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ABSTRACT

The hemodynamic changes in septic patients produced by inhalational anesthetics are sufficient
to threaten the anesthesiologists. The effect of hydroxocobalamin, a vitamin B, on contractile
responses to phenylephrine during administration of inhalational anesthetics were evaluated in
aortic ring preparations obtained from LPS-treated rats.

The sepsis was developed by intraperitoneal injection of LPS (1.5 mg/kg for 18h) and confirmed
by iNOS expression using RT-PCR. Statistical significances (P<0.05) were analyzed by Student’s
t-test or paired t-test according to data characteristics.

The blood pressure, but not heart rate, was decreased in LPS-treated rats as compared to con-
trol rats. The contractile response to phenylephrine were dose-dependently increased from the
doses of 107 M to that of 10~ and were attenuated in LPS-treated rings. Both halothane and
enflurane, at the doses of 1 MAC, decreased the contractile responses to phenylephrine while
isoflurane did not significantly affect the contractile responses. Hydroxocobalamin (10~ M) signif-
icantly potentiated the contractile responses in the LPS-treated aortic ring preparations during
administration of each inhalational anesthetic or not.

From these results, it is suggested that hydroxocobalamin may improve the hemodynamics of
septic patients during inhalational anesthesia.

Abbreviations: LPS, lipopolysaccharide; RT-PCR, reverse transcription-polymerase chain reac-
tion; MAC, minimum alveolar concentration; iNOS, inducible nitric oxide synthase; GAPDH, glyc-

eraldehyde 3-phosphate dehydrogenase
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INTRODUCTION

Septic shock is associated with many patho-
physiologic alterations, such as metabolic aci-
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dosis, potentially lethal hypotension and wide-
spread end-organ damage. It has been reported
that these changes are induced by lipopolysac-
charide (LPS), which is a component of the
bacterial cell walls (Morrison and Ulevitch,
1978; Raetz, 1990). Lipopolysaccharide(LPS) in-
duces an inducible nitric oxide synthase
(iNOS), which produces an enormous amount
of nitric oxide, a major causative agent of sep-
sis,
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The inhalational anesthetics such as halo-
thane and isoflurane have multiple effects on
muscle tension and [Ca**].. and induce [Ca® ]
dependent and [Ca**].-independent suppression
of the contraction in vascular smooth muscle of
rat aorta (Tsuchida et al, 1993), which is com-
parable to the effect observed in cardiac
myocytes (Katsuoka et al., 1989).

The relaxing factors from endothelial cells
such as EDRF and EDHF modulate the vascu-
lar smooth muscle tone. The endothelium-de-
pendent vasodilation was inhibited by halo-
thane, enflurane, and isoflurane of which
isoflurane is more potent than halothane and
enflurane in this regard (Uggeri, 1992). The in-
hibition of endothelium-dependent vasodilation
by inhalational anesthetics is not primarily due
to inhibition of EDRF production/release in
endothelial cells, but is proximal to the site of
guanylate cyclase activation in vascular smooth
muscle.

Hydroxocobalamin enhanced phenylephrine-
induced contractions (Martin ef al, 1985; Khan
et al., 1992) because hydroxocobalamin seques-
ters nitric oxide in a biological milieu by form-
ing nitrosocobalamin and thereby inhibit the
smooth muscle relaxant action of NO (Raja-
nayagam et al., 1993). The mechanisms of action
of hydroxocobalamin is, therefore, like that of
hemoglobin which binds NO and thereby re-
duces the effects of NO and nitrovasodilators
in activating guanylate cyclase (Murad et dl.,
1978) and relaxing vascular smooth muscle
(Martin et al., 1985). Since hydroxocobalamin
readily combines with NO to form nitrosoco-
balamin (Kaczka et al, 1951), we suggest that
hydroxocobalamin attenuate the responses to
NO enormously produced in aortic rings of
LPS-treated rat by sequestering NO so that the
concentration of NO available for activating
soluble guanylate cyclase and relaxing the
smooth muscle is reduced.

In the present study, the effects of hydro-
xocobalamin on contractile responses to phenyl-
ephrine during the administration of inha-
lational anesthetics, halothane, enflurane and
isoflurane, were evaluated in aortic ring prepa-
rations obtained from LPS-treated rats.

MATERIALS AND METHODS

Septic rats

Male Sprague Dawley rats weighing 250~
300g were used in this study. Septic rats were
rendered by intraperitoneal injection of lipo-
polysaccharide (1.5 mg/kg). Eighteen hours after
injection, the rats were anesthetized with sodi-
um pentobarbital (35 mg/kg i.p.). The left carot-
id artery was cannulated for measuring the
arterial pressure and heart rate by .means of a
strain gage coupler and a biotachometer cou-
pler, respectively, connected to pressure trans-
ducer. The blood pressure and heart rate were
recorded on a physiograph (Narco Bio-Systems,
US.A).

RT-PCR

In a separate experiment, induction of iNOS
mRNA was confirmed in the aortae of LPS
treated-rats using RT-PCR. To obtain a suffi-
cient amount of RNA, the thoracic aortae of 4
rats were homogenized in 1 ml of Ultraspec™ -
II RNA solution (Biotecx lab, INC.) from
which total RNA was extracted and reverse
transcribed (104g) as described before (Kim,
1996). Briefly, the first strand ¢cDNA for iNOS
was synthesized using Stratagene RT-PCR kit
with an antisense primer while that for
GAPDH with an oligo(dT)1s. PCR amplifica-
tion was performed according to the following
schedule: Denaturation, annealing and elonga-
tion at 94, 60 and 72°C for 1, 1 and 1.5 min-
utes, respectively, for 30 cycles. To confirm the
change in the iNOS mRNA level, the GAPDH
mRNA level was used as a control. The PCR
products were electrophoresed on a 15%
agarose gel containing ethidium bromide. The
primer sequences utilized for the experiment
were as follows; iNOS sense primer (5'-
ATGGCTTGCCCCTGGAAGTTTCTC-3'), anti-
sense primer (5'-CCTCTGATGGTGCCATC-
GGGCATCTG-3’), GAPDH sense primer (5'-
GTCATGAGCCCTTCCACGATGC-3'), antisense
primer (5'-GAATCTACTGGCGTCTTCACC-3 ).

Organ bath study

The thoracic aortae were excised immediately
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and cleaned of fat and connective tissues on
the moistened filter paper as described before
(Shim, 1990). The preparations were cut into
four ring segments (4mm in length). Each aor-
tic ring was suspended in a water-jacketed
organ bath containing 20 ml of modified Krebs-
bicarbonate solution of the following composi-
tion (millimolar concentrations): NaCl, 115.0 ;
KCl, 4.7 ; CaCl,, 2.5 ; MgCl,, 1.2 ; NaHCO,, 250
; KH:PO,, 1.2 ; and dextrose, 10.0. The bathing
solutions were maintained at 37+£0.5°C and aer-
ated with a gas mixture of 95% O. and 5% CO..

Two stainless steel triangles were inserted
through each vessel ring. Care was taken to
avoid rubbing the endothelial surface of the
vessel. One was anchored to a stationary sup-
port and the other was connected to an isomet-
ric force transducer (Grass FTO03C). Aortic
rings were stretched passively by imposing the
optimal resting tension, 2.0g, which was main-
tained throughout the experiment.

The segments were equilibrated for 120 min
during which time the solution were replaced
every 30 min. Thereafter, the contractile res-
ponse to 50 mM KCl was elicited first to ensure
stabilization of the muscles. The isometric con-
tractions were recorded on an ink-writing
physiograph (Grass model 7). After a stable
plateau had developed, the rings were washed
with several changes of fresh buffer. A period
of 30 min was allowed for re-equilibration,
after which phenylephrine were added to the
organ bath in a cumulative fashion to obtain
complete concentration-response relationships.
After another re-equilibration time phenyleph-
rine were added again during administraton of
inhalational anesthetics. If necessary, hydroxo-
cobalamin was pretreated 10 minutes before
phenylephrine administration. The contractile

responses were expressed as a percentage of
maximum contraction induced by 50mM KCl
solution.

Drugs

Drugs used in the present study include ;
phenylephrine HCl, hydroxocobalamin HCI
(Sigma Chemical Co., US.A); halothane (Il
Sung Pharmaceutical Co.), enflurane (Choong
Wae Pharmaceutical Co.) and isoflurane (Ab-
bott Co.). All other reagents were analytical
grade.

Statistical Analysis. The data were expressed
as mean*S.EM. and were analyzed by Student’
s t-test or paired t-test using SPSSWIN pack-
age. P values less than 0.05 were regarded as
statistically significant.

RESULTS

Effect of LPS treatment on blood pressure and
heart rate

The intraperitoneal injection of lipopolysac-
charide (1.5mg/kg), 18 hours later, significantly
decreased the systolic, mean, and diastolic
blood pressures without any significant change
in heart rate (Table 1).

Confirmation of iINOS expression by RT-PCR

Induction of iNOS mRNA was confirmed
using RT-PCR in the aortae of LPS treated-
rats. To obtain adequate RNA, the thoracic a-
ortae of 4 rats were used from which total
RNA was extracted. The PCR products were
electrophoresed on a 1.5% agarose gel contain-
ing ethidium bromide. To confirm the change
in the iNOS mRNA level, the GAPDH mRNA
level was used as a control (Fig. 1).

Table 1. Systolic, mean, and diastolic blood pressure, and heart rate in the control and LPS treated-rats

Blood pressure

HR
SBP DBP
Control 165+6.2 13643 121+37 420+13
LPS 140+4.7* 111+5.5* 97+6.1* 425+17

P <0.05, Significantly different from control group.
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Fig. 1. Induction of iNOS mRNA in the aortae of
control (lane 1 and 2) and LPS treated-rats
(lane 3 and 4). To obtain the result of each
lane, the aortae of 4 rats were homogenized
in Ultraspec™ -II RNA solution from which
total RNA was extracted and reverse tran-
scribed (10ug). cDNA product was amplified
for 30 cycles and electrophoresed on a 1.5%
agarose gel containing ethidium bromide.
GAPDH was used as control.
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Fig. 2. Cumulative log concentration-response curves
for the contractile responses to phenyleph-
rine in the aortic rings of control (O) and
LPS-treated (@) rats. The contractile res-
ponses were expressed as gm tension. The
data were expressed as means of 7 experi-
ments with vertical bars showing S.E.M. *Sig-
nificantly different from control (P <0.05).
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Fig. 3. Cumulative log concentration-response curves
for the contractile responses to phenyleph-
rine in the aortic rings of LPS-treated rats
during administration of each inhalational
anesthetic (@) or not (O). The contractile
responses were expressed as a percentage of
the maximum contraction developed by
50mM KCl. The data were expressed as
means of 7 experiments with vertical bars
showing S.EM. * Significantly different from
control (P<0.05).

Effect of LPS treatment on contractile response
to phenylephrine

The contractile response to phenylephrine
were dose-dependently increased from the doses
of 10°* M to that of 10~ and were attenuated
in LPS-treated rings (Fig. 2).

Effect of inhalational anesthetics on contractile
response to phenylephrine

Both halothane and enflurane, at the doses of
1 MAC (0.75 and 1.68%, respectively), decreased
the contractile responses to phenylephrine
while isoflurane (1 MAC, 1.40%) did not signifi-
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Fig. 4. Cumulative log concentration-response curves
for the contractile responses to phenyleph-
rine in the aortic rings of LPS-treated rats
during administration of each inhalational
anesthetic in the presence (@) or absence
(O) of hydroxocobalamin (HC). The contrac-
tile responses were expressed as a percentage
of the maximum contraction developed by
S50mM KCIl. The data were expressed as
means of 7 experiments with vertical bars
showing SEM. * Significantly different from
control (P<0.05).

cantly affect the contractile responses (Fig. 3).

Effect of hydroxocobalamin on contractile res-
ponse to phenylephrine

Hydroxocobalamin (10~° M) significantly po-
tentiated the contractile responses in the LPS-
treated aortic ring preparations during
administration of each inhalational anesthetic
or not (Fig. 4, 5).

DISCUSSION

The intraperitoneal injection of lipopolysac-
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Fig. 5. Cumulative log concentration-response curves
for the contractile responses to phenyleph-
rine in the aortic rings of LPS-treated rats
in the presence (@) or absence (O) of
hydroxocobalamin  (HC). The contractile
responses were expressed as a percentage of
the maximum contraction developed by 50
mM KCL The data were expressed as means
of 7 experiments with vertical bars showing
S.EM. * Significantly different from control
(P<005).

charide (1.5mg/kg) effectively developed sepsis
18 hours later which significantly decreased the
systolic, mean, and diastolic blood pressures
without any significant change in heart rate
(Table 1). Induction of iNOS mRNA in the a-
ortae of LPS treated-rats was also confirmed
using RT-PCR (Fig. 1).

The contractile response to phenylephrine
were dose-dependently increased from the doses
of 107* M to that of 10™° and were attenuated
in LPS-treated rings (Fig. 2). A high K* solu-
tion depolarizes cell membrane and opens volt-
age-dependent Ca** channels in vascular
smooth muscle, resulting in increases in [Ca* ]..
and muscle tension (Haeusler, 1983). Vasocon-
strictors such as norepinephrine and phenyleph-
rine induce muscle contraction depending on,
not only the influx of Ca*" through the sarco-
lemma and release of Ca’* from the sarcoplas-
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mic reticulum, but also the increase in Ca®**
sensitivity of the contractile elements (Sato et
al., 1988). Therefore, these agents could induce
a greater contraction than high K* for a given
increase in [Ca’],. A norepinephrine-induced
increase in Ca®" sensitivity was is shown in the
experiment in which there was a sustained in-
crease in muscle contraction after the [Ca®']..
returned to its resting level (Tsuchida et al.,
1993). As a consequence of increasing Ca’" sen-
sitivity, norepinephrine-induced contractions
are less sensitive to Ca’" channel blockade than
are contractions induced by increased K*.

Both halothane and enflurane, at the doses of
1 MAC, decreased the contractile responses to
phenylephrine while isoflurane did not signifi-
cantly affect the contractile responses (Fig. 3).
The inhalational anesthetics such as halothane
and isoflurane have multiple effects on muscle
tension and [Ca®*], and induce [Ca**],-depen-
dent and [Ca’].-independent suppression of
the contraction in vascular smooth muscle of
rat aorta (Tsuchida er al, 1993), which is com-
parable to the effect observed in cardiac
myocytes (Katsuoka ef al, 1989). These anes-
thetic agents, during the resting state, increase
[Ca** ], which is released mainly from the in-
tracellular Ca®" storage site, but with only
slight effects on resting tension except for 3%
halothane exposure in which an apparent but
transient increase in muscle tension was ob-
served. However, they attenuate high K*- and
norepinephrine-induced increases in muscle ten-
sion and [Ca’], in a concentration-dependent
manner (Tsuchida ef al, 1993). An increase in
[Ca* ], does not always elicit muscle contrac-
tion in the vascular smooth muscle. It is, there-
fore, possible that the halothane-induced in-
crease in [Ca*], might not have reached the
threshold concentration that evokes muscle
contraction and/or that halothane-induced re-
laxation mechanism(s) might have been acti-
vated.

Sprague et al. (1974) reported that halothane
and isoflurane stimulate the formation of cyclic
adenosine monophosphate in the vascular
smooth muscle of rat aorta. Cyclic adenosine
monophosphate is known to decrease not only
[Ca**]s (toh et al, 1982; Meisheri and
Breemen, 1982 ) but also the sensitivity of con-

tractile elements to Ca® by phosphorylating
myosin light chain kinase (Adelstein et al.,
1978). Therefore, anesthetic-induced increases in
cyclic adenosine monophosphate in smooth
muscle might be involved in the anesthetic-in-
duced relaxation mechanism. Another possibili-
ty in regard to the relaxation mechanism has
been indicated in a report in which halothane
induced a decrease in membrane-bound Ca’"/
phospholipid-dependent protein kinase in ca-
nine tracheal smooth muscle during carbachol
contraction (Yamakage, 1992).

Similarly to the effect of a Ca’* channel
blocker, the anesthetic agents were likely to
suppress increases in muscle tension and [Ca®™ ..
more during high K*-induced contraction than
those during norepinephrine-induced contrac-
tion. The halothane-induced relaxation was
greater than the effect of isoflurane admi-
nistered during phenylephrine-induced contrac-
tion in the vascular smooth muscle of rat aorta
(Sprague et al., 1974).

An interesting possibility is that the relaxing
factors from endothelial cells such as EDRF
and EDHF modulate the vascular smooth mus-
cle tone. The endothelium-deperident vasodila-

tion was inhibited by halothane, enflurane, and
isoflurane of which isoflurane is more potent
than halothane and enflurane in this regard
(Uggeri, 1992). The inhibition of endothelium-
dependent vasodilation by inhalational anes-
thetics is not primarily due to inhibition of
EDRF production/release in endothelial cells,
but is proximal to the site of guanylate cyclase
activation in vascular smooth muscle. Further
study would be necessary to elucidate the
mechanism underlying this.

Hydroxocobalamin (10~ M) significantly po-
tentiated the contractile responses in the LPS-
treated aortic ring preparations during admini-
stration of each inhalational anesthetic or not
(Fig. 4, 5). Phenylephrine-induced contractions
were enhanced by hydroxocobalamin, and this
effect has also been reported with haemoglobin
(Martin ef al, 1985; Khan et al, 1992). Hydro-
xocobalamin sequesters nitric oxide in a biolog-
ical milieu by forming nitrosocobalamin and
thereby inhibit the smooth muscle relaxant
action of NO (Rajanayagam et al, 1993).
Hydroxocobalamin resembled hemoglobin in
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that it too reduced the endothelium-dependent
relaxant action of acetylcholine in rat aortic
rings

The postulated mechanisms of action of
hydroxocobalamin is, therefore, like that of
hemoglobin which binds NO and thereby re-
duces the effects of NO and nitrovasodilators
in activating guanylate cyclase (Murad et al.,
1978) and relaxing vascular smooth muscle
(Martin et al, 1985). Since nitrosocobalamin did
not produce relaxation of aortic rigs, the NO
bound in it is not available for activation of
the soluble guanylate cyclase in the vascular
smooth muscle.

Haemoglobin inhibits endothelium-dependent
relaxations in vascular preparations (Martin et
al;, 1985 ; Ignarro et al., 1987). Likewise, hydro-
xocobalamin inhibited, the endothelium-depen-
dent relaxant action of ACh in aortic rings
and, as was reported for haemoglobin (Martin
et al., 1985), hydroxocobalamin was more effec-
tive in reducing endothelium-dependent that
NO-induced relaxations. A possible explanation
for this difference is that the total amount of
NO generated from ACh-activated endothelial
cells is likely to be considerably less than the
amount of exogenous NO producing an equiva-
lent relaxation ; hence, a given amount of
hydroxocobalamin or haemoglobin in the organ
bath would more completely mop up the endo-
thelium-derived NO. From these results, it is
plausible that hydroxocobalamin may be used
to improve the hemodynamics of septic patients
during inhalational anesthesia.
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