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Abstract

We focused on endothelium-mediated vasodila-
tion as a mechanism of the vasodilatory effects of
ketamine. Cultured bovine carotid artery endothe-
lial cells were loaded with the Ca?* indicator dye:
fluo3, and intracellular Ca?™ levels of the endothe-
lial cells were monitored by a confocal laser-scan-
ning microscope. After application of ketamine in
final concentrations of 10°-10-3M, intracellular Ca?
* levels were increased in a concentration-depen-
dent manner. Our findings suggest that the Ca2*
-dependent production and/or release of vasodila-
tor substances in the endothelium contributes, at
least in part, to ketamine-induced vasodilation.

Key words : Ketamine, Endothelial cell, Intracellu-
lar free calcium, Fluo3, Confocal

laser-scanning microscope
Introduction

Ketamine acts directly on vascular smooth mus-
cle, causing relaxation. The mechanisms underlying
this action have been shown to involve an interfer-
ence with transmembrane Ca2* influx and an in-
hibition of Ca?™ release from intracellular Ca’*
stores!:2),

On the other hand, participation of endothelium
-derived factors in ketamine-induced vasodilation

has remained uncertain3=9).
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University,

Therefore, we examined the effect of ketamine on
the intracellular Ca2% level in the endothelium,
since a transient increase in intracellular Ca2%t
level stimulates production and/or release of vaso-
prostacyclin  (PGI2)
endothelium-derived relaxing factor (EDRF/ON) ,
and endothelium-derived hyperpolarizing factor
(EDHF) in the endothelium®~%. To our knowledge,
this is the first report describing the direct effect of

dilator substances:

ketamine on intracellular Ca2% level in the endothe-

lium.
Materials and methods

(1) Cell culture

We obtained bovine carotid artery endothelial
cells (BCAECs, original developers: Hagiwara, H
and Inada, Y) from Japanese Cancer Research Re-
sources Bank (JCRB) . BCAECs were seeded on 35
mm-diameter coverglass dishes and grown to con-
fluent monolayers in Eagle’'s minimum essential
medium (MEM) containing 10 % fetal bovine serum
(FBS) at 37 C under humidified conditions of 95 %
air-5 % CO2. Subcultured BCAECs in the 20th pas-
sage were used in the experiment.

(2) Loading cells with the Ca?* indicator dye:
fluo3

For dye loading, endothelial cells were incubated
with 2.5 #M fluo3 acetoxymethyl ester (fluo3-AM)
in Hank'’s balanced salt solution (HBSS) at 37 C
under 5 % COz in air for 1 hour.

(3) Calcium imaging

The fluorescence imaging was performed using a
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confocal laser-scanning microscope (CLSM) : Meri-
dian ACAS ultima (Okemos MI) . Optical excitation
of fluo3-Ca2* complex was done by 488 nm line
from an argon ion laser, and the emitted fluorescent
light was monitored at 530 nm by a photomutiplier.
For the time course measurement, fluorescence in-
tensity data were collected through the kinetics im-
age scan program in the computer system connected
to the CLSM: a utility that displays serial two-
dimensional (frame) images. Fluo3 is quite useful
for detecting qualitative changes in calcium, howev-
er, since there is only one emission (and not a ratio
of two separate emissions) , quantitation into abso-
lute calcium concentrations is complicated. There-
fore, we measured relative changes in intracellular
Ca?* level.

(4) Experimental protocol

Dye-loaded confluent cells were washed three
times with HBSS to remove unloaded dye; medium
was ultimately replaced with 1 ml HBSS before the
study. All experiments were performed at room
temperature, because intracellular fluo3 would
rapidly leak out at 37 C . Scan paramenters: laser
spot intensity, laser pulse duration, and others
were optimized for maximal sensitivity and minimal
photobleaching.

To examine the effect of ketamine on the in-
tracellular Ca®™ level, after the resting period in
the time course measurement, ketamine (0 M, 2 X
106 M, 2X 1075 M, 2X 10 M, and 2 X 1073 M) di-
luted in 1 ml HBSS, was added to the dish with cells
in 1 ml HBSS by a micropipette in final concentra-
tions (0 M, 106 M, 10> M, 104 M, and 103 M) .
Changes in the mean fluorescence intensity for each
individual cell was obtained and relative fluoresc-
ence intensity, normalized to the resting value, was
plotted as a function of time.

(5) Solutions and drugs

HBSS (138 mM NaCl, 5.0 mM KCI, 1.3 mM CaClz,
0.5 mM MgClz, 0.4mM MaSO4, 4.0 mM NaHCOs3,
0.3 mM, Na2HPO4, 0.3mM KH2PO4, 5.6 mM D-
glucose) was buffered to pH 7.4 at room tempera-
ture with 10 mM sodium Hepes. HBSS and FBS

were purchased from Gibco Laboratories (Gland Is-

land, NY) . MEM was from Nissui Pharmaceutical
Fluo3-AM was from Dojindo

(Kumamoto, Japan) . Ketamine hydrochloride was

(Tokyo, Japan)

from Sankyo Pharmaceutical (Tokyo, Japan)
Sodium Hepes was from Sigma Chemical (St. Louis,
MO).

(6) Data analysis

The measured values were expressed as means
+ SD. One-way factorial analysis of variance with
Scheffe’'s test was used to determine the

concentration-dependent effects.
Results

Figure 1 shows the time course of changes in
frame image of intracellular Ca?™ level ([Ca2¥]1) of
BCAECs before and during exposure to 104 M
ketamine. Fifteen serial images were stacked up, ev-
ery 4.8 sec for 72 sec. After the 7-sec resting
period, ketamine was added in final concentrations
of 1074 M. The matrix of images at fifteen points of
time visualizes the prominent increase in [Ca2t]i.

Figure 2 shows the time course of changes in re-
lative fluorescence intensity, normalized to the rest-
ing value, before and during exposure to 104 M

ketamine for ten individual cells. The relative

fluorescence intensity reflects [Ca2t]i. Addition of

Figure 1 Two-dimensional images of the [Ca®t]i re-
sponse to 10" M ketamine. Number of each
stack indicates time from start point of scan-
ning. Ketamine was applied at 7 sec from start
point of scanning.
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1074 M ketamine induced a large and repid increase
in [Ca2t]i.

Figure 3 shows the time course of changes in re-
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Figure 2 Time course of changes in relative fluoresc-
ence intensity, normalized to the resting value,
before and during exposure to 107 M ketamine
for each of ten individual cells. The time of
addition (10~* M ketamine) is marked by a ver-
tical line. Relative fluorescence intensity of
fluo3-Ca** complex for each individual cell was
obtained by averaging the intensity of each pix-
el within a polygon enclosing each cell (lower

right panel) . Upper panels are the resting [Ca®
t1i images. The lower left panel is the [Ca?*]i
image at 1 min from addition of 10~ * M keta-
mine.
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Figure 3 Time coures of changes in relative fluoresc-
ence intensity before and during exposure to 0,
107 6-10 % M ketamine for ten individual cells
in each of the five groups.

lative fluorescence intensity before and during exp-
osure to 0, 1076 -1073 M ketamine for ten individual
cells in each of the five groups. Addition of 1076
-10"3 M ketamine elevated [Ca2*]i, compared with
the controls. Relative fluorescence reduction
observed in the control group could primarily re-
sult from photobleaching.

Figure 4 shows the relative fluorescence intensi-
ty in each of the five groups at 1 min from addition
of ketamine. Ketamine > 105 M elevated [Ca2*]i in

a concentration-dependent manner.
Discussion

Ketamine has been used with widespread success
in the anesthetic induction on certain patients with
hemodynamic compromise because of its car-
diovascular stimulation?. Ketamine increases blood
pressure, heart rate, and cardiac output; yet its use
has also resulted in cardiovascular decompensation
in critically ill patients!® . The negative effect on
cardiovasculature has been suggested to be due to
the direct vasodilatory and myocadial depressant

actions of ketaminel®11),
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Figure 4 Dose-dependent effects of ketamine on [Ca®
+11i. Values, expressed as means = SD, are rela-
tive fluorescence intensity in each five group at
1 min from addition of ketamine. ***Statistical-
ly significant compared with controls (***p <
0.001). *- ** *Statistically significant compared
with group next to each other (*p<<0.05, ***p
<0.001).
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While the role of the endothelium in modulating
the constrictive or dilatory effects of many anesthe-
tic agents has been demonstrated, little is known
about its role in modifying the respones to
ketamine3~9.

Endothelial cells are located on the luminal sur-
face of blood vessels and play an important role in
the regulation of vascular tone. At least three major
dilator substances are released, PGlz, EDRF/NO,
and EDHF12.13) | Real time measurements of these
substances have been required for their physiolo-
gical and pathological importance, but to date it has
been almost impossible because of their short biolo-
gical half life. The biosynthetic pathways of these
substances are activated in parallel by rise in in-
tracellular Ca?t level of endothelial cellsé~8) .
Therefore, we focused on the changes in intracellu-
lar Ca2t level as an alternative.

The ketamine concentrations in human plasma
amounted to as large as 1.1 X10"% and 6.0X 1075 M,
1 and 5 min after administration of 2.0 and 2.2
mg/kg, intravenously, respectively!4.15 . Because
ketamine's plasma protein binding is only 12%, our
findings demonstrate that a clinically relevant con-
centration of ketamine elevates the intracellular Ca?
+ level of cultured endothelial cells!6).

In the present experiment, we used bovine caro-
tid artery endothelial cells. There are species speci-
ficity and heterogeneity between different vascular
beds in the endothelium-dependent responses of
mammalian blood vessels!?7~19 1t is, therefore, dif-
ficult to discuss the effect of ketamine on blood
pressure in man, on the basis of our findings. More
definitive experiments are needed to determine the
role of endothelium-derived factors in ketamine-in-
duced hypotension. Furthermore, studies in vivo
are required to determine if the endothelium contri-
butes to the overall hemodynamic action of keta-
mine.

In this preliminary study, we found that the Ca2+
-dependent production and/or release of vasodila-
tor substances in the endothelium could participate,

at least in part, in ketamine-induced vasodilation.
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