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Abstract—Halothane and isoflurane have different effects on the peripheral vasculature. Halothane
decreases blood pressure primarily by decreasing cardiac contractility, whereas isoflurane acts primarily
as a peripheral vasodilator. These peripheral vascular actions may result from different effects of the
anesthetics on endothelial cell function and the release of endothelium-derived vasoactive mediators. The
ability of these agents at clinically relevant concentrations to alter agonist-induced calcium mobilization in
single cultured bovine aortic endothelial cells was tested using the fluorescent indicator fura-2. Neither
halothane (0.3, 0.5, and 2 mM) or isoflurane (0.5 and 2 mM) altered basal calcium ([Ca]; = 49 = 5 nM);
however, the calcium transient normally elicited by 10 nM bradykinin (peak {Ca}; = 307 £ 22 nM) was
inhibited significantly by halothane but not isoflurane. Neither anesthetic altered the calcium response
to ATP (10 uM). These findings suggest that anesthetics may have specific effects on receptor-mediated
endothelial cell functions that could influence hemodynamics.

Clinically relevant concentrations of the volatile
anesthetics halothane and isoflurane produce dif-
ferenteffectson the peripheral circulation. Halothane
decreases blood pressure primarily by decreasing
cardiac contractility without much effect on total
peripheral vascular resistance [1-3]. Isoflurane, in
contrast, decreases blood pressure by acting primarily
as a peripheral vasodilator [3,4]. Recent reports
suggested that at least part of the vascular effects of
halothane and isoflurane may result from their
differential actions on the synthesis or release of
Erasoactive mediators from vascular endothelium
5-71.

The volatile anesthetics are known to modify both
signal transduction mechanisms and cellular calcium
homeostasis [8-15] in a variety of cell types, including
cardiac myocytes, skeletal muscle, adrenal medullary
cells and PC-12 cells (a cell line derived from
pheochromocytoma). However, their effects on
calcium signalling in endothelial cells are not defined.
It is possible that the differential vascular effects of
the anesthetics may result, at least in part, from
differential effects on signal transduction and
intracellular calcium ({Ca];) mobilization in endo-
thelial cells, because the synthesis and release of
a number of endothelium-derived vasoactive
mediators, including prostaglandins [16] and endo-
thelium-derived relaxing factor (EDRF)|| [17-19],
are initiated by agonist-stimulated increases in
[Ca);. We tested this hypothesis in single cultured
bovine aortic endothelial cells by studying the effects
of halothane and isoflurane on basal [Ca]; and
[Ca); mobilization in response to agonists.
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|| Abbreviations: EDRF, endothelium-derived relaxing
factor; and BK, bradykinin.

MATERIALS AND METHODS

Endothelial cell cuiture. Bovine aortic endothelial
cells (BAEC, AG 07684, Coriell Institute, Camden,
NJ) were maintained in Ham’s F-12 medium (Gibco)
supplemented with 15% fetal bovine serum plus
penicillin/streptomycin. Cells from passages 9-13
were used.

Intracellular free calcium dye loading and calcium
measurements. Endothelial cells were grown on glass
coverslips (25 mm diameter). Before use, the cells
were loaded with the intracellular caicium indicator
dye fura-2. The cells were washed with L-15 medium
(Gibeo), and fura-2/AM (Molecular Probes), from
dimethyl sulfoxide stock solution (5 mM) was added
to additional L-15 medium, sonicated and added to
each well (final concentration 5uM). Cells on
coverslips were incubated with fura-2/AM at 37° for
3045 min, and then washed twice with a balanced
salt solution (BSS) containing 130 mM NaCl, 5 mM
KCl, 1.0 mM CaCl,, 1.0 mM MgCl,, 10 mM dextrose,
20 mM Hepes, buffered to pH 7.4.

For fluorescence measurements in single cells, a
coverslip was placed in a thermo-regulated holder
mounted on the stage of an inverted epifiuorescence
microscope (Nikon), as described previously [20],
and allowed to equilibrate at 35°. Individual cells
were isolated within the field of view using an iris
diaphragm. The cells were excited at 340 and 380 nm,
using an air-turbine operated filter wheel to
alternate the excitation wavelength (Biomedical
Instrumentation, University of Pennsylvania). The
demodulated fluorescence emission at 505 nm was
recorded. Drugs were added directly to the buffer
surrounding the cells, or directly on the cell of
interest using a low pressure perfusion micropipet
{10 ym opening) placed near the surface of the cell.
Switching on the perfusion system (Picospritzer,
General Valve Corp., Fairfield, NJ) applied nanoliter
volumes of agonist solution directly over the cell.
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Turning off the perfusion allowed the original
medium (nominally agonist free) access to the cell
surface, thus removing the agonist by dilution. Using
this technique, only those cells adjacent to the pipet
tip were exposed to significant concentrations of
agonist. Perfusion with buffer only did not alter
basal [Ca];. Therefore, multiple cells on a given
coverslip could be tested for their responses to an
agonist. Intracellular calcium concentrations were
calculated according to the method of Grynkiewicz
et al. [21] using ionomycin and ethylene-
glycolbis(aminoethylether)tetra-acetate  (EGTA)
to generate the fluorescence maximums and min-
imums, respectively.

Exposure of cultured cells to volatile anesthetics.
The anesthetic was equilibrated rapidly with aqueous
medium by adding a measured quantity of isoflurane
(Anaquest, Madison, WI) or halothane (Halocarbon
Laboratories, North Augusta, SC) to an aliquot of
BSS, vortexing for 60sec and allowing it to
equilibrate. Then an aliquot of the stock solution of
anesthetic was diluted rapidly into the BSS bathing
the cells to give the desired final concentration
[8,22]. Concentrations were confirmed with gas
chromatography and remained within 10% of the
target concentration for at least 3 min. The halothane
concentrations (0.3 to 2mM) correspond to gas
concentrations of approximately 0.9 to 6.1 vol% at
37° [23]. This range spans from clinically relevant
ECsp concentrations (0.3 mM), to anesthetic con-
centrations (0.5 mM), to more toxic concentrations
{2 mM). The ECy, for anesthesia (MAC, minimum
alveolar concenfration preventing movement in
response to a surgical stimulus in 50% of subjects)
is species specific, and ranges between 0.75 to
1.25vol% for halothane and 1.1 to 1.5vol% for
isoflurane [24]. As a point of reference, respiratory
depression and cardiac failure are seen in rats at
concentrations above 2.8% halothane or 4%
isoflurane [25].

A typical experiment consisted of obtaining control
responses to agonist from at least three widely
separated cells on each coverslip. The average
amplitude of these calcium transients was then
compared to the agonist-induced response in the
presence of the anesthetic. In each case, the response
to the anesthetic and agonist was compared to
its own agonist control response. Therefore,
comparisons between agonist and anesthetic +
agonist responses for each coverslip were made using
paired r-tests.

RESULTS

Figure 1 shows results of experiments in which
bradykinin (BK) or ATP was perfused over individual
endothelial cells for 30sec. Both agents induced
transient increases in [Ca]; and successive drug
applications produced similar [Ca}; transients in the
same cell.

Addition of solutions containing halothane (0.3
or 0.5mM) or isoflurane (0.5mM) did not alter
basal [Ca];. However, the [Ca]; transient normally
elicited by BK was attenuated significantly in those
cells exposed to halothane for 3 min (Fig. 2, Table
1). This attenuation of the response to BK was not
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Fig. 1. Representative responses of single endothelial cells
to repeated stimulation by either BK (upper) or ATP
(lower).

due to the presence of thymol (a preservative in
commercially available halothane at 0.01%, or
0.7 mM), because exposure of the cells to thymol
alone had no effect on BK-induced calcium transients
(data not shown). Treatment of the cells with
isoflurane for 3 min did not alter the response to BK
(see Fig. 2 and Table 1).

To test whether or not the effects of anesthetics
on agonist-induced calcium responses were con-
centration dependent, we examined the responses
of the cells to agonists in the presence of increased
concentrations of anesthetic. As shown in Table 1,
the response to BK was attenuated significantly in
the presence of 0.3, 0.5, and 2 mM halothane, but
not in the presence of 0.5 or 2 mM isoflurane (the
higher concentrations are equivalent to 6.1%
halothane or 8% isoflurane). Although the magnitude
of responses to ATP varied in individual cells from
different preparations (see Figs. 1 and 3), neither
halothane nor isoflurance prevented the subsequent
response to ATP, when compared to control
responses from the same coverslip (Fig. 3). Addition
of 2mM halothane or isoflurane to the cells
sometimes resulted in a transient increase in basal
[Ca], (for example, see Fig. 3, lower panel).
However, the magnitude of increase induced by the
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Fig. 2. Representative responses of single endothelial cells to BK (10 nM): Response of a control cell
to BK (left) and a different cell on the same coverslip in the presence of either halothane (0.5 mM,
upper panel) or isoflurane (0.5 mM, lower panel) for 3 min before BK administration.

Table 1. Effects of halothane and isoflurane on bradykinin-stimulated calcium

mobilization

Treatment Peak [Ca}; (nM) N
Basal 495 36
Bradykinin (10 nM) 307 =22 36
Bradykinin (10 nM) + halothane (0.3 mM) 296 + 32* 17
Bradykinin (10 nM) + halothane (0.5 mM) 139 + 35 17
Bradykinin (10 nM) + halothane (2 mM) 113 + 15 4
Bradykinin (10 nM) + isoflurane (0.5 mM) 316+ 34 13
Bradykinin (10 nM) + isoflurane (2 mM) 344 = 145 4

Data are expressed as means = SEM. The data are pooled for presentation
purposes; however, statistical comparisons between control responses to bradykinin
and the response to bradykinin after anesthetic treatment were made using the
paired i-test (each cell preparation was used as its own control).

* Significant difference from bradykinin alone (P < 0.05).

anesthetics did not reach statistical significance. In
addition, these increases were induced by anesthetic
concentrations that are considered toxic.

DISCUSSION

Our findings demonstrate that halothane, but not

» 515K

isoflurane, can interfere with the signal transduction
pathway stimulated by bradykinin in vascular
endothelial cells. Calcium signalling in endothelial
cells is associated with both the release of vasoactive
compounds, such as prostaglandins and other
eicosanoids, and the control of EDRF synthesis, as
we [17, 19] and others {16, 18, 26, 27] have shown.
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Fig. 3. Representative responses of endothelial cells to ATP (10 uM): Response of control cell to ATP
(left) and a different cell on the same coverslip in the presence of anesthetic. The upper panel depicts
responses t0 ATP in the presence of halothane (2mM); the lower panel depicts responses in the

presence of isoflurane (2 mM).

The ability of halothane to attenuate responses to
BK but not ATP may result from the action of
halothane on receptor-agonist interactions, or
specific differences in receptor-G-protein—effector
coupling that mediate the responses to agonists. In
our studies, the calcium release mechanism was
probably not altered by halothane because both
ATP and BK activate phospholipase C and stimulate
inositol phosphate turnover and subsequent [Ca;
mobilization in endothelial cells [16, 17, 28].
Recent studies have shown that halothane can
decrease functional coupling between G-proteins
and both muscarinic and aj-adrenergic receptors in
rat brain [29, 30]. In addition, Narayanan et /. [31]
found that halothane could disrupt muscarinic
inhibition of adenylyl cyclase (G;-mediated) while
having no effect on B-adrenergic stimulation of
adenylyl cyclase (G;-mediated). Similarly, Puig et al.
[32] showed that the inhibitory action of halothane
on electrically stimulated contractions of guinea pig
myenteric plexus was prevented when G; was
inactivated by pretreatment with pertussis toxin. In
endothelial cells, BK-stimulated phosphoinositide
metabolism is not coupled to a pertussis toxin
sensitive G-protein [33]; nevertheless, it is possible
that the inhibitory effect of halothane that we
observed could have been due to an effect on a
different G-protein coupled to the BK receptor.

The volatile anesthetics are known to modify
signal transduction and cellular calcium homeostasis
in a variety of cells types. Analogous to our findings
with BK, Freeman and Li [15] found that halothane
reduces the amplitude of isoproterenol-stimulated
calcium transients in ventricular myocytes, and
suggested that halothane alters intracellular calcium
stores. In A7r5 cells (derived from rat vascular
smooth muscle}), Sill et al. [34] demonstrated that
halothane increases basal [Ca); acutely and inhibits
calcium signalling in response to arginine vasopressin
and platelet-derived growth factor. They also showed
that halothane inhibits the arginine vasopressin-
induced increase in total inositol phosphates without
affecting basal levels. In PC-12 cells [13], and in
isolated bovine adrenal medullary cells [10], volatile
anesthetics were found to depress stimulus—secretion
coupling and the depolarization-induced rise in
cytoplasmic calcium. In isolated cardiac myocytes,
halothane transiently increases intracellular free
calcium concentrations [12] and decreases electrically
simulated Ca* transients {13]. Although others have
reported that halothane alters calcium uptake and
release from internal stores [12, 14, 35], we believe
this mechanism to be an unlikely possibility in
endothelial cells because the response to ATP was
unaffected by either anesthetic.

In summary, the differential actions of halothane
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and isoflurane on endothelial cell signal transduction
may be one explanation for how these anesthetics
can have such different effects on the peripheral
circulation [2, 3] and differentially alter endothelium-
dependent processes in vitro and in vivo [5,6, 36].
The precise endothelial mechanism that is affected
by halothane remains to be determined. Our findings
indicate that halothane specifically inhibits BK-
stimulated increases in [Ca]; in vascular endothelial
cells whereas isoflurane does not. Neither anesthetic
altered the response to ATP. The ability of halothane
fo attenuate calcium mobilization in endothelial cells
in response to specific agonists may result from
alterations in  receptor-G-protein  coupling
{30,31,34] which regulates the production of
endothelium-derived vasoactive mediators [6, 7}.
Differential effects of anesthetic agents in altering
mediator production may at least partially explain
the differential vascular effects of the anesthetics.
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