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Endothelium-dependent Hyperpolarization–Mediated Relaxation 
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Abstract—Endothelium-dependent relaxation mechanisms have been studied in phenylephrine-precon-
tracted capsules of bovine mesenteric lymph nodes studied in vitro. Tetraethylammonium chloride and
TRAM-34 in a solution with L-NAME and Indomethacin, which suppress the production NO and prosta-
cyclin of endothelium, increased the tone of the lymph nodes. We believe that in bovine mesenteric lymph
nodes, the dilation mechanism is mediated by hyperpolarization of the endothelium, which is associated with
activation of large- and intermedium conductance Ca2+-activated potassium channels.
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Numerous reports published during the past 30 years
suggest that vascular endothelium plays an important
role in the arterial tone regulation [4, 5, 13]. Enhanced
shear stress of the endothelium and a number of bio-
logically active substances elicit the formation of vaso-
active substances, such as nitric oxide (NO), prostacy-
clin (PGI2), and endothelial hyperpolarizing factor
(EDHF) [13]. NO and PGI2 produced by endothe-
lium diffuse to the vessel smooth muscle cells (SMCs),
where they activate the intracellular signaling path-
ways leading to vasodilatation [6, 7]. Later, vasodilata-
tion in response to acetylcholine (ACh), as well as
shear stress, in the presence of NO synthase and cyclo-
oxygenase were shown in some arteries; i.e., the third
pathway of endothelium-dependent vasodilatation was
found, which consisted in hyperpolarization of the
SMC membrane [7]. The influence of the endothe-
lium-derived substances (epoxyeicosatrienoic acids,
hydrogen peroxide, hydrogen sulfide, etc.) on the SMC
membrane leads to membrane hyperpolarization and
myocyte relaxation [13]. Some evidence suggests that
the endothelial cell hyperpolarization spreads to SMCs
through the myoendothelial gap junctions [6, 7]. Later,
the endothelium ability to evoke SMC hyperpolariza-
tion and relaxation was found in some veins [9, 15].

Along with the blood vessels, endothelial vasodila-
tors, such as NO and PGI2, were identified in the lym-
phatic vessel (LV) endothelium [10, 11, 14] and in that
of lymph nodes (LNs) [1, 2]. Regarding the third
mechanism of the endothelium-derived vasodilata-
tion, via EDHF formation, there is no evidence so far
that it also functions in LVs or LNs.
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The goal of this study was to ascertain the mecha-
nism of the LN capsule relaxation through endothelial
hyperpolarization and to understand the role of this
mechanism in the modulating effect of endothelium
on the contractile function of LN SMCs.

The subject of our study was mesenteric LNs of 16-
to 18-month-old bulls. Lymph nodes were isolated
15 min after bleeding the animals, placed into saline
cooled to 2–4°C, and delivered into the laboratory.
The capsule strips (8–10 mm long and 1 mm wide;
n = 36) were cut out, while the subcapsular sinus was
retained. In ten strips, the subcapsular sinus was
removed. Then, the capsule strips were placed in a
myograph chamber with a FORT 10 sensor (World
Precision Instruments, United States). The experi-
ments were performed under continuous supply of
oxygenated physiological saline of the following com-
position, mM: NaCl, 120.4; KCl, 5.9; CaCl2, 2.5;
MgCl2, 1.2; NaH2PO4, 1.2; NaHCO3, 15.5; and glu-
cose, 11.5. The physiological saline was saturated with
a gas mixture consisting of 95% of О2 and 5% of СО2
at a temperature of 37.0 ± 0.1°С. The technique was
described earlier in detail [1]. The preparations were
exposed to an initial tension of 0.45 mN/mm, which
corresponded to a transmural pressure of 50 mm H2O,
and, after a 30-min stabilization, their contractile
activity was recorded. The following agonists and
antagonists were used: phenylephrine hydrochloride
(Sigma-Aldrich, United States, 1 × 10–5 М); acetylcho-
line chloride (Sigma-Aldrich, 1 × 10–9 to 1 × 10–5 М);
methyl ether Nώ-nitro-L-arginin (L-NAME, MP
Biomedicals, United States, 1 × 10–4 М); indometha-
cin (Sigma-Aldrich, 1 × 10–5 М); tetramethylammo-
nium chloride (TEA, Sigma-Aldrich, 1 × 10–3 М);
apamin (Sigma-Aldrich, 1 × 10–7 М); TRAM-34 (1-
0
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Fig. 1. The concentration-dependent effect of acetylcho-
line on the phenylephrine-precontracted bovine lymph-
node capsule. On the left of the curve, a single sponta-
neous phase contraction of the LN capsule; x axis, con-
centration, M; y axis, tension. 
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Fig. 2. Relaxation of the phenylephrine-precontracted
(1 × 10–5 M) LN-capsule strips in response to acetylcho-
line added at concentrations of 1 × 10–9 to 1 × 10–5 М.
End+, LN capsule with endothelium, n = 12; End–, deen-
dothelized LN capsule, n = 10. Data (M ± m) are shown in
percents of the contraction amplitude in response to phen-
ylephrine. 
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[(2-chlorphenyl) diphenylmethyl]-1H-pirasol, Sigma-
Aldrich, 1 × 10–7 М).

The results were processed statistically using the
Statistica 6.1.478 software (StatSoft, United States).
Significant differences were determined using Stu-
dent’s t test. Differences were considered statistically
significant at p ≤ 0.05.

Rhythmical contractions of LN capsule strips (34
out of 36) were observed 30 min after the strips were
incubated in saline. The parameters of these phase
contractions were described earlier [1]. Addition of
phenylephrine to the solution with LN capsule strips
led to a rapid increase in tonic tension, which stabi-
lized at a new level after 2–3 min. Afterwards, increas-
ing ACh concentrations were added (1 × 10–9 to 1 ×
10–5 М), and the LN strip relaxation was estimated
(Fig. 1). At concentrations of 1 × 10–9 and 1 × 10–8 М,
acetylcholine had no effect on the LN strip tension.
With increasing ACh concentration up to 1 × 10–6 М,
the tension of strip preparations reduced, and, at a
concentration of 1 × 10–5 М, ACh caused the maxi-
mum relaxation reaching 51.4 ± 4.6% of the contrac-
tion induced by phenylephrine (Fig. 1). The prepara-
tion response to the ACh concentration of 1 × 10–4 М
did not differ significantly from that at the ACh con-
centration of 1 × 10–5 М. The deendothelized strips of
LN capsules did not respond to the aforementioned
ACh concentrations. The tension of the deendothe-
lized strips remained unchanged in response to ACh,
which indicates that the LN capsule relaxation caused
by ACh is endothelium-dependent. Figure 2 shows the
averaged results of these experiments.

In subsequent experiments, the following sub-
stances were added 20 min before exposure to ACh: L-
NAME (an NO synthase inhibitor), indomethacin
(Indo, a cyclooxygenase inhibitor), and specific
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blockers of K+ channels at different combinations:
TEA (a blocker of Са2+-activated K+ channels of a
high conductivity), TRAM-34 (a blocker of Са2+-acti-
vated K+ channels of an intermediate conductivity)
and apamin (a blocker of Са2+-activated K+ channels
of a low conductivity). Figure 3 shows the results of
this experimental series. In a solution with L-NAME,
relaxation of the phenylephrin-precontracted LN cap-
sule was significantly suppressed (down to 34.2 ±
2.9%), which proves the important role of NO in the
relaxing effect of ACh on the strips of the LN capsule.
Similar results were obtained earlier in studying NO-
dependent regulation of the LN-capsule contractile
function [1, 2]. To assess the role of PGI2 in ACh-
induced relaxation of the LN capsule, the capsule was
treated with two inhibitors (L-NAME + Indo). In this
case, the ACh-evoked relaxation of the LN capsule
was less than the effect of L-NAME alone (28.3 ±
2.4%), but the difference was insignificant, which sug-
gests that PGI2 role in the LN capsule relaxation was
not of great importance.

Despite the inhibition of NO and PGI2 production
by endotheliocytes, ACh still caused a significant
relaxation of the LN capsule contracted after the effect
of phenylephrine. This suggested the existence of an
additional signaling pathway of LN capsule relaxation.
To date, such a pathway is well identified in arteries
and veins and is known to be related to the endothe-
lium-dependent hyperpolarization triggered by Са2+-
activated K+ channels [7, 9]. At the first stage of pos-
sible involvement of the Са2+-activated K+ channels in
the LN capsule relaxation, we applied TEA and
recorded a slight decrease in ACh-evoked relaxation
(Fig. 3). The level of relaxation was on the border of
statistical significance. Some published evidence sug-
gests that, under physiological conditions, endothelial
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Fig. 3. The effects of NO-synthase and cyclooxygenase
inhibitors (L-NAME and Indo, respectively) and specific
blockers of the Са2+-activated K+ channels (TEA and
TRAM-34) on the ACh-evoked relaxation of the LN-cap-
sule strips. 1, ACh; 2, L-NAME; 3, Indo; 4, TEA. Against
the background of the L-NAME + Indo effect and the
ACh-evoked relaxation, either TEA (5) or TRAM-34 (6)
was added into the solution. 
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vasodilators are often formed in excessive amounts
and can influence either production or the effects of
other dilators. For instance, when studying the coro-
nary microcirculation in dogs, the exogenous NO was
found to inhibit either the production or the effect of
EDHF [9]. It was also found that, in Sprague Dawley
rats, both endogenous and exogenous NO reduced
significantly the EDHF-mediated depressor response
[8]. Taking into account these data, we studied the
TEA effect in a solution containing L-NAME + Indo.
In these experiments, a significant decrease was
observed in the ACh-evoked relaxation of LN capsule
strips as compared to their relaxation in the solution
containing only L-NAME + Indo (the relaxation
amplitude was 15.1 ± 1.9% of the phenylephrine-
caused contraction amplitude versus 25.3 ± 3.1% in
the solution with L-NAME + Indo, Fig. 3).

Suppression of the ACh-evoked LN capsule relax-
ation was even stronger after addition of TRAM-34
into the solution containing L-NAME + Indo (the
relaxation amplitude was 11.4 ± 1.52% of the phenyl-
ephrine-evoked contraction amplitude, Fig. 3). Addi-
tion of apamin into the solution containing L-NAME +
Indo caused no significant changes in the ACh-
evoked relaxation of the LN capsule (data not shown).

Published evidence indicates that the effects of
vasodilators (NO, PGI2, and EDHF) differ signifi-

cantly in various vascular regions in animals of differ-
ent species [3, 13]. In some reports (e.g., [12]), NO
was found to be the main endothelium-produced
vasodilator in large arteries, while in small arteries,
vasodilatation is mainly EDHF-mediated. The chem-
ical nature of EDHF has not been determined so far,
but it is universally recognized that the end result of
the EDHF effect is opening of the Ca2+-activated К+

channels, which is followed by membrane hyperpolar-
ization of the vascular SMCs and their relaxation.

The results of our study indicate that, in the bovine
mesenteric LN, the endothelium-dependent relax-
ation mechanism mediated by endothelial hyperpo-
larization is activated along with NO- and PGI2-

mediated mechanisms. Since the ACh-evoked relax-
ation was significantly reduced after TEA and TRAM-
34 application, we suggest that the EDHF-mediated
relaxation mechanism in the LN capsule is triggered

via activation of Ca2+-activated К+ channels of high
and intermediate conductivities.
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