controlled flow because its features include: a small
uniform vascular cylinder; the ability to set the flow rate, its endothelial
surface layer can be directly accessed, and intact glycocalyx [48,49].
In addition, the amplitude of the contractile responses of the vascular
smooth muscle is a direct indicator of endothelial paracrine signaling
[20-25]. This preparation constitutes a system more similar to an in vivo
model, making it a suitable agile system for quantitative studies on the
mechanisms of flow-activation of endothelial surface layer endothelial
processes with changes in vascular smooth muscle contraction serving
as an [20-25].

bradykinin B2 receptors, and upon infusion, binds solely to lectinic
luminal endothelial membrane proteins, including the bradykinin B2
receptor in situ [8,12,26].

1) Under control conditions bradykinin-activation of the
endothelial surface layer bradykinin receptor is enhanced by flow.

3) Removal of luminal endothelial membrane protein heparinate
using heparinase, at the two flows, resulted in a significant upward shift
of the concentration-vascular responses to bradykinin as compared
to control. Heparinate groups are the most abundant oligosaccharide
component of the endothelial surface layer and likely interact with
neighboring lectinic proteins [10,40,42,50]. These potentiating effects
of heparinate removal on the effect of bradykinin at the two flows
were almost similar to the potentiating effects of flow, rendering the
flow effects nil (Figure. 5, Table 2). Both oligosaccharide polymer
and heparinase, due to their size and transient administration, their
respective targeting to endothelial surface layer lectins and heparinate,
are agents that restrict their actions to the endothelial surface layer to
alter its oligosaccharide composition.

2) Oligosaccharide polymer bound to lectins of the luminal
endothelial membrane at the two flows significantly upward shifted the
concentration-vascular responses to bradykinin. These potentiating
effects of oligosaccharide polymer on the effect of bradykinin at the
two flows were well above the potentiating effects of flow, rendering
the flow effects nil (Figure 4, Table 2). The oligosaccharide polymer has
been used as an affinity resin to isolate lectinic endothelial surface layer

4) In the presence of L-NAME, at the two flows, as compared to
its control, significantly upward shifted the concentration-vascular
responses to bradykinin. But these potentiating effects of L-NAME on
flow remain equally effective as in the controls, which contrasts with
the effects of the oligosaccharide polymer and heparinase (Figure. 2,
Table 2). This effect of L-NAME could be attributed to sole inhibition
of basal nitric synthase activity independent of B2 bradykinin-induced

In this manuscript we show that:
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signaling. However, inhibition of basal nitric oxide synthesis would
be manifested by a basal constriction expressed as an increase in basal
perfusion pressures which, during control at 11 ml/min and 16 ml/
min, were 49 ± 1.9 mmHg and 74.2 ± 2.6 mmHg, respectively, and
equal at 53.4 ± 2.3 mmHg and 77.1 ± 2.3 mmHg during L-NAME.
Thus, the effects of L-NAME are likely the result of an interaction with
bradykinin signaling.
The importance of endothelial surface layer oligosaccharide and
flow on agonist activation of endothelial surface layer receptors is
emphasized by a recent study from our laboratory [14]. Intracoronary
infusion of Candida glabrata, a pathogen, binding via mannose-links
to the endothelial surface layer, alters flow-modulated functional
responses and agonist-induced responses of three different G-protein
coupled receptors; bradykinin, angiotensin II type 1 and α1-adrenergic
receptors. Furthermore, if Candida glabrata is used as an affinitymannose resin, lectinic endothelial surface layer G-protein coupled
receptors; bradykinin, angiotensin II type 1, α1-adrenergic and
endothelin 2 receptors are isolated. Oligosaccharide polymer and
Candida glabrata behave similarly in both their physiological effects
and ability to bind lectinic luminal endothelial membrane G-protein
coupled receptors and their effects are prevented if the corresponding
free monosaccharide is infused simultaneously (Torres-Tirado, et al.
2016) [14]. It is evident that numerous and diverse endothelial surface
layer lectinic binding sites are common rather than unique for the
endothelial surface layer [8,12,16,26].
Our hypothesis is that the flow response requires that the
sensor, composed of a lectinic transducing protein in a specific
oligosaccharide environment, detects flow/mechanical stress through
lectin-oligosaccharide interactions [1,2,8,12,14,26,51]. This concept
would apply to other flow-sensitive luminal endothelial membrane
protein structures listed in Table 3. These structures possess most of
listed properties required by the hypothesis; presence in the luminal
endothelial membrane protein fraction (whole membrane fraction,

WMF), are lectins, respond to flow independently of an agonist,
respond to its agonist, and flow induces conformational changes.
Our present results provide further support of the concept that the
blood vessel’s luminal glycocalyx components, oligosaccharides (O)
and signaling lectinic transmembrane proteins (L), due to their affinity
and proximity, form reversible complexes (O●L) via the following
O●L. Addition of exogenous
dynamic equilibrium: O + L
oligosaccharides, such as the oligosaccharide polymer, by competition
with the endogenous oligosaccharides or removal of endogenous
oligosaccharides with enzymes, such as heparinase, would certainly
alter the equilibrium of this system. If L is a G-protein coupled receptor
known to be flow activated as is bradykinin, it implies that flow and
the corresponding agonist should act synergistically and flow simply
potentiates the concentration-dependent actions of the agonist. This
equilibrium determines the level of activation to be achieved by the
responding endothelial biochemical pathway that is modulated by
flow and its disturbance defines the “magnitude of the response” of the
true flow sensors; O and L. It is likely that O, being the most highly
hydrated, is the structure that directly absorbs more of the energy of
flow (water and ions in motion), when either O●L or O + L are initiated.
If this interpretation is correct, it indicates that the transmembrane
transducing Ls, such as the G-protein coupled receptor bradykinin,
are not insular, are exclusively chemically-sensitive molecules, but
are part of molecular complexes whose functions are determined and
graded by interactions with their specific oligosaccharide environment.
This intuitive concept is illustrated in figure 6 which represents an
endothelial cell and transmembrane signaling proteins which have
several lectinic sites, are embedded in an oligosaccharide environment
and exposed to the flow of water and ions. Oligosaccharide-lectinic
sites bind reversibly and some or all are, by an unexplained physical
mechanism, flow-modulated, resulting in cell signaling. This complex
of molecules is the "RECEPTOR" and each part determines the
signaling output, making the “receptor” multifunctional [52,53]. In our

Table 3. Luminal endothelial membrane lectinic proteins that respond to flow and luminal
agnostic activation.
Protein

Present
*WMF

*Isolated
as lectin

Responds to
Flow

MolConf C
by flow

Agonists

GROUP 1:GPCR
Bradykinin B2

+

+

+

+

+

Angiotensin AT

+

+

+

+

+

Adrenergic α1

+

+

+

+

+

Adenosine Al

+

+

+

+

+

Endothelin ETA

+

+

+

?

?

Prolactin PRL

+

+

+

?

?

Vasopressin V1

+

?

+

+

?

Muscarinic M5

+

?

+

+

?

Histamine H1

+

?

+

?

?

Adenosine A2

+

+

?

+

?

Thomboxane TXA2

+

+

?

+

?

Adrenergic β1

+

+

?

?

+

Adrenergic β3

+

+

?

?

?

PECAM-1

+

+

+

+

VCAM-1

+

+

+

?

ICAM-1

+

+

+

?

GROUP 2: SELECTIONS

*WMF: Whole Membrane Fraction; #; isolated by affinity chromatography; &MolConf C:
Conformational molecular changes by flow
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opinion, our proposal is the only one that offers a mechanism for the
mechanotransduction of the flow signal.
However, our assumption is that upon binding of the
oligosaccharide polymer to the bradykinin receptor of the luminal
endothelial membrane, it alters its flow-induced responses to
bradykinin i. e. a direct cause and effect. However, the oligosaccharide
polymer binds to other signaling proteins that are also flow sensitive
and may indirectly modulate vascular smooth muscle tone that alters
the response to bradykinin. Thus, alternative mechanisms other than
a direct cause and effect could explain our results on flow. Possible
alternative explanations include; 1) Angiotensin II and adrenergic α1
receptors are flow sensitive and indirectly could alter muscle tone,
thus, the bradykinin response. 2) Flow has been shown to stimulate
release of ATP via activation of a luminal endothelial membrane ATP
synthase. ATP in turn stimulates purinergic P2X4 channels, causing
the release of nitric oxyde. If oligosaccharide polymer inhibited either
ATP production or its effect on the P2X4 channel, this would inhibit
the flow-induced dilation by this mechanism which would tend to
increase the constrictor effect by bradykinin. These alternatives must
be explored in the future.
Lastly, it is inaccurate to assume that hormone and electrical stimuli
act on transmembrane effector proteins in a cell membrane (a lipid
bilayer) which is denuded of extracellular specific anchor structures
i. e. a “baldheaded” membrane [1,2,46]. These pervasive models are a
conceptual oversimplification since electron microscopic, biochemical,
and now functional studies show that many of these transmembrane
proteins are lectins and are surrounded and bound to a dense mesh of
specific oligosaccharides complexes.
In summary, we propose that the role of flow is to modulate the
level of interaction between oligosaccharide-lectinic receptor sites and
that this represents one of the mechanisms responsible for receptor
mechanosensing. However, it is likely that a different principle may
apply to other mechanosensing structures.
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