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Ascorbate blocks endothelium-derived hyperpolarizing factor
(EDHF)-mediated vasodilatation in the bovine ciliary vascular bed
and rat mesentery
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1 The effects of ascorbate were assessed on vasodilatation mediated by endothelium-derived
hyperpolarizing factor (EDHF) in the ciliary vascular bed of the bovine isolated perfused eye and in
the rat isolated perfused mesenteric arterial bed.

2 In the bovine eye, EDHF-mediated vasodilator responses induced by acetylcholine or bradykinin
were powerfully blocked when ascorbate (50 uM) was included in the perfusion medium for at least
120 min; with acetylcholine a normally-masked muscarinic vasoconstrictor response was also
uncovered.

3 The blockade of EDHF-mediated vasodilatation by ascorbate was time-dependent (maximum
blockade at 120 min) and concentration-dependent (10—150 um).

4 Ascorbate (50 uM) also blocked acetylcholine-induced, EDHF-mediated vasodilator responses in
the rat mesenteric arterial bed in a time-dependent manner (maximum blockade at 180 min).

5 The ability of ascorbate to block EDHF-mediated vasodilatation is likely to result from its
reducing properties, since this action was mimicked in the bovine eye by two other reducing agents,
namely, N-acetyl-L-cysteine (1 mM) and dithiothreitol (100 uMm), but not by the redox-inactive

analogue, dehydroascorbate (50 um).

6 In conclusion, concentrations of ascorbate present in normal plasma block EDHF-mediated
vasodilator responses in the bovine eye and rat mesentery. The mechanism and physiological
consequences of this blockade remain to be determined.
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Introduction

The aqueous humour of the eye is formed by the epithelial cells
of the ciliary body from plasma supplied via the ciliary arterial
bed (Millar & Kaufman, 1995). Although the plasma
concentration of ascorbate in humans is 46+8 uM (range
30— 150 uMm; Keaney & Vita, 1995; Levine et al., 1996) the
epithelial cells of the ciliary body actively transport this
antioxidant such that the levels found in the aqueous humour
reach around 1 mM in humans and a wide range of animal
species (Davson, 1980; Halliwell & Gutteridge, 1989). The
precise reason for this high concentration of ascorbate in the
aqueous humour is unknown, but since it avidly scavenges
superoxide anion (Som et al., 1983), it may be present to
compensate for the particularly low levels of superoxide
dismutase found in the eye (Halliwell & Gutteridge, 1989). As
a consequence of the secretion of high concentrations of
ascorbate by the ciliary body, we have routinely included this
antioxidant (50 uM) in the perfusate when studying aqueous
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humour dynamics in the bovine isolated perfused eye
preparation (Shahidullah & Wilson, 1999; Wilson et al., 1993).

More recently, we have begun to study the bovine ciliary
vascular bed and have found that nitric oxide exerts a small tonic
vasodilator action, but it plays no part in the powerful
endothelium-dependent vasodilator responses induced by
acetylcholine or bradykinin in this preparation (McNeish et
al.,2001). These vasodilator responses are, however, blocked by
depolarizing solutions of KCl and by charybdotoxin (McNeish
etal.,2001) and thus have the characteristics of the endothelium-
derived hyperpolarizing factor (EDHF; for reviews see Feletou
& Vanhoutte, 1999; Campbell & Harder, 2001).

Our earlier experiments on the ciliary vasculature, unlike
those on aqueous humour dynamics, were conducted in the
absence of ascorbate. Consequently, we had no knowledge
of whether the presence of this antioxidant in the perfusate
would modify vasodilator responses in the ciliary vascular
bed of the bovine eye. Ascorbate does, however, have well
documented effects on nitric oxide-induced vasodilator
responses. Specifically, ascorbate is able to recover nitric
oxide-dependent vasodilatation following its impairment by
oxidant stress in isolated arterial rings (Dudgeon et al.,
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1998; Fontana et al., 1999). This protective action is believed
to result from the ability of ascorbate to scavenge super-
oxide anion and so prevent it from destroying nitric oxide
(Gryglewski et al., 1986; Rubanyi & Vanhoutte, 1986). An
additional protective action may derive from the ability of
ascorbate to elevate the levels of the cofactor, tetrahydro-
biopterin, and so enhance production of nitric oxide by
nitric oxide synthase (Huang er al., 2000; Heller et al., 2001).
This ability of ascorbate to protect nitric oxide-dependent
vasodilatation offers great potential for therapeutic interven-
tion in a diverse range of vascular pathologies associated
with oxidant stress. For example, treatment of patients with
ascorbate has led to recovery of impaired nitric oxide-
mediated vasodilatation in essential hypertension, chronic
heart failure, atherosclerosis, hypercholesterolaemia and
diabetes (for reviews see Carr et al., 2000; May, 2000).

Taking account of both the ability of ascorbate to augment
nitric oxide-mediated vasodilatation, and its active transport
by the ciliary body, we wished to determine if this
antioxidant could affect EDHF-mediated vasodilatation in
the ciliary vascular bed of the bovine isolated eye.
Preliminary accounts of these findings have already been
published (McNeish er al., 2002a, b).

Methods
Preparation of the bovine isolated arterially perfused eye

The ciliary vascular bed of the bovine eye was perfused
using the constant flow method as previously described
(McNeish et al., 2001). In brief, bovine eyes obtained from a
local abattoir within 1 h of killing were cannulated through
a long posterior ciliary artery and perfused at 37°C with
Krebs solution containing (mMm): NaCl, 118; KCIl, 4.7,
CaCl,, 2.5; KH,PO,, 1.2; MgSO,4 1.2; NaHCOs3, 25; glucose,
11.5; and gassed with O, containing 5% CO,. Flow was
commenced at ~ 0.2-0.5 ml min~' and raised in 5-10
increments to a final constant rate of 2.5 ml min~! over a
50 min period (increasing the flow rate too rapidly led to
damage of the microvasculature in the eye). When this final
flow rate was achieved, eyes were perfused for an
equilibration period of at least 30 min. Perfusion pressure
was measured using Gould Statham P32 ID transducers via
a side arm located immediately proximal to the inflow
cannula. Only eyes that had a basal perfusion pressure of
20—60 mmHg after the equilibration period were used for
further study.

Experimental protocols with the bovine isolated arterially
perfused eye

In order to observe vasodilator responses in the bovine eye,
the perfusion pressure was first raised to ~ 130 mmHg using
the thromboxane A,-mimetic, U46619 (~300 nMm). In all
experiments, responses to acetylcholine or bradykinin were
elicited by adding 10 ul of the appropriate concentration
with a Hamilton micro-syringe. We have previously
demonstrated that vasodilator responses elicited by these
two drugs are mediated solely by an EDHF-like substance
and do not involve a contribution by nitric oxide or a cyclo-
oxygenase product (McNeish er al., 2001). Consequently,

inhibitors of nitric oxide synthase or cyclo-oxygenase were
not required to study EDHF-like responses in this
preparation.

As will be seen in the Results, acetylcholine elicited only
vasodilator responses when bovine eyes were perfused with
normal Krebs solution. In contrast, if eyes were perfused
from the outset with Krebs solution containing ascorbate
(50 uMm, >120 min), acetylcholine produced vasoconstrictor
responses.

Experiments were conducted to assess the time course of
the ability of ascorbate to reverse acetylcholine-induced
vasodilatation to vasoconstriction. In control experiments,
acetylcholine (10 nmol)-induced vasodilator responses were
elicited every 15 min during a 120 min study period in eyes
perfused with Krebs solution in order to assess reproduci-
bility. When the effects of ascorbate were to be assessed,
control acetylcholine-induced vasodilator responses were
allowed to stabilize before inclusion of ascorbate in the
perfusion medium. The effects of ascorbate on acetylcholine-
induced responses, elicited every 15 min, were then measured
during the ensuing 120 min. During this period, the
vasodilator response declined and a vasoconstrictor response
developed, often resulting in a biphasic response. Conse-
quently, vasodilator and vasoconstrictor components were
measured separately and plotted at each of the 15 min time
points. Similar experiments were conducted to determine if
ascorbate had any effect on vasodilator responses to
bradykinin in the bovine eye.

The ability of other drugs to mimic the effects of ascorbate
on acetylcholine-induced responses was also assessed in
similar time course experiments. These drugs were: the
redox-inactive analogue, dehydroascorbate (50 uM), the thiol
reducing agents, glutathione (1 mM), N-acetyl-L-cysteine
(1 mMm) and dithiothreitol (100 uMm), and the antioxidant
enzymes, superoxide dismutase (250 units ml~') and catalase
(1250 units ml~"). Experiments were also conducted to assess
if washing could reverse the blocking effects of ascorbate. In
such experiments, eyes were perfused from the outset with
Krebs containing ascorbate (50 uM, >120 min). When
reproducible acetylcholine (10 nmol)-induced control vaso-
constrictor responses had been obtained, perfusion was then
switched to ascorbate-free Krebs. Changes in acetylcholine-
induced responses were then assessed for the ensuing
120 min.

Experiments were conducted to assess the concentration-
dependence of the ability of ascorbate to reverse acetylcho-
line-induced vasodilatation to vasoconstriction. In control
experiments, full dose—response curves to acetylcholine
(1 pmol—1 nmol) were constructed in eyes perfused with
Krebs solution. These control dose—response curves were
compared with those obtained following addition of
ascorbate (10, 50 or 150 uM, >120 min) to the Krebs
solution from the beginning of the experiment.

Preparation of the rat isolated perfused mesenteric
arterial bed

Male Wistar rats (200—350 g) were Kkilled by concussion
followed by exsanguination. The mesenteric arterial bed
was prepared using the method described by McGregor
(1965). Briefly, the superior mesenteric artery was
cannulated and the arterial vasculature was dissected from
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the intestines, suspended in a heating jacket and perfused
at 37°C with Krebs solution at a flow rate of 5 ml min~".
Mesenteries were perfused for an equilibration period of
30 min before experiments were begun. Perfusion pressure
was measured via a side arm proximal to the inflow
cannula, as above.

Experimental protocols with the rat isolated perfused
mesenteric arterial bed

Experiments were conducted with the rat isolated perfused
mesenteric vascular bed preparation in order to determine if
EDHF-dependent vasodilator responses to acetylcholine were
also blocked by ascorbate in this preparation. In order to
observe vasodilator responses, perfusion pressure was first
raised using phenylephrine (3—10 uM) to ~120 mmHg. All
experiments investigating the actions of ascorbate were
conducted on tissues treated with L-NAME (100 uM) and
indomethacin (10 uM) in order to block any vasodilator
contribution by nitric oxide and prostanoids. Under these
conditions acetylcholine-induced vasodilatation is mediated
by EDHF (McCulloch et al., 1997).

Control dose—response curves for EDHF-dependent
vasodilatation to acetylcholine were constructed in mesen-
teries perfused with Krebs solution. These were compared
with those obtained in preparations perfused with Krebs
solution containing ascorbate (50 uM, >180 min). In addi-
tion, experiments were conducted to determine the time
course over which ascorbate inhibits acetylcholine-induced,
EDHF-dependent vasodilatation. In these experiments, con-
trol vasodilator responses to acetylcholine (10 nmol) were
elicited every 15 min during a 180 min period in mesenteries
perfused from the outset with Krebs solution in order to
assess their reproducibility. When the effects of ascorbate
were to be assessed, control acetylcholine-induced vasodilator
responses were allowed to stabilize before addition of
ascorbate (50 uM) to the Krebs solution. The effects of
ascorbate on acetylcholine-induced vasodilatation were then
assessed every 15 min during the ensuing 180 min.

Drugs and chemicals

Acetylcholine chloride, ascorbic acid, atropine sulphate,
bradykinin acetate, catalase (from bovine liver), dehydroas-
corbate, dithiothreitol, glutathione, indomethacin, L-NAME
(NS-nitro-L-arginine methyl ester), N-acetyl-L-cysteine, phe-
nylephrine hydrochloride, superoxide dismutase (from bovine
erythrocytes) and U46619 (9,11-dideoxy-11a,9a-epoxy-metha-
noprostaglandin F,,) were all obtained from Sigma (Poole,
U.K.). Flurbiprofen was a gift from the Boots Pure Drug
Company (Nottingham, U.K.). Glyceryl trinitrate (10%
ww~! in lactose) was a gift from NAPP Laboratories
(Cambridge, UK). All drugs were dissolved and diluted in
0.9% saline except indomethacin (0.1 M stock), which was
dissolved in ethanol and sonicated for 1 h.

Statistical analysis

Results are expressed as the mean+s.e.mean of n separate
observations, each from a separate eye or mesentery.
Vasoconstrictor responses are given in mmHg and vasodi-
lator responses are expressed as percentage reduction of

U46619-induced (bovine eye) or phenylephrine-induced (rat
mesentery) perfusion pressure. Graphs were drawn and
statistical comparisons made using Student’s z-test, or one-
way analysis of variance with Bonferroni’s post-test, as
appropriate, with the aid of a computer program, Prism
(GraphPad, San Diego, U.S.A.). A probability (P) less than
or equal to 0.05 was considered significant.

Results

Effects of ascorbate on acetylcholine-induced, EDHF-
dependent vasodilatation in the ciliary vascular bed of the
bovine isolated perfused eye

When bovine isolated eyes were perfused with normal Krebs
solution, acetylcholine (10 nmol) induced powerful falls
(59.5+4.5%, n=8, Figure la) in the U46619-induced
perfusion pressure. We have previously shown that these
vasodilator responses are mediated solely by an EDHF-like
factor (McNeish et al., 2001). In contrast, in eyes perfused
with Krebs solution containing ascorbate (50 M, > 120 min)
from the outset, acetylcholine produced a powerful vasocon-
strictor response (87.0+16.8 mmHg, n=6) followed by a
small vasodilator response (17.3 +6.3%, n=6, Figure 1). This
acetylcholine-induced vasoconstriction was unaffected by the
cyclo-oxygenase inhibitor, flurbiprofen (30 uM, 20 min), but
was reduced to —7.6+5.3 mmHg (n=14, P<0.001) by
atropine (100 nM, 20 min). The perfusion pressure generated
by U46619 (300 nM) was not, however, different in control
eyes (123.34+10, n=7) and in eyes treated with ascorbate
(122.74+12.0 mmHg, n=_8).

Time course of ascorbate-induced reversal of
acetylcholine-induced vasodilatation to vasoconstriction

The time course of the ability of ascorbate to inhibit
acetylcholine-induced vasodilatation and uncover a vasocon-

a. Control
150 o . .
100 \ ’ \ / V
50

15 min
¢ ACh 10 nmol
[1]

b Ascorbate 50 uM

200
150
100 . A .

Perfusion pressure : mmHg

Figure 1 Original traces showing the difference in the responses
produced by acetylcholine (ACh; 10 nmol) in the bovine isolated eye
following perfusion with: (a) Control Krebs solution, in which
acetylcholine elicited only vasodilator responses; or (b) Krebs
containing ascorbate (50 um, 120 min), in which acetylcholine
produced powerful vasoconstriction, followed by weak residual
vasodilatation.
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strictor response was studied over a 120 min period. In
control experiments, acetylcholine (10 nmol) induced only
vasodilatation and these responses, elicited every 15 min
remained stable over the 120 min period (Figure 2a). In
contrast, inclusion of ascorbate (50 uM) into the perfusion
medium led to a time-dependent attenuation of the acetylcho-
line (10 nmol)-induced vasodilatation and development of
vasoconstriction; vasodilator responses first began to decline
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Figure 2 Control experiments showing that vasodilator responses to
acetylcholine (ACh; 10 nmol) elicited in the bovine isolated perfused
eye every 15 min remained stable for a 120 min study period. In
contrast, inclusion of ascorbate (50 um) in the perfusion medium led
to a time-dependent loss of vasodilatation (a) and development of
vasoconstriction (b). The redox-inactive analogue, dehydroascorbate
(50 um) lacked the activity of ascorbate. Data represent mean+
s.e.mean of 6—7 observations, each from a separate eye. ***P <0.001
indicates a difference from control.

after 30 min and were virtually abolished by 120 min (Figure
2a). Vasoconstrictor responses (Figure 2b), first observed
60 min after treatment with ascorbate, were fully developed
and remained stable after 90 min (Figure 2b). Once the effects
of ascorbate were established, washing out the antioxidant
for up to 120 min failed to restore the vasodilator responses
to acetylcholine or inhibit acetylcholine-induced vasoconstric-
tion (data not shown).

In contrast to the effects with acetylcholine, vasodilator
responses to 10 nmol glyceryl trinitrate (51.4+4.3%, n="7)
were unaffected following treatment with ascorbate (50 uM;
48.3+4.2%, n=17).

Concentration-dependence of ascorbate-induced reversal
of acetylcholine-induced vasodilatation to vasoconstriction

The concentration-dependence of the ascorbate-induced
reversal of acetylcholine-induced vasodilatation to vasocon-
striction was examined. In these experiments bovine eyes were
perfused with a range of concentrations of ascorbate (10, 50
and 150 uMm) for at least 120 min before constructing dose—
response curves to acetylcholine (1 pmol—1 umol). Figure 3
shows that the ability of ascorbate to inhibit the vasodilator
response and uncover a vasoconstrictor response to acetyl-
choline was indeed concentration-dependent. Nevertheless,
even the lowest concentration of ascorbate tested (10 um),
resulted in significant loss of acetylcholine-induced vasodila-
tation and development of vasoconstriction.

Time course of ascorbate-induced blockade of
bradykinin-induced vasodilatation

Experiments were conducted to determine if bradykinin-
induced, EDHF-dependent vasodilator responses were
blocked by ascorbate in the bovine eye. In control
experiments bradykinin (10 pmol) induced vasodilator re-
sponses (43.8+3.9%, n=38), and these remained stable over
the 120 min study period (Figure 4). In contrast, inclusion of
ascorbate (50 uM) into the perfusion medium led to a time-
dependent attenuation of bradykinin-induced vasodilatation:
vasodilator responses began to decline after 60 min and were
virtually abolished by 120 min. In contrast to acetylcholine,
vasoconstrictor responses to bradykinin were never observed,
even when the vasodilator blockade by ascorbate was fully
established.

Effects of antioxidants on acetylcholine-induced
vasodilatation

Experiments were conducted to determine if the ability of
ascorbate to reverse acetylcholine-induced vasodilatation to
vasoconstriction resulted from an antioxidant action. Control
vasodilator responses to acetylcholine (10 nmol) were
obtained before examining the effects of a range of agents
over the ensuing 120 min. Inclusion of the redox-inactive
analogue, dehydroascorbate (50 uM) in the perfusion medium
failed to reproduce the reversal of acetylcholine-induced
vasodilatation to vasoconstriction seen with ascorbate
(Figure 2). Moreover, superoxide dismutase (250 units ml—")
and catalase (1250 units ml~'"), which scavenge superoxide
anion and hydrogen peroxide, respectively, also had no effect
on acetylcholine-induced vasodilatation (Figure 5).
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Figure 3 Dose-response curves showing acetylcholine (ACh;
1 pmol-1 umol)-induced responses in the bovine isolated perfused
eye. Under control conditions, acetylcholine produced only vasodi-
lator responses. In contrast, following perfusion for 120 min with
ascorbate (Asc; 10, 50 or 150 uM), a concentration-dependent loss of
vasodilatation (a) and development of vasoconstriction (b) was seen.
Responses in the presence of ascorbate were therefore biphasic,
consisting of an initial vasoconstriction followed by a residual
vasodilatation. Data represent the mean +s.e.mean of 5—10 observa-
tions, each from a separate eye. *P<0.05, **P<0.01 and
**%P<0.001 indicate a difference from control.

Perfusion with glutathione (1 mM) also had no effect on
acetylcholine-induced vasodilatation (Figure 5). In contrast,
perfusion with two other thiol-reducing agents, N-acetyl-L-
cysteine (1 mM) and dithiothreitol (100 uMm), did inhibit
vasodilatation and uncover a vasoconstrictor response to
acetylcholine, with dithiothreitol being the more effective.

Krebs solution and vasoconstriction with phenylephrine (3—
10 uM), acetylcholine (1 pmol—100 nmol) elicited vasodilata-
tions which were dose-dependent (Figure 6a). The EDHF-
dependent component of vasodilatation was revealed by
inclusion of the nitric oxide synthase inhibitor, L-NAME
(100 uM) and the cyclo-oxygenase inhibitor, indomethacin
(10 um), in the perfusion medium (McCulloch et al., 1997).
This EDHF-dependent component of acetylcholine-induced
vasodilatation was inhibited when ascorbate (50 uM) was
present in the perfusion medium for 180 min (Figure 6a). In
contrast to the bovine eye, vasoconstrictor responses to
acetylcholine were never observed in the rat mesentery even
when vasodilator blockade by ascorbate was fully established.

Experiments were conducted to determine the time course
over which ascorbate (50 um) attenuated acetylcholine-
induced vasodilatation in the rat mesentery. In control
experiments acetylcholine (10 nmol)-induced vasodilatation,
did not change significantly over a 180 min study period
(Figure 6b). In contrast, inclusion of ascorbate (50 uM) in the
perfusion medium led to a time-dependent attenuation of
acetylcholine-induced vasodilatation: responses first began to
decline at 120 min and this intensified during the remaining
60 min.
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Figure 5 After having obtained control vasodilator responses to
acetylcholine (ACh; 10 nmol) in the bovine isolated perfused eye, the
effects of infusion of a number of antioxidants, namely, glutathione
(1 mm), N-acetyl-L-cysteine (NAC; 1 mM), dithiothreitol (DTT;
100 um), superoxide dismutase (SOD; 250 units ml~") and catalase
(1250 units ml~"), were examined on these vasodilator responses over
the ensuing 120 min. Loss of acetylcholine-induced vasodilatation
and any development of vasoconstriction are shown in (a) and (b),
respectively. Data represent the mean+s.e.mean of 5—10 observa-
tions, each from a separate eye. *P<0.05, **P<0.01 and
***P<0.001 indicate a difference from control.

Discussion
Surprisingly, the findings of the present study demonstrate

that ascorbate, at concentrations occurring in human plasma
(mean 4648, range 30-150 uM; Keaney & Vita, 1995;
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Figure 6 Graphs showing the ability of ascorbate to inhibit
acetylcholine (ACh)-induced, EDHF-dependent vasodilatation in
the rat perfused mesenteric arterial bed. (a) Control dose-response
curves to acetylcholine (I pmol—100 nmol) and the residual EDHF-
dependent vasodilatation seen following treatment with the combina-
tion of L-NAME (100 um) and indomethacin (10 pm). This residual
EDHF-dependent vasodilatation was inhibited following inclusion of
ascorbate (50 puM,) in the perfusion medium for 180 min. (b) Time
course experiments showing that the EDHF-dependent vasodilata-
tions produced by acetylcholine (10 nmol) in preparations treated
with L-NAME and indomethacin did not change significantly during
a 180 min study period. In contrast, inclusion of ascorbate (50 uM) in
the perfusion medium led to a time-dependent loss of vasodilatation.
Data represent the mean +s.e.mean of 5—11 observations, each from
a separate mesentery. *P<0.05, **P<0.01 and ***P<0.001 indicate
a difference from control. In (a) ##P<0.01 and ###P<0.001
indicate a significant blockade by ascorbate of EDHF-induced
vasodilator responses, obtained in the presence of L-NAME and
indomethacin.
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Levine et al., 1996), blocks agonist-induced vasodilator
responses mediated by EDHF. Specifically, when the ciliary
vascular bed of the bovine isolated eye is perfused with Krebs
solution containing ascorbate (50 uM, > 120 min), acetylcho-
line induces powerful vasoconstrictor responses. In contrast,
when perfused with standard Krebs solution, it induces
vasodilatation that is blocked by depolarizing solutions of
potassium chloride or by charybdotoxin (McNeish et al.,
2001), and thus has the characteristics of the EDHF
(Edwards et al., 1998; Feletou & Vanhoutte, 1999). This
acetylcholine-induced vasoconstriction was unaffected by the
cyclo-oxygenase inhibitor, flurbiprofen (10 uM), precluding
the involvement of a vasoconstrictor prostanoid. It was,
however, abolished by atropine (100 nM), indicating that it
was muscarinic in nature and probably resulted from the
well-characterized direct contractile action of acetylcholine on
vascular smooth muscle (Furchgott & Zawadzki, 1980).

We have previously reported a similar ‘reversal’ of
vasodilatation to vasoconstriction in the bovine eye when
charybdotoxin was used to attenuate acetylcholine-induced,
EDHF-dependent vasodilatation (McNeish ef al., 2001). It
was therefore likely that ascorbate was blocking the EDHF
pathway at some point, thus uncovering a normally-masked
muscarinic vasoconstrictor response. Indeed, this conclusion
was strengthened by the results of time course experiments.
These showed that although acetylcholine-induced, EDHF-
mediated vasodilator responses were stable during a 120 min
study period, inclusion of ascorbate (50 uM) in the perfusion
medium led to both a time-dependent fall in vasodilatation
and development of vasoconstriction. By the end of the
120 min period vasodilatation was almost abolished and
vasoconstriction had developed fully, while at intermediate
time points a biphasic response, consisting of an initial
vasoconstriction followed by weak residual vasodilatation
was observed.

Further investigation revealed that the ability of ascorbate
to reverse acetylcholine-induced vasodilatation to vasocon-
striction was concentration-dependent, with even the lowest
concentration studied (10 uM), producing a significant effect.
Moreover, at the highest concentration of ascorbate tested
(150 um), vasodilator responses were virtually abolished, with
acetylcholine now producing almost exclusively vasoconstric-
tion. Thus, the inhibitory action of ascorbate was seen over
the full range of concentrations found in human plasma (30—
150 um; Keaney & Vita, 1995) and even lower than this.

Bradykinin also elicits EDHF-dependent vasodilatation in
the bovine isolated perfused eye (McNeish ez al., 2001), so it
was important to determine if the blocking action of
ascorbate extended to this vasodilator. We found that
bradykinin-induced, EDHF-mediated vasodilator responses
were stable during a 120 min study period when the eye was
perfused with standard Krebs solution. Moreover, in
common with experiments when acetylcholine was used as
the vasodilator, inclusion of ascorbate (50 uM) in the
perfusion medium led to a time-dependent fall in bradyki-
nin-induced vasodilatation, such that at 120 min the response
was virtually abolished. In contrast to acetylcholine,
vasoconstrictor responses to bradykinin were never observed,
even when the blocking action of ascorbate was fully
established. This observation therefore strengthens our
conclusion that the effect of ascorbate in the bovine eye is
to block EDHF-mediated vasodilatation and not to invoke a

normally-absent vasoconstrictor response. Moreover, these
findings indicate that the blocking action of ascorbate is
mediated by an action on an element of the EDHF signal
transduction cascade common to both acetylcholine and
bradykinin. This effect is likely to be highly selective since the
vasodilator actions of glyceryl trinitrate were entirely
unaffected by ascorbate.

The ciliary body actively transports ascorbate, such that
the concentration found in the aqueous humour is normally
around 1 mM in a wide range of species, including humans
(Millar & Kaufman, 1995). We therefore wished to determine
if the ability of ascorbate to block EDHF-mediated
vasodilatation was peculiar to the eye, or was a more general
phenomenon. Accordingly, we extended our studies to a
different preparation where the role of EDHF has been
characterized extensively, i.e. the rat isolated perfused
mesenteric arterial bed (Adeagbo & Triggle, 1993; McCulloch
et al., 1997). In this preparation, the vasodilatation induced
by acetylcholine in the presence of inhibitors of nitric oxide
synthase and cyclo-oxygenase is mediated solely by EDHF.
Our experiments revealed that acetylcholine-induced, EDHF-
dependent vasodilator responses in the perfused mesentery
were indeed blocked in a time-dependent manner when
ascorbate (50 uM) was included in the perfusion medium.

The time required for maximal blockade (180 min) was
somewhat longer than in the bovine eye (120 min), but time-
matched experiments conducted in the absence of ascorbate
showed that acetylcholine-induced vasodilatation was well
maintained during this period. Thus, the ability of ascorbate
to block EDHF-mediated vasodilatation is not limited to the
bovine eye, but is a more widespread phenomenon. Whether
or not ascorbate blocks EDHF-dependent vasodilatation at
all vascular sites remains to be determined.

We investigated the possibility that the ascorbate-induced
blockade of EDHF-mediated vasodilatation was due to an
antioxidant action. The failure of the redox-inactive
analogue, dehydroascorbate (50 uM), to mimic the effects of
ascorbate on acetylcholine-induced vasodilatation supports
this view. It also eliminates the possibility that the breakdown
products of dehydroascorbate, i.e. oxalic and L-threonic
acids (Halliwell & Gutteridge, 1989), could account for the
ability of ascorbate to block EDHF-mediated vasodilatation.

Neither superoxide dismutase (250 units ml~') nor catalase
(1250 units ml~"), which scavenge superoxide and hydrogen
peroxide, respectively, shared the ability of ascorbate to block
acetylcholine-induced, EDHF-mediated vasodilatation. Thus,
the blocking action cannot be attributed to the scavenging of
superoxide anion or hydrogen peroxide. The lack of effect of
catalase is of additional significance, since it would counter
the recent suggestion that hydrogen peroxide is the EDHF
(Matoba et al., 2000).

Glutathione (1 mM) also failed to mimic the ability of
ascorbate to block acetylcholine-induced, EDHF-mediated
vasodilatation. In contrast, two other more powerful thiol-
reducing agents, N-acetyl-L-cysteine (1 mM) and dithiothrei-
tol (100 um), each promoted a time-dependent fall in
acetylcholine-induced vasodilatation and uncovered a vaso-
constrictor response. These results may simply be explained
by the general antioxidant action of the two compounds, but
they raise the possibility that they (and ascorbate) might
block EDHF-mediated vasodilatation by reducing a critical
disulphide group at some point on its signal transduction
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cascade. Indeed, redox modification of thiol groups has been
reported to modulate the gating of the intermediate
conductance, calcium-activated potassium channel (Cai &
Sauve, 1997), which, together with the small conductance
calcium-activated potassium channel, is generally involved in
EDHF-mediated vasodilatation (Edwards er al, 1998;
Feletou & Vanhoutte, 1999). An alternative locus for the
inhibitory action of ascorbate might be cytochrome P450. It
has been suggested that EDHF-dependent vasodilatation may
be mediated by a product of a cytochrome P450 enzyme
(Bauersachs et al., 1994; Fisslthaler et al., 1999). Cytochrome
P450s are redox sensitive, and ascorbate is known to inhibit
their activity (Anderson & Kappas, 1991; Ghosh et al., 1997).
Furthermore, there is growing evidence that communication
via myoendothelial gap junctions plays a critical role in the
EDHF response (Chaytor et al., 2001). It would therefore be
of interest to determine if inhibition of cytochrome P450
enzymes or gap junctional communication underlies the
ability of ascorbate to block EDHF-mediated vasodilatation.

The blockade of EDHF-mediated vasodilatation in the
bovine eye and rat mesentery by ascorbate at concentrations
well within the normal plasma range raises several important
issues. For example, if our in vitro experiments reflect the
behaviour of the vascular beds in vivo, they would suggest
that EDHF activity is normally greatly suppressed. Such a
situation seems almost inconceivable, since numerous reports
describe vasodilator responses attributed to EDHF in living
animals (Nishikawa et al., 1999; Welsh & Segal, 2000) and
humans (Honing et al, 2000; Katz & Krum, 2001).
Furthermore, the blocking action of ascorbate on EDHF
contrasts markedly with its actions on nitric oxide, where
enhancement of vasodilator activity is widely reported. For
example, ascorbate is able to restore nitric oxide-dependent
vasodilatation following its impairment by oxidant stress in
isolated arterial rings (Dudgeon et al., 1998; Fontana et al.,
1999). Moreover, treatment of patients with ascorbate has led
to restoration of impaired nitric oxide-mediated vasodilata-
tion in essential hypertension (Taddei et al., 1998; Natali et
al., 2000), atherosclerosis (Levine et al., 1996), hypercholes-
terolaemia (Ting et al., 1997), insulin-dependent (Timimi et
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