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Volatile anaesthetic
actions on
norepinephrine-induced
contraction of small
splanchnic resistance
arteries

Takashi Akata MD php,* Kenji Kodama MD PhD,
Shosuke Takahashi MD PhD

The aim of this study was to investigate volatile anaesthetic
action on small splanchnic resistance arteries. Employing iso-
metric tension recording, we studied the effects of clinically rel-
evant concentrations (0.25-1.25 minimum alveolar concentra-
tion (MAC)) of isoflurane, sevoflurane and enflurane on
contractions induced by norepinephrine (NE), a sympathetic
neurotransmitter, in the rabbit small mesenteric artery. Rhyth-
mic oscillations were observed in contractile responses to NE.
Both isoflurane (=0.25 MAC, 0.5% (=50.11 mM)) and sevo-
Slurane (20.75 MAC, 2.8% (=0.38 mM)) inhibited the NE (10
uM)-induced contraction with concomitant inhibition of av-
erage amplitude of the oscillations. Only enflurane (=0.25
MAC, 0.7% (=0.20 mM)) generated vasoconstriction superim-
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posed on the NE-induced contraction; however, the vasocon-
striction was transient and was followed by vasorelaxation. Con-
currently, enflurane (=0.25 MAC) strongly inhibited the average
amplitude of the oscillations; higher concentrations (=1.0 MAC)
of enflurane completely eliminated the oscillations. The fre-
quency of the NE-induced oscillations was less affected by the
anaesthetics. The observed vasodilator action of these anaes-
thetics in small resistance arteries may contribute to their hy-
polensive effects in vivo. The potent inhibition of the rhythmic
oscillations also may play a role in volatile anaesthetic-induced
alterations in cardiovascular homeostasis.

Cette étude avait pour objectif de rechercher les effets de certains
anesthésiques volatils sur les petites artéres splanchniques de
résistance. En enregistrant la tension isométrique, les auteurs
ont étudié les effets de concentrations efficaces en clinique
(0,25-1,25 MAC disoflurane, de sévoflurane et denflurane)
sur les contractions induites par le neurotransmetteur sympa-
thique norépinéphrine (NE) sur la petite artére mésentérique
du lapin. En réponse a la NE, on a observé des oscillations
rythmiques contractiles. Lisoflurane (=0,25 MAC, 0,5% (0,11
mM)) et le sévoflurane (20,75 MAC, 2,8% (~0,38 mM)) in-
hibaient la contraction induite par la NE (10uM) avec une
inhibition simultanée de l'amplitude moyenne des oscillations.
Seul l'enflurane (20,25 MAC, 0,7% (=0,20 mM)) a provoqué
une vasoconstriction superposée a la contraction induite par
la NE; cependant, cette vasoconstriction était transitoire et suivie
de vasorelaxation. Simuiltanément, lenflurane (20,25 MAC)
a inhibé vigoureusement l'amplitude moyenne des oscillations;
les concentrations plus élevées (=1,0 MAC) denflurane ont
éliminé complétement les oscillations. La fréquence des oscil-
lations induites par la NE a été moins affeciée par les anes-
thésiques. Lactivité vasodilatatrice observée avec ces anesthé-
siques sur les petites artéres de résistance peut contribuer a
leurs effets hypotensifs in vivo. La puissante inhibition des os-
cillations rythmiques peut aussi jouer un réle dans les altéra-
tions de I'homéostase cardiovasculaire induites par les anesthé-

siques.
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Volatile anaesthetics are known to affect cardiovascular
stability by causing changes in vascular tone and reac-
tivity, cardiac function and reflexes that detect alterations
and initiate adjustments in the cardiovascular system.'-3
The overall impact of volatile anaesthetics is a decrease
in mean arterial pressure.? The vasodilatory and cardiac
depressant effects of anaesthetics have been proposed to
be due either to direct actions of anaesthetics on car-
diovascular tissues or to decreased sympathetic nervous
system tone.>?

Until recently, the effects of volatile anaesthetics on
vascular smooth muscle have been investigated mainly
in large conductance arteries such as the aorta,*'* where
they have been shown to have direct vasodilating or va-
soconstricting actions.’-71%-13 However, small arteries and
arterioles are known to be the major sites of regulation
of vascular resistance and thus of tissue perfusion and
of arterial blood pressure.'+'¢ These small vessels have
been suggested to be quite different from large conduct-
ance arteries in many of their properties, including density
or proximity of neuronal innervation,!” nature of adre-
nergic receptors, '8 calcium mobilization processes, ' char-
acteristics of endothelium-mediated vascular responses,?
and sensitivity or response to pharmacological agents in-
cluding volatile anaesthetics.?!-* This indicates the need
to investigate further volatile anaesthetic actions in small
resistance arteries. In this study, small splanchnic resist-
ance arteries were used to study the effects of three clin-
ically important volatile anaesthetics, isoflurane, sevoflu-
rane and enflurane on contractions induced by
norepinephrine (NE), a neurotransmitter that plays a cen-
tral role in sympathetic maintenance of vascular tone in
vivo.!%!5 The effects of volatile anaesthetics on small
splanchnic arteries may be of particular clinical impor-
tance. Intraoperative maintenance of splanchnic blood
flow in seriously ill surgical patients could be a critical
factor in preventing bacterial translocation across the gut
wall due to splanchnic ischaemia.>® Nevertheless, less
is known about direct volatile anaesthetic actions on small
splanchnic arteries which have major effects on the reg-
ulation of splanchnic blood flow. !3!¢

The isolated splanchnic resistance arteries we used in
this study represented rhythmic oscillations in contractile
response to NE. The similar oscillatory contractile ac-
tivity, often referred to as vasomotion and regarded as
a feature of small vessels, has been demonstrated in a
number of vascular beds in vivo.3*3 This emergence of
vasomotion provided us with an opportunity for the first
time, to demonstrate the effects of these volatile anaes-
thetics on the arterial vasomotion, which has been pro-
posed to play an important physiological role in regulating
vascular resistance without disturbing tissue perfusion or
oxygen delivery to tissue, or in maintaining normal tissue
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fluid balance through reduction of net fluid filtration into
tissue, 3738

Methods

Tissue preparation and recording of mechanical activity

After receiving institutional approval for this animal
study, male albino rabbits (2.0-2.5 kg) were given sodium
pentobarbital (40 mg-kg~! i) and exsanguinated. The
mesentery in the jejunal region was immediately placed
in a dissecting chamber filled with preoxygenated Krebs-
bicarbonate solution, and the mesenteric artery was rap-
idly excised. The distal portion of the third- or fourth-
order branches (0.15-0.25 mm in outside diameter),
known to contribute substantially to vascular resistance, 16
were used for the experiments. Under a binocular mi-
croscope, the surrounding connective and fat tissues were
carefully removed from the vessel. The vessel was then
carefully cut open lengthwise, and transverse strips
(400-600 p.m long and 80-120 um wide) were prepared
from the “vascular sheet.” Both ends of the strip were
tied with two thin silk threads and, for isometric tension
measurement, the strip was fixed between one end of
a chamber (0.9 ml capacity) and an L-shaped glass rod
connected to a strain gauge transducer (UL-2 type,
Shinko Co., Tokyo) as previously reported.®®* The
chamber was mounted on a microscope stage, and the
resting tension was adjusted to obtain the maximum con-
tractile response to 40 mM K *. The solution was changed
by perfusing it rapidly from one end while aspirating it
simultaneously from the other end. All experiments were
performed in the endothelium-intact strips at 35°C. The
endothelium-intactness was verified by almost complete

(=90%) relaxation by ACh (1 £M)."

Solutions and drugs

The ionic concentrations of the Krebs solution were as
follows (mM): NaCl 111.9, KCl1.3.7, MgCl, 1.2, Ca(Cl,
2.6, NaHCO, 25.5, KH;PO 1.2, glucose 11.4. High K*
solution was prepared by replacing NaCl with KCl isoos-
motically. The solution was bubbled with 95% O,/5%
CO, (pH 7.3-74, 35°C).

Norepinephrine HCl (NE) and acetylcholine (ACh)
were obtained from Sigma Chemical Co., St. Louis, Mo
U.S.A. Isoflurane and enflurane were obtained from Dai-
nabot Co., Tokyo, Japan, and sevoflurane was obtained
from Kodama Pharmaceutical Co., Osaka, Japan.

Experimental protocol

The experimental protocol is illustrated in Figure 1. Ap-
plication of high K* (40 mM) was initiated after a 30
min equilibration following the mounting of the strips
in the chamber. After obtaining steady contractions, in-
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TABLEI The measured concentrations (mM) of isoflurane, sevoflurane and enflurane dissolved in Krebs

solution

Anaesthetics 0.25 MAC 0.50 MAC 0.75 MAC 100 MAC
Isoflurane 0.107 £+ 0.005 0.204 +0.017 0.298 1 0.007 0.359 £+ 0.009
Sevoflurane 0.128 + 0.008 0.247 £ 0.042 0.378 £ 0.030 0.497 £ 0.007
Enflurane 0.196 £ 0.030 0.410 1 0.025 0.587 £ 0.019 0.768 + 0.009

The one MAC concentrations for isoflurane, sevoflurane and enflurane in the rabbit are 2.0%, 3.7% and 2.8%,
respectively.*>* The data are expressed as mean £ SEM (# = 4-5). Abbreviation; MAC = minimum alveolar

concentration.

duced by high K *, we first recorded the control contractile
response to norepinephrine (NE, 10 uM), in which rhyth-
mic oscillations were normally observed with constant
frequency and amplitudes. However, rarely (<10%), the
oscillations were not observed or the amplitudes of the
oscillations varied (either decreased or increased) during
application of NE as we reported recently.*? The exper-
iments with volatile anaesthetics were performed in such
strips where the oscillations were well preserved during
application of NE. We studied the effects of isoflurane,
sevoflurane and enflurane at concentrations equivalent to
0.25-1.25 minimum alveolar concentration (MAC) in the
rabbit on rhythmic contractions induced by NE (10 uM).
The one MAC concentrations for isoflurane, sevoflurane
and enflurane in the rabbit are 2.0%, 3.7% and 2.8%,
respectively. % The NE was applied to the strips for 11
min with an interval of more than five minutes, and a
single concentration of each anaesthetic was applied for
five minutes after both oscillations and contraction in-
duced by NE had reached a steady state (three minutes
after application of NE) in a random sequence. With this
protocol, constant vascular responses to NE were usually
obtained for = two-three hours after mounting the strip
in a chamber. However, as reported,*? after this period,
the oscillations usually started to decay with concomitant
increases in tension, and the strips finally reached another
steady state where the ACh-induced relaxation was well
preserved, but the oscillations disappeared; this state usu-
ally continues for = three-six hours at 35°C. To verify
endothelial intactness, application of ACh was made after
the experiments with volatile anaesthetics.

Volatile anaesthetics delivery and analysis

The volatile anaesthetics were delivered via calibrated
agent-specific vaporizers in line with the O,/CO, equil-
ibration gas mixture aerating the Krebs solution. The an-
aesthetic concentration in the resulting gas mixture was
monitored with a calibrated infrared multi-anaesthetic gas
analyzer (Capnomac, Datex, Finland). We confirmed
that 15 min was sufficient for the Krebs solution to be

equilibrated with the anaesthetics. Therefore, the Krebs
solution was equilibrated with the anaesthetics for 15 min
prior to introduction into the chamber, which was covered
with several pieces of glass plates to prevent the gas from
escaping into the atmosphere. The concentrations of the
anaesthetics in the solution were determined by gas chro-
matography (Table I), and these values were within 90%
of theoretical values predicted by the partition coefficient
of isoflurane and enflurane in Krebs solution® or by that
of sevoflurane in water (0.36 at 37°C; the partition co-
efficient of sevoflurane in Krebs solution is not available).

Calculation and statistical analysis

All results were expressed as the mean + SEM. The
n denotes the number of animals (= the number of strips)
in the experiments with vascular preparations, while the
n denotes the number of samples in gas chromatography
experiments.

The concentrations of volatile anaesthetics in the so-
lution were not measured in all experiments. However,
since the relationship between the concentrations of vol-
atile anaesthetics in solution and anaesthetic concentra-
tions (vol%) in the gas mixture should be linear, the an-
aesthetic concentrations on the x-axis (logarithmic) were
displayed as vol% for volatile anaesthetic concentration-
response relationships. The data points in the
concentration-response relationships for anaesthetic ef-
fects were fitted according to a four parameter logistic
model described by De Lean et a/,% and the ECsy or
IC,; values (concentrations which produce 50% of the
maximal response or 50% inhibition of the maximal re-
sponse, respectively) were derived from these fits; the four
parameters included the maximal and minimal responses,
the ECs, or ICs, values and the slope of the curve.

The anaesthetic-induced inhibitions of the average am-
plitude and frequency of the oscillations were expressed
as percent changes from those of the oscillations before
exposure to the anaesthetics. The amplitude was meas-
ured from the top to the bottom of the oscillations, ex-
cluding any erratic peaks. The oscillations were analyzed
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after enlargement of the original recordings, when nec-
essary. When the oscillations were completely eliminated
by the anaesthetics, both average amplitude and fre-
quency of the oscillations were defined as zero. For the
analysis of the volatile anaesthetic effects on NE con-
tractions, the magnitude of the NE contraction was de-
fined as the amplitude from the zero line (resting tension
level before application of NE) to the middle of the os-
cillation, also excluding any erratic peaks. Enflurane-
induced vasoconstriction and transient vasorelaxation
after washout of enflurane were expressed as relative ten-
sion of the NE-induced phasic contraction (100%).
Statistical analysis was made by analysis of variance
(ANOVA), which was followed by Scheffé’s F test, when
necessary. It was not always possible to examine the ef-
fects of all concentrations of all anaesthetics in the same
strip because of the rundown of the NE-induced oscil-
lations as described above; the number of each exper-
iment to examine the effect of each concentration of each
anaesthetic on the NE-induced contraction was shown
in Figure 1-C. In other words, in this study, repeated
measures experiments could not be designed to compare
the effects on the NE-induced contraction or oscillations

among the volatile anaesthetics or among the concen-
trations within each anaesthetic. Therefore, two-factor
(concentration, anaesthetic) ANOVA with repeated meas-
ures or one-factor (concentration) ANOVA with repeated
measures was not used to compare the effects among
the anaesthetics or among the concentrations within each
anaesthetic, respectively. In this study, the anaesthetic ef-
fects on the NE-induced contraction or oscillations were
analyzed by comparing the value in the presence of each
concentration of each anaesthetic with the precontrol or
postcontrol value using a one-factor (treatment (precon-
trol, anaesthetic, postcontrol); Figure 1-B) ANOVA with
repeated measures and thereby determining significance
of the effect of each concentration of each anaesthetic
on the NE-induced contraction or oscillations. A factorial
(anaesthetic (isoflurane, enflurane, sevoflurane)) ANOVA
was used to compare the effects on the NE-induced con-
traction or oscillations among the volatile anaesthetics at
each MAC concentration. A level of P < 0.05 was con-
sidered significant. All the statistical analyses were per-
formed on a computer (Powerbook 1708, Apple, Cu-
pertino, CA, U.S.A)) using Statview® (Abacus Concepts,
Inc., Berkeley, CA, US.A).

Results

Volatile anaesthetic effects were examined in 17 vascular
strips from 17 rabbits, in which NE was applied 82 times
(Figure 1-C). The frequency and average amplitude of
the precontrol NE-induced oscillations before application
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FIGURE 1 Study protocol and data analyses: A: Experimental
protocol. After recording steady contraction induced by 40 mM K ¥,
experiments to examine the volatile anaesthetic effects on the NE-
induced contraction were performed during the period where the NE-
induced oscillations were well-preserved (before the rundown of the
NE oscillations). B: Data analyses. A single concentration of each
anaesthetic was applied after both oscillations and contraction induced
by NE had reached a steady state. The magnitude of the NE
contraction was defined as the amplitude from the zero line to the
middle of the oscillation (a). The amplitude of the oscillations (b) was
expressed as relative tension of the 40 mM K *-induced phasic
contraction (1009%). C: Concentrations of volatile anaesthetics tested in
this study and the number of each experiment. The number in each
parenthesis indicates the number of each experiment. Abbreviations:
ANOVA, analysis of variance; K, 40 mM K+; NE, norepinephrine;
MAC, minimum alveolar concentration; ISQ, isoflurane; SEVQ,
sevoflurane; ENF, enflurane.

of the anaesthetics (Figure 1-B) were 3.19 * 0.07 cycles
per minute and 0.31 = 0.02 times the 40 mM K *-induced
phasic contraction, respectively (82 observations, n = 17).

Vasodilating and vasoconstricting action of the volatile
anaesthetics
All volatile anaesthetics affected the magnitude of the
NE-induced contraction, which was defined as the am-
plitude from the baseline to the middle of the oscillation
(Figure 1-B). Both isoflurane and sevoflurane inhibited
the magnitude of the NE-induced contraction (Figures
2-BC and 3). When the effect of each concentration of
isoflurane or sevoflurane on the magnitude of the NE-
induced contraction was assessed with the one-factor
(treatment (precontrol, anaesthetic, postcontrol)) ANOVA
with repeated measures, vasorelaxation was observed
with isoflurane and sevoflurane at concentrations above
0.25 and 0.75 MAC (=0.25 and 0.75 MAC), respectively
(P < 0.05).

Only enflurane enhanced the magnitude of the NE-
induced contraction; however, the enflurane-induced va-
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FIGURE 2 Effects of volatile anaesthetics on NE (10 pM)-induced
rhythmic contractions in the endothelium-intact strips. A: Control.
Vertical and horizontal calibrations represent 30 mg and 5 min,
respectively. B-D: Examples of effects of isoflurane (B), sevoflurane
(C), and enflurane (D) on NE-induced oscillatory contractions. The
anaesthetic effect on the oscillations were analyzed after enlargement of
the original data, when necessary. All data in this figure were recorded
in the same strip; the enflurane-induced vasorelaxation following its
transient vasoconstriction was relatively small in this strip.

soconstriction superimposed on the NE contraction was
transient and it was followed by vasorelaxation (Figures
2-D, 3 and 4). When the vasoconstricting or vasorelaxing
effect of each concentration of enflurane was assessed
using the one-factor (treatment (precontrol, anaesthetic,
postcontrol)) ANOVA with repeated measures, vasocon-
striction and vasorelaxation were observed both at con-
centrations above 0.25 MAC (20.25 MAC) (P < 0.05).
Finally, when the vasorelaxing effects of those three
anaesthetics were compared with the factorial (anaesthetic
(isoflurane, enflurane, sevoflurane)) ANOVA at each
MAC concentration, the obtained rank order potency was
isoflurane = enflurane > sevoflurane at 0.25-0.75 MAC
concentrations; no differences were observed in the va-
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FIGURE 3  Effects of isoflurane (open circles and open bars),
sevoflurane (closed circles and black bars) and enflurane (open squares
and hatched bars) on NE (pM)-induced contractions. The anaesthetic-
induced inhibition of the NE-induced contraction was expressed as
percent changes (% relaxation) from the magnitude of NE contraction
before exposure to anaesthetics. A: the ICsp (50% inhibitory
concentration) values for the inhibitory effects of isoflurane,
sevoflurane and enflurane on the NE-induced contructions were 6.55,
4.37 and 6.88%, respectively. B: Comparison of the inhibitory effects of
volatile anaesthetics on the NE contraction at equi-MAC concentration.
*P < 0.05 vs isoflurane.

sorelaxing effects between isoflurane and enflurane at
these MAC concentrations (Figure 3-B). However, no dif-
ferences were observed in the vasorelaxing effects among
these three anaesthetics at higher MAC (=0.75 MAC)
concentrations (Figure 3-B).

Volatile anaesthetic effects on the average amplitude of
NE-induced oscillations
In addition to the above-described vasodilator or vaso-
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FIGURE 4 Enflurane-induced vasoconstriction {open circles, Y1)
and transient vasorelaxation after washout of enflurane (closed circles,
Y2) in the presence of NE (10 pM). The ECsq (50% effective
concentration) values for the vasoconstricting action of enflurane was
3.57%. All concentrations (0.7-3.5%, 0.25-1.25 MAC) of enflurane
caused vasoconstriction superimposed on the NE contraction (P <
0.05), and caused transient vasorelaxation after washout of enflurane in
the presence of NE (P < 0.05).

constricting action, all these volatile anaesthetics strongly
inhibited the average amplitude of the NE-induced os-
cillations (Figures 2 and 5). When the effect of each con-
centration of each anaesthetic on the average amplitude
was assessed using the one-factor (treatment (precontrol,
anaesthetic, postcontrol)) ANOVA with repeated meas-
ures, inhibition was observed with sevoflurane, isoflurane
and enflurane at all concentrations above 0.25 MAC
(=0.25 MAC) (P < 0.05). In addition, when the inhib-
itory effects of the three anaesthetics on the average am-
plitude were compared with the factorial (anaesthetic (iso-
flurane, enflurane, sevoflurane)) ANOVA at each MAC
concentration, the rank order potency was enflurane >
isoflurane > sevoflurane (Figure 5-A).

Volatile anaesthetic effects on the frequency of the NE-
induced oscillations

In spite of their potent inhibition of the average amplitude
of the NE-induced oscillations, the volatile anaesthetics
only modestly inhibited the frequency of the NE-induced
oscillations, at most by =209 except with higher con-
centrations of enflurane (=1 MAC) which almost com-
pletely abolished the oscillations (Figures 2 and 5). When
the effect of each concentration of each anaesthetic on
the frequency was assessed with the one-factor (treatment
(precontrol, anaesthetic, postcontrol)) ANOVA with re-
peated measures, inhibition was observed with isoflurane
and enflurane at concentrations above 0.25 and 1 MAC
(=0.25 and 1 MAC), respectively (P < 0.05). However,
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FIGURE 5 Effects of isoflurane (open circles), sevoflurane (closed
circles) and enflurane (open squares) on the average amplitude (A) and
frequency (B) of the NE-induced oscillations. Since the apparent
periodic activity could hardly be identified in the presence of higher
MAC concentrations (=1.00 MAC) of enflurane even after
enlargement of the original data in all the strips tested, both frequency
and average amplitude of the oscillations after exposure to the high
concentrations (1 and 1.25 MAC) of enflurane were plotted at zero
(limitation of this way to analyze the oscillations was discussed in the
text). Sevoflurane, isoflurane and enflurane at concentrations above
0.25 MAC (=0.25 MAC) inhibited the amplitude of the oscillations.
However, the frequency was less affected by the anaesthetics: inhibition
was observed with isoflurane (0.25 MAC) and enflurane (=1 MAC).
Please see details regarding the statistical data analysis in the text. *P
< 0.05 vs enflurane at each concentration. #P < 0.05 vs isoflurane at
each concentration,

no inhibition was observed with sevoflurane at the con-
centrations tested. In addition, no consistent rank order
potency was observed among the volatile anaesthetic ef-
fects on the frequency of the NE-induced oscillations
when compared with the factorial (anaesthetic (isoflurane,
enflurane, sevofiurane)) ANOVA at each MAC concen-
tration.

Reversibility of the volatile anaesthetic effects on the NE-
induced oscillations and contraction

The above-described inhibitory effects of isoflurane and
sevoflurane on either oscillations or contraction induced
by NE were quickly reversed after washout of these an-
aesthetics (Figure 2-BC). In other words, when the effect
of each concentration of either anaesthetic on the average
amplitude or frequency of the NE-induced oscillations
or the magnitude of the NE-induced contraction was as-
sessed with the one-factor (treatment (precontrol, anaes-
thetic, postcontrol)) ANOVA with repeated measures, no
differences were observed between the precontrol and
postcontrol values regarding all these variables.

Only the enflurane-induced inhibition of the NE os-
cillations was sustained after washout of enflurane (Fig-
ure 2-D). If the effect of each concentration of enflurane
on the average amplitude or frequency of the NE-induced
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TABLE Il Prolonged inhibiﬁon of the NE-induced oscillations by enflurane

0.25 MAC 0.50 MAC 0.75 MAC 100 MAC 125 MAC
Amplitude 28.5 £ 3.6 33.0 £ 7.6* 43.6 £ 7.2 484 +4.0* 437153+
Frequency —10.5 + 1.4* —-17+88 -56+ 104 -131+106 52443

The one MAC concentration for enflurane in rabbit is 2.8%.*> The average amplitude and frequency of the
oscillations after washout of enflurane were expressed as percent changes from those of the oscillations before

exposure to enflurane (precontrol value = 100%).
* P < 0.05 vs precontrol,

oscillations was assessed with the one factor (treatment
(precontrol, anaesthetic, postcontrol})) ANOVA with re-
peated measures, as shown in Table II, the postcontrol
values were still inhibited compared with the precontrol
values. In addition, a transient decrease in tension was
observed after washout of enflurane (Figures 2D and
4). The larger the enflurane-induced contraction, the
larger the transient decrease in tension and the more sus-
tained the inhibition of the oscillations after washout of
enflurane (Figures 2D and 4). However, both oscillations
and contractions induced by NE were almost completely
restored on the next application of NE.

Discussion

Vasodilating action of volatile anaesthetics

Vascular tone is essentially under dual control, centrally
through the nervous system and locally in the tissues by
the environmental conditions in the immediate vicinity
of the blood vessels.*’* The relative importance of these
two control mechanisms varies among tissues. **® Unlike
vital organ circulation, the neural control mechanism pre-
dominates in the splanchnic circulation, particularly in
the absence of ingestion or digestion. '4’4* The splanch-
nic resistance vessels are heavily innervated by sympa-
thetic vasoconstrictor nerves, and the sympathetic nervous
system plays a major role in the neural control. 47430
The vasoconstrictor regions in the vasomotor centre are
always active, producing a continuous repetitive firing of
sympathetic vasoconstrictor nerves that sustains a partial
contractile state of splanchnic vessels (i.e., vasomotor
tone) and thereby allowing them to serve as resistance
vessels.*”* Increases in sympathetic activity in response
to emergencies (e.g., haemorrhage) cause pronounced va-
soconstriction in the splanchnic vascular beds and sub-
sequent increases in vascular resistance, thereby shifting
blood flow from the temporarily less important splanchnic
circulation to the vital organs. 147495 Therefore, by being
subject to the neural regulation by sympathetic nervous
system, the splanchnic vessels contribute to overall car-
diovascular control both as a site of adjustable arteriolar
resistance and as an important blood reservoir, %40

Thus, it is important to understand factors influencing
vascular tone of the splanchnic resistance vessels in order
for us to sustain the proper rate of blood flow not only
in the vital organs but also in the splanchnic region during
anaesthesia. Although a number of factors influence vas-
cular tone of the splanchnic vessels, direct volatile an-
aesthetic action on the splanchnic resistance vessels, par-
ticularly in the presence of NE (a sympathetic
neurotransmitter), is one of the major factors during
anaesthesia.

The present study has demonstrated that clinically rel-
evant (subanaesthetic or anaesthetic) concentrations of
isoflurane, enflurane and sevoflurane inhibited the mag-
nitude of the NE contraction in the small mesenteric ar-
tery, a representative for the splanchnic resistance vessels.
Only enflurane caused vasoconstriction superimposed on
the NE contraction; however, it was transient and followed
by vasorelaxation. Therefore, it seems to be unlikely that
these anaesthetics interfere with splanchnic blood flow
because of the direct action on vascular smooth muscle
tissues. However, the observed vasorelaxing action of
these anaesthetics in the resistance vessels would contrib-
ute to their hypotensive effects in vivo, which could
threaten the blood flow to vital organs. On consideration
of possible species difference in characteristics between
the rabbit and human vessels, further investigations with
the human vessels would be necessary to elucidate this
issue.

We recently reported that all these anaesthetics inhibit
the ACh-induced endothelium-dependent relaxation in
the same artery,* suggesting that these anaesthetics in-
hibit the endothelium-derived relaxing factor (EDRF)
pathway in this resistance artery. In addition, we have
demonstrated dramatic enhancement (==2-3 times) of the
NE contraction of the same artery after exposure to in-
hibitors of the EDRF pathway,*#? indicating consid-
erable involvement of the EDRF pathway in the gen-
eration of the NE contraction in this artery. Therefore,
it is conceivable that these anaesthetics enhance the NE-
induced contraction as a result of inhibition of the EDRF
pathway. Nevertheless, these anaesthetics inhibited the
NE contraction, suggesting that the vasodilating action
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of these anaesthetics is at least in part independent of
EDRE The direct vasodilating action of these anaesthet-
ics is probably dominant over their inhibitory action on
the EDRF pathway in the presence of NE.

Previous studies have suggested considerable differ-
ences in vascular responses to volatile anaesthetics be-
tween large conductance and small resistance coronary
arteries both in vivo and in vitro.?»32 Until now, only
a few studies have examined the effect of isoflurane, se-
voflurane or enflurane on a-adrenergic agonist-induced
contractions in large conductance arteries proximal to
small mesenteric resistance artery in the presence of intact
endothelium. %% Low concentrations (< 2%) of isoflu-
rane have been shown to cause vasoconstriction in rat
aorta precontracted with phenylephrine (PHE, 1 pM),
while high concentrations (=3%) of isoflurane caused
vasodilation.” This contrasts with our data where isoflu-
rane (0.5-2.5%) produced vasodilatation without initial
vasoconstriction in the splanchnic resistance arteries. Se-
voflurane (2.3 and 4.6%) has been shown to inhibit PHE
(0.1 pM-1 mM)-induced, but not NE (0.1-100 pM)-
induced, contractions in large canine mesenteric arter-
ies; !0 this again contrasts with our results in small me-
senteric arteries where sevoflurane (2.9-4.8%) inhibited
NE contractions. Studies examining the effect of enflu-
rane on ¢-adrenergic agonist-induced contractions in con-
ductance vessels have produced variable results. Enflu-
rane (0.5-5.0%) has been shown to cause vasoconstriction
without vasodilatation in the presence of PHE (1 pM)
in rat aorta,’” while only vasodilation was described with
enflurane (1.7-5.0%) in the presence of PHE (0.01-1
mM) or NE (3-100 uM) in large canine mesenteric ar-
teries. 5 Our results show that enflurane (0.7-3.5%) causes
transient vasoconstriction followed by vasorelaxation in
the small splanchnic resistance arteries. These consider-
able differences observed in vascular responses to anaes-
thetics could be due to regional differences (large con-
ductance artery vs small resistance artery), species
difference (rat or canine vs rabbit) or the difference in
agents used to percontract the vessels (NE vs PHE). In
spite of rather high anaesthetic concentrations used in
previous studies, the maximal inhibitions of NE contrac-
tions by these anaesthetics previously observed in aorta
or large mesenteric artery were rather small (up to
~20%)%"'% compared with those observed in small me-
senteric arteries (=40-60%; Figure 3), suggesting that
these anaesthetics may preferentially relax small resist-
ance arteries.

Volatile anaesthetic-induced inhibition of the NE-
induced oscillations

This study first demonstrates that subanaesthetic concen-
trations of isoflurane, enflurane and sevoflurane strongly
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inhibit the rhythmic oscillations in contractile responses
to NE observed in small splanchnic resistance artery. The
rhythmic oscillatory contractile activity has been dem-
onstrated in a number of in vitro vascular prepara-
tions.*>553  Correspondingly, rhythmic oscillatory
changes in vessel diameter, blood flow or blood pressure
have also been documented in a number of in vivo vas-
cular beds such as cat mesenteric arterioles or human
skin vessels.¥-% The functional importance of the os-
cillatory contractile activity of blood vessels, often re-
ferred to as vasomotion and regarded as a feature of
small vessels, does not appear to be fully understood.
However, the vasomotion has been proposed to provide
mechanisms beneficial for tissue perfusion or oxygen de-
livery to tissue, i.c., mechanisms by which the vascular
resistance can be effectively regulated without causing
continuous tissue hypoxia by at least intermittently sup-
plying blood flow or oxygen to the peripheral tissue. "%
In support of this, oscillations in oxygen tension were
also demonstrated at frequencies similar to those of the
vascular oscillations. > Other suggested physiological roles
of vasomotion are minimization of fluid filtration into
extravascular space by reducing hydrostatic pressure and
enhancement of lymphatic drainage through the pumping
action of closely adjacent arterioles.*=® The observed po-
tent inhibition of the oscillatory vasomotion by the vol-
atile anaesthetics may result in alteration of vascular ho-
meostasis such as fine regulation of tissue blood flow
or vascular permeability.

The concentration-response relationships for the inhib-
itory effect of enflurane on the frequency of oscillations
were unexpected; complete inhibition suddenly appeared
at higher concentrations (=1.00 MAC) of enflurane (Fig-
ure 5B). This is presumably because of the method used
to analyze the oscillations with which both amplitude and
frequency of the oscillations were defined as zero when
the oscillations were completely abolished. The amplitude
of oscillations was obviously much more sensitive to all
these volatile anaesthetics than their frequency (Figure
3). Therefore, we believe that the NE-induced oscillations
disappeared probably due to strong inhibition of the am-
plitude of oscillations by enflurane, but not due to in-
hibition of the frequency of oscillations. Probably, the
volatile anaesthetics preferentially inhibit some peripheral
processes involved in the generation of the oscillations
(e.g., gap junctional transmission) rather than pacemaker
activity pivotal for the generation of the oscillations.

It has recently been suggested that rhythmic oscilla-
tions in contractile responses to a-adrenergic agonists are
mediated through EDRF (or NO) in hamster aorta or
rat mesenteric artery.>">? In support of this, we recently
demonstrated that the NE-induced oscillations in this ar-
tery were eliminated by various inhibitors of EDRF path-
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way or endothelial denudation.*? Various volatile anaes-
thetics have been shown to inhibit the EDRF-mediated
vasorelaxation in a number of vascular preparations in-
cluding this resistance artery.*#-'24! Although the precise
mechanism(s) by which the volatile anaesthetics inhibit
EDRF-mediated relaxation is still a matter of discussion,
the anaesthetics may inhibit the EDRF pathway as a
result of inhibition of EDRF synthesis and/or release,
inactivation of EDRF and/ or inhibition of guanylate cy-
clase in vascular smooth muscle cells. %8142 Since EDRF
is thought to be involved in the generation of vascular
oscillatory  behaviour,>5'52 the observed volatile
anaesthetic-induced inhibition of arterial oscillations may
result from inhibition of the EDRF pathway.

Volatile anaesthetics inhibit NE-induced oscillations in
rabbit mesenteric veins;35 however, the oscillations in the
veins were not inhibited by LNNA (50 uM) and therefore
have been proposed to be independent of EDRE3 The
volatile anaesthetics may inhibit both the EDRF-
dependent and -independent oscillations by inhibiting
some common process involved in generation of both
kinds of oscillations (e.g., gap junctional transmission be-
tween smooth muscle cells or periodic release of Ca**t
from intracellular store).

The rhythmic contractions of multicellular prepara-
tions must require considerable coordination of activity
among the vascular smooth muscle cells; such coordi-
nation may involve cell-to-cell coupling via gap junctions
between vascular smooth muscle cells. In fact, octanol,
known to disrupt gap junction communication,> was re-
cently described to inhibit the phenylephrine-induced os-
cillations in aorta.’! In addition, halothane and enflurane
have been demonstrated to strongly inhibit gap junction
transmission in cardiac cells.’” Thus, the observed in-
hibitory effects of volatile anaesthetics on the oscillations
could also be explained by inhibition of gap junction trans-
mission, known to exist in vascular smooth muscle cells.

Enflurane-induced vasoconstriction

Recent studies have suggested that enflurane causes va-
soconstriction by releasing Ca** from intracellular store
in large conductance arteries.®®*® In support of this, we
have recently shown that enflurane generates ryanodine-
sensitive transient vasoconstriction either in the presence
or absence of extracellular Ca** in the endothelium-
denuded strips from the same rabbit artery or rat me-
senteric artery.*'% Therefore, the observed enflurane-
induced vasoconstriction is probably, at least in part, due
to Ca** release from intracellular Ca* stores in vascular
smooth muscles cells. The observed transient decrease
in tension after washout of enflurane (Figures 2D and
4) may reflect refilling of Ca** into the store which had
been depleted by enflurane. Furthermore, the prolonged

CANADIAN JOURNAL OF ANAESTHESIA

enflurane-induced inhibition of the rhythmic oscillations
(Figure 2D and Table IT) may be due to the time required
to refill ryanodine-sensitive intracellular Ca** stores of
endothelial cells;$! endothelial intracellular Ca** stores
are believed to play an important role in the regulation
of endothelial function. 8¢ Decreases in Ca*™ availability
for EDRF production or release might cause prolonga-
tion of enflurane-induced inhibition of the EDRF-
mediated oscillations.

Conclusions

Isoflurane, sevoflurane and enflurane at clinically rele-
vant concentrations all inhibited NE-induced contractions
and oscillations in small splanchnic resistance arteries.
The observed vasodilating action of volatile anaesthetics
may contribute to their hypotensive effects in vivo. The
potent inhibition of oscillations may also play a role in
volatile anaesthetic-induced alterations of cardiovascular
homeostasis. Comparison of our data with previous find-
ings in large conductance arteries suggest that the volatile
anaesthetics may preferentially relax small resistance ar-
teries. This is the first investigation to demonstrate the
effects of subanaesthetic (0.25-0.75 MAC) concentrations
of three currently used volatile anaesthetics isoflurane,
enflurane and sevoflurane on rhythmic contractions in-
duced by the sympathetic neurotransmitter, NE, in small
splanchnic resistance artery that plays a critical role in
the regulation of splanchnic blood flow.
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