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Halothane inhibits the pressor effect of diphenyleneiodonium
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1 We have recently found that diphenyleneiodonium (DPI), a novel inhibitor of nitric oxide (NO)
synthase, causes pressor and tachycardic responses in pentobarbitone- but not halothane-anaesthetized
rats. The present study investigated the mechanism by which halothane suppresses the pressor response
of DPI. The effects of halothane on the pressor response of DPI were also compared with those of other
anaesthetic agents.
2 In conscious rats, i.v. bolus injections of DPI (0.025 - 1.6 mg kg-') caused dose-dependent increases
in mean arterial pressure (MAP), with EDm of 0.07 ± 0.01 mg kg-' and maximal rise of MAP (Emax) of
59 ± 2 mmHg. While ketamine potentiated E,,, without altering the EDm and pentobarbitone increased
the ED^, without changing Emax of the pressor response to DPI, chloralose, urethane and ethanol
displaced the curve to the right and potentiated E,,.a. In contrast, halothane (0.5-1.25%) dose-
dependently and non-competitively reduced the pressor responses to DPI.
3 Intravenous bolus injection of a single dose of DPI (1.6 mg kg-') caused immediate and large
increases in plasma noradrenaline and adrenaline, as well as MAP in conscious rats. Halothane (1.25%)
almost completely inhibited these increases.
4 The results suggest that DPI causes a pressor response in conscious rats by activating the sym-
pathetic nervous system and halothane abolishes this pressor response by inhibiting activities of the
sympathetic nervous system. The results also show that influences of anaesthetics must be taken into
consideration when evaluating pressor response of vasoactive agents.
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Introducdon Methods

Diphenyleneiodonium (DPI), a bivalent iodine compound,
was first reported to be a potent hypoglycaemic agent
(Stewart & Hanly, 1969; Gatley & Martin, 1979). It was later
shown to suppress the activities of neutrophil and macro-
phage NADPH-dependent oxidase (Cross & Jones, 1986), as
well as macrophage nitric oxide (NO) synthase (Stuehr et al.,
1991), probably via the inhibition of a flavoprotein (Hancock
& Jones, 1987; Ellis et al., 1989; Stuehr et al., 1990). DPI was
also found to inhibit endothelium-dependent vasodilatation
in vitro (Stuehr et al., 1991; Poon et al., 1993) and in vivo
(Poon et al., 1993). Recently, we found that DPI caused
pressor and tachycardic effects in pentobarbitone-anaes-
thetized rats; the cardiovascular effects were due to the
modulation of sympathetic nerve activities (Wang & Pang,
1993). In our preliminary experiments, we also found that
halothane markedly suppressed the pressor effect of DPI.

Halothane has been shown to inhibit sympathetic nervous
transmission at several levels (Seagard et al., 1982; Larach et
al., 1987; Rorie et al., 1990). Halothane was also found to
alter endothelium-dependent vasodilatation (Muldoon et al.,
1988; Blaise, 1991), and to abolish the pressor responses of
other NO synthase inhibitors, namely N-nitro-L-arginine
(L-NNA) and its methyl ester (L-NAME) (Wang et al.,
1991a; Pang et al., 1992). The aim of this study was to (1)
investigate the characteristics of the inhibitory effect of
halothane on the pressor response to DPI; (2) to examine
whether halothane suppresses the pressor response of DPI by
inhibiting activities of the sympathetic nervous system; (3) to
compare the effect of halothane with those of intravenous
and inhalation anaesthetic agents on the pressor response of
DPI.

I Author for correspondence.

Surgical preparation

Sprague-Dawley rats (300-360 g) were used in this study.
Cannulae (PE50) were inserted into the left iliac vein for the
administration of drugs, and into the left iliac artery for the
recordings of mean arterial pressure (MAP) by a P23DB
pressure transducer (Gould Statham, CA, U.S.A.) and heart
rate which was determined electronically from the upstroke
of the arterial pulse pressure using a tachograph (Grass,
Model 7P4G). In some rats, another PE50 cannula was also
inserted into the right iliac artery to collect blood samples.
The body temperature of the anaesthetized rats was main-
tained at 37°C with a heating lamp connected to a thermostat
(73A, Yellow Springs Instruments). In halothane-anaes-
thetized rats in Protocol 2 and 3 (see later), tracheostomy
was also performed with a PE160 catheter. All anaesthetized
rats were equilibrated for 20 min at the appropriate anaes-
thetic doses before the commencement of studies. The con-
scious rats in all the protocols were first anaesthetized with
halothane (1.5% in air), to allow surgical preparation, and
were allowed to recover for at least 6 h from the effects of
anaesthesia before further use. The catheters were tunnelled
subcutaneously and exteriorized at the back of the neck.

Measurement ofplasma catecholamines

Plasma catecholamines levels were determined by a cate-
cholamine Assay kit (Amersham Canada Ltd., Ont., Canada)
(Passon & Peuler, 1974). The radioactivity (3H) was detected
by a 1600 TR liquid scintillation analyzer (Packard Instru-
ment Co., CT, U.S.A.). Blood samples (0.5 ml) were immedi-
ately placed in prechilled tubes containing EGTA and
reduced glutathione and centrifuged at 1,200 g at 4°C. After-
wards, the plasma was removed and stored at - 70°C until
assayed within two weeks. Duplicate assays were run for the
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standard (in blank plasma) and plasma samples (50 LI each)
using distilled water as a blank control for each run. The
sensitivity of the catecholamine assay was 0.005 ng ml-' for
each catecholamine.

Drugs

Halothane and diphenyleneiodonium (DPI) sulphate were
obtained from Ayerst Lab. (Quebec, Canada) and Colour
Your Enzyme Ltd. (Ont., Canada), respectively. Urethane
ethyl carbamate and ketamine hydrochloride were from
Sigma Chemical Co. (MO, U.S.A.). The following anaes-
thetics were also used: ax-chloralose (BDH Chemical Ltd.,
Poole, England), sodium pentobarbitone (M.T.C. Pharma-
ceuticals, Cambridge, Ontario, Canada) and anhydrous ethyl
alcohol (Stanchem Co., Quebec, Canada). The powder drugs
were dissolved in normal saline (0.9% NaCI) except for DPI
which was solubilized in 5% glucose solution by 10 min
sonication.

Experimental protocol

The rats (n = 6 each group) were randomly assigned into
groups. MAP and HR were continuously monitored through-
out the experiments.

(1) Dose-MAP response curves to DPI in conscious and
anaesthetized rats Six groups of rats were used: conscious
rats and rats anaesthetized with sodium pentobarbitone
(65 mg kg-'), ketamine (140 mg kg-'), urethane (2 g kg-'),
ethanol (4 g kg-') and chloralose (150 mg kg-'). Dose-MAP
response curves to i.v. bolus injections of DPI (0.025-1.6 mg
kg- ') were constructed at dose-intervals of 3-6 min, the time
required to recover from the effects of the previous dose.

(2) Dose-MAP response curves of DPI in conscious and
halothane-anaesthetized rats Five groups of rats were used:
conscious rat and rats anaesthetized with different concentra-
tions of halothane (0.5, 0.75, 1 and 1.25% in air) at flow
rates of 1500mlminm'. The dose-MAP response curves of
i.v. bolus injections of DPI (0.025-6.4mgkg-') were con-
structed at dose-intervals of 3-6min as above.

(3) Effects of DPI on plasma catecholamine levels in con-
scious and halothane-anaesthetized rats One group of con-
scious rats and one group of halothane (1.25%)-anaesthetized
rats were injected i.v. with a single bolus dose of DPI
(1.6mgkg-'). Blood samples were collected 20min prior to
and 30 s after the injections of DPI. MAP was continuously
monitored.

Calculation and statistical analysis

Maximum effect (Em,,), half-effective dose (ED50) and Hill
coefficient (n), from individual dose-response curves were
fitted by a computer programme using non-linear least-
squares to the relation Y = a + bx, where Y = response and
x = [D]'/(ED50' + [D]n) (Quastel & Saint, 1988; Wang &
Pang, 1993). All results were expressed as mean ± standard
error (s.e.mean) and analyzed by the analysis of variance
followed by Duncan's multiple range test with P< 0.05
selected as the criterion for statistical significance.

Results

Effects of anaesthetics on DPI-induced MAP response

Baseline MAP in rats anaesthetized with urethane, ethanol
and chloralose, but not pentobarbitone or ketamine, was less
than that in conscious rats (Table 1).

In conscious rats, DPI caused an immediate (approximately
15 s in onset) and transient (1-2 min in duration) pressor
response. The pressure response was dose-dependent (Figure 1)
with ED50 of 0.07 ± 0.01 mg kg-' and maximal MAP reached
at 59 ± 2 mmHg, based on the best-fitted calculations (Table
1). The Hill coefficient n of 3.3 ± 0.5 was significantly different
from 1, 2 and 5 but not from 3 or 4. DPI also caused
tachycardia at lower doses (0.025-0.1 mg kg-'), bradycardia
at higher doses (0.2-1.6mgkg-') and movements following
the onset of the pressor response (data not shown).

Pentobarbitone, chloralose, urethane and ethanol but not
ketamine displaced the dose-MAP curve of DPI to the right
(Figure 1) by increasing ED5;s (Table 1). On the other hand,
ketamine, chloralose, urethane and ethanol but not pentobar-
bitone potentiated the maximal MAP response to DPI (Figure
1 and Table 2). None of the anaesthetic agents significantly
altered the n value of the dose-response curves of DPI (Table
1). Under the influence of all anaesthetics, the hindlimbs and
occasionally the forelimbs displayed kicking motion
immediately following injections of DPI.

Inhibitory effect of halothane on DPI pressor response

Halothane (0.5-1.25%) reduced baseline MAP in a dose-
dependent manner (Table 1). In conscious rats, i.v. bolus
injections of DPI also caused similar pressor responses as in
protocol (1) (Figure 2 and Table 1). Halothane dose-
dependently reduced the maximal effect of DPI and shifted the
DPI curve to the right (Figure 2). ED50 values were linearly
correlated while Em,, values were inversely correlated with the

Table 1 Values of baseline mean arterial pressure (MAP), as well as parameters (Hill coefficient n, ED50 and Ema) of the dose-pressor
response curves of diphenyleneiodonium (DPI) in conscious rats and rats anaesthetized with sodium pentobarbitone (65 mg kg-'),
ketamine (140mgkg-'), urethane (2gkg-'), ethanol (4gkg-'), chloralose (150mg kg-') and halothane (0.5-1.25%)

Anaesthetics

Protocol 1
Conscious
Ketamine
Pentobarbitone
Chloralose
Urethane
Ethanol

Protocol 2
Conscious
0.5% Halothane
0.75% Halothane
1% Halothane
1.25% Halothane

Baseline MAP
mmHg

118±2
107 ± 7
111± 6
89 ± 3*
72 ± 7*
57 ± 6*

113±4
96± 10
83 + 4*
80 ± 7*
69 ± 2*

Dose-response curve to DPI
ED50 (mgkg-') Ema (mmHg)

3.3 ± 0.5
3.2 ± 0.4
3.3 ± 0.7
3.7 ± 0.4
2.9 ± 0.6
2.5 ± 0.4

2.9 ± 0.5
2.6 ± 0.2
2.7 ± 0.5
3.8 ± 0.7

0.07 ± 0.01
0.08 ± 0.01
0.22 ± 0.04*
0.12 ± 0.01*
0.20 ± 0.03*
0.26 ± 0.03*

0.07 ± 0.01
0.48 ± 0.09*
0.57 ± 0.08*
0.77 ± 0.15*

59 ± 2
72 ± 2*
64±4
90 ± 4*
71 ±4*
78±4*

59 ± 2
62 ± 4
47±4*
34 ± 3*
13 ± 4* a

Values are mean ± s.e.mean n = 6 for each group
*denotes significant difference from the conscious rat groups (P <0.05). arepresents observed data.
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Figure I Dose-response (mean ± s.e.mean) curves of i.v. bolus injec-
tions of diphenyleneiodonium (DPI) on mean arterial pressure
(MAP) in conscious rats (0), and rats anaesthetized with pentobar-
bitone (65mg kg-1) (i), ketamine (140mg kg-') (A), urethane
(2gkg-') (A), ethanol (4gkg-') (0) and chloralose (I50mgkg-')
(U). n = 6 each group. The lines represent theoretical curves using
the formula Y = E. ([Dr/EDSO + [Di]) and best-fitted n, ED50 and
E,.,, shown in Table 1.
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Flgure 2 Dose-response (mean ± s.e.mean) curves of i.v. bolus injec-
tions of diphenyleneiodonium (DPI) on mean arterial pressure (MAP)
in conscious rats and halothane (0.5-1.25%)-anaesthetized rats (n = 6
each group). Halothane: 0 (O); 0.5% (fi); 0.75% (A); 1% (A);
1.25% (0). The lines represent theoretical curves using the formula
Y = E,,a ([D]n/ED50n + pD]n) and best-fitted n, ED50 and E.,, shown
in Table 1.

concentration of halothane (Figure 3). None of the doses of
halothane affected the n value of the curves (Table 1).
Halothane also inhibited DPI-induced tachycardia, bradycar-
dia as well as movements (data not shown).

Effect of halothane on DPI-induced catecholamine release

Baseline MAP in halothane (1.25%)-anaesthetized rats was

lower than that in conscious rats (Table 2). Baseline plasma
level of adrenaline but not noradrenaline or dopamine in
halothane-anaesthetized rats was also significantly lower than
that in conscious rats (Table 2).

In conscious rats, i.v. bolus injection of DPI (1.6mg kg-')
caused immediate and large increases (more than 1 ng ml-') in
plasma noradrenaline and adrenaline and a smaller increase
(0.1 ng ml-') in plasma dopamine (Figure 4a), as well as

immediate pressor response (Figure 4b). Halothane markedly
attenuated DPI-induced increases in plasma catecholamines
(Figure 4a) and in MAP (Figure 4b); the reductions of plasma
noradrenaline, adrenaline and MAP were 86%, 81% and
95%, respectively.
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Figure 3 Effects of halothane (0.5-1.25%) on the maximal effect
(E.,l, a) and half-effective dose (ED5o, b) of the dose-mean arterial
pressure response curves of i.v. bolus injections of diphenyl-
eneiodonium (0.025-6.4mg kg-') in rats (n =6 each group).

Table 2 Baseline values of plasma catecholamines and mean
arterial pressure (MAP) in conscious and halothane
(1.25%)-anaesthetized rats

Plasma catacholamine (ng ml-')
Noradrenaline Adrenaline Dopanine MAP

Conscious 0.26 ± 0.05 0.12 ± 0.01 0.10 ± 0.01 119 4
Halothane 0.25 ± 0.03 0.06 ± 0.01* 0.10 ± 0.01 76± 2*

Values are mean ± s.e.mean. n = 6 each group.
denotes significant difference from conscious rats (P<0.05).

Discussion

As in previous experiments with pentobarbitone-anaesthetized
rats (Wang & Pang, 1993), DPI caused transient and dose-
dependent increases in MAP in conscious rats with a Hill
coefficient not significantly different from 3 or 4. Moreover,
none of the anaesthetics affected the Hill coefficient value. The
results suggest that the pressor effects of DPI in conscious and
anaesthetized rats are due to the positive cooperation of 3 or 4
molecules of DPI with the corresponding 'receptors' (see Rang,
1971; see discussion of Pennefather & Quastel, 1982; Wang &
Pang, 1993).
Although DPI inhibits endothelium-dependent vasodilata-

tion in vitro and in vivo (Stuehr et al., 1991; Poon et al., 1993),
the pressor response to DPI is not a consequence of this
inhibition. In a previous study, we found that DPI caused
pressor and tachycardic responses by sympathetic stimulation
as reflected by concurrent elevations of blood pressure and
plasma noradrenaline and adrenaline (Wang & Pang, 1993).
Moreover, the pressor response of DPI was attenuated by
manoeuvres which impair sympathetic nerve transmission,
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Figure 4 Effects (mean ± s.e.mean) of i.v. bolus injection of
diphenyleneiodonium (1.6 mg kg-') on plasma catecholamines (a)
and mean aterial pressure (MAP, b) in conscious and halothane
(1.25%)-anaesthetized rats (n = 6 each group). In (a), noradrenaline:
cross hatched columns; adrenaline: solid columns; dopamine; hat-
ched columns.

namely, pithing, spinal cord transection, tetrodotoxin,
mecamylamine, guanethidine, reserpine and phentolamine
(Wang & Pang, 1993). In accordance with our previous results,
the pressor responses of DPI in conscious rats in the present
study were also accompanied by large increases in plasma
noradrenaline and adrenaline. Although it is not clear how
DPI activates sympathetic nerve activities, the following
mechanisms are unlikely to be involved. Firstly, the effect of
DPI on sympathetic nerve activity is unrelated to its hypog-
lycaemic action since the blood pressure and sympathetic
stimulatory effects of DPI are immediate and transient (present
study) while its hypoglycaemic effect is slow in onset (plateau
at 4 h after i.p. administration) and prolonged in action
(Gatley & Martin, 1979). Secondly, the pressor response to
DPI is unlikely due to the activation of 'pain receptors' as

pretreatment with capsaicin (100 mg kg-' s.c. for 2 d) blocked
DPI-induced limb kicking but not pressor responses in pento-
barbitone-anaesthetized rats (n = 6, unpublished observations).
Thirdly, the possible inhibitory effect of DPI on brain NO
synthesis is unlikely to be responsible for the increase in
sympathetic outflow (see discussion of Wang & Pang, 1993).

DPI caused tachycardia in pentobarbitone-anaesthetized
rats, with the same time course and pharmacodynamics (ED50
and Hill coefficient) as the pressor response (Wang & Pang,
1993). It should be pointed out that the pressor and tachycar-
dic responses of DPI are not interdependent, as propranolol
blocked tachycardia but not the pressor response while phen-
tolamine attenuated the pressor but potentiated the tachycar-
dic response (Wang & Pang, 1993). In conscious rats in the
present study, DPI produced tachycardia at low doses and
bradycardia at high doses. In pentobarbitone-anaesthetized
rats, the latter response was absent (Wang & Pang, 1993). The
abilities of pentobarbitone anaesthesia to inhibit bradycardic
responses to high doses of DPI and phentolamine to potentiate
tachycardic responses suggest that bradycardia in response to

high doses of DPI in conscious rats was secondary to
hypertension-induced baroreflex activation. Different anaes-
thetic agents have variable influences on baroreflex activity.
Due to the difficulty in separating variable direct and indirect
effects of DPI on heart rate in different anaesthetic conditions,
detailed kinetic analyses of the heart rate effect on DPI were
not performed.
Our results also show that halothane dose-dependently and

non-competitively inhibited the pressor responses of DPI. It
should be emphasized that the inhibitory effect of halothane is
not due to its hypotensive action as DPI caused greater pressor
responses in rats anaesthetized with chloralose, urethane or
ethanol where baseline blood pressures were either similar or
lower than those in halothane-anaesthetized rats. Therefore,
anaesthetics, at standard anaesthetic doses, have differential
effects on the potency and/or efficacy of the pressor response
to DPI, and this can be classified as follows: (1) no change in
ED50 but potentiation of Emax of the pressor response to DPI -

ketamine; (2) increase in ED_,0 and no change in E,,-pento-
barbitone; (3) increase in ED50 and potentiation of Emax -
urethane, ethanol and chloralose; (4) increase in ED% and
reduction of Em. - halothane. The results suggest that the
variable influence of anaesthetic agents must be taken into
consideration when evaluating the pressor effects of DPI and
other pressor agents (Wang et al., 1991a; Abdelrahman et al.,
1992).

Halothane has been shown to potentiate (Blaise, 1991) or
reduce (Muldoon et al., 1988) endothelium-dependent
vasodilatation in different vascular preparations. We have also
found that halothane (1.25%) abolishes the pressor effects of
L-NNA and L-NAME but not those of noradrenaline or
angiotensin II (Wang et al., 1991a; Pang et al., 1992).
Although it appears that halothane has a selective inhibitory
effect on NO synthase inhibitors, the mechanism by which it
suppresses pressor responses to L-NNA and L-NAME is
different from that of DPI. L-NNA and L-NAME cause pres-
sor responses by inhibiting NO synthase and subsequent
endothelium-dependent relaxation (Wang et al., 1993a; see
Moncada et al., 1991). The pressor responses of L-NNA and
L-NAME are L-arginine-sensitive (Wang & Pang, 1990; Wang
et al., 1991b; 1992; see Moncada et al., 1991) and are indepen-
dent of the integrity of the central and sympathetic nervous
systems (Wang & Pang, 1991; Wang & Pang, 1993). The
mechanism by which halothane inhibits pressor responses to
L-NNA may involve selective increase in NO synthesis and/or
release, or potentiation of the effect of NO (Wang et al.,
1991b; Pang et al., 1992) and, this may be analogous to the
inhibitory effect of sodium nitroprusside on the pressor effect
of L-NNA (Wang et al., 1993b).

Halothane markedly inhibited DPI-induced increases in
both plasma catecholamines and MAP. The results suggest
that the inhibitory effect of halothane on the pressor response
to DPI is primarily due to the suppression of sympathetic
activation rather than inhibition of endothelium-dependent
vasodilatation. Halothane has been shown to depress activities
of the sympathetic nervous system at different levels (1) areas
of the central nervous system controlling sympathetic nerve
activity (Price et al., 1963; Millar et al., 1969; Larach et al.,
1987; Bazil & Minneman, 1989), (2) sympathetic ganglia
(Skovsted et al., 1969; Christ, 1977; Bosnjak et al., 1982;
Seagard et al., 1982), and (3) sympathetic nerve endings
located in the walls of blood vessels (Muldoon et al., 1975;
Lunn & Rorie, 1984; Rorie et al., 1990). In addition, a small
component of non-specific inhibition by halothane may also be
responsible for its effect on the pressor response to DPI.
Halothane, at 1.25%, inhibited the maximal pressor response
to DPI by 95%, and the increases in plasma noradrenaline and
adrenaline by 86% and 81%, respectively. These results are
consistent with those of our other study in which the same
concentration of halothane reduced the pressor response pro-
duced by exogenous noradrenaline or angiotensin II by 18%
(Pang et al., 1992). Therefore, the inhibition by halothane of
the pressor response to DPI is primarily (approximately 80%)
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attributable to the inhibition of sympathetic transmission and
secondarily (approximately 20%) due to non-specific inhibition
of vascular smooth muscle contraction.
The influence of ketamine and pentobarbitone on sympathe-

tic transmission may also account for their effects on the
pressor response to DPI. Ketamine activates the sympathetic
nervous system (Traber & Wilson, 1969) by inhibiting neuron-
al noradrenaline uptake (Nedergaard, 1973; Clanachan &
McGrath, 1976). The blockade of uptake, by ketamine may
cause potentiation of the pressor effect of DPI. This interpreta-
tion is consisent with our unpublished observation that the
uptake1 inhibitor, cocaine also potentiates pressor and
tachycardic responses of DPI (n = 6). The inhibitory effect of
pentobarbitone may involve the suppression of catecholamine
release since pentobarbitone has been shown to inhibit the
release of noradrenaline from the peripheral sympathetic nerve
terminals in rabbit and chicken isolated hearts (Gothert &
Rieckesmann, 1978; see Richter & Holtman, 1982), as well as
releases of noradrenaline and adrenaline from the perfused
cow adrenal glands (see Richter & Holtman, 1982).

In summary, i.v. bolus injections of DPI caused immediate

and transient pressor responses in conscious rats; the pressor
response was accompanied by large increases in plasma
noradrenaline and adrenaline. Among the various anaesthetics
(ketamine, urethane, ethanol, chloralose) studied, halothane is
the only one which dose-dependently and non-competitively
inhibits DPI-induced pressor response and the rises in plasma
noradrenaline and adrenaline. The results suggest that (1) DPI
causes a pressor response by stimulating sympathetic nerve
activities in conscious rats; (2) halothane inhibits the pressor
response of DPI by suppressing sympathetic nerve activities
rather than interfering with endothelium-dependent vasodilata-
tion; (3) the variable effects of anaesthetics must be taken into
consideration when assessing the pressor and heart rate res-
ponses of DPI and other vasoactive agents.
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