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Summary 
The aim of the present study was to investigate the endothelial function in human mesenteric arteries with specific 
reference to defining the role of endothelium-derived nitric oxide (EDNO) and the endothelium-derived hyperpolarizing 
factor (EDHF). Isolated segments of small human mesenteric arteries (225-450 µm inner diameter) were mounted in 
organ baths for recording isometric tension. In arteries precontracted with U46619 (thromboxane A2 analogue, 10-7 M), 
endothelium-dependent relaxations were induced in a concentration-dependent manner by substance P and histamine. In 
normal Krebs solution the relaxations to substance P (10-9 M) and histamine (10-7 M) were not significantly affected by 
preincubation with Nω-nitro-L-arginine (L-NNA, 10-4 M) or indomethacin (10-5 M). When the preparations were 
exposed to a solution containing 60 mM KCl, stable contractions were induced, but relaxations could still be induced by 
substance P and histamine. When the arteries were further preincubated with L-NNA, the relaxations were almost 
abolished. A combination of apamin (3 x 10-7 M) and charybdotoxin (10-9 M) almost abolished relaxations in normal 
Krebs solution. It is concluded that isolated human mesenteric arteries respond to substance P and histamine with 
relaxations that are endothelium-dependent. Synthesis of both EDNO and EDHF seem important for these relaxations, 
whereas prostaglandins seem to be of minor importance. 
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Introduction 
 
 The endothelium plays an important role in the 
control of vascular tone and microcirculation. This 
influence is exerted through the release of different 
substances from the endothelial cells, and these 
substances diffuse to the underlying vascular smooth 
muscles to influence the tone and/or membrane potential. 
The fascinating mechanism behind the ability of 
acetylcholine to induce endothelium-dependent 
relaxations was first elegantly demonstrated by Furchgott 

and Zawadzki (1980), and the factor(s) being released 
was named endothelial-derived relaxing factor (EDRF). 
Prostanoids are important vasoactive substances 
generated in the endothelium (Moncada and Vane 1978), 
although their relative importance seems to vary 
considerably in different vascular beds (Garland and 
McPherson 1992, Zygmunt et al. 1994, Murphy and 
Brayden 1995, Corriu et al. 1996, Shimokawa et al. 1996, 
Urakami-Harasawa et al. 1997). Even before nitric oxide 
(NO) had been established as being one of the 
components of EDRF, different studies had indicated that 
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acetylcholine-induced endothelium-dependent effects 
could be classified as a relaxing effect independent of 
membrane potential changes, and a hyperpolarizing effect 
that was unaffected by substances with a profound 
inhibitory effect on relaxations (Bolton and Clapp 1986). 
In some studies, endothelium-derived nitric oxide 
(EDNO) has been shown to act independently of 
membrane potential changes (Chen et al. 1988, Huang et 
al. 1988), although some exceptions also exist (Tare et al. 
1990). It is therefore tenable to classify endothelial-
dependent relaxations as being due to prostanoid 
synthesis, formation of EDNO, or to release of 
endothelium-dependent hyperpolarizing factor (EDHF). 
Due to the fact that both prostacyclin (Murphy and 
Brayden 1995) and nitric oxide (Garland and McPherson 
1992) are capable of hyperpolarizing cell membranes, 
responses to EDHF are those elicited in the presence of 
agents blocking the formation of prostanoids and nitric 
oxide (Feletou and Vanhoutte 1996). 
 Mesenteric blood flow is very important from a 
clinical point of view, and endogenous factors regulating 
vascular tone in the mesenteric bed have therefore been 
studied extensively. Briefly, inhibitory effects attributable 
to both EDNO and EDHF have been demonstrated in 
mesenteric arteries of various experimental animals. 
Interestingly, the relative importance of EDHF in the rat 
mesenteric artery seems much greater than in femoral and 
intrarenal arteries (Zygmunt et al. 1995) and in the aorta 
(Shimokawa et al. 1996). Human gastroepiploic arteries 
show responses attributable to a release of both EDNO 
and EDHF (Urakami-Harasawa et al. 1997), while 
prostanoids seem to play no role in these vessels in 
contrast to findings in rabbit mesenteric arteries (Murphy 
and Brayden 1995), but confirming findings in rats 
(Parsons et al. 1994, Garland and McPherson 1992, 
Shimokawa et al. 1996, Chen and Cheung 1997). 
 Identification of responses attributable to EDHF 
seems to require electrophysiological measurements. 
Numerous studies have shown that hyperpolarizations 
and relaxations induced by EDHF are due to opening of 
potassium channels, and some blockers of these channels 
are indeed efficient inhibitors of EDHF. Moreover, it has 
turned out to be experimentally possible to distinguish 
responses attributable to EDNO and EDHF by studying 
the inhibitory events in solutions containing elevated 
concentrations of potassium, since this disables the 
potassium channel-dependent action of EDHF (Adeagbo 
and Triggle 1993, Cai et al. 1994, Hecker et al. 1994, 
Zygmunt et al. 1995, Kamata et al. 1996, Kamata and 

Makino 1997, McCulloch et al. 1997, Randall et al. 1997, 
Zygmunt et al. 1997) 
 When studying these events in microvessels, it is 
important to realize that both vessel type and vessel size 
seem to have impact on the relative importance of the 
above mentioned factors. By comparing the responses in 
different segments of the rat mesenteric artery, an 
increasing importance of EDHF was found as vessel size 
decreased (Shimokawa et al. 1996). The aims of the 
present study were to study endothelial function in small 
human mesenteric resistance arteries with specific 
reference to defining relaxations attributable to the 
release of EDNO and EDHF.  
 
Methods 
 
 Small arteries (inner diameter 225-450 µm) were 
obtained from segments of colon with attached mesentery 
removed from patients with bowel cancer. The specimens 
were taken from macroscopically normal tissue, and care 
was taken not to include vascular beds supplying the area 
of the tumor. After removal, the tissue was immediately 
placed in cold Krebs solution (for composition, see 
below) and transported to the laboratory. The vessels 
were located in the mesentery by the aid of a stereo 
microscope, and besides selecting arteries of a distinct 
size we always selected arteries with a definite course in 
the bowel wall. Ring preparations (length approx. 2 mm) 
of the vessels were suspended in small organ chambers 
(Hogestatt et al. 1983) containing calcium free solution 
(for composition, see below). Isometric tension was 
measured by Grass FT.03 transducers, and registered on a 
Grass Polygraph (model 7E). The arteries were stretched 
until a stable passive tension level of 3 mN was obtained. 
After an equilibration period of up to one hour, the 
calcium-free solution was replaced by a calcium 
containing Krebs solution (for composition, se below). In 
separate experiments, the endothelium was removed by 
rubbing the interior of the vessel gently by a horse hair. 
The functional stability of the vessels was tested prior to 
the experiments by repeated exposure to a solution 
containing 124 mM potassium. This resulted in 
monophasic contractions that were reproducible after 
several exposures.  
 
Composition of solutions (mM) 
 Krebs solution: 119 NaCl, 4.6 KCl, 15 NaHCO3, 
1.5 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, and 11 glucose. 
Calcium-free solution: 119 NaCl, 4.6 KCl, 15 NaHCO3, 
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1.2 MgCl2, 1.2 NaH2PO4, 11 glucose, and 0.01 EGTA 
(ethylene glycol-bis (ß-aminoethyl ether)-N,N,N',N'-
tetracetate). 124 mM potassium solution: 124 KCl, 15 
NaHCO3, 1.5 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, and 11 
glucose. 60 mM potassium solution: 64 NaCl, 60 KCl, 15 
NaHCO3, 1.5 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, and 11 
glucose. 
 
Drugs 
 Nω-nitro-L-arginine (L-NNA, Sigma, St. Louis, 
MO, USA), carbamoylcholine chloride (carbachol, 
Sigma), apamin (Sigma), substance P (Sigma), U46619 
(9,11-dideoxy-11,9,epoxy-methano-prostglandin F2 , 
UpJohn), charybdotoxin (Sigma). All dilutions were 
made in 0.9 % NaCl containing 1.0 mM ascorbic acid, 
except apamin and charybdotoxin that were both 
dissolved in distilled water containing 0.05 % albumin. 
Ultrasonic disruption of L-NNA powder was necessary 
for dissolving this agent. 
 
Statistical considerations 
 All data are given as means ± S.E.M. A paired or 
unpaired Student´s t test was used where appropriate, and 
ANOVA test was applied for a comparison of more than 
two groups. In case of significant difference detected with 
the ANOVA test (p<0.05), Student-Newman-Keuls test 
was applied for multiple comparisons. N denotes the 
number of patients studied in each experimental series. 
One vessel from each patient was used in each series. 
 
Results 
 
 The inner diameter of these vessels varied 
between 225 and 450 µm (unstretched). After the 
preparations had been suspended under a passive tension 
of 3 mN and allowed to equilibrate in normal Krebs 
solution, the exposure to 124 mM potassium solution 
resulted in a tonic contraction, occasionally with 
superimposed phasic contractions of relatively low 
amplitude. In paired studies, the amplitude of the 
contractions amounted to 9.3±0.5 mN in arteries with 
intact epithelium, and to 6.2±0.4 mN in endothelial-
denuded preparations (p<0.05, N=5). The appearance of 
the contractile response of the vessels when exposed to 
the solution containing 60 mM of potassium was 
indistinguishable from the response in 124 mM 
potassium, but the amplitude was significantly lower 
(8.3±0.7 mN vs. 7.3±0.7 mN in 124 mM and 60 mM 
potassium solution, respectively. p<0.05, N=9) 

 The thromboxane A2 analogue, U46619, induced 
concentration-dependent contractions of the arteries. 
Maximal contractions amounted to 9.4 ± 2.3 mN (N=13) 
corresponding to 152±12 % of the response to 124 mM 
potassium solution. EC50 was 1.3 x 10-8 M (pD2 = 
7.88±0.15). For experiments where a submaximal 
stimulation was intended, a concentration of 10-7 M was 
chosen (yielding approximately 90 % of maximal 
contraction). 
 

 
Fig. 1. Tracings illustrating the effect of substance P on 
mesenteric arteries contracted with U46619. In A, the artery was 
contracted with U46629 in normal Krebs solution. In B and C, the 
arteries were contracted in a solution containing 60 mM of 
potassium. Furthermore, the baths were preincubated with 
L-NNA (10-4 M) in C. 
 
 
Endothelium-dependent relaxations 
 In arteries precontracted with U46619 (10-7 M), 
carbachol 10-6 M induced only very modest, and quite 
variable relaxations. Higher concentrations of carbachol 
(up to10-5 M) turned out to be as incapable of relaxing the 
arteries. Substance P induced long-lasting, concentration-
dependent relaxations (Figs 1A and 2). The maximal 
response obtained in experiments, where a cumulative 
addition of substance P was used, amounted to 
78.1±5.8 % of the contraction induced by U46619. With 
single exposures to 10-9 M of substance P the relaxation 
amounted to 74.8±7.7 % of U46619-induced tension 
(Fig. 3), and the magnitude of this relaxation was not 
changed with the second exposure to substance P (time 
control, Fig. 3). The relaxation was significantly 
attenuated in endothelium-denuded preparations (Fig. 3). 
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Fig. 2. Inhibitory effects of substance P (N=6) and histamine 
(N=6) in isolated mesenteric arteries. The arteries were 
precontracted with U46619 (10-7 M), and substance P or 
histamine were added in cumulatively increasing concentrations. 
Values are mean ± S.E.M. 
 
 

 
Fig. 3. Effects of substance P (10-9 M, N=7)) and of histamine 
(10-7 M, N=7)) in vessels precontracted with U46619 (10-7 M). 
Control responses denote responses to first exposure to 
substance P or histamine, while responses grouped as time 
control are responses to second exposure to the these inhibitory 
substances. L-NNA (10-4 M, N=7)) was added to the baths at 
least 10 min before a second exposure to substance P or 
histamine. ** p<0.01, *** p<0.001. Values are mean ± S.E.M. 
 
 

 U46619-precontracted arteries were also relaxed 
by histamine in a concentration-dependent manner 
(Fig. 2). Relaxation amplitude in response to 10-6 M 
histamine amounted to 50.1±6.1 % of U46619-induced 
tension (Fig. 3). This response was unchanged at the 

second exposure (time control), and it was almost 
abolished in endothelium-denuded preparations (Fig. 3). 
Preincubation with indomethacin (cyclooxygenase 
inhibitor, 10-5 M) had no influence on relaxations induced 
by substance P and histamine (data not shown). 
 
Effect of L-NNA 
 Pretreatment with L-NNA (inhibitor of nitric 
oxide formation, 10-4 M) did not change the contractile 
response to U46619. L-NNA did not significantly change 
relaxations induced by substance P or histamine, although 
the response to histamine seemed attenuated (Fig. 3, time 
control vs. L-NNA: 58.8±8.2 % vs. 36.8±8.0 %, p=0.06). 
Thus a substantial relaxation was evident in the presence 
of L-NNA (10-4 M). 
 
Relaxations in 60 mM potassium solution 
 In this solution, where actions mediated through 
potassium channels are inactivated, histamine (10-7 M) 
induced relaxations amounting to 20.9±4.9 % (N=5), 
which is significantly lower than in U46619-
precontracted vessels. When the vessels were also 
preincubated with L-NNA (10-4 M), the exposure to 
histamine (10-7 M) resulted in a very poor relaxation 
amounting to 5.2±2.0 % (Fig. 4). 
 

 
Fig. 4. Effects of substance P (10-9 M, N=5) and of histamine 
(10-7 M, N=5) in vessels precontracted with either U46619 (10-7 
M, control) or 60 mM KCl. L-NNA (10-4 M) was added to the baths 
at least 10 min before the exposure to substance P or histamine. 
* p<0.05, *** p<0.001. Values are mean ± S.E.M. 
 
 

Substance P was also capable of inducing 
considerable relaxations in 60 mM potassium solution 
(Figs 1B and 4), although the relaxations in paired 
experiments were of lower amplitude than in U46619-
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precontracted vessels (74.4±4.2 % vs. 41.2±7.2 %, N=5). 
L-NNA preincubation (10-4 M) resulted in a pronounced 
inhibition of the relaxation induced by substance P in this 
solution with a residual relaxation amounting to 
5.0±3.3 % (Figs 1C and 4).  
 
Effects of potassium channel blockers 
 Addition of apamin alone to the baths did not 
change resting tension or the U46619-induced tension. 
Relaxations in response to substance P (10-9 M) and 
histamine (10-7 M) were unchanged in the presence of 
apamin 10-6 M. After adding both apamin (3x10-7 M) and 
charybdotoxin (10-9 M), the tension level achieved after 
addition of U46619 was also unchanged. Relaxations 
induced by substance P (10-9 M) and histamine (10-7 M) 
in the presence of apamin and charybdotoxin were almost 
abolished (Fig. 5). 
 
 

 
Fig. 5. Effects of apamin (3x10-7 M) and charybdotoxin (10-9 M) 
on relaxations induced by substance P (10-9 M, N=5) and 
histamine (10-7 M, N=5) in isolated mesenteric arteries. The 
arteries were precontracted with U46619 (10-7 M). ** p<0.01, 
*** p<0.001. Values are mean ± S.E.M. 
 
 
Discussion 
 
 The present study shows that the endothelium of 
small human mesenteric arteries supplying the colon can 
be stimulated in vitro to release relaxing factors. In 
contrast to findings in guinea pig (Bolton et al. 1984), 
rabbit (Murphy and Brayden 1995) and rat mesenteric 
arteries (Garland and McPherson 1992, Adeagbo and 
Triggle 1993, Zygmunt et al. 1995, Shimokawa et al. 
1996, Chen and Cheung 1997, Hansen and Olesen 1997), 
human mesenteric arteries did not respond consistently to 

muscarinic receptor stimulation. A previous study on 
human gastroepiploic arteries has shown poor responses 
to acetylcholine (Urakami-Harasawa et al. 1997), 
indicating that this may be a common phenomenon in the 
human mesenteric bed. It was possible, however, to 
induce impressive relaxations by adding substance P or 
histamine, two other substances known for their ability to 
induce endothelium-dependent relaxations in vascular 
preparations. The disappearance of the relaxations in 
preparations, where the endothelium had deliberately 
been removed, clearly shows the endothelium-dependent 
nature of these responses.  
 Concerning the identification of possible factors 
involved in the endothelium-dependent relaxations in 
these arteries, prostanoids seemed of no importance, since 
indomethacin preincubation had no influence on the 
magnitude of relaxation. This is in agreement with the 
findings in rat mesenteric arteries (Garland and 
McPherson 1992, Parsons et al. 1994, Shimokawa et al. 
1996, Chen and Cheung 1997, McCulloch et al. 1997), 
but in contrast to the findings in rabbit mesenteric artery 
(Murphy and Brayden 1995). Moreover, a previous study 
in human gastroepiploic arteries also failed to show any 
effect of cyclooxygenase inhibition (Urakami-Harasawa 
et al. 1997). Species and regional differences are well 
known in the control of mesenteric blood flow (Hansen et 
al. 1998). 
 In experiments where the synthesis of NO had 
been blocked by L-NNA, relaxations to substance P were 
unchanged, but those to histamine were slightly reduced. 
Under these experimental conditions, relaxations 
attributable to EDNO release seem to be of minor or no 
importance. A considerable part of the relaxations 
induced by substance P and histamine was accordingly 
not due to a release of a prostanoid or EDNO. This would 
definitely be in accordance with a large number of other 
studies in which EDHF were responsible for the major 
part of the endothelium-dependent relaxations. When 
interpreting the results, however, it should be kept in 
mind that the experimental conditions may affect results. 
Accordingly, impaired endothelial responses have been 
attributed in part to a cyclooxygenase constrictor 
substance in rats with experimental diabetes (Mayhan et 
al. 1991). 
 When trying to analyze these events further, the 
situation becomes more complex. Although a number of 
substances with inhibitory effects on different potassium 
channels is capable of inhibiting relaxations categorized 
as EDHF, it is difficult to be certain which is blocking the 
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formation of the substance or the effect. Thus, studies 
have shown that endothelial cells hyperpolarize in 
response to acetylcholine (Chen and Cheung 1992, 
Cheung and Chen 1992), and this hyperpolarization is 
indeed blocked by substances that are also blocking 
EDHF relaxations (Chen and Cheung 1992, Cheung and 
Chen 1992). Supposing that endothelial hyperpolarization 
is a part of the signal leading to EDHF 
formation/extrusion, it is very difficult to be sure where 
the effect is actually exerted as long as EDHF has not 
been identified and has become measurable. 
 The mechanism underlying the vascular 
hyperpolarization attributable to EDHF has been 
intensively studied. Initial experiments showed that 
membrane conductance increased during acetylcholine-
induced hyperpolarization of different rat vessels. 
Moreover, the amplitude of the hyperpolarization was 
increased in low potassium solutions and decreased in 
high potassium solutions indicating a role of potassium 
channel opening in this response (Chen and Suzuki 
1989). In the present study, the addition of two potassium 
channel blockers charybdotoxin and apamin, but not 
apamin alone, nearly abolished relaxations indicating that 
the response is caused by an agent acting on potassium 
channels. This factor or factors should consequently be 
classified as EDHF. The necessity of using the 
combination of two potassium channel blockers to 
completely inhibit EDHF is in full agreement with other 
studies (Corriu et al. 1996, Chen and Cheung 1997, 
Petersson et al. 1997, Plane et al. 1997, Chataigneau et 
al. 1998, Yamanaka et al. 1998), but in contrast to two 
studies in rabbit (Murphy and Brayden 1995) and rat 
(Adeagbo and Triggle 1993) mesenteric arteries, where 
apamin alone blocked EDHF (Murphy and Brayden 
1995), and a study in rat mesenteric arteries, where 
iberiotoxin alone blocked the L-NNA-insensitive 
component of acetylcholine-induced relaxations (Hansen 
and Olesen 1997). In human mesenteric arteries, EDHF 
seems to act on a mixture of potassium channels, with 
small and large conductance Ca2+-activated channels 
most likely being activated. Charybdotoxin has been 
shown to inhibit voltage-sensitive potassium channels 
(Grissmer et al. 1994) in addition to its effect on large 
conductance Ca2+-activated channels (Strong 1990), and 
accordingly an effect of EDHF on this type of channel 
has to be considered (Petersson et al. 1997). 
 Interesting observations were made when 
studying relaxations in preparations exposed to 60 mM 
potassium solution. In this solution, cells are significantly 

depolarized and agents acting on potassium channels are 
no longer effective in relaxing/hyperpolarizing the 
muscle. Interestingly, pronounced relaxations were 
elicited by both substance P and histamine, indicating 
that these substances have a significant capability of 
releasing factors that may act by potential-independent 
mechanisms. Addition of L-NNA to the baths had a 
dramatic effect in 60 mM potassium solution, and was in 
contrast to the effect observed in normal Krebs as could 
be seen by virtual disappearance of relaxations. Thus, a 
component attributable to EDNO was much more 
apparent when studied under these circumstances. Similar 
findings have been made previously in a number of 
different preparations, and may reflect an interaction 
between EDNO and EDHF, as previously suggested (Hill 
et al. 1996, McCulloch et al. 1997). These authors used 
an analogue of guanosine 3',5'-cyclic monophosphate 
(cGMP) to demonstrate a possible modulatory effect on 
potassium channels expressed as an up-regulation of the 
EDHF/K+ channel pathway on loss of NO, and this may 
functionally compensate the whole or a part of the loss of 
NO (McCulloch et al. 1997). It is interesting to note that 
in the internal anal sphincter (visceral smooth muscle), 
which is innervated by intrinsic nerves releasing both 
nitric oxide and a hyperpolarizing factor (possibly 
adenosine triphosphate, ATP), a similar interaction has 
been described (Knudsen et al. 1995). Thus the action of 
apamin, a potassium channel blocker, was significantly 
enhanced in the presence of L-NNA, indicating that 
potassium channel opening was facilitated as NO dropped 
out.  
 The finding that endothelium-dependent 
relaxations were still induced in 60 mM K+ solution, 
indicate that this part of the response did not depend on 
membrane potential changes. L-NNA almost abolished 
this part of the response, strongly suggesting that it was 
due to release of EDNO. Consequently, NO must have 
actions independent of membrane potential changes as 
suggested in previous studies (Komori et al. 1988, Plane 
and Garland 1993). In conflict with this interpretation are 
the findings of the present study that apamin and 
charybdotoxin in combination almost abolished 
relaxations in response to substance P and histamine. The 
latter finding would be in agreement with an action of 
NO on charybdotoxin-dependent potassium channels as 
suggested in some studies (Plane et al. 1998, Bolotina et 
al. 1994). In our study, such an explanation is untenable 
since a prominent L-NNA sensitive component was 
evident in 60 mM K+ solution. 
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 The exact nature of EDHF remains debated. 
Edwards et al. (1998) were the first to suggest that EDHF 
is K+ released into the myoendothelial space by the 
opening of endothelial potassium channels. More 
recently, it was shown that a high degree of coupling 
exists between the endothelial and the smooth muscle 
layers in some arterioles, and that endothelial 
hyperpolarization may spread electrotonically into the 
muscle from the endothelium (Coleman et al. 2001a,b). 
 To conclude, we have found evidence of EDNO 
and EDHF release in small human mesenteric arteries. 
The relative physiological importance of these factors 
cannot be assessed by experiments in vitro, because 
mesenteric blood flow is determined by a number of 

different influences such as shear stress, neuronal, 
hormonal, and paracrine influences etc., and these are not 
easily determined under in vitro conditions. 
 
Abbreviations 
EDHF: endothelium-derived hyperpolarizing factor, 
EDNO: endothelium-derived nitric oxide,  
EDRF: endothelium-derived relaxing factor,  
L-NNA: Nω-nitro-L-arginine. 
 
Acknowledgements 
This study was supported by the Novo Foundation and by 
Aarhus University Research Foundation. 

 
References 
 
ADEAGBO AS, TRIGGLE CR: Varying extracellular [K+]: a functional approach to separating EDHF- and EDNO-

related mechanisms in perfused rat mesenteric arterial bed. J Cardiovasc Pharmacol 21: 423-429, 1993. 
BOLOTINA VM, NAJIBI S, PALACINO JJ, PAGANO PJ, COHEN RA: Nitric oxide directly activates calcium-

dependent potassium channels in vascular smooth muscle. Nature 368: 850-853, 1994. 
BOLTON TB, CLAPP LH: Endothelial-dependent relaxant actions of carbachol and substance P in arterial smooth 

muscle. Br J Pharmacol 87: 713-723, 1986. 
BOLTON TB, LANG RJ, TAKEWAKI T: Mechanisms of action of noradrenaline and carbachol on smooth muscle of 

guinea-pig anterior mesenteric artery. J Physiol Lond 351: 549-572, 1984. 
CAI B, HAO Q, GREENBERG SS, DEBOISBLANC B, GILLOTT D, GOHARDERAKHSHAN R, SUMMER WR, 

HYMAN A, LIPPTON H: Differential effects of pinacidil and cromakalim on vascular relaxation and 
sympathetic neurotransmission. Can J Physiol Pharmacol 72: 801-810, 1994. 

CHATAIGNEAU T, FELETOU M, DUHAULT J, VANHOUTTE PM: Epoxyeicosatrienoic acids, potassium channel 
blockers and endothelium-dependent hyperpolarization in the guinea-pig carotid artery. Br J Pharmacol 123: 
574-580, 1998. 

CHEN G, CHEUNG DW: Effect of K+-channel blockers on ACh-induced hyperpolarization and relaxation in 
mesenteric arteries. Am J Physiol 272: H2306-H2312, 1997. 

CHEN G, SUZUKI H: Some electrical properties of the endothelium-dependent hyperpolarization recorded from rat 
arterial smooth muscle cells. J Physiol Lond 410: 91-106, 1989. 

CHEN G, SUZUKI H, WESTON AH: Acetylcholine releases endothelium-derived hyperpolarizing factor and EDRF 
from rat blood vessels. Br J Pharmacol 95: 1165-1174, 1988. 

CHEN GF, CHEUNG DW: Characterization of acetylcholine-induced membrane hyperpolarization in endothelial cells. 
Circ Res 70: 257-263, 1992. 

CHEUNG DW, CHEN G: Calcium activation of hyperpolarization response to acetylcholine in coronary endothelial 
cells. J Cardiovasc Pharmacol 20 (Suppl 12): S120-S123, 1992. 

COLEMAN HA, TARE M, PARKINGTON HC: EDHF is not K+ but may be due to spread of current from the 
endothelium in guinea pig arterioles. Am J Physiol 280: H2478-H2483, 2001a. 

COLEMAN HA, TARE M, PARKINGTON HC: K+ currents underlying the action of endothelium-derived 
hyperpolarizing factor in guinea-pig, rat and human blood vessels. J Physiol Lond 531: 359-373, 2001b. 

CORRIU C, FELETOU M, CANET E, VANHOUTTE PM: Endothelium-derived factors and hyperpolarization of the 
carotid artery of the guinea-pig. Br J Pharmacol 119: 959-964, 1996. 

EDWARDS G, DORA KA, GARDENER MJ, GARLAND CJ, WESTON AH: K+ is an endothelium-derived 
hyperpolarizing factor in rat arteries. Nature 396: 269-272, 1998. 



262   Tøttrup and Kraglund   Vol. 53 
 
 
FELETOU M, VANHOUTTE PM: Endothelium-derived hyperpolarizing factor. Clin Exp Pharmacol Physiol 23: 

1082-1090, 1996. 
FURCHGOTT RF, ZAWADZKI JV: The obligatory role of endothelial cells in the relaxation of arterial smooth muscle 

by acetylcholine. Nature 288: 373-376, 1980. 
GARLAND JG, MCPHERSON GA: Evidence that nitric oxide does not mediate the hyperpolarization and relaxation to 

acetylcholine in the rat small mesenteric artery. Br J Pharmacol 105: 429-435, 1992. 
GRISSMER S, NGUYEN AN, AIYAR J, HANSON DC, MATHER RJ, GUTMAN GA, KARMILOWICZ MJ, 

AUPERIN DD, CHANDY KG: Pharmacological characterization of five cloned voltage-gated K+ channels, 
types Kv1.1, 1.2, 1.3, 1.5, and 3.1, stably expressed in mammalian cell lines. Mol Pharmacol 45: 1227-1234, 
1994. 

HANSEN MB, DRESNER LS, WAIT RB: Profile of neurohumoral agents on mesenteric and intestinal blood flow in 
health and disease. Physiol Res 47: 307-327, 1998. 

HANSEN PR, OLESEN SP: Relaxation of rat resistance arteries by acetylcholine involves a dual mechanism: 
activation of K+ channels and formation of nitric oxide. Pharmacol Toxicol 80: 280-285, 1997. 

HECKER M, BARA AT, BAUERSACHS J, BUSSE R: Characterization of endothelium-derived hyperpolarizing 
factor as a cytochrome P450-derived arachidonic acid metabolite in mammals. J Physiol Lond 481: 407-414, 
1994. 

HILL B, RALEVIC V, CROWE R, BURNSTOCK G: Innervation and nitric oxide modulation of mesenteric arteries of 
the golden hamster. Eur J Pharmacol 317: 275-283, 1996. 

HOGESTATT ED, ANDERSSON KE, EDVINSSON L: Mechanical properties of rat cerebral arteries as studied by a 
sensitive device for recording of mechanical activity in isolated small blood vessels. Acta Physiol Scand 117: 
49-61, 1983. 

HUANG AH, BUSSE R, BASSENGE E: Endothelium-dependent hyperpolarization of smooth muscle cells in rabbit 
femoral arteries is not mediated by EDRF (nitric oxide). Naunyn Schmiedebergs Arch Pharmacol 338: 438-
442, 1988. 

KAMATA K, MAKINO A: A comparative study on the rat aorta and mesenteric arterial bed of the possible role of 
nitric oxide in the desensitization of the vasoconstrictor response to an alpha 1-adrenoceptor agonist. Br J 
Pharmacol 120: 1221-1228, 1997. 

KAMATA K, UMEDA F, KASUYA Y: Possible existence of novel endothelium-derived relaxing factor in the 
endothelium of rat mesenteric arterial bed. J Cardiovasc Pharmacol 27: 601-606, 1996. 

KNUDSEN MA, GLAVIND EB, TØTTRUP A: Transmitter interactions in rabbit internal anal sphincter. Am J Physiol 
269: G232-G239, 1995. 

KOMORI K, LORENZ RR, VANHOUTTE PM: Nitric oxide, ACh, and electrical and mechanical properties of canine 
arterial smooth muscle. Am J Physiol 255: H207-H212, 1988. 

MAYHAN WG, SIMMONS LK, SHARPE GM: Mechanism of impaired responses of cerebral arterioles during 
diabetes mellitus. Am J Physiol 260: H319-H326, 1991. 

MCCULLOCH AI, BOTTRILL FE, RANDALL MD, HILEY CR: Characterization and modulation of EDHF-mediated 
relaxations in the rat isolated superior mesenteric arterial bed. Br J Pharmacol 120: 1431-1438, 1997. 

MONCADA S, VANE JR: Pharmacology and endogenous roles of prostaglandin endoperoxides, thromboxane A2, and 
prostacyclin. Pharmacol Rev 30: 293-331, 1978. 

MURPHY ME, BRAYDEN JE: Apamin-sensitive K+ channels mediate an endothelium-dependent hyperpolarization in 
rabbit mesenteric arteries. J Physiol Lond 489: 723-734, 1995. 

PARSONS SJ, HILL A, WALDRON GJ, PLANE F, GARLAND CJ: The relative importance of nitric oxide and nitric 
oxide-independent mechanisms in acetylcholine-evoked dilatation of the rat mesenteric bed. Br J Pharmacol 
113: 1275-1280, 1994. 

PETERSSON J, ZYGMUNT PM, HOGESTATT ED: Characterization of the potassium channels involved in EDHF-
mediated relaxation in cerebral arteries. Br J Pharmacol 120: 1344-1350, 1997. 

PLANE F, GARLAND CJ: Differential effects of acetylcholine, nitric oxide and levcromakalim on smooth muscle 
membrane potential and tone in the rabbit basilar artery. Br J Pharmacol 110: 651-656, 1993. 



2004  Endothelial Function in Human Small Arteries   263  
   
PLANE F, HOLLAND M, WALDRON GJ, GARLAND CJ, BOYLE JP: Evidence that anandamide and EDHF act via 

different mechanisms in rat isolated mesenteric arteries. Br J Pharmacol 121: 1509-1511, 1997. 
PLANE F, WILEY KE, JEREMY JY, COHEN RA, GARLAND CJ: Evidence that different mechanisms underlie 

smooth muscle relaxation to nitric oxide and nitric oxide donors in the rabbit isolated carotid artery. Br J 
Pharmacol 123: 1351-1358, 1998. 

RANDALL MD, MCCULLOCH AI, KENDALL DA: Comparative pharmacology of endothelium-derived 
hyperpolarizing factor and anandamide in rat isolated mesentery. Eur J Pharmacol 333: 191-197, 1997. 

SHIMOKAWA H, YASUTAKE H, FUJII K, OWADA MK, NAKAIKE R, FUKUMOTO Y, TAKAYANAGI T, 
NAGAO T, EGASHIRA K, FUJISHIMA M, TAKESHITA A: The importance of the hyperpolarizing 
mechanism increases as the vessel size decreases in endothelium-dependent relaxations in rat mesenteric 
circulation. J Cardiovasc Pharmacol 28: 703-711, 1996. 

STRONG PN: Potassium channel toxins. Pharmacol Ther 46: 137-162, 1990. 
TARE M, PARKINGTON HC, COLEMAN HA, NEILD TO, DUSTING GJ: Hyperpolarization and relaxation of 

arterial smooth muscle caused by nitric oxide derived from the endothelium. Nature 346: 69-71, 1990. 
URAKAMI-HARASAWA L, SHIMOKAWA H, NAKASHIMA M, EGASHIRA K, TAKESHITA A: Importance of 

endothelium-derived hyperpolarizing factor in human arteries. J Clin Invest 100: 2793-2799, 1997. 
YAMANAKA A, ISHIKAWA T, GOTO K: Characterization of endothelium-dependent relaxation independent of NO 

and prostaglandins in guinea pig coronary artery. J Pharmacol Exp Ther 285: 480-489, 1998. 
ZYGMUNT PM, GRUNDEMAR L, HOGESTATT ED: Endothelium-dependent relaxation resistant to Nω-nitro-L-

arginine in the rat hepatic artery and aorta. Acta Physiol Scand 152: 107-114, 1994. 
ZYGMUNT PM, RYMAN T, HOGESTATT ED: Regional differences in endothelium-dependent relaxation in the rat: 

contribution of nitric oxide and nitric oxide-independent mechanisms. Acta Physiol Scand 155: 257-266, 1995. 
ZYGMUNT PM, HOGESTATT ED, WALDECK K, EDWARDS G, KIRKUP AJ, WESTON AH: Studies on the 

effects of anandamide in rat hepatic artery. Br J Pharmacol 122: 1679-1686, 1997. 
 
 
Reprint requests 
Anders Tøttrup, Dept of Surgery L, University Hospital of Aarhus, Amtssygehuset, 8000 Aarhus C, Denmark. E-mail: 
anders_tottrup@hotmail.com 


