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Mechanism of 5-hydroxytryptamine-induced coronary
vasodilatation assessed by direct detection of nitric oxide
production in guinea-pig isolated heart

Amanda J. Ellwood & '"Michael J. Curtis

Cardiovascular Research Laboratories, Vascular Biology Research Centre, Department of Pharmacology, Division of Biomedical
Sciences, King’s College, University of London, Manresa Road, London SW3 6LX

1 We assessed whether a submaximal concentration (1 uM) of 5-hydroxytryptamine (5-HT) releases
nitric oxide (NO) from the coronary endothelium in guinea-pig perfused heart (n=35 or 6/group) by
direct detection of NO in coronary effluent, and determined whether this accounts for the associated
coronary dilatation. We also tested whether saponin is a selective and specific tool for examining the role
of this mechanism in mediating agonist-induced coronary dilatation.

2 Continuous 5 min perfusion with 5-HT, or acetylcholine (ACh; 1 uM), substance P (1 nM) or sodium
nitroprusside (SNP; 1 uM) increased coronary flow from baseline by 3.6+0.2, 3.44+0.2, 1.84+0.1 and
4.14+0.2 ml min~—' g~!, respectively (all P<0.05). Coronary effluent NO content, detected by
chemiluminescence, was correspondingly increased from baseline by 715485, 9204136, 1019+ 58 and
2333+ 114 pmol min~! g~!, respectively (all P<0.05).

3 Continuous perfusion for 30 min with NC-nitro-L-arginine methyl ester (L-NAME) 100 uM reduced
basal coronary effluent NO content by 370432 pmol min~!g~! and coronary flow by
7.540.5 ml min~! g=! (both P<0.05). Saponin (three cycles of 2 min of 30 ug ml~! saponin perfusion
interrupted by 2 min control perfusion) reduced basal coronary NO content by a similar amount
(307 +£22 pmol min~! g=') but reduced basal coronary flow by only 0.6+0.2 ml min~! g=! (P<0.05
versus the effect of L-NAME).

4 The increases in coronary flow in response to (5-HT), ACh and substance P were reduced (all
P<0.05) by 100 uM L-NAME to 1.2+0.3, 1.240.4 and 0.34+0.3 ml min~! g~!, respectively. However,
the flow increase in response to SNP was not reduced; it was in fact increased slightly to
4.840.4 ml min~! g=! (P<0.05).

5 Similarly, after treatment with saponin, the increases in coronary flow in response to 5-HT, ACh and
substance P were reduced to 2.140.3, 1.340.3 and 0.4+0.2 ml min~! g~!, respectively (all P<0.05).
Again, the response to SNP was increased slightly to 4.64+0.5 ml min~! g=' (P<0.05).

6 L-NAME and saponin also inhibited 5-HT, ACh and substance P-induced NO release (P<0.05),
without affecting equivalent responses to SNP.

7 For substance P, the change in coronary flow (ACF) correlated with log;, ANO in the presence and
absence of saponin and L-NAME; ACF = 1.2(log ANO)-1.9; r=0.92; P<0.05. For 5-HT the relationship
was ACF=2.2(log ANO—2.7; r=0.79; P<0.05, indicating that 5-HT causes a disproportionately greater
increase in coronary flow per release of NO. This was taken to indicate that 5-HT relaxes coronary
vasculature in part by releasing NO, but in part by additional mechanisms. ACh resembled 5-HT in this
respect.

8 Saponin had no effect on cardiac systolic or diastolic contractile function assessed by the construction
of Starling curves with an isochoric intraventricular balloon.

9 In conclusion, despite its minimal effect on basal coronary flow, saponin is an effective tool for
revealing endothelium-dependent actions of coronary vasodilator substances and has selectivity in that it
does not impair endothelium-independent vasodilatation or cardiac contractile function. 5-HT dilates
guinea-pig coronary arteries largely by the release of NO from the coronary endothelium.
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Introduction

5-Hydroxytryptamine (5-HT) can constrict and dilate blood
vessels (Vanhoutte, 1991). The constrictor effects may be
mediated by 5-HT,.u. and 5-HT, receptors. Synergism with
other constrictors may also occur (Chester et al., 1993). In the
human heart the relative involvement of 5-HT, . and 5-HT,
receptors appears to vary according to the presence and ab-
sence of endothelial injury and also between individuals
(Kaumann e al., 1993). In the human heart, 5-HT can elicit
coronary vasodilatation via 5-HT, . receptor agonism
(Connor et al., 1989; Chester et al., 1990; Kaumann e al.,

! Author for correspondence.

1993). Data from animal studies suggest that this results from
stimulation of release of the endogenous vasodilator, nitric
oxide (NO), from vascular endothelial cells (Griffith ez al.,
1984; Cocks & Angus, 1983) although, in coronary arteries,
this has not been substantiated by direct detection of NO
(Vanhoutte, 1991).

Several important issues relating to the coronary actions of
5-HT remain to be resolved. It has not been proven, by direct
detection of NO, that 5-HT-induced coronary dilatation is
mediated by endothelially-derived NO. Concomitantly, it has
not been proven that following endothelial injury, loss of 5-HT
induced coronary dilatation is related to impairment of NO
release from the coronary endothelium. We have addressed
these issues in the present study.
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A related problem is the difficulty in establishing a useful
animal model with which to explore endothelium-dependent
and independent coronary reactivity. Endothelial injury ex-
poses sub-endothelial receptors to putative coronary con-
strictor autacoids such as 5-HT. Endothelial injury may be
induced in isolated vessels by mechanical means (Furchgott &
Zawadzki, 1980). However, isolated vessel experiments pre-
clude the characterization of physiological and pathophysio-
logical coronary vascular responsiveness with an intact tissue
milieu. This is particularly important in the heart since cor-
onary artery tone is regulated by mediators released locally
by cardiac tissues (myocytes and nerves) such as adenosine,
nitric oxide and others (Olsson et al., 1992). Thus, a model
was recently developed in which endothelium ablation could
be produced by saponin in the intact isolated perfused heart
(Mankad et al., 1991). Perfusion with saponin damages en-
dothelium by a detergent action (Samata et al., 1986; Ren et
al., 1993), and inhibits endothelium-dependent vasodilatation
(Mankad et al., 1991). Saponin therefore appears to be a
useful agent to allow characterization of endothelium-de-
pendent and independent actions of 5-HT. However, a cur-
ious anomaly has emerged in that saponin has only a small
effect on basal coronary flow, yet L-NAME (NC-nitro-L-ar-
ginine methyl ester), a NO synthase blocker (Rees et al.,
1990), reduces basal coronary flow to a much greater extent
(Kelm & Schrader, 1988; Ellwood & Curtis, 1995). The sec-
ond objective of the present studies, therefore, was to address
this problem.

We achieved our objectives by comparing, in isolated per-
fused hearts, the actions of saponin with those of L-NAME on
(i) basal coronary flow and basal NO release, and (ii) coronary
flow and NO release in hearts perfused with 5-HT and two
other agents which relax coronary arteries primarily via en-
dothelium-dependent actions (acetylcholine (ACh) and sub-
stance P), and a fourth agent (sodium nitroprusside (SNP))
that does not require an intact endothelium to relax vascular
smooth muscle. Our premise was that if saponin and L-NAME
inhibit endothelium-dependent dilatation by inhibiting NO
release then, for each agonist (5-HT, ACh and substance P—
but not SNP), there should be a correlation between the
change in coronary flow and the change in NO. The extent and
nature of this correlation was used to characterize the role of
endothelium-dependent NO release in mediating the coronary
dilator action of 5-HT. Some of the findings have been pre-
sented in a preliminary form to the British Pharmacological
society (Ellwood & Curtis, 1995).

Methods

All experiments were performed in accordance with the United
Kingdom Home Office ‘Guide on the Operation of the Ani-
mals (Scientific Procedures) Act 1986’.

Male Dunkin Hartley guinea-pigs (Charles River, Kent,
U.K,, 300 — 350 g) were terminally anaesthetized with sodium
pentobarbitone (60 mg kg~!, i.p.) and heparinized (sodium
heparin, 250 i.u., i.p.). A rapid thoracotomy was performed
and the hearts quickly excised and placed in ice-cold modified
Krebs solution containing (in mM): glucose 11.1, CaCl, 1.4,
NacCl 118.5, NaHCO; 25.0, MgSO, 1.2, NaHPO, 1.2 and KCI
4.0. The calcium concentration, lower than that in true Krebs
solution, reflects more closely free blood calcium in a variety of
species (Galinanes & Hearse, 1990). The hearts were cannu-
lated via the aorta (Langendorff mode) within 90 s of removal.
Hearts were perfused under constant pressure (100 cmH,O)
perfusion with modified Krebs solution gassed with 95% O,
and 5% CO,, pH 7.4 and delivered at 37°C. All solutions were
made with ‘ultra pure’ water (reverse osmosis, Milli RO-50,
Millipore, Watford, U.K.) and vacuum filtered through 5 mi-
cron filter paper (Millipore), to remove particulate coronary
spasmogens. To eliminate any effect that change in heart rate
may have on coronary flow, hearts were paced at 275 beats
min~!, pulse width 0.5 ms, 1 pulse s~! (Harvard student sti-

mulator, Edenbridge, U.K.), via two stainless steel electrodes
placed in the left ventricle. Heart rate was verified from a
unipolar electrogram recorded from the left ventricle and dis-
played on a Grass polygraph (model RPS 7C8, Quincy,
U.S.A)).

Coronary flow measurement

Coronary flow was measured by timed collection of coronary
effluent over 30 s which was then weighed (1 ml=1 g), by a
Ohaus balance (Cambridge, U.K.), accurate to 1 mg (Rees &
Curtis, 1993). Three consecutive measurements were taken
during the final 90 s of drug perfusion and the mean was cal-
culated. Coronary flow and change in coronary flow (ACF)
were expressed as + or — ml min~! g=! wet weight of the
ventricle. Individual ACF values were less variable than in-
dividual crude values of coronary flow. For example, in one
heart a basal flow of 11.31 ml min~! g~!, was increased to
13.83 ml min~' g~! by an agonist, whereas in another heart,
the same agonist increased basal flow from a lower basal value
0f9.39 to 11.85 ml min~! g~!, yet ACF was almost identical in
the two hearts (2.52 and 2.46 ml min~' g~!, respectively).
Thus, calculation and use of ACF values reduced group
s.e.mean values and allowed better precision for comparing
differences between groups.

Following cannulation, the hearts were allowed to stabilize
for 30 min or until 3 consecutive coronary flow measurements
were within 0.4 ml min~! g=! of one another. The study pro-
tocol was then commenced. Hearts were excluded from the
protocol if the coronary flow was found to be less than
8 ml min~! g~! at the beginning of the study protocol. All
drugs were delivered continuously for a set time period
(5 min). Hearts (n=5/6, 4 groups) received one of the fol-
lowing agonists: 1 uM 5-HT (a submaximal concentration,
determined from a separate group of hearts which received a
continuous perfusion of 5-HT at 5 min increments from 0.001
to 10 uM), 1 uM ACh, 1 uM SNP or 1 nM substance P. This
was followed by 15 min control (drug-free) perfusion, after
which the response to the agonist was reassessed. The hearts
were then perfused with either 100 uM L-NAME for 30 min, or
30 ug ml~! saponin, delivered in 3 cycles (2 min of saponin
followed by 2 min vehicle, repeated 3 times) followed by
15 min of control perfusion, then the effects of 1 um 5-HT,
1 uM ACh, 1 uM SNP or 1 nM substance P were reassessed.
The choice of saponin concentration was based on that used by
Mankad et al. (1991). In preliminary studies we found that the
same schedule, but with higher concentrations of saponin (50
or 60 ug ml~") caused cardiac contracture and irreversible
ventricular fibrillation (indication of the production of vas-
cular muscle and cardiac injury).

The response to a full concentration range of 5-HT follow-
ing a saponin protocol was carried out in initial studies to assess
the best concentration of 5-HT to use subsequently. However,
full concentration-response studies were not practicable as the
initial protocol required approximately 160 min to complete in
each heart. Moreover, the possibility of desensitization fol-
lowing repeated administration of agonists, especially 5-HT
(Ben-Harai er al., 1991) necessitated minimization of the
number of times each heart was exposed (we chose three times
for each agonist). Although this precludes the estimation of
pECs, values, it improves the reliability of the data.

ACh and substance P were incorporated into the protocol
to allow comparison of the effects with two other agents that
dilate vascular smooth muscle in part by releasing NO. SNP
was used as it dilates smooth muscle independently of en-
dogenous NO release; its effects would not be expected to be
reduced by L-NAME or saponin in contrast to the effects of
ACh, substance P or 5-HT. Moreover, its use provided a test
for whether saponin, when used, possessed selective actions on
the coronary endothelium since inhibition of the actions of
SNP by saponin would indicate that saponin had impaired the
intrinsic ability of the coronary vasculature to relax (i.e., had
caused smooth muscle damage).
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Measurement of NO release by chemiluminescence

NO release into the coronary effluent was measured by the
method described by Menon et al. (1989), with a Sievers NO
analyser (NOA) model number 270B, (Dyson Instruments,
Hetton, U.K.). This method is based on a gas phase chemi-
luminescence reaction between NO and ozone:

NO+ O3->N02+ 02+V

The chemiluminescence was detected by a photomultiplier.
The output was recorded and processed by a Mac Lab com-
puter (model 2E, AD instruments Hastings, U.K.).

A 1 ml aliquot of coronary effluent collected during the final
minute of drug perfusion was decanted into a plastic eppendorf
tube (BDH Laboratory supplies, Dagenham, U.K.) and im-
mediately frozen in liquid nitrogen and stored at —20°C.
Subsequently, the samples were thawed and analyzed. The NO
in the coronary effluent undergoes rapid autoxidation to nitrite
(Kelm & Schrader, 1990). Therefore the samples were injected
into a purge vessel containing an acidified reducing solution
(1% potassium iodide and glacial acetic acid) to liberate NO.
An inert gas (helium) was used to purge the NO under reduced
pressure into the nitric oxide analyzer. NO content of the
samples was calculated by using a standard curve derived from
reducing sodium nitrite in the purge vessel. Modified Krebs
solution was used to make up the standards to allow for any
contaminant nitrite present in the chemical constituents of the
perfusion solution. NO content was expressed as pmol
min~! g=! wet weight of perfused cardiac tissue (Pabla &
Curtis, 1995). In preliminary studies we found that the agonists
used produce a peak release of NO during 3.5 to 5 min after
the start of administration. Therefore all NO data values
presented refer to release during this 90 s period.

Contractility studies

In order to assess whether the actions of saponin are restricted
to the coronary vasculature (as intended) or extend to the
myocardium, the contractile function of guinea-pig hearts
(n=24) was assessed. Impairment of contractile function would
indicate that the saponin protocol (as described above) does not
produce injury restricted to the vasculature. The hearts were
randomly assigned to three groups, time control (drug-free
solution), saponin protocol, or 5-HT (1 uM). We examined the
actions of 5-HT in order to assess whether a positive inotropic
action could be elicited since, although the hearts were not
required to do any external work during the studies on cor-
onary flow, an increase in inotropic activity could conceivably
increase ATP utilization, and this might affect coronary flow
(Olsson et al., 1992). The hearts were prepared as above, except
that a saline filled balloon made of domestic wrapping film was
inserted into the left ventricle as previously described (Curtis et
al., 1986). The balloon was connected to a pressure transducer
linked to a computer (MAC LAB, model 2E). The position of
the balloon in the left ventricle was checked by slow inflation.
This involved slowly injecting 0.05 ml of saline (0.9%, used to
prevent growth of algae inside the balloon during long term
use). This produced a sustained increase in systolic pressure.
Saline was then withdrawn from the balloon until systolic
pressure was zero. A Starling curve was then constructed by
adding 0.02 ml increments of saline to the balloon at 1 min
intervals until the systolic pressure plateaued (at about 0.3 ml
added volume). The hearts were then perfused for 10 min at
zero balloon volume, following which a second Starling curve
was constructed. Hearts then received either Krebs alone, or 5-
HT (1 uM) for 10 min, or the saponin protocol (as above). A
final Starling curve was then constructed.

Drugs

ACh hydrochloride, 5-HT hydrochloride, substance P, SNP, L-
NAME and saponin, were all obtained from Sigma Chemicals

(Poole, U.K.). All drug solutions were made up as stock so-
lutions of 1 mM in de-ionised water and stored at 4°C until
used.

Statistics

Hearts were used as their own controls. This allows the use of
the paired ¢ test for statistical analysis. Other comparisons
were made by use of an unpaired ¢ test, modified by Dunnett’s
correction for multiple comparisons where appropriate. All
data are expressed as mean+s.e.mean. A P value <0.05 was
considered to be statistically significant.

Results

Coronary flow and NO release with time during drug-
free perfusion

In time matched controls, there was a small decline in coronary
flow over time which was matched by a similar decline in NO
release. At time zero (equivalent to just before the agonist
protocol was begun in the experiment proper) the mean cor-
onary flow and NO were 11.84+0.13 ml min~—' g~' and
715443 pmol min~! g, respectively. After a further 60 min
(equivalent to the end of the experiment proper) coronary flow
was 11.05+0.3 ml min~' g=' and NO was 65546 pmol

min~' g~

Effect of saponin and L-NAME on basal coronary flow
and NO release

A 30 min period of perfusion with L-NAME (100 uM) caused a
significant vasoconstriction (P<0.05), coronary flow falling
from 11.44£0.4 to 7.54£0.5 ml min~' g~' (—3341%) which
was accompanied by a significant reduction in basal NO re-
lease, from 720+ 22 to 350+27 pmol min~! g=! (—514+4%,
P <0.05, n=21). The saponin protocol caused only a small
reduction in basal coronary flow (i.e., flow in the absence of
added agonist) compared to the reduction caused by L-
NAME. Values before and after saponin treatment were
11.240.3 ml min—' g=! and 10.6+0.3 ml min~' g~!, respec-
tively (— 6+ 1%, n=24, P<0.05). This was accompanied by a
significant reduction in basal NO release in saponin treated

A coronary flow (ml min™ g'1)

; * l
o _
0.001 0.003 0.01 0.03 0.1 0.3 1 3
5-HT (um)
Figure 1 Changes in coronary flow (ACF mlmin~'g™!) in response
to 5-HT (0.001 to 3 uM). Values were recorded during the final 90s of
a Smin exposure to 5-HT, in the absence (open columns) or presence

of saponin pretreatment (solid columns). Data are mean +s.e.mean,
n=35 or 6. *P<0.05 versus no saponin.
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hearts, from 710 +22 to 403422 pmol min~' g=' (—43+3%,
P<0.05, n=24).

Effect of 5-HT, ACh, substance P and SNP on coronary
flow and NO release

In initial experiments, 5-HT perfusion produced a concentra-
tion-dependent increase in coronary flow over the concentra-
tion range used (0.001 to 3 uM, Figure 1). However, this was
not reproducible when the concentration-response relationship
was re-examined 60 min later (data not shown), so only a single
concentration of 5-HT was used in the experiment proper. In
addition, a separate group of hearts was used to examine the
concentration-response relationship to 5-HT following a sa-
ponin protocol. The vasodilator response to all concentrations
of 5-HT was inhibited, e.g. at 1 uMm 5-HT from 3.640.2 to
0.540.3 ml min~' g~! (P<0.05), but saponin did not unmask
any 5-HT-induced coronary constriction (Figure 1).

Each agonist caused a significant increase in coronary flow
(P<0.05) (Figure 2). The vasodilator responses to 5-HT,
substance P and SNP were reproducible when examined for a
second time, 15 min after the first exposure to drug, although
the response to ACh was slightly enhanced e.g., from 3.5+0.1
to 41402 mlmin~'g=!' (P<0.05). Thus, the single-con-
centration exposure protocol effectively avoided tachyphylaxis
to the response to 5-HT and the other agonists that would have
complicated interpretation of the effects of saponin and L-
NAME.

Effects of saponin and L-NAME on agonist-induced
changes in coronary flow and NO

The vasodilator responses to 1 uM ACh, 1 uM 5-HT and 1 nM
substance P (Figure 2) were accompanied by release of NO
into the coronary effluent (Figure 3, P <0.05). Neither saponin
nor L-NAME had any effect on the vasodilator response to
SNP (Figure 2), nor on the ability of SNP to elevate coronary
effluent NO concentration (Figure 3). The responses to ACh
and 5-HT were greatly attenuated by L-NAME. Moreover,
despite its negligible effect on basal coronary flow, saponin had
equivalent effects to L-NAME on agonist-induced vasodilata-
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tion and NO release. Nevertheless, there remained a small but
measurable residual vasodilatation in response to both ACh
and 5-HT after either saponin or L-NAME treatment. This
contrasted with the vasodilator response to substance P which
was almost completely abolished by both saponin and L-
NAME. Despite these small differences in the inhibition of
agonist-stimulated increases in coronary flow, substance P-,
ACh- and 5-HT-stimulated increases in NO release were in-
hibited by saponin and by L-NAME treatment, each to a si-
milar extent. The residual NO release was less than
100 pmol min~' g~! for all three agonists following saponin
or L-NAME.

Relationship between NO release and coronary flow

For each of the agonists, there was a linear correlation
(P<0.01) between log ANO and increase in coronary flow
(ACF) in the presence and absence of saponin and L-NAME.
For the individual agonists, the best correlation occurred with
substance P: ACF=1.2(log ANO)-1.9, r=0.92, P<0.05,
(Figure 4a). The correlation for ACh was ACF =1.4(log
ANO)-1.3, r=0.79, P<0.05 (Figure 4b), and for 5-HT was:
ACF=2.2(log ANO)-2.7, r=0.79, P<0.05 (Figure 4c). These
relationships demonstrate that for 5-HT there was a dis-
proportionate increase in coronary flow in relation to the
amount of NO released. In the case of SNP, the amount of NO
released was greatly disproportional to the degree of vasodi-
latation produced, (compare Figure 2 with Figure 3). It was
not appropriate to regress the relationship between ANO and
ACF during perfusion with SNP since all values clustered
around a point regardless of whether the hearts had been pre-
treated with saponin or L-NAME or neither.

Effect of saponin and 5-HT on cardiac contractility

Balloon inflation generated a typical Starling curve (Figure
5a). There was a time-dependent run down in cardiac con-
tractility in control hearts, with a downward displacement of
developed pressure throughout the whole Starling curve. With
0.02 ml added volume the developed pressure (systolic pressure
minus end diastolic pressure) was 66+6 mmHg in the first
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Figure 2 Changes in coronary flow (ACF, ml min~'g~") in response to 5-HT (1 uM), acetylcholine (ACh, 1 uMm), sqbstance P (1 nm)
and sodium nitroprusside (SNP, 1 uM). Values were recorded during the final 90s of a Smin exposure to the agonists before (open
columns) and after treatment with (a) saponin (solid columns) or (b) L-NAME (cross-hatched columns). Data are mean +s.e.mean,

n=35 or 6. *P<0.05 versus pre-saponin or pre-L-NAME values.
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Figure 3 Changes in coronary NO content (ANO, pmolmin~'g~!) in response to 5-HT (1 um), acetylcholine (ACh, 1uM),
substance P (1 nM) and sodium nitroprusside (SNP, 1 uM). Values were recorded during the final 90s of a Smin exposure to the
agonists, before (open columns) and after treatment with (a) saponin (solid columns) or (b) L-NAME (cross-hatched columns). Data
are mean+s.e.mean, n=>5 or 6. *P<0.05 versus pre-saponin or pre-L-NAME values.

Starling curve (time=0 min), and 40+ S5 mmHg in the third
Starling curve (time =60 min, P<0.05). At the highest added
volume of 0.3 ml the developed pressure in the first Starling
curve was 127+7 mmHg compared to 102+ 5 mmHg in the
third Starling curve (P<0.05). For clarity only the second
(time =30 min) and the third Starling curves are shown for
control, saponin-treated and 5-HT-treated groups (Figure 5a,b
and c).

To account for the time-dependent run down in the devel-
oped pressure in the control group, and in the pre-drug Star-
ling curves of the 5-HT and saponin treated groups (Figure 5b
and c), a comparison was made between the change in devel-
oped pressure (ADVP) in the second Starling curve (time
matched control) and the third curve (control, saponin or 5-
HT) of the three groups. There was no difference between
ADVP in saponin-treated hearts and ADVP in time matched
control hearts (Figure 6). This indicates that the concentration
of saponin used in this study had no effect on cardiac con-
tractility. 5-HT had a positive inotropic effect. The ADVP in 5-
HT-treated hearts was significantly different to the ADVP in
time matched control hearts (P<0.05, Figure 5). Diastolic
function, as assessed from end diastolic pressure values was
not affected by saponin or 5-HT (data not shown), indicating
that saponin (and 5-HT) did not affect myocardial relaxation
(lusitropy).

Discussion

In the present study we have explored the mechanism by which
5-HT dilates intact coronary vasculature, and how this is af-
fected by coronary endothelial ablation. By comparing the
actions of 5-HT with three other coronary vasodilators and
measuring the release of NO into coronary effluent we sought
to establish the role played by NO in mediating the actions of
5-HT, and examine how this role is affected by endothelial
ablation.

Does 5-HT relax coronary vasculature by releasing NO?

Our first objective was to test whether 5-HT relaxes coronary
vasculature by releasing NO from the coronary endothelium.

In order to do this we compared the actions of 5-HT with two
agonists known to be endothelium-dependent vasodilators,
namely, ACh and substance P (Furchgott, 1983). All three
agonists produced an increase in coronary flow which was
accompanied by an increase in NO release measured by che-
miluminescence. Although it has been suggested that 5-HT
dilates coronary vessels, at least in part by the release of NO,
this is the first direct evidence which demonstrates this to be
the case. However, although 5-HT increases coronary flow and
coronary NO content this is not sufficient evidence to prove
that the latter is the sole cause of the former. For several
reasons explained below, it appears that dilatation produced
by 5-HT is not exclusively mediated by NO release. In order to
explore this we investigated the effects of NO synthase block-
ade with L-NAME and endothelial ablation with saponin.

Is saponin a specific and selective tool for ablating
coronary endothelium?

We used saponin as a tool to assess the role of the en-
dothelium-dependent NO release in mediating the actions of 5-
HT. Saponin is known to damage vascular endothelium
(Shirasaki & Su, 1985; Samata ez al., 1986; Wiest et al., 1989).
However, insufficient damage would allow residual NO release
to complicate the analysis of the action of a putative NO-
releasing vasodilator such as 5-HT, whereas excessive exposure
to saponin might be sufficient to damage the underlying
smooth muscle or the myocardium, giving a false positive
when assessing responses to 5-HT. We discounted the latter
possibility by showing that saponin had no effect on cardiac
contractility, assessed from Starling curves, and did not impair
the ability of SNP to cause coronary vasodilatation. However,
the effects of saponin on coronary flow and NO release were
complex and the possibility of inadequate endothelial ablation
was further considered, due to the much smaller reduction in
coronary flow caused by saponin compared to L-NAME.
Following treatment with saponin there was a reduction in
basal release of NO, although this was less than the reduction
seen following 30 min perfusion with L-NAME. Although this
difference may be due to the ability of L-NAME but not sa-
ponin to inhibit NO release from sources additional to en-
dothelium, such as cardiac nerve fibres (Klimaschewski et al.,
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Figure 4 Regression analysis of change in coronary flow from
baseline (ACF) versus change in NO from baseline gANO) for
control (pre-saponin, A, pre-L-NAME, @), 30ugml™" saponin-
treated (A) and 100 uM L-NAME treated (QO) hearts in response to
(a) substance P, (b) ACh and (c) 5-HT. Data points represent values
for individual hearts measured 5min after administration of each
agonist.
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Figure 5 The change in cardiac contractility (expressed as developed
pressure) with time in (a) control perfused hearts (Krebs only) at
perfusion time = 30min ((J) and perfusion time = 60 min (A), (b)
saponin-perfused hearts at perfusion time=30 min (time matched
control, []) and perfusion time = 60 min (30 ug ml~! saponin, A) and
(c) S-HT perfused hearts at perfusion time = 30min (time matched
control, []) and perfusion time = 60 min (1 uM 5-HT, A). Data shown
are means and vertical lines indicate s.e.mean.
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Figure 6 The effects of 30 ugml~! saponin (A) and 1uM 5-HT(O)
on cardiac contractility compared to control ([J). Data are expressed
as change in developed pressure (ADVP) at 30min perfusion time
minus equivalent values after 60min perfusion. *P<0.05 versus
control values; vertical lines indicate s.e.mean.

1992), it may indicate that saponin did not completely ablate
the coronary endothelium, with residual release of NO from
the portion of the endothelium that remained intact. How-
ever, this appears unlikely, since saponin almost completely
abolished vasodilatation and NO release in response to sub-
stance P. Substance P, at the concentration we used, is re-
garded as having a relatively selective ability to relax vascular
smooth muscle by releasing NO (Enokibori et al., 1994; Kil-
patrick & Cocks, 1994). This confirms that saponin did induce
substantial endothelial damage and that the damage was se-
lective.

If both saponin and L-NAME inhibit agonist-induced cor-
onary vasodilatation by reducing endothelium-dependent NO
release, then both agents ought to possess quantitatively si-
milar actions on agonist-induced changes in coronary flow and
NO release. This was found to be the case. The actions of
saponin and L-NAME on agonist-induced changes in coronary
flow were almost identical (Figure 1) as were their effects on
NO release (Figure 2).

Thus, the saponin protocol used fulfilled the criteria ne-
cessary for it to qualify as an effective (specific and selective)
tool for ablating endothelium- (and NO-) dependent coronary
vasodilatation. Moreover, its actions and the actions of L-
NAME on responses to 5-HT confirmed that the coronary
dilator effects of 5-HT were mediated primarily by the release
of NO from the coronary endothelium.

Actions of saponin and L-NAME on basal versus
stimulated coronary flow and NO changes

Saponin caused a small but significant reduction in baseline
coronary flow whereas L-NAME caused a large reduction in
baseline coronary flow. A failure of saponin to ablate the
coronary endothelium can be ruled out as an explanation for
this, on the basis of the data discussed above. The con-
centration of saponin used (30 ug ml~') has been found by
others to have no effect on baseline coronary flow (Mankad et
al., 1991), although a higher concentration (50 ug ml~') has
been shown to reduce coronary flow in potassium arrested
perfused hearts (Wiest ef al., 1989). One possible explanation
for our findings is that L-NAME can reduce basal coronary
flow by a combination of inhibition of endothelium-dependent
NO release and some additional (NO-independent) mechan-
ism.

NO synthase inhibitors have been shown consistently to
increase vascular tone in isolated tissues (Rees et al., 1989),
perfused organs (Mankad et al., 1991; Smith et al., 1992) and
in vivo (Benyo et al., 1991). However, unpublished findings
from our laboratory have demonstrated that coronary vaso-
constriction to 100 uM L-NAME occurs before there is sig-
nificant inhibition of NO release in rat isolated hearts. This
supports the suggestion that the concentration of L-NAME
chosen in the present study may have additional actions which
are independent of the inhibition of NO synthase. In further
support of this, Lippton et al. (1992) have shown that L-
NAME can cause a significant vasoconstriction at concentra-
tions below those sufficient to inhibit NO-dependent vasodi-
lation. It was not our objective to establish the identity of these
mechanisms, although further studies may be of future inter-
est. In this connection, it has been suggested previously that L-
NAME can act as a muscarinic antagonist (Buxton et al.,
1993).

Does 5-HT cause vasodilatation exclusively by releasing
NO?

Although 5-HT clearly releases NO and this contributes sub-
stantially to the associated coronary vasodilatation, this may
not be the only mechanism by which 5-HT dilated coronary
arteries. It has been recently shown in rabbit external jugular
vein that an endothelial 5-HT receptor exists which mediates
vasodilatation independently of NO release (Browning ,e? al.,
1995). Furthermore, 5-HT receptors which mediate vasodila-
tation are also present in vascular smooth muscle (Browning et
al., 1995). In the present study we compared the profile of flow
and NO changes in response to 5-HT, before and after en-
dothelial ablation and NO synthase inhibition, with the profile
of changes caused by ACh, substance P and SNP. The lack of
effect of saponin on the response to SNP shows that saponin
had no direct effect on the coronary vasculature smooth
muscle. This, and the lack of effect of L-NAME on the re-
sponse to SNP, confirmed that neither L-NAME nor saponin
affected the intrinsic ability of the coronary vasculature to
relax. Thus the changes in NO and vascular reactivity in re-
sponse to 5-HT following saponin and L-NAME cannot be
attributed to altered vascular reactivity.

At the concentration used (1 nM), substance P dilates ves-
sels almost exclusively via the release of NO (Enokibori et al.,
1994; Kilpatrick & Cocks, 1994) and responses to substance P
are more sensitive to blockade by L-NAME than responses to
ACh (Rees et al., 1989). Consistent with this, the present study
provided evidence for a cause and effect relationship between
ANO and ACF in response to substance P, since the increase in
coronary flow and NO were each completely abolished by both
saponin and L-NAME. This contrasts with the response to 5-
HT where there was a small residual increase in coronary flow
despite the almost complete inhibition of stimulated NO re-
lease in hearts treated with saponin or L-NAME. Regression
analysis showed that there was proportionately greater vaso-
dilatation for the amount of NO released in response to 5-HT
compared with substance P. If it is accepted that substance P at
the concentration used dilates coronary arteries exclusively by
releasing NO, as the present and published data suggests, this
confirms that mechanisms in addition to NO release are in-
volved in the vasodilator response to 5-HT in guinea-pig
hearts. The existence of a residual response to 5-HT after sa-
ponin pretreatment and the disproportionate increase in flow
in relation to ANO, even when the endothelium had not been
ablated, means that 5S-HT does not cause coronary vasodila-
tation exclusively by releasing NO, regardless of whether the
endothelium is intact or denuded.

Actions of ACh and SNP

Although the actions of ACh and SNP per se did not represent
a major focus of the present study, certain observations require
consideration.
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Data for ACh were qualitatively and quantitatively similar
to data for 5-HT. Following treatment with saponin and L-
NAME a residual vasodilator response to ACh was present
despite almost complete inhibition of ACh-stimulated NO re-
lease. This is broadly consistent with data from Ward and
Angus (1993).

Possible explanations for the residual vasodilator response
to ACh include endothelium-dependent actions, such as release
of an endothelium-dependent hyperpolarizing factor (Komura
et al., 1991) or prostanoids (Ignarro et al., 1987), and en-
dothelium-independent actions (Xie & Triggle, 1994), includ-
ing activation of calcium-dependent potassium channels
leading to hyperpolarization (Tare et al., 1990; Chen &
Cheung, 1992; Garland & McPherson, 1992; Lefroy et al.,
1993; Waldron & Garland, 1994; Plane et al., 1995).

The vasodilator response to the endothelium-independent
vasodilator SNP was enhanced by both saponin and L-NAME.
On the basis of similar findings (Shirasaki & Su, 1985; Smith et
al., 1992), it has been suggested (Moncada et al., 1991) that this
effect may be due to a specific supersensitivity to the action of
nitrovasodilators caused by the inhibition of basal NO release.

Effects of saponin and 5-HT on contractile function

Cardiac contractile function was measured in part to assess
whether the effects of saponin were restricted to actions on the
coronary vascular endothelium. Saponin had no effect on
systolic or diastolic function, so any possibility that actions on
responses to S-HT, ACh and substance P resulted from
changes in contractile function can be discounted. 5-HT itself
had a small but significant positive inotropic action. It is
conceivable that by increasing systolic function, 5-HT may
cause the ventricle to utilize more ATP, leading to coronary
vasodilatation via the action of the ATP metabolite, adenosine
(Olsson et al., 1992). 1t is therefore possible that part of the
coronary vasodilatation produced by 5-HT that is dispropor-
tionate to NO release may be mediated by this mechanism.
However, the differences in metabolic demand that exist be-
tween the loaded heart (balloon containing) and the unloaded
heart may render this mechanism unimportant in the unloaded
heart (i.e., the preparation we used for examining coronary
flow changes). Moreover, the small effects of 5-HT on con-
tractile function could be revealed only when time-dependent
run-down had been taken into account, so the likelihood that
the effects were sufficiently substantial to influence coronary
autoregulation is not great.

Limitations of the present study

The model described herein may be utilized for examining the
mechanism controlling 5-HT- (and other agonist-) induced
coronary dilatation and its loss following endothelial ablation.
However, despite evidence that 5-HT may constrict coronary
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