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Abstract

Ž .The effects of halothane on renal hemodynamics and the nitric oxide NO –guanylate cyclase signaling pathway were examined in
Ž .anesthetized rabbits using a renal microdialysis method. Halothane 0.5 and 2 vol% caused dose-dependent decreases in blood pressure,

X X Ž . Ž . Ž .renal blood flow and the renal interstitial concentrations of guanosine 3 ,5 -cyclic monophosphate cGMP or nitrate NO rnitrite NO .2 3
Ž y1 y1 . Ž .Sodium nitroprusside 20 mg kg min , i.v. under the inhalation of halothane 2 vol% increased the renal interstitial concentration of

Ž y1 y1 y1 y1 .cGMP. L-Arginine priming dose, 300 mg kg 10 min ; sustaining dose, 50 mg kg min , i.v. did not reverse halothane-induced
reductions of cGMP and NO rNO . These findings demonstrate that halothane caused a renal vasoconstriction and inhibited the2 3

NO–guanylate cyclase signaling pathway in the kidney. Moreover, it is possible that the renal hemodynamic responses to halothane might
have been induced, in part, through this inhibition. Finally, it can be assumed that halothane did not interfere with the activation process
of guanylate cyclase by NO. q 1999 Elsevier Science B.V. All rights reserved.

Ž . Ž .Keywords: Halothane; Nitric oxide NO ; Renal hemodynamics; cGMP; Nitraternitrite NO rNO ; Microdialysis2 3

1. Introduction

Ž .Nitric oxide NO is synthesized in the kidney and plays
an important role in regulating renal hemodynamics and

Ž .functions Tamaki and Abe, 1994 . Recently, a great deal
of evidence has suggested that NO is generated not only in
the renal vascular endothelium but also in other renal cells

Ž .such as, peripheral nerve Tamaki et al., 1996 , mesangium
Ž . Ž .Shultz et al., 1991 , macula densa Mundel et al., 1992

Ž .and tubular cell Terada et al., 1992 . Thus, NO partici-
pates in the control of renal blood flow and renal perfusion
pressure, water and sodium excretion, glomerular filtration

Žrate and renin–angiotensin system Kiyomoto et al., 1992;
Majid and Navar, 1992; Raji and Shultz, 1993; Manning

.and Hu, 1994; Aki et al., 1997; Majid et al., 1997 .
Halothane, a volatile anesthetic, has been reported to

inhibit the NO–guanylate cyclase signaling pathway in in
Žvitro experiments using isolated vascular rings Muldoon

et al., 1988; Stone and Johns, 1989; Uggeri et al., 1992;

) Corresponding author. Tel.: q81-878-98-5111 Ext. 2502; Fax: q81-
878-91-2126

. ŽHart et al., 1993 , cultured endothelial cells Blaise et al.,
.1994 and endothelial cell-vascular smooth muscle co-cul-

Ž .ture models Johns et al., 1995 . However, the inhibitory
mechanisms and the action site of halothane in the NO–
guanylate cyclase signaling pathway have not been eluci-
dated yet. Moreover, in vivo data on halothane and the
NO–guanylate cyclase signaling pathway are very limited
to date, due to technical difficulties of measuring NO-
products in in vivo experimental systems.

Halothane also exerts a variety of renal hemodynamic
Žand functional effects Everett et al., 1973; Crawford et al.,

.1992 . It decreases renal blood flow andror glomerular
filtration rate, which may not be caused by cardiovascular

Ždepression Holstein-Rathlou et al., 1982; Groves et al.,
.1990 . These mechanisms, however, remain unclear. In the

present study, we hypothesized that the renal hemody-
namic responses to halothane might be induced via depres-
sion of the NO–guanylate cyclase signaling pathway. To
evaluate this hypothesis with an in vivo model, we estab-

Ž .lished a microdialysis method Nishiyama et al., 1997 ,
and investigated the renal hemodynamic effects of
halothane and the effects of halothane on the renal intersti-
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tial concentrations of guanosine 3X,5X-monophosphate
Ž . Ž . Ž .cGMP and nitrate NO rnitrite NO . This method is2 3

well suited for measuring the dynamics of intrarenal NO in
various conditions, because the effects of the NO–guany-
late cyclase signaling pathway on renal hemodynamics and
functions depend on the renal interstitial concentrations of

ŽcGMP and NO rNO Siragy et al., 1992; Zou and Cow-2 3
.ley, 1997 . Using this method, we have also defined the

action site of halothane in the NO–guanylate cyclase
signaling pathway.

2. Materials and methods

2.1. General procedure

Experiments were carried out using adult male New
Zealand white rabbits weighing from 2.8 to 3.2 kg. All
surgical and experimental procedures were performed un-
der the guidelines for the care and use of animals as
established by the Kagawa Medical University. The ani-

Žmals were anesthetized with sodium pentobarbital 25 mg
y1 y1 y1 .kg , bolus and 5 mg kg h , infusion , and were

Ž y1 .ventilated with room air 4 l min using a mechanical
ventilator after tracheotomy. Arterial blood gas and pH
were measured periodically and ventilation was maintained

Ž y1within normal levels. Pancuronium bromide 0.25 mg kg ;
y1 y1 .bolus and 0.125 mg kg h ; infusion which had a

minor effect on hemodynamics was given intravenously
for muscle relaxation. A catheter was inserted into the
right femoral vein for the infusion of isotonic saline or
drug solution which were infused at a rate of 4 ml kgy1

hy1 throughout the experiment. Another catheter was also
placed in the abdominal aorta via the right femoral artery,
and mean blood pressure and heart rate were continuously

Žmeasured and recorded with a pressure transducer NEC-
. ŽSan-ei Model No. 361, Japan and a polygraph NEC-San-

.ei Model No. 361 . The left kidney was exposed through a
retroperitoneal flank incision. An electromagnetic flowme-

Ž .ter MFV-1200, Nihon Kohden, Tokyo, Japan was posi-
tioned around the renal artery and renal blood flow was
continuously monitored.

The microdialysis probes were implanted into the renal
cortex as shown in Fig. 1. The probes were connected to a

Žmicroinfusion pump Carnergie Medicine, Stockholm,
.Sweden and were perfused with isotonic saline solution

Ž y1 . y1with heparin 30 units ml at a rate of 5 ml min . The
dialysates were collected into chilled tubes for 10-min
sample periods and analyzed for cGMP and NO rNO .2 3

Samples were stored at y708C until analysis. After the
surgery, animals were allowed to stabilize for 90 min.

2.2. Experimental protocols

The experiments were carried out according to the
following protocols.

Fig. 1. Schematic illustration of a newly developed microdialysis probe.
The dialysis membrane is made from cuprophan fiber, measuring 15 mm
in length and 0.22 mm in outer diameter and with a 5500 Da transmem-
brane diffusion cut-off. The steel needles were inserted into the both sides
of cuprophan fiber. The probe was gently implanted into the renal cortex.
The probe was connected to a microinfusion pump and perfused with
saline solution at a rate of 5 ml miny1.

G (2.2.1. The effects of N -nitro-L-arginine methyl ester L-
)NAME and L-arginine on renal hemodynamics and the

renal interstitial concentrations of cGMP and NO rNO2 3
ŽAfter three 10-min sampling periods, L-NAME 30 mg

y1 y1 y1 .kg ; bolus and 50 mg kg h ; infusion was infused
intravenously in six rabbits. The dialysates were collected
at 15, 30 and 60 min after starting the L-NAME infusion.

Ž y1 y1Then, L-arginine priming dose, 300 mg kg 10 min ;
y1 y1.sustaining dose, 50 mg kg min was superimposed to

L-NAME for an additional 60 min. The dialysates were
collected again at 30 and 60 min after starting the L-arginine
infusion.

2.2.2. The effects of halothane on renal hemodynamics and
the renal interstitial concentrations of cGMP and
NO rNO2 3

We studied the effects of two doses of halothane, 0.5
and 2 vol%. Following three 10-min sampling periods,

Ž . Ž .0.5% halothane ns5 or 2% halothane ns8 was
Ž y1 .administered with room air 4 l min . The dialysates

were collected at 30 and 60 min after starting the inhala-
tion of halothane. Mean blood pressure, heart rate and
renal blood flow were measured at the midpoint of each
10-min sampling period. Three additional 10-min periods
were performed at 30, 60 and 120 min after the cessation
of the inhalation of halothane.
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2.2.3. The effects of sodium nitroprusside under halothane
on renal hemodynamics and the renal interstitial
concentrations of cGMP and NO rNO2 3

Ž .After two 10-min sampling periods, halothane 2 vol%
Ž y1 .was administered with room air 4 l min and dialysates

were collected in the same manner as described above. At
60 min after starting the inhalation of halothane, sodium
nitroprusside was infused intravenously at a rate of 20 mg
kgy1 miny1 in nine rabbits while continuing the inhalation
of halothane. The dialysate was collected at 30 min after
starting the sodium nitroprusside infusion. The inhalation

Ž .of halothane 2 vol% was continued for an additional 40
min after the cessation of sodium nitroprusside infusion,
and more dialysate was obtained at 30 min after the
cessation of sodium nitroprusside infusion. After the cessa-
tion of the halothane inhalation, three additional 10-min
sample periods were performed at 30, 60 and 120 min.

2.2.4. The effects of L-arginine under halothane on renal
hemodynamics and the renal interstitial concentrations of
cGMP and NO rNO2 3

Ž y1In 12 rabbits, L-arginine priming dose, 300 mg kg
y1 y1 y1.10 min ; sustaining dose, 50 mg kg min was also

Žinfused intravenously under the inhalation of halothane 2
.vol% . The experimental procedures were identical to the

sodium nitroprusside experiments described above.

2.3. Microdialysis probe

In this study, a newly developed microdialysis probe,
Ž .constructed in our laboratory, was used He et al., 1995 .

The dialysis membrane is made from cuprophan fiber,
measuring 15 mm in length and 0.22 mm in outer diameter
and with a 5500 Da transmembrane diffusion cut-off. The
steel needles were inserted into both sides of cuprophan

Ž .fiber Fig. 1 . The efficiency of this microdialysis probe
was determined as follows: probes were placed into beakers
containing an isotonic saline solution with different quanti-
ties of cGMP or NO rNO . Each probe was perfused at2 3

different perfusion rates with saline solution containing
Ž y1 .heparin 30 units ml . The dialysates were collected,

and the recovery rates of cGMP or NO rNO were calcu-2 3

lated by dividing the concentrations in the dialysate by the
concentration in the medium. At a perfusion rate of 5 ml
miny1, the recovery rates of cGMP and NO rNO were2 3

26.9"1.9% and 29.7"3.2%, respectively. These recov-
ery rates were stable for 6–8 h and were higher than those
obtained by regular probes.

2.4. Drugs

Drugs used include: N G-nitro-L-arginine methyl ester,
ŽL-arginine, sodium nitroprusside all from Sigma, St. Louis, T
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. ŽMO, USA , and halothane from Hoechxt Japan, Tokyo,
.Japan . Pancuronium bromide was a gift from Sankyo-

Ž . GPharmaceutical Tokyo, Japan . N -nitro-L-arginine
methyl ester, sodium nitroprusside, L-arginine and pan-
curonium bromide were dissolved in isotonic saline solu-
tion.

2.5. Analytical procedures

The cGMP in dialysate was measured by radioim-
Ž .munoassay kits Amersham USA . The NO rNO was2 3

analyzed with high performance liquid chromatography
Ž .Hitachi Model No. 638-50, Japan on an anion exchange

Ž .column Tosoh TSK-GEL IC-ANION-PWXL equilibrated
with 2.5 mM KH PO and 1 mM K HPO at a flow rate2 4 2 4

of 0.8 ml miny1. Ten microliters of the sample were
injected and the elution was monitored by a UV detector
Ž .Hitachi Model No. L-4000, Japan at a wave length of
210 nm. The chromatogram was recorded by a Hitachi

Ž .recorder Model No. 056, Japan .

2.6. Statistical analysis

The values are presented as means"S.E. Statistical
differences of data means were determined by Student’s t
and paired t-tests. Differences with a P-value below 0.05
were considered statistically significant.

3. Results

3.1. The effects of L-NAME and L-arginine on renal hemo-
dynamics and the renal interstitial concentrations of cGMP
and NO rNO2 3

L-NAME increased mean blood pressure, and decreased
renal blood flow and heart rate. The calculated renal

vascular resistance was increased significantly at 60 min
after starting the infusion. These results showed a tendency
to return to the respective control level after a superimposi-
tion of L-arginine on L-NAME. L-NAME significantly
decreased the renal interstitial concentrations of cGMP and
NO rNO . These parameters tended to return to the re-2 3

spective control level after a superimposition of L-arginine
Ž .on L-NAME Table 1 .

3.2. The effects of halothane on renal hemodynamics and
the renal interstitial concentrations of cGMP and
NO rNO2 3

Ž .The lower dose of halothane 0.5 vol% decreased mean
blood pressure by 9"1 mm Hg and renal blood flow by
0.75"0.10 ml gy1 miny1, but did not affect heart rate.
The renal vascular resistance significantly increased at 60
min after starting the inhalation. The renal vascular resis-
tance in this group was higher than that in other groups
and this difference might be due to the differences in

Ž .kidney weight Tables 1–3 . However, the renal hemody-
namic responses to halothane were not qualitatively differ-
ent from those induced by the higher dose of halothane.
The renal interstitial concentrations of cGMP and

ŽNO rNO decreased by 29% and 28%, respectively Ta-2 3
.ble 2 .

Ž .Halothane 2 vol% also decreased mean blood pressure
by 39"5 mm Hg, renal blood flow by 1.79"0.14 ml gy1

miny1 and heart rate by 15"3 beats miny1. These data
showed a tendency of returning to the respective control
levels after the cessation of halothane inhalation. The renal
vascular resistance which increased significantly at 60 min
after starting the inhalation of halothane, indicated a renal

Ž .vasoconstriction Table 3 . The basal concentrations of
cGMP and NO rNO in the renal interstitial space, which2 3

were measured at 90 min after the implantation of the

Table 2
Ž .Effects of halothane 0.5 vol% on renal hemodynamics and the renal interstitial concentrations of cGMP and NO rNO in rabbits2 3

Mean blood Renal blood Renal vascular cGMP NO rNO2 3
Ž . Ž .pressure flow resistance nM mM

y1 y1 y1 y1 y1Ž . Ž . Ž .mm Hg ml min g mm Hg ml g min

Control
10 min 96"4 2.26"0.44 42.8"2.8 14.8"3.6 74.8"7.1
20 min 96"4 2.37"0.50 40.5"2.4 15.1"3.5 75.4"7.7
30 min 96"4 2.49"0.60 38.6"2.2 15.1"3.7 75.1"6.4

( )Halothane 0.5 Õol%
a a a a30 min 87"4) 1.74"0.74 50.0"2.3 11.0"1.5 58.9"3.0
a a a a60 min 87"6) 1.77"0.54 49.4"2.4 10.1"2.9 47.8"3.7

RecoÕery
30 min 94"5 2.54"0.69 37.0"2.8 13.8"3.0 66.0"5.4
60 min 95"5 2.54"0.69 37.2"2.9 15.2"3.3 75.4"6.7

Values are means"S.E. ns5. Kidney weight: 9.87"0.81 g, cGMP: guanosine 3X,5X-cyclic monophosphate, NO rNO : nitraternitrite, a indicates2 3
Ž .significant difference from the third control value P-0.05 .
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Table 3
Ž .Effects of halothane 2 vol% on renal hemodynamics in rabbits

Mean blood Renal blood Renal vascular Heart rate
y1Ž .pressure flow resistance beats min

y1 y1 y1 y1 y1Ž . Ž . Ž .mm Hg ml min g mm Hg ml g min

Control
10 min 95"3 3.42"0.16 29.5"2.2 306"15
20 min 95"3 3.42"0.17 29.9"2.4 307"14
30 min 95"3 3.42"0.20 30.1"2.8 303"14

( )Halothane 2 Õol%
a a a30 min 58"6) 1.70"0.14 36.2"5.5 290"13
a a a60 min 56"4) 1.63"0.07 41.1"2.0 288"14

RecoÕery
a a30 min 91"2 2.18"0.06 36.1"2.3 310"16
a60 min 94"2 2.59"0.12 34.4"4.0 311"17

120 min 95"2 3.26"0.14 29.6"1.6 311"17

a Ž .Values are means"S.E. ns8. Kidney weight: 6.26"0.55 g, indicates significant difference from the third control value P-0.05 .

microdialysis probes, were 18.3"2.1 nM and 72.6"7.9
mM, respectively. At 60 min after the inhalation of
halothane, cGMP and NO rNO concentrations decreased2 3

from 19.2"2.2 and 71.5"9.0 to 9.6"1.8 nM and 43.6
"5.5 mM, respectively. These values returned to the
respective control levels soon after the cessation of

Ž .halothane inhalation Fig. 2 .

3.3. The effects of sodium nitroprusside under halothane
on renal hemodynamics and the renal interstitial
concentrations of cGMP and NO rNO2 3

Ž .Halothane 2 vol% decreased mean blood pressure by
36"4 mm Hg and renal blood flow by 1.27"0.17 ml
gy1 miny1. An intravenous infusion of sodium nitroprus-
side at a rate of 20 mg kgy1 miny1 under the inhalation of

Ž .halothane 2 vol% caused an additional decrease of mean
blood pressure by 16"2 mm Hg and renal blood flow by
0.49"0.04 ml gy1 miny1. After the cessation of sodium
nitroprusside infusion, mean blood pressure and renal blood

Ž .Fig. 2. Effects of halothane 2 vol% on the renal interstitial concentra-
tions of cGMP and NO rNO . ) indicates significant difference from2 3

Ž .the third control value P -0.05 . ns8.

flow tended to return to the respective values of halothane
alone. At 30 min after the infusion of sodium nitroprusside
under the inhalation of halothane, the renal interstitial
concentration of cGMP increased significantly from 11.2
"0.7 to 17.8"1.1 nM, but the NO rNO concentration2 3

Ž .was not affected Fig. 3 . Soon after the cessation of
sodium nitroprusside infusion, the cGMP concentration
decreased from 17.8"1.1 to 10.4"1.5 nM. The concen-
trations of cGMP and NO rNO returned to their respec-2 3

tive basal levels 60 min after the cessation of halothane
Ž .inhalation Fig. 3 .

3.4. The effects of L-arginine under halothane on renal
hemodynamics and the renal interstitial concentrations of
cGMP and NO rNO2 3

Ž .The superimposition of L-arginine to halothane 2 vol%
did not affect mean blood pressure, renal blood flow or
heart rate. L-Arginine also did not affect the renal intersti-

ŽFig. 3. Effects of intravenous infusion of sodium nitroprusside 20 mg
y1 y1. Ž .kg min under the inhalation of halothane 2 vol% on the renal

interstitial concentrations of cGMP and NO rNO . ) and † indicate2 3

significant difference from the second control value and halothane alone,
Ž .respectively P -0.05 . ns9.
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tial concentrations of NO rNO and cGMP under the2 3
Ž .inhalation of halothane data not shown .

4. Discussion

It is generally accepted that halothane exerts a variety
of renal hemodynamic and functional effects and affects
the NO–guanylate cyclase signaling pathway. In the pre-
sent study, we hypothesized that the renal responses to
halothane might be induced via modulation of the NO–
guanylate cyclase signaling pathway. To test this hypothe-
sis, we decided to investigate the renal hemodynamic
effects of halothane and the effects of halothane on the
NO–guanylate cyclase signaling pathway using a renal

Ž .microdialysis method. Halothane 2 vol% caused signifi-
cant decreases in mean blood pressure, renal blood flow
and heart rate, but significantly increased the calculated
renal vascular resistance, indicating a renal vasoconstric-

Ž .tion. Halothane 2 vol% decreased the renal interstitial
concentrations of cGMP and NO rNO . Similar changes2 3

except the change in heart rate were observed during the
Ž .inhalation of a lower dose of halothane 0.5 vol% . Thus,

the present data showed that halothane caused dose-depen-
dent renal vasoconstriction and inhibition of the NO–
guanylate cyclase signaling pathway in the kidney. These
results, therefore, suggest that halothane inhibited the
NO–guanylate cyclase signaling pathway in the kidney
and the renal responses to halothane might have been
induced, in part, through this inhibition.

Microdialysis techniques have been applied for several
tissues, but have not been widely used in the kidney
because of the tissue injury induced by the insertion of the
microdialysis probe. We could minimize tissue injury by
making a fiber type probe with a thinner diameter. As
shown in Fig. 1, the outer diameter of the newly developed
probe is only 0.22 mm, which is one-third the diameter of
commercially available probes. In addition, the length of
dialysis membrane is 1.5 cm which is 3–4 times longer
than that of a regular probe. As a result, the dialysis
efficiency of the new probe was greater than that of a

Žregular probe and we could shorten the sampling time He
.et al., 1995 . Using these newly developed probes, we

measured for the first time the interstitial concentrations of
cGMP and NO rNO levels when the NO synthase was2 3

inhibited. Intravenous administration of L-arginine ana-
logue antagonist, L-NAME, significantly decreased the
renal interstitial concentrations of cGMP and NO rNO .2 3

These responses to L-NAME could be reversed by a
Ž .superimposition of L-arginine on L-NAME Table 1 .

Moreover, the changes in the interstitial concentrations of
cGMP and NO rNO were closely related to those in2 3

renal blood flow. Thus, this microdialysis method appears
to be a useful tool for monitoring the dynamics of in-
trarenal NO.

The mechanism by which halothane interferes with the
NO–guanylate cyclase signaling pathway is not yet de-

Ž .fined. The initial studies by Stone and Johns 1989 and
Ž .Uggeri et al. 1992 showed that halothane interferes with

the NO-dependent relaxation of vascular smooth muscle
by inhibiting the synthesis, release or transport of NO, but
it does not have any effects on guanylate cyclase activa-

Ž .tion. In contrast to these reports, Hart et al. 1993 found
that halothane inhibits the process of guanylate cyclase
activation by NO. Using an endothelial cell-vascular

Ž .smooth muscle co-culture model, Blaise et al. 1994
reported that halothane does not affect NO release from
endothelial cells or the activation of guanylate cyclase, but
halothane rather impairs either the NO half-life or its

Ž .activated redox form. Johns et al. 1995 recently showed
that halothane inhibits the NO–guanylate cyclase signaling
pathway, and that the action site of halothane may be distal
to the receptor activation process and proximal to the
NO-induced activation process of guanylate cyclase in
endothelial cells. Thus, several possibilities of this mecha-
nism have been suggested in recent studies which have
employed in vitro settings, however, the action site of
halothane in the NO–guanylate cyclase signaling pathway
has been highly controversial.

In vivo data on halothane and the NO–guanylate cy-
clase signaling pathway are very limited to date. Espe-
cially, few direct measurements of NO-products are avail-
able because of technical difficulties. Therefore, most of
the in vivo work to date has been limited to the responses
to NO synthase inhibitors, such as L-NAME or N G-mono-

Žmethyl-L-arginine Wang et al., 1991; Koenig et al., 1993;
.Sigmon et al., 1995 . In this study, we established an in

vivo microdialysis method and showed that halothane de-
creased the renal interstitial concentrations of cGMP and
NO rNO , indicating that halothane inhibited the NO–2 3

guanylate cyclase signaling pathway in the kidney. Thus,
these data provide the first evidence to assess this pathway
in an in vivo setting where direct measurement of the
cGMP and NO rNO were made.2 3

The present in vivo study clearly demonstrates that
halothane decreased the renal interstitial concentrations of
cGMP and NO rNO , and the administration of sodium2 3

nitroprusside, which is a NO synthase-independent NO
donor, caused a significant increase of cGMP concentra-
tion under the inhalation of halothane. In a separate series
of experiments, we have examined the effects of sodium
nitroprusside on renal interstitial concentration of cGMP in

Ž .non-treated rabbits ns8 . An intravenous infusion of
sodium nitroprusside at a rate of 20 mg kgy1 miny1

increase cGMP from 17.0"2.1 to 31.1"4.0 nM, 30 min
Žafter starting the sodium nitroprusside infusion data were

.not shown . There were no differences between the rates of
increase in cGMP concentration induced by sodium nitro-
prusside with and without halothane. Thus, these results
suggest that halothane inhibited the NO–guanylate cyclase
signaling pathway, but did not interfere with the process of
guanylate cyclase activation by NO. Our results also indi-
cate that the action site of halothane was proximal to the
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NO–guanylate cyclase signaling pathway. These findings
Ž .are inconsistent with those reported by Hart et al. 1993 .

The reason for this discrepancy is not clear. However,
since their studies were performed in vitro using rat aorta,
it might be due to differences in experimental conditions,
species and tissue.

L-Arginine did not reverse halothane-induced reductions
Ž .in cGMP and NO rNO data were not shown . However,2 3

the significant reduction in the cGMP and NO rNO2 3

levels were observed during the administration of L-NAME,
and these changes were reversed by a superimposition of

Ž .L-arginine on L-NAME Table 1 . Thus, L-arginine admin-
istration did not affect the cGMP and NO rNO levels2 3

during the inhalation of halothane, but did increase these
parameters under the inhibition of NO synthase. These
findings suggest that halothane did not competitively in-
hibit NO synthase as L-NAME did.

The intravenous administration of sodium nitroprusside
under the inhalation of halothane caused a significant
increase of cGMP concentration, but did not affect the
renal interstitial concentrations of NO rNO . The result2 3

for NO rNO was not anticipated. However, the plasma2 3

concentration of sodium nitroprusside at 30 min after
starting the sodium nitroprusside infusion was estimated as
about 10 mM. If the biotransformation of sodium nitro-
prusside had been neglected, the actual concentration of
sodium nitroprusside in the kidney would have been lower
than the above estimated value. Since the basal concentra-
tion of NO rNO in the renal interstitial space was around2 3

100 mM, we might not have been able to detect changes in
NO rNO concentration induced by sodium nitroprusside.2 3

It is known that NO production and release are regu-
lated by various factors such as vascular shear stress, some
chemical stimuli and the nitroxidergic nervous system
ŽFurchgott and Vanhoutte, 1986; Rubanyi et al., 1986;

.Toda et al., 1994 , which were affected by halothane.
Based on the present experiments, we could not define
whether halothane directly or indirectly affected the NO–
guanylate cyclase signaling pathway. Considering both the
present in vivo results and previous in vitro findings, it can
be speculated that the inhibition of NO–guanylate cyclase
signaling pathway by halothane in the kidney played a role
in halothane-induced renal hemodynamic changes, at least
in part.
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