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Halothane and Isoflurane Decrease the Open State
Probability of K' Channels in Dog Cerebral Arterial

Muscle Cells

Hanna Eskinder, Ph.D.,* Debebe Gebremedhin, Ph.D.,t Joseph G. Lee, F.F.A.R.C.S.I.,.¥ Nancy J. Rusch, Ph.D.,§
Franjo D. Supan, Ph.D.,|| John P. Kampine, M.D., Ph.D.,# Zeljko J. Bosnjak, Ph.D.**

Background: Both halothane and isoflurane evoke cerebral
vasodilation. One of the potential mechanisms for arterial va-
sodilation is enhanced K efflux resulting from an increased
opening frequency of membrane K' channels. The current
study was designed to determine the effects of volatile anes-
thetics on K* channel current in single vascular smooth muscle
cells isolated from dog cerebral arteries.

Metbods: Patch clamp recording techniques were used to
investigate the effects of volatile anesthetics on macroscopic
and microscopic K' channel currents.

Results: In the whole-cell patch-clamp mode, in cells dialyzed
with pipette solution containing 2.5 mm EGTA and 1.8 mm
CaCl,, depolarizing pulses from —60 to +60 mV elicited an
outward K* current that was blocked 65 + 5% by 3 mm tetra-
ethylammonium (TEA). Halothane (0.4 and 0.9 mm) depressed
the amplitude of this current by 18 + 4% and 34 + 6%, respec-
tively. When 10 mm EGTA was used in the pipette solution to
strongly buffer intracellular free Ca®’, an outward K" current
insensitive to 3 mm TEA was elicited. This K' current, which
was reduced 51 + 4% by 1 mm 4-aminopyridine, was also de-
pressed by 17 + 5% and 29 + 7% with application of 0.4 and
0.9 mm halothane, respectively. In cell-attached patches using
145 mm KCl in the pipette solution and 5.2 mm KCl in the bath,
the unitary conductance of the predominant channel type de-
tected was 99 pS. External application of TEA (0.1 to 3 mm)
reduced the unitary current amplitude of the 99 pS K* channel
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in a concentration-dependent manner. The open state pro
ability of this 99 pS K* channel was increased by 1 um Ca
ionophore (A23187). These findings indicate that the 99 pSZ)
channel measured in cell-attached patches was a TEA»sensitiveQ
Ca**-activated K’ channel. Halothane and isoflurane reversibl)g
decreased the open state probability (NPo), mean open timeg
and frequency of opening of this 99 pS K’ channel withoug
affecting single channel amplitude or the slope of the currents
voltage relationship.

Conclusions: Halothane and isoflurane suppress the activity®
of K* channels in canine cerebral arterial cells. These result&
suggest that mechanisms other than K' channel opening likel)E-
mediate volatile anesthetic-induced vasodilation. (Key wordsg
Anesthetics, volatile: halothane; isoflurane. Circulation, ce%
rebral: middle cerebral artery. Current: K*. Patch-clamp: singl§
channel.)
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THE volatile anesthetic halothane is a potent cerebrag
vasodilator. It increases cerebral blood flow in a cong
centration-dependent manner both in animals' and hu,%
mans.? Because isoflurane causes a relatively less ceg
rebral vasodilation than does halothane,? it is the an§
esthetic of choice for neurosurgical procedures. Bottg
isoflurane and halothane also relax other vascular bedg
mcludmg isolated rat* and rabbit aorta,’ canine caroti&
artery,® and porcine coronary artery.” Although volaulg
anesthetics are potent vasodilators, the mechanisms bﬁ
which they relax vascular smooth muscle are not weli
understood. Recent studies from our laboratory havg»
shown that volatile anesthetics suppress voltage- de.g
pendent Ca** channel current in both cardiac®” an&
vascular smooth muscle cells.'” These findings indicate
that one possible mechanism by which volatile anes-
thetics dilate vascular smooth muscle might be via a
direct effect on Ca*" channel currents.

However, one other potential mechanism for arterial
vasodilation is enhanced K efflux, enabled by an in-
creased open state probability of membrane K* chan-
nels. Based on pharmacologic and biophysical prop-
erties, a number of K channel types have been iden-
tified in vascular smooth muscle membranes.''™'* The
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most common K* channel in vascular smooth muscle
is the Ca**-activated K* channel. The open state prob-
ability of this channel is low at resting membrane po-
tential but increases in proportion to membrane de-
polarization and elevation of intracellular Ca** con-
centration."'™"* The resulting enhanced K* efflux will
induce membrane repolarization or hyperpolariza-
tion,"*"'* reduce the open state probability of voltage-
dependent Ca*" channels, and in turn cause vascular
relaxation. In addition to this K* channel type, an out-
wardly rectifying (delayed rectifier) K current that is
voltage- but not Ca**-dependent has been observed in
vascular muscle membranes from cat cerebral artery,'®
rabbit pulmonary artery,'” and rabbit portal vein.'® An
inward rectifier K* current activated at potentials close
to the K" equilibrium potential also has been reported
in vascular smooth muscle.'” This K* channel type may
play a role in setting the level of the resting membrane
potential."” Another distinct K channel in vascular
smooth muscle cells is the ATP-sensitive (K,p) channel
that is activated by low cytosolic ATP levels.?” The Kp
channel is only weakly voltage-sensitive and is not ac-
tivated by changes in intracellular Ca*" concentrations.

Even though a substantial number of K* channel types
are found in vascular smooth muscle cells, the direct
effect of volatile anesthetics on these K* channels in
arterial membranes is not well understood. Therefore,
in the current study we applied the patch-clamp tech-
nique to examine the effect of halothane and isoflurane
on K' channel currents in isolated dog cerebral arterial
muscle cell membranes.

Methods

These experiments were approved by the Medical
College of Wisconsin Animal Care and Use Committee.

Cell Isolation

Adult mongrel dogs of either sex weighing 15-25 kg
were placed in a plexiglass box and anesthetized with
halothane. After attainment of surgical anesthesia,
brains were removed. The middle cerebral arteries were
dissected free of arachnoid and placed in cold Krebs’
solution. Vessels were cut into small pieces and placed
in 2-ml vials containing enzyme solution of the follow-
ing composition (mm): NaCl 135, KCI 5.2, MgCl, 1.0,
HEPES 10, CaCl, 0.04, glucose 10, and collagenase
CLS I1 500 U/ml (Worthington Biochemical, Freehold,
NJ), dithiothreitol 4 mm (Sigma Chemical, St. Louis,
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MO) and papain 2 U/ml (Worthington Biochemical,
Freehold, NJ). The enzyme solution was maintained at
37°C and stirred at 10 rpm by a microstirrer for 1-1.5
h. The supernatant was then removed and diluted with
Tyrode’s solution of the following composition (mm):
NaCl 135, KCI 5.2, MgCl, 1.0, HEPES 10, CaCl, 1.8,
and glucose 10. The dispersed cells were kept at 4°C
until used.
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Voltage-Clamp Recording

Dispersed cells were placed in a perfusion chamberg
(22°C) on the stage of an inverted microscope (IMT5
2, Olympus Optical, Tokyo, Japan) equipped with®
modulation contrast. At 500X magnification, a hydraus
lic micromanipulator (MO-203, Narishige, Tokyo, Ja
pan) was used to position heat-polished borosilicaté
patch pipettes with tip resistance of 1-5 MQ on the$
membranes of single cerebral arterial muscle cellsZ
Once high resistance seals (2-10 GQ) were formedé
the pipette patch was removed by negative pressure to2
give access to the whole cell. Whole-cell K* currcms?
were elicited every 5-10 s by 200 ms depolarizin§
pulses generated by a computerized system (PClampR
Software, Axon Instruments, Burlingame, CA). Thq‘;ﬂj
currents were amplified by a List EPC-7 patch-clampﬁ
amplifier (List-Electronics, Darmstadt-Eberstadt, Ger2
many), and the amplifier output was low-pass filtereds
at 1 KHz. All data were digitized (sampling rate =$
10,000/s) and stored on a hard disk to permit analysiszg
at a later time. Leak and capacitive currents in whole-S
cell recording were subtracted from each record by§
linearly summating scaled currents obtained during 10§
mV hyperpolarizing pulses. '

The composition of the pipette solution used fors
whole-cell K* current recording was (in mm): KCI 708
K'-glutamate 60, K,ATP 5, EGTA 2.5, HEPES 10, MgCl,3
1, and CaCl, 1.8; the computer-calculated free intra-:,;
cellular [Ca**], using the program Chelator by Theo J.§
M. Shoenmakers, was 10" ° M (pH = 7.2). A variant of~
this solution contained 10 mm EGTA and zero CaCl.,,
giving a free [Ca®'], of <107 M. The external solution
contained (in mm): CaCl, 1.8, NaCl 135, KCI 5.2,
MgCl, 1.0, HEPES 10, and glucose 10 [pH = 7.4].

Single channel currents were recorded in a cell-at-
tached configuration using the standard patch-clamp
technique.'’ The bath solution was the same as that
used for whole-cell recordings. The pipette solution
contained (mm): KCI 145, CaCl, 1.8, MgCl, 1.1, and
HEPES 5 (pH = 7.4).
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Statistical analysis of single channel activity was per-
formed using Pstat software (Axon, pClamp version
5.5). The mean open time, channel open probability
(Po), and amplitude were analyzed for each cell and
stored. Transitions from closed to open states were de-
fined as a change in 50% below or above baseline rel-
ative to the predominant channel amplitude. The open
state probability (NPo) was defined by the relation,
NPo = 1/i, where 1 is the time-averaged mean current,
N is number of channels, i is single-channel current
amplitude, and Po is channel open probability. Current-
voltage relationships were fitted by least-square linear
regression for determination of slope conductance.

After recording of K' currents in control solutions,
the inflow perfusate was changed to one in which a
given concentration of anesthetic agent had been
equilibrated at room temperature. Halothane was pre-
pared in final bath concentrations of 0.4 and 0.9 mm,
which was equivalent to 0.7 and 1.5%, respectively.”’
Isoflurane was prepared in a final bath concentration
of 1.2 mm, which was equivalent to 2.7%. Anesthetic
content of the perfusate from the perfusion chamber
was sampled and verified by gas chromatography. Drug
effects were completed within 2—-3 min, and measure-
ments were made after stabilization of drug-induced
changes. The inflow perfusate containing the anes-
thetics was then changed to the control solution, and
K* channel currents were measured again.

Isometric Tension Recording

Rings of middle cerebral arteries were mounted be-
tween two Tungsten wire triangles in 15 ml water-jack-
eted organ bath. Isometric tension was recorded on a
model 7 Grass polygraph (Quincy, MA). The temper-
ature was maintained at 37°C. The rings were stretched
progressively to a final optimal tension of approxi-
mately 750 mg. The optimal tension was previously
determined by length-tension studies using 40 mm KCl
(unpublished observation). The integrity of each ring
was examined by the contractile response to 40 mm
KCl added to the bathing media. Isometric contractions
were determined in middle cerebral arterial rings that
were equilibrated in physiologic salt solution (pH 7.4)
of the following composition (in mm): NaCl 119, KCI
4.7, CaCl, 1.6, MgSO4 1.17, NaHCOj3 27.8, NaH,PO,
1.18, EDTA 0.026, glucose 5.5, and HEPES (4(2-)2-
hydroxyethyl) (-1-piperazineethane-sulfonic acid) 5.
The solution was aerated with 93.5% O, and 6.5% CO..

The arterial rings were washed repeatedly, and after
a 60-min equilibration period, they were contracted
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with PGF,, (3 um) before and after 15 min exposure
to tetracthylammonium. During a stable PGF, -induced
contraction, different concentrations of halothane or
isoflurane were bubbled into the tissue bath using a
vaporizer (Dragerwerk, Lubeck, Germany) to deter-
mine a dose-response relation. The preparations were
exposed to volatile anesthetics for 15 min. Arterial rings
were rinsed and rested for 30 min between exposures §
to different anesthetics. The concentrations of halo- §
thane (0.29 mm and 0.43 mm equivalent to 0.98% andm
1.5%, respectively, at 37°C) and isoflurane (0.21 mMo
and 0.43 mm equivalent to 1.1% and 2.1%, respectively, =
at 37°C) in the bath were determined by gas chroma- 5

tography.

dny

Statistics

Results are expressed as mean = SEM. Where appro
priate, data were analyzed by Student’s f test (P <
0.05).

Results
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Effect of Halothane on Macroscopic K* Current

Figure 1A depicts a macroscopic outward current ob-§
tained from single canine middle cerebral artcnalw
smooth muscle cell dialyzed with a pipette soluuon‘”
containing a free intracellular calcium conccntranono
of 1 um to enhance Ca**-dependent K* current. TheA
current was activated progressively by 200 ms depo-g -2
larizing pulses from a holding potential of —60 mVN
(fig. 1A, top) to consecutive more positive mcmbranco
potentials. Stepwise depolarization from a holding po-2 2
tential of —60 mV to beyond —30 mV elicited an outj
ward current, which showed a mean peak amplitudeS
of 1041 + 140 pAat +60 mV (n = 10). We examined§
the effect of 3 mM tetracthylammonium (TEA), a Ca**
activated K* channel blocker,'"'? on this outward cury
rent. As illustrated in figure 1B, addition of TEA 51gmf-
icantly decreased peak current amplitude at +60 mVR
by 65 *+ 5%.

The effects of halothane on this TEA-sensitive K cur-
rent was examined in eight cells. Representative trac-
ings showing the effects of low and high doses of halo-
thane on K’ currents elicited by depolarizing pulses
(200 ms duration) from —60 mV to +60 mV are pre-
sented in figure 2 (fop). Halothane reversibly and dose-
dependently suppressed macroscopic K* channel cur-
rent. The effects of halothane on the current-voltage
(1-V) relationship for K* channel activation are shown



482

ESKINDER ET AL.

+60 mV
omv
60 mV e
A. Control
J 200 p:
20 ms
B. TEA (3 mM)

Relative Current (%)

Fis
0.8+
—o— Control
0.6 -
---o--- TEA (3mM)
0.4 g
), A
0.2
0 T 1
60 40 -20 0 20 40 60
mV

Fig. 1. Whole-cell outward K' current in a single canine cerebral arterial muscle cell dialized with 1.8 mm CaCl, and 2.5 mm
EGTA before (4) and after (B) addition of 3 mm tetraethylammonium (TEA). Cells were progressively depolarized from a holding
potential of —60 mV to the corresponding potentials indicated on the pulse protocol. An outward current was elicited whose
amplitude was markedly depressed by TEA. (C) Peak current-voltage relations obtained before and after exposure to 3 mm TEA

in two canine cerebral arterial muscle cells.

in figure 2 (bottom). This anesthetic agent produced
concentration-dependent suppression of the K* chan-
nel current amplitude over the entire voltage range
studied, without shifting the voltage-dependency of the
I-V relationship. Low and high concentrations of halo-
thane depressed peak K* current at +60 mV by 18 +
4% and 34 = 6%, respectively.

In a separate series of experiments, we used a whole-
cell mode in which [Ca®*), was strongly buffered with
10 mm-EGTA in the pipette solution'' to minimize
opening of the Ca**-dependent K* channel current and
examined the effect of halothane on Ca**-independent
K" channel current. Figure 3A depicts a macroscopic
outward current recorded from canine middle cerebral
arterial muscle cell and represents the most commonly
encountered current pattern. The current was activated
progressively by 200 ms depolarizing pulses from a
holding potential of —60 mV (fig. 3A, top) to consec-
utive more positive membrane potentials. The mean
peak current in these cells was 423 + 58 pA at +60
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mV (n = 7). This outward current displayed properties
of a delayed rectifier K" current, that is the rate of ac-
tivation became faster at more positive voltages and
exhibited very little inactivation during 200 ms com-
mand pulses. Application of 3 mm TEA had little effect
on this outward current (n = 4). Addition of 1 um Ca**
ionophore (A23187) also did not affect the amplitude
of this outward K' current (n = 3), indicating that the
high EGTA concentration (10 mm) in the pipette so-
lution strongly buffered changes in [Ca**]; to minimize
the Ca**-activated K* current in these cells. We then
examined the effects of 4-aminopyridine (1 mm, 4-AP),
a K’ channel blocker, on this outward current. Re-
cordings in figure 3B show that 4-AP significantly de-
creased the peak amplitude of this current. Figure 3C
summarizes the current-voltage (I-V) relationship
plotted as percent of maximum current before and after
the addition of 4-AP to the external solution in four
paired experiments. Application of 1 mm 4-AP reduced
the peak current at +60 mV by 51 + 4%. When K*

20z IMdy 61 uo 3senb Aq Jpd'81.000-00020566|-27S0000/L 9L | LE/6LY/T/28/4Pd-olol1e/ABojoIsayISaUE/WLI0D IIEYOIBA|IS ZESE//:d}jy WOl papeojumoq
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concentrations of halothane in canine cerebral arterial muscle cells dialized with 1.8 mm CaCl and 2.5 mm EGTA. (7op) The 2
pulse protocol and actual recordings of macroscopic K* current traces in control solution and after exposure to low or high g
doses of halothane. Voltage steps from a holding potential (HP) of —60 mV to the corresponding potentials elicited an outward§
current whose amplitude was depressed markedly and reversibly by halothane. (Bottom) The peak current-voltage relationship S
in control solution and after exposure to low and high doses of halothane, 0.4 (n = 4) and 0.9 mm (n = 5), respectively. Cells 3
were depolarized progressively from a HP of —60 mV to the corresponding potentials indicated on the abscissa. Points with &

error bars represent the mean + SEM.

glutamate and KCI were replaced with CsCl in the pi-
pette solution, we were unable to measure an outward
current (n = 4), suggesting that K" was the charge
carrier.

We studied the effects of halothane on this Ca**-in-
dependent K current in 12 cells. Representative trac-
ings showing the effects of low and high doses of halo-
thane on the Ca**-independent K* channel currents,
elicited by depolarizing pulses (200 ms duration) from
—60 mV to +60 mV, are presented in figure 4 (top).
Halothane reversibly and dose-dependently suppressed
macroscopic K* channel current. The effect of halo-
thane on the current-voltage (I-V) relationship for K*
channel activation is shown in figure 4 (bottom). Low
and high doses of this anesthetic agent produced con-
centration-dependent suppression of K channel cur-
rent amplitude over the entire voltage range studied,

Anesthesiology, V 82, No 2, Feb 1995
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without shifting the voltage dependency of the I-V re-&
lationship. Low and high concentrations of halothaneg
depressed peak K* current at +60 mV by 17 + 5% and#
29 + 7%, respectively. However, there was no signifi-3
cant difference in the sensitivity of Ca®*-dependent andg
-independent K* currents to halothane. 8

202 |

Effect of Halothane and Isoflurane on Single-

channel K* Current

After macroscopic current measurements, the effects
of halothane also were examined on single-channel K*
currents recorded from cell-attached patches of dog
middle cerebral arterial muscle cells. We also analyzed
the effect of isoflurane on single-channel K* currents,
because our laboratories have shown earlier that this
anesthetic agent also decreases whole-cell K™ current
in cerebral arterial muscle cells.?” Figure 5A shows
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Fig. 3. Whole-cell outward K current in a single canine cerebral arterial muscle cell dialized with zero Ca*' and 10 mm EGT
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before (A) and after (B) addition of 1 mm 4-aminopyridine (4-AP). Cells were progressively depolarized from a holding potentialg

canine cerebral arterial muscle cells. Points with error bars represent the mean + SEM.

representative tracings of single-channel K* currents
recorded at various pipette potentials from cell-at-
tached patches. The current-voltage relationship of this
single-channel K* current recorded from six cells re-
vealed a unitary slope conductance of 99 pS when de-
termined at pipette potentials between +40 mV and
—40 mV (fig. 5B). Assuming that intracellular K* con-
centration was comparable to that in the pipette so-
lution, the absence of detectable K™ currents at a pi-
pette potential of —60 mV suggested that intracellular
membrane potential may reflect this value. When in-
cremental negative pipette potentials were applied,
there was reversal of single-channel current at poten-
tials negative to —60 mV (fig. 5). Application of tet-
raethylammonium (TEA, 0.1-3.0 mm) to the extracel-
lular membrane surface via the pipette solution, pro-
duced a concentration-dependent reduction of the
single-channel current amplitude (fig. 6). Figure 7 il-
lustrates representative tracings showing the effect of
the Ca*' ionophore (A23187) on single channel K*
currents. Addition of the Ca*" ionophore (A23187, 1
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+ 0.021 (p < 0.05) with out a significant reductiong
on unitary current amplitude. These findings suggest3
that the 99 pS K* channel is a Ca**-activated K* chan-&
nel. In some patches, a smaller amplitude current alsq‘g
was observed, indicating the presence of second chan-&
nel type or a subconductance state of the 99 pS K*S
channel (fig. 8). These smaller openings were observed;nc>>
in only 10% of patches. However, the detection of thisg
channel may have been influenced by the predomi-=
nance of the 99 pS channel type, which made single-
channel analysis of the small amplitude current diffi-
cult.

The effects of halothane and isoflurane on these 99
pS K’ currents were determined in cell-attached
patches of dog middle cerebral arterial muscle cells.
Figure 9 depicts the summary of statistical analysis of
mean open time, open state probability, and event fre-
quency obtained before, during, and after exposure to
0.9 mm halothane. Halothane decreased event fre-
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Fig. 4. Modulation of macroscopic K' channel current by low (0.4 mm equivalent to 0.7%) and high (0.9 mm, equivalent to 1.5%) &
concentrations of halothane in canine cerebral arterial muscle cells dialized with zero Ca*' and 10 mm EGTA. (Top) The pulse >
protocol and actual recordings of macroscopic K* current traces in control solution and after exposure to low or high doses 5
of halothane. Voltage steps from a holding potential (HP) of —60 mV to the corresponding potentials elicited an outward current §
whose amplitude was depressed markedly and reversibly by halothane. (Bottom) The peak current-voltage relationship in‘g
control solution and after exposure to low and high doses of halothane, 0.4 (n = 6) and 0.9 mm (n = 6), respectively. Cells were 3

depolarized progressively from a HP of —60 mV to the corresponding potentials indicated on the abscissa. Points with error

bars represent the mean + SEM.

quency from 28.1 = 6.9 to 14.9 + 3.4 per 2-min re-
cording interval, the mean open time from 14.1 £ 1.3
ms to 9.4 = 1.5 ms (fig. 9; n =9, P < 0.05), and the
open state probability (NP,) of the 99 pS K* channels
from 0.011 = 0.005 to 0.004 = 0.002. Figure 10 shows
representative tracings obtained before, during, and af-
ter exposure to 0.9 mm halothane at a pipette potential
of —20 mV. The number of openings was greatly re-
duced during exposure to halothane. This effect of
halothane on single-channel was reversed when the in-
flow perfusate was changed to the control solution.
Halothane (0.9 mm) did not affect single channel am-
plitude, which was —3.0 = 0.2 pAand —2.9 £ 0.2 pA
at a pipette potential of —20 mV in the absence and
presence of halothane, respectively (n = 9). This an-
esthetic had no significant effect on the slope of the I-
V relationship, which was 99 pS in the absence and 93

Anesthesiology, V 82, No 2, Feb 1995
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pS in its presence. Similarly, the distribution of thes
unitary current amplitude was not altered, suggestings
that halothane did not influence a separate conductancc%
pathway but rather decreased the activity of the same 2
channel type.

Similar experiments were performed at a single-
channel level to examine the effects of isoflurane (1.2%
mm) on the 99 pS K* channel. Figure 11 depicts single-
channel recordings obtained before, during, and after
exposure to 1.2 mm isoflurane. Single channel currents
were recorded at a pipette potential of —20 mV. Similar
to halothane, the number of single channel events seen
during exposure to isoflurane was reversibly reduced;
also like halothane, isoflurane did not affect single
channel amplitude which was —3.4 = 0.2 pAand —3.3
+ 0.2 pAata pipette potential of —20 mV in the absence
and in the presence of isoflurane, respectively (n = 5).

202 1Ay 6
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Fig. 5. Effect of changes in pipette potential on single-channel current amplitude in cell-attached patches. (4) Representative ¥
tracings of single-channel activity taken at various pipette potentials (PP) in patches from two different cerebral arterial muscle §
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cells. ¢ = closed state of the channel. (B) The current-voltage (I-V) relationship for this channel obtained from six arterial € e

membrane patches. The slope of the curve determined via linear regression analysis was 99 pS. Each point represents the mean X

+ SEM.

Isoflurane decreased event frequency from 21.0 = 3.6
to 10.7 £ 3.7 per 2-min recording interval, and the
mean open time from 19.1 £ 2.7 ms to 13.0 = 1.5 ms.
The open state probability (NP,) was decreased from
0.0109 = 0.0025 to 0.0053 = 0.0019 in the presence
of isoflurane.

Effect of Tetraethylammonium on Volatile

Anestbetic-induced Vasodilation

In an attempt to examine whether blockade of the
Ca**-activated K* channel interferes with anesthetic-
induced vasodilation of middle cerebral arteries, the
effects of halothane and isoflurane was determined be-
fore and after treatment of the vessels with TEA. The
vasodilator action of halothane and isoflurane on mid-
dle cerebral arterial rings (number of vessels = 28,
number of animals = 4) preconstricted with PGF,,, (3
um) in the absence and presence of TEA are summarized
in table 1. Treatment of the vessels with 1 or 3 mm
TEA, a blocker of the Ca?*-activated K* channel,'"!?
produced no significant effect on halothane- or isoflu-
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rane-induced vasodilation in canine cerebral arterlal
vessels. These data suggest that the anesthetic-induced 8 g
vasodilation in cerebral arterial smooth muscle does
not involve Ca**-dependent K* channels.

Discussion

61 uo 3senb Aq jpd'g1.000-0002!

In the current study, using 2.5 mm EGTA and 1.8 mm
CaCl, (intracellular [Ca**] of 1 um) in the pipette so-
lution, we have recorded a macroscopic outward K*
current that was suppressed by 3 mm TEA in dog ce-
rebral arterial muscle cells. The current did not inac-
tivate significantly over a period of 200 ms. The rate
of activation of this current became faster at more pos-
itive potentials demonstrating voltage-dependence of
activation. A similar TEA-sensitive Ca**-activated mac-
roscopic K* current has been described in number of
vascular smooth muscle cells including rabbit portal
veins'*'® and rat mesenteric arteries.'" In dog cerebral
arterial muscle cells dialyzed with pipette solution
containing zero Ca’" and 10 mm EGTA to buffer the

202 |
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Fig. 6. Representative tracings showing concentration-depen-
dent reduction by tetraethylammonium (TEA) of single-chan-
nel amplitude at pipette potential (PP) of —20 mV. ¢ = closed
state of the channel.

intracellular Ca** (|[Ca*"], of <1 nm), we also recorded
a macroscopic outward K* current that was TEA (3 mm)-
insensitive but 4-aminopyridine sensitive, thus dis-
playing properties of a delayed rectifier K" current. A
similar outward, delayed rectifier K* current has been
described in cat cerebral'® and rabbit pulmonary ar-
terial muscle cells.'”

The inhalational anesthetic halothane similarly de-
pressed these two K* current types in canine cerebral
arterial cells. Unlike these results, recordings in bovine
adrenal chromaffin cells have shown that inhalational

{
- B

LJM

Fig. 7. Representative traces showing the effect of Ca*’ iono-
phore (A23187, 1 um) on single-channel activity at pipette po-
tential (PP) of 0 mV. ¢ = closed state of the channel.

| -
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Fig. 8. Two single-channel current amplitudes recorded at pi-
pette potential (PP) of —20 mV in two cell-attached patches
from two different canine cerebral arterial muscle cells. (4)
Channel activity showing small amplitude channel. (B) Chan-
nel activity showing large amplitude channel. ¢ = closed state
of the channel.

anesthetics have a pronounced effect on Ca**-depen-
dent macroscopic K* current as compared to Ca**-in-
dependent K* current.*® These discrepancies might be
due to tissue differences as well as methodologic dif-
ferences, because [Ca*'], was fixed in the current study
but not in the bovine adrenal chromaffin cell study. In
the latter study, blockade of Ca** influx by anesthetics
may have contributed to the more pronounced depres-
sion of Ca**-sensitive K* channel current.??

TIREN 1
28 NE

Fig. 9. Summary of statistical analysis of mean open time, open
state probability (NPo), and event frequency (pipette potential
= —20 mV) single-channel K* currents recorded from isolated
canine middle cerebral arterial muscle cells before, during,
and after halothane (0.9 mm, n = 9). All parameters were de-
creased significantly in the presence of halothane. This effect
of halothane was reversed when the inflow perfusate was
changed to the control solution. *Significant difference from
control values at P < 0.05.

Event frequency

Mean open time (ms)
>
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I SpA
40 ms

Fig. 10. Representative traces of single-channel activity before,
during, and after exposure to halothane (0.9 mm, equivalent
to 1.5%) at pipette potential (PP) of —20 mV. ¢ = closed current
state.

In the current study, using 145 mm KCl in the patch
pipette and 5.2 mm KCI in the bath, we recorded a
predominant potassium channel type with a unitary
conductance of 99 pS from dog cerebral arterial muscle
in the cell-attached mode. In some patches, a smaller
amplitude current, which also could be a subcon-
ductance state of the 99 pS channel, was observed but
not analyzed. The 99 pS K* channel was voltage-sen-
sitive and blocked by tetraethylammonium, and its
open state probability (NPo) was enhanced by external
application of Ca** ionophore A23187 (1 um), indi-
cating Ca’"-sensitivity. A23187, at the concentration
used in the present study, produced statistically insig-
nificant reduction in unitary amplitude of the Ca**
activated K* current in cell-attached patches, which
may suggest a lack of effect on the cell membrane po-
tential. The properties of this large conductance K*
channel are consistent with the Ca**-activated ‘‘maxi
K"’ channel described in a number of smooth muscle
cell types.'""?

The major findings of the current study is that halo-
thane and isoflurane, at clinically relevant concentra-
tions, reduced the open state probability of the pre-
dominant Ca**-activated K* channel without changing
its single-channel conductance. This decrease in open
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Fig. 11. Representative traces of single-channel activity before3
during, and after exposure to isoflurane (1.2 mm, equivalen]
to 2.7%) at pipette potential (PP) of —20 mV. ¢ = closed channe§
state.
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state probability appears to have resulted from a de?
crease in both the frequency of channel opening ancE
the mean open time. Although the present study is th$
first to show the effect of halothane and isoflurane orﬁ
the activity of single channel K* current in vasculag
muscle membranes, the effects of anesthetics on Ca“g
activated K* channel with similar conductance prop§ ‘
erties have been reported on rat glioma C6 cells,?

Chara australis,”> and bovine adrenal chromaﬁixﬁ
cells.?**® In rat glioma C6 cells, volatile anesthet1c58
including halothane and isoflurane, reduced rubidiun'g
efflux across Ca*"-activated K* channels.”* In bovin@
adrenal chromaffin cells, both halothane and enflurang

<
=
8
o
Table 1. Effect of TEA (1 and 3 mm) on Halothane- (0.29 mm f_s
and 0.43 mm Equivalent to 0.98% and 1.5%, Respectively, at >
37°C) and Isoflurane (0.21 mm and 0.43 mm Equivalent to =
1.1% and 2.1%, Respectively at 37°C)-Induced Vasodilation h§
Dog Cerebral Arterial Vessels
Anesthetic % Relaxation
Concentration
(mm) Control 1mm TEA 3 mm TEA
Halothane 0.29 36 = 16 24 7 21+6
0.43 48 + 23 42+ 9 35+8
Isofiurane 0.21 26+ 6 23+3 21+6
0.43 45 +12 38+6 52+ 9

Vessel relaxation is expressed as the percentage reduction in tension generated
by PGF,, (3 uM). Values are expressed as mean + SEM (number of vessel
segments = 28, number of dogs = 4).
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reduced mean open time without affecting the single
channel conductance of Ca**-activated K* channel,***°
which is in agreement with our current observations
in canine cerebral arterial smooth muscle cells.

The results of the current studies also indicate that
halothane and isoflurane did not enhance K* current,
which would be expected to promote vasodilation but
instead reduced the activity of K* channels in cerebral
arterial muscle membranes. Recent studies from our
laboratories also have shown that isoflurane reduces
whole-cell K* current in canine cerebral arterial cells.*?
These results suggest that mechanisms other than K*
channel opening likely mediate volatile anesthetic-in-
duced vasodilation. Furthermore, in isometric tension
recording studies, blockade of Ca®* activated K* cur-
rent with 1 or 3 mm TEA produced no significant effect
on halothane- or isoflurane-induced vasodilation.
However, recent studies from our laboratories and oth-
ers have shown that volatile anesthetics reduce whole-
cell Ca** current in cardiac®” as well as in vascular
smooth muscle cells.'® This suppression of Ca®* current
may be one of several mechanisms by which halothane
and isoflurane relax cerebral arterial muscle. Halothane
also has been reported to decrease Ca*" accumulation
in the sarcoplasmic reticulum and attenuate the Ca®*
activation of contractile proteins in rabbit aortic strips,’
thus resulting in less Ca®" contractile protein interac-
tion, which is responsible for arterial contraction.
Halothane also was reported to increase tissue cGMP
levels in mouse heart’” and canine cerebral arteries,”®
which might be an alternative mechanism for anes-
thetic-induced vasodilation, as an increase in tissue
cGMP level is associated with vascular muscle relaxa-
tion.?®

Although our findings did not identify the site of ac-
tion of halothane and isoflurane, they provide relevant
evidence for the possible mode of action of these vol-
atile anesthetics at cellular level. In the current study,
both isoflurane and halothane decreased event fre-
quency and mean open time of a Ca**-activated K’
channel. One interpretation of these observations is
that these anesthetic agents may stabilize the K* chan-
nel in the resting as well as in the inactivated state.*’
In the presence of 0.9 mm halothane or 1.2 mm isoflu-
rane, some of the K™ channels may remain in their rest-
ing state, and these channels would activate normally
and exhibit normal open-channel K' conduction.
However, after opening, the channel may go into the
inactivated conformation fast or close more rapidly,
leading to a net reduction in the open state duration.
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In conclusion, halothane suppresses the macroscopic
K* current, both the Ca®*-independent as well as the
Ca**-sensitive K channel current, in cerebral arterial
muscle cells. At the single channel level, halothane,
like isoflurane, also reduces the mean open time, event
frequency, and open state probability of Ca**-sensitive
K" channel current in cerebral arterial muscle cells.
In cerebral arterial segments, block of Ca**-sensitive
K" channel by TEA produced no significant effect on
volatile anesthetic-induced vasodilation. Thus, these
findings suggest that halothane- and isoflurane-induced
vasodilations are not mediated through modulation of
K* channels in canine cerebral arterial cells.

The authors thank Mimi Mick, for her secretarial assistance, and
Dr. David R. Harder, for allowing the single channel experiments to
be conducted in his laboratory.
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