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Abstract: Background/Aims: The role of nitric oxide (NO) in general anesthetic drug action is controversial. The present
study was carried out to determine the role of NO in the loss of righting reflex induced by injectable sedative and
anesthetic drugs.
Methods: Under isoflurane anesthesia, male NIH Swiss mice received an intracerebroventricular microinjection of the NOdonor 3-morpholinosydnoimine (SIN-1) 30 min prior to an i.p. injection of chloral hydrate, sodium barbital, midazolam or
ketamine/xylazine. Mice were monitored for onset and duration of loss of righting reflex (LORR).
Results: Pretreatment with SIN-1 reduced the mean duration of LORR induced by chloral hydrate, sodium barbital and
midazolam but not ketamine/xylazine. Pretreatment with SIN-1 had no effect on the mean latency to LORR.
Conclusion: It is concluded that there may be a differential involvement of NO in the LORR response, depending upon
whether the primary drug action is through GABAA or NMDA receptors.
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INTRODUCTION
The role of nitric oxide (NO) in general anesthetic drug
action is controversial. There is experimental evidence that a
central N-methyl-D-aspartate-neuronal nitric oxide synthasecyclic GMP (NMDA-nNOS-cGMP) pathway is suppressed
during inhalation anesthesia [1-3]. Inhibition of nitric oxide
synthase (NO) enzyme activity reduces the minimum
alveolar concentration (MAC) of inhalation general
anesthetics [4, 5]. There are also experimental findings that
brain NOS activity is reduced in the presence of inhalation
general anesthetics [6-8].
Whether NO might be involved in the anesthetic effects
of injectable drugs is inconclusive at this time. The present
study was carried out to determine the role of NO in druginduced loss of righting reflex (LORR) by NO preloading
using an NO-donor.
METHODS AND MATERIALS
Approximately 150 male NIH Swiss mice, 20-30 g, were
purchased from Harlan Laboratories (Indianapolis, Indiana)
for these experiments, which were approved by the
institutional animal care and use committee (IACUC) of
Washington State University, and were conducted in
accordance with The Guide for the Care and Use of
Laboratory Animals, published by the U.S. National
Institutes of Health (NIH Publication No. 85-23, revised
1996). Mice were housed five per cage in an on-campus
*Address correspondence to this author at the Department of Veterinary
Clinical Sciences, College of Veterinary Medicine, Washington State
University, P.O. Box 646610, Pullman, WA 99164-6610, USA; Tel: +1 509
335 0770; Fax: +1 509 335 0880; E-mail: rdk@vetmed.wsu.edu
1874-1436/11

animal facility, which is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
(AAALAC. Food and water were available ad libitum. The
facility was maintained on a 12-h light/dark cycle (lights on
0700-1900) under standard conditions (22 ± 1°C room
temperature, 33% humidity). Mice were kept in the holding
room for at least four days following arrival in the facility
prior to use. Animals were used only one time, and all care
was taken to minimize pain and discomfort in the
experimental animals.
The following drugs were used in this research: 3morpholinosydnoimine (SIN-1), chloral hydrate, sodium
barbital, midazolam and xylazine (all from Sigma Chemical
Company, St. Louis, MO); ketamine (Ketaject®, Phoenix
Pharmaceutical, Inc., St. Joseph, MO). All drugs were
prepared in 0.9% physiological saline solution.
Mice received an intracerebroventricular (i.c.v.)
microinjection of SIN-1 or saline vehicle. The i.c.v.
pretreatments were made using the microinjection technique
of Haley and McCormick [9]. Briefly, mice were
anesthetized with IsoFlo® (isoflurane, U.S.P., Abbott
Laboratories, North Chicago, IL). A short incision was made
along the midline of the scalp using a scalpel, and the skin
was pulled back to expose the calvarium. The i.c.v.
microinjection was made using a 10-l microsyringe
(Hamilton, Reno, NV) with a 26-gauge cemented needle.
The microsyringe was held vertically by hand at a point on
the calvarium 2.0 mm lateral and 1.0 mm caudal from
bregma to a depth of 2.0 mm from the skull surface.
Penetration was controlled by a large-bore needle through
which the microsyringe needle was inserted through a largebore hypodermic needle which served as a collar to limit
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with L-NAME, but not D-NAME, caused a dose-related
reduction in MAC value for halothane; this reduction in
MAC was immediately and completely reversed by infusion
of L-arginine, but not by D-arginine, which suggests that
inhibition of NO production by L-NAME was the underlying
mechanism [4]. This finding was replicated in a number of
laboratories that reported that L-NAME also reduced the
MAC of isoflurane in mice, rats and rabbits [10-12], i.p.
treatment with the neuronal-selective NOS-inhibitor 7nitroindazole reduced the MAC of isoflurane and halothane
in mice and rats [5, 13, 14], and 7-NI reduced the MAC of
sevoflurane in rats [15]. In addition to having a MACreducing effect on inhalant anesthetics, inhibition of spinal
NO production has been shown to contribute to the
antinociceptive effects of isoflurane in rats [16]. There have
some negative findings as well in that i.c.v., intrathecal and
intravenous pretreatment with L-NAME failed to alter the
MAC of halothane [17, 18]. It was also reported that the
MAC for isoflurane was unaltered between wild-type and
nNOS-KO mice [10].

penetration of the microsyringe needle to 2.0 mm. A volume
of 5.0 l of drug solution was delivered directly into the
lateral cerebral ventricle over 30 sec. Thirty min later, mice
were treated i.p. with chloral hydrate (300 mg/kg), sodium
barbital (250 mg/kg), midazolam (75 mg/kg) or ketamine
(100 mg/kg)/xylazine (15 mg/kg). Doses of these drugs were
taken from the scientific literature. There was no effort to
identify equipotent doses of these drugs i.e. doses that would
produce roughly the same onset or duration of LORR.
Upon the onset of sedation, each mouse was placed on its
back in a V-shaped trough and monitored for its onset and
duration of LORR, which was defined as the inability of a
mouse to right itself within 30 sec. Recovery of the righting
response was defined as the ability of a mouse to right itself
twice within 60 sec. The duration of LORR was defined as
the time interval between the loss and recovery of the
righting response.
The onsets and durations of LORR induced by each
sedative drug following i.c.v. pretreatment with SIN-1 or
saline vehicle were compared using Student’s t-test or, when
appropriate, one way ANOVA. In all cases the level of
significance was set at p < 0.05.

Other research measured brain NOS enzyme activity
following exposure to inhalation anesthetics. Rat cerebellar
NOS activity—as determined by in vitro conversion of
[14C]L-arginine to [1414C]L-citrulline—was significantly
decreased by exposure to halothane and isoflurane [6, 12].
Exposure to halothane decreased NOS activity from human
polymorphonuclear leucocytes [8]. Exposure to halothane also
reduced NOS activity in the spinal cord and locus coeruleus,
as measured by nicotinamide adenine dinucleotide phosphate
(NADPH) diaphorase histochemistry [13].

RESULTS
The results of this study are shown in Table 1. Different
groups of mice were administered sedative or anesthetic
drugs in the absence and presence of SIN-1. Pretreatment
with SIN-1 failed to appreciably alter the onset of LORR for
any of the drugs. The greatest change was a 10.8%
lengthening of the onset to chloral hydrate-induced LORR,
but this was not statistically significant. Pretreatment with
SIN-1 significantly reduced the duration of LORR induced
by chloral hydrate, sodium barbital and midazolam.
However, pretreatment with SIN-1, even at the higher dose
of 1.0 μg, did not significantly alter the duration of LORR
induced by ketamine/xylazine.

In addition, there are negative reports of any effect of
halothane or isoflurane exposure on regional brain NOS
enzyme activity in rat brain regions [19, 20] or cerebellum
slices [21]. More recent research has focused on anesthetic
suppression of an NO-coupled stimulation of cyclic GMP
formation by N-methyl-D-aspartate rather than solely NO
production [1-3].

DISCUSSION

There is also disagreement on whether NO might play a
role in the actions of injectable anesthetic agents. Whereas
rat cerebellar NOS enzyme activity—as determined by in
vitro conversion of [14C]L-arginine to [14C]L-citrulline—was

The pretreatment of experimental animals with NOSinhibitors is reported to reduce the MAC value for inhalation
general anesthetic drugs. Intravenous bolus treatment of rats
Table 1.

Effects of SIN-1 Pretreatment on Onset and Duration of Action of Drug-Induced Loss of Righting Reflex (LORR)

Treatment Group (N)

Onset of LORR (sec)

Duration of LORR (sec)

Mean ± s.e.m.

% Change

Mean ± s.e.m.

% Change

SAL + CH (11)

2124.0 ± 20.7

——

3040.0 ± 298.0

——

SIN-1 + CH (15)

2354.1 ± 55.5

+ 10.8%

2082.7 ± 146.0 *

- 31.5%

SAL + SB (15)

3420.0 ± 78.1

——

6300.0 ± 414.1

——

SIN-1 + SB (15)

3456.0 ± 87.8

+ 1.0%

5020.0 ± 328.2 *

- 20.3%

SAL + MDZ (15)

2516.0 ± 71.1

——

2892.0 ± 278.5

——

SIN-1 + MDZ (15)

2616.0 ± 93.3

+ 4.0%

2044.0 ± 233.3 *

- 29.3%

SAL + K/X (15)

2084.0 ± 31.2

——

6144.0 ± 566.3

——

SIN-1 (0.1 μg) + K/X (18)

1970.0 ± 17.7

- 5.5%

5726.7 ± 482.2

- 6.8%

SIN-1 (1.0 μg) + K/X (15)

2040.0 ± 131.5

- 2.2%

6256.0 ± 243.9

+ 1.8%

Abbreviations: SAL: saline vehicle; SIN-1: 3-morpholinosydnoimine; CH: chloral hydrate; SB: sodium barbital; MDZ: midazolam; K/X: ketamine/xylazine. Significance of
difference: *, p < 0.05 (Student’s t-test or one way ANOVA), compared to respective SAL + drug control group.

NO and Loss of Righting Reflex Response

significantly decreased by exposure to halothane and
isoflurane, enzyme activity was not affected by pretreatment
with ketamine, pentobarbital, fentanyl and midazolam [6].
Similarly, regional brain NOS activity of rats after
intravenous injection of [14C]L-arginine was unaltered by
treatment with ketamine, thiopental, diazepam and
pentobarbital [20]. Rat cerebral cortical and cerebellar levels
of NO—as measured by electron paramagnetic resonance
(EPR) spectroscopy—were increased by exposure to
halothane, were slightly decreased by ketamine and not
appreciably altered by pentobarbital or chloral hydrate [22].
However, NOS activity in rat brain supernatant—measured
spectrophotometrically by the NO-mediated conversion of
oxyhemoglobin to methemoglobin—was suppressed by
addition of thiopental, ketamine, etomidate, or midazolam
[8]. Pretreatment with 7-nitroindazole significantly enhanced
the duration of methohexital-induced narcosis in rats [23].
Pretreatment with L-NAME also significantly lowered the
half-maximal effective concentration (EC50) for thiopental-,
propofol- and ketamine-induced LORR in Xenopus laevis
tadpoles [24].
Our research took a different tack in approaching the
issue of NO and anesthesia. Rather than utilizing inhibitors
of NO production to assess the effect of NO deficiency on
anesthetic endpoints, we decided to centrally administer an
NO-donor and assess the influence of NO preloading on
LORR. Based on the results of the present study, it is
concluded that increasing brain levels of NO shortens the
duration—but not latency—of LORR produced by light
sedative drugs like chloral hydrate, sodium barbital and
midazolam but not deeper sedative or anesthetic drugs like
ketamine/xylazine. As the light sedative drugs work
primarily through actions on the GABAA receptor [25-27]
while ketamine works through the NMDA receptor [28],
there may be a differential involvement of NO in the LORR
response, depending upon whether the primary drug action is
through GABA A or NMDA receptors.
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