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Effect of Isoflurane on In Situ Vascular Smooth
Muscle Transmembyrane Potential in Spontaneous

Hypertension

Thomas A. Stekiel, M.D.,* Naohiro Kokita, M.D., Ph.D.,t Mitsuaki Yamazaki, M.D., Ph.D.,
Zeljko J. Bosnjak, Ph.D.,§ John P. Kampine, M.D., Ph.D.,|| William J. Stekiel, Ph.D.#

Background: Administration of general anesthetics to pa-
tients with chronic hypertension often causes hemodynamic
instability that has been attributed in part to a poorly under-
stood increased loss of control of peripheral vascular smooth
muscle tone. The purpose of the current study was to determine
if such an increased loss occurs in the spontaneously hyperten-
sive (SH) rat neurogenic model of chronic hypertension, as
reflected by a greater volatile anesthetic-induced in situ vascu-
lar smooth muscle hyperpolarization compared with normo-
tensive Wistar-Kyoto (WKY) rat controls.

Metbods: Vascular smooth muscle transmembrane potentials
(E,,) were measured in situ using glass microelectrodes in ex-
ternalized small mesenteric resistance- and capacitance-regulat-
ing blood vessels in 10- to 12-week-old SH and WKY rats before,
during, and after administration of 1 minimum alveolar con-
centration levels (1.5%) of inhaled or 0.60 mm superfused isoflu-
rane. Vascular smooth muscle E_ s were also measured in ves-
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sels after local sympathetic denervation with superfused
6-hydroxydopamine.

Results: Local sympathetic denervation caused a significant
hyperpolarization of arterial and venous vascular stnooth mus-
cle in SH but not WKY rats. Hyperpolarization induced by either
inhaled or superfused isoflurane was significantly greater in
innervated than in denervated arterial and venous vascular
smooth muscle, particularly in SH rats. In addition, for inner-
vated (but not denervated) arterial and venous vascular smooth
muscle, hyperpolarization induced by inhaled (but not super-
fused) isoflurane was significantly greater in SH than in WKY
rats,

Conclusions: In the neurogenic SH rat model of human hy-
pertension, a primary mechanism underlying elevated isoflu-
rane-induced vascular smooth muscle hyperpolarization (and
reduced vascular smooth muscle tone) in both resistance- and
capacitance-regulating blood vessels is a central neural inhibi-
tion of excitatory sympathetic input. Peripheral neural and
nonneurally mediated hyperpolarization by isoflurane is simi-
lar in SH and WKY rat vascular smooth muscles. (Key words:
Central vascular control; membrane potential; peripheral vas-
cular control.)

PERIOPERATIVE management of hypertension contin-
ues to be an important clinical problem because the
anesthetic course of patients with chronic hypertension
is characterized by a poorly understood circulatory in-
stability and increased perioperative complications.'™
In addition, wide or sustained fluctuations in hemody-
namic control may occur when general anesthesia is
administered. The incidence of such circulatory instabil-
ity is increased in the presence of chronic hyperten-
sion.* It is well established that peripheral vascular
smooth muscle (VSM) tone is regulated by a balanced
input from many interacting control mechanisms. This
balance is disrupted in the presence of chronic hyper-
tension.”"®

Volatile anesthetics (which are well known to be va-
sodilators) also can disrupt the control of VSM tone at
multiple levels. These include extrinsic (neural and hu-
moraD),” ' endothelial,’*** and intrinsic (membrane
and intracellular)'®'® mechanisms. However, the rela-
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tive importance of an anesthetic-mediated vasodilator
effect at each of these levels remains to be established. In
addition, little is known about differences in such anes-
thetic effects on the mechanisms of vascular control
between persons with or without hypertension.

Recently, we reported that halothane, isoflurane, and
sevoflurane produced a dose-dependent hyperpolariza-
tion in VSM of in situ mesenteric resistance arteries and
capacitance veins.'® Approximately one half of this hy-
perpolarization was attributed to attenuation of sympa-
thetic vascular control. Because VSM transmembrane
potential (E,) is tightly coupled to active VSM force
generation over the physiologic range of E_, (approxi-
mately —30 to —60 mV),'”"" the observed hyperpolar-
ization reflected an anesthetic-mediated vasorelax-
ation.'®

The current study measured (previously established)
isoflurane-mediated VSM hyperpolarization to compare
neural and nonneural regulation of in situ E_, in VSM of
small resistance- and capacitance-regulating blood ves-
sels in an animal model of established human essential
hypertension and its normotensive control.”®~%?

Materials and Methods

Animal and Vessel Preparations

After we received approval from our institution’s ani-
mal care and use committee, in situ E_s of VSM were
measured in 10- to 12-week-old (weight, 250-300 g)
spontaneously hypertensive (SH) rats and normotensive
Wistar-Kyoto (WKY) control rats (Taconic Farms, Ger-
mantown, NY) using previously described methods.'®23
The animals were anesthetized with 40 mg/kg intraperi-
toneal ketamine, followed by 20-30 mg/kg intraperito-
neal sodium pentobarbital to facilitate initial surgical
preparation. Subsequently, basal anesthesia was main-
tained during the course of each experimental protocol
using intravenous pentobarbital administered as a con-
stant infusion at 30 mg - kg~ ' - h™ !, Femoral venous and
arterial cannulae were introduced to infuse medication
and to directly measure blood pressure, respectively. A
endotracheotomy tube was placed, through which ven-
tilation was controlled using a rodent respirator (model
680; Harvard Apparatus, South Natick, MA) to maintain
the end-tidal carbon dioxide level between 30 and 40
mmHg. Inspired oxygen concentrations were main-
tained at 30%.

In each animal, a segment of terminal ileum (with its
attached mesentery) was externalized through a midline

Anesthesiology, V 91, No 1, Jul 1999

laparotomy to expose small (approximately 200 um OD)
mesenteric arteries and paired (approximately 300 um
OD) corresponding veins. In each preparation, the ves-
sels were gently freed of perivascular fat without disturb-
ing luminal flow or adventitial innervation. The sur-
rounding connective tissue was fastened to the silastic
rubber floor of a temperature-regulated tissue chamber
with 50- and 125-um diameter stainless steel pins. The
vessels were superfused continuously with physiologic
salt solution (PSS) and maintained at 36.5-37.5°C. The
PSS was composed of 119 mm NaCl, 4.7 mm KCI, 1.17 mum
Mg SOy 1.6 mm CaCl,, 24 mm NaHCO;, 1.18 mm
NaH,POy, and 0.026 mm EDTA. The PSS was aerated
with a gas mixture of nitrogen, oxygen, and carbon
dioxide to maintain the pH between 7.35 and 7.45, the
carbon dioxide tension between 35 and 45 mmHg, and
the oxygen pressure between 100 and 150 mmHg.
Smaller 50-um diameter stainless steel pins were placed
beside arteries and the veins to separate them and to
minimize vessel wall pulsation and movements that in-
terfere with E , measurements.

Experimental Measurements

Single VSM cell E s were measured iz situ by manually
advancing 3 M potassium chloride-filled glass micropi-
pettes (tip diameter, 0.1 um and input impedance rang-
ing between 40 and 60 M(}) into the VSM layer from the
adventitial side of the vessel using a Wells hydraulic
micromanipulator (Trent Wells, Coulterville, CA). Elec-
trodes were pulled from borosilicate glass using a Sutter
model P-97 Flaming/Brown micropipette puller (Sutter
Instrument, Novato, CA) and were connected to a model
8100 biological amplifier (Dagan Corp., Minneapolis,
MN). E,, and femoral arterial blood pressure were re-
corded simultaneously using a Grass model RPS 7C poly-
graph (Astro-med/Grass, West Warwick, RD) and digitally
using a Superscope I version 1.44 data acquisition sys-
tem (GW Instruments, Somerville, MA). Measurements
were made before, during, and after inhalation of 1.5%
end-tidal isoflurane (equivalent to 1 minimum alveolar
concentration levels)?* or superfusion with 0.6 mm
isoflurane in the PSS. The latter was equal to the average
concentration of isoflurane measured in blood during
inhalation of the 1.5% concentration. The 0.6 mm con-
centration in PSS corresponds to a calculated volume
percentage of 2.77% compared with 1.1% for the same
concentration in blood.?®> Although it is not clear exactly
what effect protein-bound isoflurane could produce on
the VSM, the “free” isoflurane concentration was greater
when administered superfused (in the PSS) than inhaled
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(in the blood). Because the vessels were superfused
continuously with PSS in an open chamber, the greater
“free” concentration of anesthetic in the superfusate at
least partially compensated for atmospheric loss. The
concentrations of both inhaled isoflurane and that dis-
solved in PSS were delivered using an Ohio Medical
Products vaporizer (Airco, Madison, WI).

One half of the total vessel preparations studied were
denervated sympathetically by local superfusion with
300 pg/ml of 6- hydroxydopamine for 20 min after initial
blood pressure, and E_; measurements were made in
neurally intact vessels. Local superfusion of blood vessels
with 6-hydroxydopamine effectively eliminates perivas-
cular sympathetic innervation, as evidenced by inhibi-
tion of contractile responses to local neural electric field
stimulation, blockade of H*>norepinephrine uptake by
sympathetic nerve endings, and histologic changes con-
sistent with adrenergic nerve degeneration.’® Before
6-hydroxydopamine administration, each vessel prepara-
tion was superfused with 10”¢ » phentolamine for 5 min
to block the prolonged vasoconstriction resulting from
6- hydroxydopamine-initiated catecholamine release.
These agents were washed out with a 1-h superfusion
with PSS before E,, measurements were resumed.'®?

Four groups of vessel and animal preparations were
studied under each of the two methods of exposure of
the vessels to isoflurane (inhaled wvs. superfused). The
four groups included intact and denervated vessel prep-
arations from SH rats and intact and denervated vessel
preparations from WKY rats.

Inspired and expired isoflurane and end-tidal carbon
dioxide concentrations were measured using a POET II
infrared capnograph and end-tidal agent monitor (Criti-
care Systems, Waukesha, WT). Blood anesthetic concen-
trations were measured using a Sigma 38 gas chromatog-
raphy system (Perkin-Elmer, Norwalk, CT) in samples
taken immediately before the washout period and again
after all washout measurements were completed.

Statistical Analyses

In each experimental vessel and animal preparation,
the arterial and venous VSM E,_, measured during each of
the sequential protocol steps (i.e., before isoflurane,
with isoflurane, and after isoflurane for neurally intact
and locally denervated vessels) is the calculated numeric
average of 5-10 single VSM cell impalements (each last-
ing 6-10 s). Each E,, value reported in the tables is the
mean * SD of these numeric average values, with a
replication factor ranging from 7 to 9 vessel and animal
preparations for each protocol. A repeated measures

Anesthesiology, V 91, No 1, Jul 1999

analysis of variance (Super ANOVA program; Abacus
Concepts, Berkeley, CA) was performed on the mean E_|
values with the sequential protocol steps as the repeated
unknown factor (i.e., innervated [or denervated] before,
during, and after isoflurane). An identical repeated mea-
sures analysis of variance was used to compare the ef-
fects of isoflurane on the averaged mean arterial pressure
measured together with E_ before, during, and after
isoflurane administration in each of the experimental
animal groups. Paired ¢ tests (Stat-View program, Abacus
Concepts) were used to verify that the mean isoflurane-
induced hyperpolarization response (AE_) in each ex-
perimental group was significantly greater than 0 (P =
0.05). An analysis of variance without repeated measures
was performed to compare mean isoflurane-induced hy-
perpolarization of a vessel type between the innervated
and denervated and the hypertensive and normotensive
experimental groups. For all analyses of variance in the
study, the significance of differences between mean val-
ues was determined by comparing calculated least-
square means at a significance level of P < 0.05.

Results

Effect of Local Sympatbetic Denervation on

Transmembrane Potentials of Vascular Smooth

Muscle in the WKY and SH Rat Models

Table 1 lists the mean values of in sifu E,, of VSM in
sympathetically innervated and locally denervated small
mesenteric arteries and veins of WKY and SH rats before,
during, and after inhalation of isoflurane, 1.5%. Before
local denervation or exposure to volatile anesthetic, the
mean E | of both arteries and veins in the SH rats tended
to be less negative (less polarized VSM) than that of the
respective vessels in WKY rats. After local sympathetic
denervation, mean E, s of SH rats were not different from
those of denervated WKY rats. However, mean E_s of
both vessel types in SH rats (but not WKY) became
significantly more negative than those of respective neu-
rally intact vessels.

Effect of Inbaled Isoflurane on Transmembrane

Potentials of Vascular Smooth Muscle in WKY and

SH Rats

Table 1 shows that during inhalation of isoflurane,
1.5%, mean E_s in VSM of both innervated and dener-
vated small arteries and veins were significantly more
negative than respective preisoflurane controls in both
WKY and SH rats. Table 2 compares the mean hyperpo-
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Table 1. Effect of Inhaled Isoflurane on Transmembrane
Potentials (E_) across VSM of In Situ WKY and SHR Small
Mesenteric Vessels

Table 3. Effect of Locally Superfused Isoflurane on
Transmembrane Potentials (E_) across VSM of In Situ WKY
and SHR Small Mesenteric Vessels

Experimental Innervated  Denervated Experimental Innervated  Denervated
Group Control Control I1ISO POST Group Control Control ISO POST
Artery Artery
WKY WKY
Innervated —-40 + 1.8 — —-44 +1.671 -39 =16 Innervated -39 £1.7 — —43 + 1.5* -39+ 19
Denervated -39+x23 —-40zx26 -43+29ft -39 =21 Denervated —_ —-40 = 2.4 —43 + 2,41 —
SHR SHR
Innervated -37 141 — —44 = 2.6t —-38 +1.1 Innervated -38 + 2.1 — —44 + 3.3* -38 + 1.7
Denervated -37 1.9 —40 = 1.7 —-41 *1.1% —38 23 Denervated — —40 x 2.4 —43 + 2.41 —
Vein Vein
WKY WKY
Innervated —41 £25 — —46 = 1.8% -39 £27 Innervated —41 £ 4.3 — —46 * 4.4* ~40 = 4.3
Denervated -40*+16 —42+21 —44 +3.0tf —-40=x1.0 Denervated — —43 + 2.2 —45 * 2,71 —_
SHR SHR
Innervated —40+ 1.8 — —48 = 3.2t —-40 £ 25 Innervated -39 + 3.0 — ~45 - 2.5* ~38x15
Denervated -39 =21 ~43 = 21" —-486 = 3.1t —41 +28 Denervated — —44 = 2.6 —47 * 2.1¢ -

Innervated control = before denervation; denervated control = after local
chemical sympathetic denervation with 6-OHDA; ISO = during 1.0 MAC
(1.5%) inhaled isoflurane; POST = after washout of isoflurane from the
circulation.

Values are mean + SD VSM E,, (mV); n = 7-9 vessel/animal preparations.
* Denervated control E,,, more negative than innervated control E,, (P < 0.05).
1 1SQO E,,, more negative than innervated control or POST E,, (P =< 0.05).

1 ISO E,, more negative than denervated control E,,, (P = 0.05).

larization responses (i.e., AE,s) with inhaled isoflurane,
1.5%, in innervated and denervated vessels. All hyperpo-
larization responses to isoflurane were significantly
greater than zero, except for the WKY vein. Of particular
interest is that the hyperpolarization in innervated arter-
ies and veins was significantly greater than in respective
denervated arteries and veins (except for the WKY ar-
tery). In addition, for the respective innervated (but not
denervated) vessel, the hyperpolarization in SH rats was
significantly greater than in WKY rats. In contrast, in

Table 2. Hyperpolarization Responses to 1 MAC (1.5%)
Inhaled Isoflurane in VSM of In Situ WKY and SHR Small
Mesenteric Vessels

Artery A E, Vein A E,,

WKY SHR WKY SHR

Innervated vessels 3.9 £21* 7.3 26"t 4.5+20"% 7.4 *=32*%t
Denervated vessels 3.2 x1.4* 14 x 15" 20+ 37 28 = 31"

Data are mean * SD (mV); n = 7-9 vessel/animal preparations. For innervated
vessels, A E,, = mean E,, difference = SD between ISO and innervated
control. For denervated vessels, A E,, = mean E,, difference + SD between
ISO and denervated control.

* Hyperpolarization response significantly greater than zero (P =< 0.05).

T Hyperpolarization response in innervated vessel greater than in denervated
vessel (P = 0.05).

T Hyperpolarization response in SHR vessel greater than in WKY vessel (P =
0.05).
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Innervated control = before denervation; denervated control = after local
chemical sympathetic denervation with 6-OHDA; ISO = during local super-
fusion of vessels with 0.6 mm isoflurane in PSS superfusate; POST = after
washout of isoflurane by return to PSS superfusate.

Values are mean * SD VSM E,, (mV); n = 6-8 vessel/animal preparations.
*I1SO E,,, more negative than innervated control or POST E,, (P < 0.05).
1 ISO E,, more negative than denervated control E,, (P = 0.05).

denervated vessels, there was no difference in the hy-
perpolarization response between SH and WKY rats.
However, in denervated veins, the hyperpolarization re-
sponses of WKY (in contrast to that of SH rats) was not
significantly different from zero.

Effect of Superfused Isoflurane on Transmembrane

Potentials of Vascular Smooth Muscle in WKY and

SH Rats

Table 3 shows that, similar to inhaled isoflurane, 1.5%,
0.6 mm superfused isoflurane caused mean E_s of VSM in
both innervated and denervated small arteries and veins
to become significantly more negative than respective
preisoflurane controls in both WKY and SH rats. Table 4
compares the mean hyperpolarization responses (i.e.,
AE,,s) with superfused isoflurane in innervated and de-
nervated vessels of WKY and SH rats. As with inhaled
isoflurane, the hyperpolarization responses were signif-
icantly greater than zero. In addition, the hyperpolariza-
tion in the innervated arteries and veins were signifi-
cantly greater than in the respective denervated vessels
(except for the WKY arteries). However, unlike during
inhaled isoflurane, the hyperpolarization response to su-
perfused isoflurane in innervated SH rat arteries and
veins was not significantly greater than in the respective
WKY vessels.
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Table 4. Hyperpolarization Responses to 1 MAC (0.6 mm)
Locally Superfused Isoflurane in VSM of In Situ WKY and SHR
Small Mesenteric Vessels

Artery A E, Vein A E.,

WKY SHR WKY SHR

Innervated vessels 48+19° 6.0x247F 44+25% 55=*19%%
Denervated vessels 3.3 =16 28 1.2* 24 * 09 3.1 £ 13"

Data are mean * SD (mV); n = 6-8 vessel/animal preparations. For inner-
vated vessels, A E,, = mean E,, difference + SD between ISO and innervated
control. For denervated vessels, A E,, = mean E,, difference = SD between
ISO and denervated control.

* Hyperpolarization response significantly greater than zero (P < 0.05).

1 Hyperpolarization response in innervated vessel greater than in denervated
vessel (P = 0.05).

Mean Arterial Blood Pressure Responses to Inhaled

and Superfused Isoflurane

As expected, mean arterial blood pressure was signif-
icantly greater in the each of the SH rat experimental
groups when compared with the WKY groups (table 5).
Local chemical denervation of the in situ vessel prepa-
ration caused a small (approximately 10 mmHg) de-
crease in mean arterial blood pressure in the SH rats but
no significant decrease in the WKY rats. The decrease in
mean arterial blood pressure in response to 1 minimum
alveolar concentration inhaled isoflurane was approxi-
mately twice as great in the SH rat groups as in the
respective WKY control groups (41-42% for SH rats vs.
27-29% for WKY rats). This was also true when ex-
pressed as a percentage change. After elimination of the
inhaled isoflurane, mean arterial blood pressure recov-
ered completely to preisoflurane levels in all four exper-
imental groups. No change in mean arterial blood pres-
sure was observed in any of the four experimental
groups in which vessel preparations were superfused
with 0.6 mm isoflurane.

Blood Concentrations of Inbaled Isoflurane

Inhalation of 1.5% isoflurane produced blood isoflu-
rane concentrations after equilibration in each of the
four animal groups that ranged from 0.52 to 0.58 mm. In
all of the groups, the elimination (post) period effec-
tively and significantly washed out the isoflurane to neg-
ligible levels. No measurable concentrations were ob-
served in the blood of animal preparations in which
vessels were superfused with 0.6 mwm isoflurane.

Discussion

The purpose of the current study was to assess the
effects of volatile anesthetics on iz situ neural and non-
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neural control of VSM tone in a neurogenic SH rat model
of human essential hypertension. This was done indi-
rectly by measurement of in situ responses of E_ of VSM
in sympathetic neurally intact and denervated mesen-
teric resistance- and capacitance-regulating blood vessels
to 1 minimum alveolar concentration inhaled and to an
equivalent 0.6 mm locally superfused concentration of
isoflurane. Regardless of how isoflurane was adminis-
tered, hyperpolarization was greater in innervated than
in denervated vessels in both WKY and SH rats. In
innervated (but not denervated) vessels, the hyperpolar-
ization resulting from inhaled (but not superfused)
isoflurane was greater in SH than in WKY rats. Thus,
differences in anesthetic effects on vascular control be-
tween hypertensive and normotensive (using the SH-
WKY rat model) animals appear to be proximal to the
peripheral vasculature (e.g., in the central nervous sys-
tem).

It could be argued that changes in VSM E_ are not
necessarily accurate indicators of changes in VSM tone in
the vessels used in the current study because of poor or
nonexistent electromechanical coupling (7.e., lack of cor-
relation between the absolute magnitude of E_, and re-
duction of VSM contractile force). However, in a previ-
ous study using similar vessels,'” we observed a 3-4%
change in active force generation per millivolt change in
VSM E,,. Similarly, Siegel et al'® observed a 50% relax-
ation that was coupled to a 2.5-mV hyperpolarization.
The regulation of sustained VSM tone in these vessels
depends on influx of extracellular Ca** through voltage-
dependent Ca*" channels, which in turn depends on E,,,.
Nelson and Quayle'” have shown as much as a twofold

Table 5. Effect of 1.0 MAC Inhaled Isoflurane on Mean Arterial
Blood Pressure

Experimental Innervated Denervated
Group Control Control 1ISO POST
WKY
Innervated 80 = 11 — 57 + 6t 88 = 14
Denervated 90 + 13 91 + 15 66 = 71 93 =19
SHR
Innervated 133 + 14 — 79 + 81 133 £ 25
Denervated 148 17 137 x=15" 86 =18t 133 x 22*

Innervated control = control (before denervation or isoflurane); denervated
control = after local chemical sympathetic denervation with 6-OHDA; I1SO =
during 1.0 MAC (1.5%) inhaled isofturane; POST = after elimination of isoflu-
rane.

Values are MAP + SD (mmHg); n = 8 or 9 vessel/animal preparations.

* Different from innervated control (P = 0.05).

T Different from innervated and denervated control and POST conditions (P <
0.05).
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change in Ca’" influx with a 3-mV change in VSM E_.

Thus, even relatively small E,, responses to isoflurane
(tables 2 and 4) can be coupled to significant changes in
VSM tone in small resistance- and capacitance-regulating
vessels.

Earlier studies®® indicate that a decrease in the magni-
tude of VSM E_ depends on age in small mesenteric
vessels of SH rats compared with WKY rats. This has
been attributed to an age-dependent increase in sympa-
thetic neural tone in the SH rat vessels that is signifi-
cantly greater when the animals are aged 12 weeks. In
the current study, VSM E_, in innervated SH rats tended
to be less polarized than in innervated WKY rats. How-
ever, the difference was not statistically significant. This
may be related to smaller differences in VSM E_s in the
younger animals used in the current study. Nevertheless,
in the current study, in situ local chemical sympathetic
denervation with 6-hydroxydopamine caused a signifi-
cant hyperpolarization of VSM in both small mesenteric
resistance- and capacitance-regulating blood vessels in
the neurogenic SH rat model but not in its normotensive
WKY control (table 1). Such relatively greater VSM hy-
perpolarization in SH rats after sympathetic denervation
corresponds with our earlier E; measurements made in
several vascular beds.'”?* These results correspond with
the large amount of existing evidence to support an
enhanced sympathetic neural input to both resistance-
and capacitance-regulating vessels in the SH rats and in
humans with essential hypertension.*?

Compared with the action of isoflurane on VSM, both
1.5% inhaled and 0.6 mm superfused concentrations sig-
nificantly hyperpolarized VSM of mesenteric resistance-
and capacitance-regulating blood vessels in both the SH
rat model and in its normotensive WKY control. Such
hyperpolarization occurred in both innervated and lo-
cally denervated vessels (tables 2 and 4). These results
are consistent with the well-demonstrated vasodilator
properties of volatile anesthetics. '

The significantly greater hyperpolarization responses
to inhaled isoflurane in innervated vessels compared
with respective denervated vessels (except for the WKY
artery; tables 2 and 4) correspond with our previous in
situ measurements in these types of vessels in normo-
tensive Sprague-Dawley rats.'® These results suggest
sympathetic neural and other neural or nonneural sites
for the vasodilator action of the inhaled volatile anesthet-
ic.'® In addition, the significantly greater hyperpolariza-
tion response to superfused isoflurane in sympathetically
innervated versus denervated vessels (table 4) indicates
an inhibition of sympathetic neural control of VSM tone
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at the level of the neuromuscular junction. It is well
known that volatile anesthetics can attenuate sympa-
thetic neural control of VSM tone through inhibitory
actions at central'® and peripheral®”*® neural loci.

Of particular interest in the current study is that the
VSM hyperpolarization response to inhaled isoflurane is
significantly greater in the sympathetically innervated
small mesenteric arteries and veins of SH rats when
compared with the hyperpolarization response in re-
spective WKY vessels (table 2). Such differences in hy-
perpolarization were not observed in the respective SH
and WKY rat vessels when they were superfused with
isoflurane (table 4).

These results can be interpreted in at least two ways.
First, the greater hyperpolarization response to inhaled
isoflurane in innervated SH rat vessels could result from
the greater reduction in the transmural pressure gradient
(i.e., a reduction in a myogenic stimulus). The 1.5%
inhaled isoflurane produced a significantly greater de-
pressor effect in SH compared with WKY rats (table 5).
Superfused isoflurane had no significant effect on blood
pressure in either SH or WKY rats. However, such a
myogenic mechanism could not explain the equality of
the hyperpolarization response to inhaled isoflurane in
denervated SH and WKY rat vessels (table 2). In these
studies, a greater depressor effect was still evident in SH
rats. In addition, such a proposed mechanism could not
account for the generation of significant hyperpolariza-
tion responses to superfused isoflurane (table 4) in the
absence of an anesthetic-induced depressor effect in
either SH or WKY rats.

A second, more plausible explanation for the greater
hyperpolarization response to inhaled isoflurane in in-
nervated SH rat small vessels is a greater neurally medi-
ated attenuation of VSM tone (compared with the WKY
control) through a primary action at a central rather than
peripheral neural site. This suggestion is also supported
by the tendency for a greater hyperpolarization response
to inhaled versus superfused isoflurane in respective
sympathetically innervated SH rat vessels. These results
correspond with the findings of many studies by Chalm-
ers et al,”® who have shown that SH rats exhibit in-
creased neural activity in a bulbospinal sympathoexcit-
atory pathway originating in the rostral ventrolateral
medulla. This is of interest because there is strong evi-
dence that an elevated sympathetic nervous input con-
tributes to essential human hypertension.>®>!

We acknowledge that there is disagreement about the
validity of the SH rat as a model of human essential
hypertension and about which strain of rat is an appro-
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priate control. We clearly recognize that other models
exist. However, although there may be no single best rat
model for hypertension studies, the genetic hyperten-
sion that develops in the SH rat has many similarities to
human essential hypertension, and there is also consid-
erable support for its use as an appropriate model of the
human condition.?! Other investigators have shown that
hemodynamic responses to halothane, enflurane,*® and
isoflurane®? are different in SH animals compared with
the WKY controls.

In a separate study, we found that specific K&, or K}pp
channel blockers could inhibit isoflurane-mediated hy-
perpolarization of VSM in small mesenteric vessels of
Sprague-Dawley rats.>®> These results correspond with
others showing that most vasodilator agents are VSM
membrane K* channel openers that inhibit Ca®* influx
and produce a tight electromechanical coupling. %3435
They also correspond with the demonstrated direct ef-
fect of volatile anesthetics to produce VSM relaxation by
decreasing intracellular free Ca?*t 3637

The similar isoflurane-induced #n situ VSM hyperpolar-
ization response observed in respective sympathetically
denervated SH and WKY rat small mesenteric vessels
suggests similar sites and mechanisms that may involve
activation of VSM K* channels by volatile anesthetics.
Using whole-cell and patch-clamp measurements, Rusch
et al.®® have shown a greater K* current in VSM cells
from aortic, renal, and femoral arteries of SH rats com-
pared with WKY animals. They attributed this difference
to a compensatory increase in membrane density and
Ca®" sensitivity of the K, channel in the VSM mem-
branes of these SH rat arteries to blunt a myogenic
response to an elevated arterial pressure. If VSM in SH
rats in the current study exhibited such an increased K&,
channel membrane density and Ca®"-sensitivity, greater
isoflurane-mediated hyperpolarization might be ex-
pected. The observed lack of such an effect in the mes-
enteric arteries may result from the minimal myogenic
sensitivity of the VSM rats in these vessels to an in-
creased transmural pressure.>® Equal hyperpolarizing re-
sponses to isoflurane also may be due to the relatively
small voltage sensitivity of the K, channel at the in situ
E,, levels that exist in the denervated VSM of SH and
WKY rat vessels.

Finally, a potential limitation of the current investiga-
tion is the study of the volatile anesthetic (isoflurane) in
animals in which basal anesthesia was induced using
pentobarbital- ketamine. Although it is unlikely that the
single intraperitoneal injection of ketamine at the begin-
ning of each experiment would have any lasting effect,
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all VSM E,, measurements were attained in the presence
of a basal anesthetic maintained with intravenous so-
dium pentobarbital. Nevertheless, this basal anesthetic
has been used extensively in the past because it does not
eliminate neural regulation of VSM tone or the VSM
responses to agonists.'”?%234° Furthermore, a minimal
and relatively constant level of the basal anesthetic was
present during all steps in each experimental protocol.
Thus, any E,, changes attributable to the pentobarbital-
ketamine basal anesthesia should have been consistent
during the study.

In conclusion, an important factor contributing to the
increased hypotensive effect and circulatory instability
of volatile anesthetics in the SH rat model of hyperten-
sion is a VSM hyperpolarization (coupled to a reduced
VSM tone) in both small resistance-regulating arteries
and capacitance-regulating veins. Although similar differ-
ences may exist in the regulation of other vessel types as
well, this remains to be established. A primary mecha-
nism underlying such hyperpolarization in resistance
and capacitance vessels is a central inhibition of excita-
tory sympathetic neural input. Peripheral neural and
nonneurally mediated hyperpolarization by isoflurane is
similar in VSM of respective SH and WKY rat vessels.

The authors thank Anita Tredeau for help in preparing the manu-
script.
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