The Effects of Neuropeptide S on General Anesthesia

in Rats
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BACKGROUND: Neuropeptide S (NPS) and its receptor (NPSR) is a novel neuropeptide system
that regulates arousal and anxiety. A link between natural sleep and general anesthesia has
been suggested. Therefore, we hypothesized that the NPS neuronal system may also modulate
general anesthesia.

METHODS: The effects of intracerebroventricular NPS and [p-Cys(tBu)®]NPS, a peptide NPSR
antagonist, on ketamine and thiopental anesthesia time were measured in rats. Anesthesia time
was defined as the interval between the loss of righting reflex and its recovery.

RESULTS: Intracerebroventricular NPS 1 to 30 nmol significantly reduced ketamine anesthesia
time, showing a bell-shaped dose-response curve. [p-Cys(tBu)®INPS 20 nmol antagonized NPS 1
nmol effects and was per se able to increase ketamine anesthesia time. Similar results were
obtained investigating thiopental anesthesia time that was significantly reduced by NPS and
prolonged by [p-Cys(tBu)®]NPS.

CONCLUSION: NPS via selective NPSR activation stimulates the wakefulness-promoting path-
way, thus reducing anesthesia duration. The endogenous NPS/NPSR system seems to tonically
control these pathways. (Anesth Analg 2011;112:845-49)

and general anesthesia. Several nuclei have been

recognized as important loci for initiation of sleep
and anesthesia emergence.>* The hypothalamic ventrolat-
eral preoptic nucleus promotes sleep by activation of
GABAergic neurons, which inhibit wakefulness-promoting
circuits, such as the hypothalamic tuberomammillary
nucleus. Another critical arousal-promoting or arousal-
stabilizing locus is the lateral hypothalamus where orexin-
producing neurons contribute to promoting and maintaining
arousal.’ In addition, accumulating evidence indicates that
sleep, especially non-rapid eye movement (REM) sleep,
and general anesthesia involve common neuronal and
genetic substrates. Both seem to reduce or abolish sponta-
neous movement and sensory responsiveness. Sleep depri-
vation increases the drive to sleep, reflecting homeostatic
regulation. Similarly, sleep deprivation also enhances the
action of the volatile anesthetics.® General anesthetics seem
to act through sleep neural circuits. General anesthetics
induce a similar electroencephalographic state as that re-
corded during non-REM sleep”® and act on the same
sleep-wake neural circuits, as suggested by brain imaging

I : ecent articles' suggest a link between natural sleep
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studies.” Importantly, the sedative effects of propofol re-
quire y-aminobutyric acid (GABA), receptor function in
the wake-promoting tuberomammillary nucleus."

General anesthetics are classified into 2 types.'" Most
general anesthetics such as barbiturates, propofol, benzodiaz-
epines, and volatile anesthetic drugs produce anesthesia by
enhancing the activity of inhibitory GABA, receptors
(GABA ,-type anesthetics). However, the effects of ketamine,
xenon, and nitrous oxide on these receptors are negligible.
Instead, these anesthetics potently inhibit the excitatory
N-methyl-p-aspartate (NMDA) receptors (NMDA-type anes-
thetics). We previously found significant interactions among
the wakefulness-promoting neuropeptide, orexins, and both
GABA, and NMDA types of anesthetics.">'® Intracerebro-
ventricular (icv) orexin A reduces barbiturates (GABA ,-type)
and ketamine (NMDA-type) anesthesia duration. In addition,
clinically relevant concentrations of both anesthetics signifi-
cantly antagonized orexin A—evoked norepinephrine release
from rat cerebrocortical slices.'*'?

Neuropeptide S (NPS) and its receptor (NPSR) is a novel
neuropeptide system that regulates arousal and anxiety.'*
The NPS-producing neurons are mainly located between
the noradrenergic locus coeruleus and the Barrington’s
nucleus.'* Reports show that central administration of NPS
significantly increases wakefulness and decreases REM
sleep and non-REM sleep in rats.'* Therefore, we hypoth-
esized that the NPS neuronal system may also modulate
general anesthesia similar to orexinergic systems.

METHODS

After approval of our protocol by our University Animal
Ethics Committee, an 8-mm length of stainless-steel guide
cannula (outside diameter = 0.5 mm, AG-8; Eicom, Kyoto,
Japan) was implanted unilaterally into the lateral cere-
broventricle of 30 Sprague-Dawley rats under pentobarbital
anesthesia (50 mg/kg intraperitoneal [IP] administration).
In pilot experiments, we found that both ketamine 100 mg
IP and thiopental 45 mg IP produced 30 to 40 minutes of
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anesthesia time in Sprague-Dawley rats. Therefore, these
doses were selected and used in the present study.

Effects of icv NPS and [p-Cys(tBu)°]NPS on
Ketamine Anesthesia Time

Rats received 4 pL pyrogen-free saline icv via the cannula
simultaneously with IP ketamine (100 mg/kg) on a sepa-
rate control day. Five days later (treatment day), the same
animals received icv NPS (0 [vehicle], 0.3, 1, 3, 10, and 30
nmol/4 uL; n = 7 each) and IP ketamine at the same dose
as on the control day. To test the effects of the NPSR
antagonist [D-Cys(tBu)’]NPS, rats received IP ketamine
(100 mg/kg) and icv [D—Cys(tBu)S]NPS 20 nmol with or
without icv NPS 1.0 nmol (n = 7 each).

Effects of icv NPS and [p-Cys(tBu)°]NPS on
Thiopental Anesthesia Time

Rats received 4 pL pyrogen-free saline icv via the cannula
simultaneously with IP thiopental (45 mg/kg) on a separate
control day. Five days later (treatment day), the same
animals received icv NPS (0 [vehicle], 0.1, 0.3, 1, and 10
nmol/4 uL; n = 8 each) and IP thiopental at the same dose
as on the control day. To test the reversal effects of
[D-Cys(tBu)°INPS, rats received IP thiopental (45 mg/kg)
and icv [D-Cys(tBu)°INPS 20 nmol with or without icv NPS
1.0 nmol (n = 8 each).

Definition of Anesthesia Time

Induction time of anesthesia was defined as the duration
from anesthetic administration to loss of 3 successive
righting reflexes. Anesthesia maintenance time was defined
as the duration from the loss of righting reflex to its
recovery, i.e., the ability to perform 3 successive righting
reflexes. The effects of NPS or NPSR antagonist were
estimated as the anesthesia time differences between con-
trol and treatment day.

Data Analysis

All data are presented as mean = SEM. Where appropriate,
statistical analysis was performed using the Student f test
or 1-way analysis of variance followed by the Student-
Newman-Keuls test. A P value <0.05 was considered
significant.

RESULTS

Ketamine Anesthesia

Ketamine induction and maintenance time on the control
day after icv saline was 2.2 = 0.1 and 35.9 = 1.0 minutes,
respectively (n = 56). These data were not different from
those on the treatment day (2.3 = 0.3 and 35.0 = 3.5
minutes, respectively; n = 7). Anesthesia induction time of
IP ketamine was not affected by icv NPS. In contrast, icv
NPS in the range 1 to 10 nmol dose dependently reduced
the anesthesia maintenance time of ketamine. At the high-
est dose, i.e., 30 nmol, NPS was found inactive; thus, the
dose response curve to the peptide was bell shaped (Fig.
1A). [p-Cys(tBu)’INPS at 20 nmol fully prevented the effect
of NPS 1 nmol. Interestingly, when given alone, the NPSR
antagonist significantly increased the anesthesia mainte-
nance time of ketamine (Fig. 1B) without modifying the
anesthesia induction time. All rats were sensitive to NPS in
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Figure 1. Effects of intracerebroventricular (icv) neuropeptide S
(NPS) (A) and [p-Cys(tBu)®’INPS (B) on ketamine anesthesia time.
Anesthesia time differences = Anesthesia maintenance time on
control day — Anesthesia maintenance duration on the NPS treat-
ment day. All data are mean = SEM. A, *P < 0.05 versus NPS O,
#P < 0.05 versus NPS 0.3, +P < 0.05, ++P < 0.01 versus NPS
30. B, *P < 0.05, **P < 0.01 versus NPS, ##P < 0.01 versus NPS
+ antagonist.

the range 1 to 10 nmol and 6 of 7 rats were sensitive to
[D-Cys(tBu)’INPS 20 nmol.

Thiopental Anesthesia

Similar to IP ketamine, IP thiopental after icv saline pro-
duced anesthesia with 2.3 = 0.1 and 35.6 = 1.5 minutes of
anesthesia induction and maintenance time, respectively.
These data were not different from those on the treatment
day (2.0 = 0.3 and 37.1 = 2.2 minutes, respectively; n = 8).
Icv NPS did not affect the anesthesia induction time of IP
thiopental. In contrast, the anesthesia maintenance time of
thiopental was significantly decreased by icv NPS in the
range 0.1 to 1 nmol. At 10 nmol, the peptide was inactive
(Fig. 2A). [D-Cys(tBu)°INPS 20 nmol antagonized the
stimulatory effect of 1 nmol NPS. When the same dose of
antagonist was given alone, it elicited a robust enhance-
ment of thiopental’s anesthesia maintenance time and fully
reversed NPS-induced reduction in anesthesia maintenance
time (Fig. 2B). Fifteen of 16 rats were sensitive to NPS at 0.3
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Figure 2. Effects of intracerebroventricular (icv) neuropeptide S
(NPS) (A) and [p-Cys(tBu)®]NPS (B) on thiopental anesthesia time.
Anesthesia time differences = Anesthesia maintenance time on
control day — Anesthesia maintenance duration on the NPS
treatment day. All data are mean = SEM. A, *P < 0.05, **P <
0.01 versus NPS O, #P < 0.05 versus NPS 0.1, +P < 0.05,
++P < 0.01 versus NPS 10. B, *P < 0.05, **P < 0.01 versus
NPS, ##P < 0.01 versus NPS + antagonist.

and 1 nmol and all rats were sensitive to [D-Cys(tBu)’]NPS
20 nmol.

DISCUSSION

There may be a significant link between general anesthesia
and sleep /wakefulness circuits.'? Electroencephalographic
studies showed that icv NPS increased the amount of
wakefulness and reduced both non-REM and REM sleep.'”
We previously reported that anesthetics such as barbitu-
rates,'> benzodiazepines,'® and ketamine'® could interact
with a wakefulness-promoting orexinergic system. Thus, it
might be likely that another wakefulness-promoting pep-
tide, namely, NPS, could reduce anesthesia duration. In-
deed, the present study demonstrated that icv NPS dose
dependently reduced both thiopental and ketamine anes-
thesia duration in rats. In line with the present findings,
Rizzi et al."” reported that icv NPS dose dependently
reduced anesthesia duration (duration of loss of righting
reflex) after IP diazepam 15 mg/kg in mice. Therefore, NPS
may promote wakefulness not only from natural sleep but
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also general anesthesia, and its effects are robust among
animal species.

NPS and NPSR antagonist did not modulate the anes-
thesia induction time of ketamine and thiopental. Similarly,
Kelz et al.'® reported that inhibition of orexinergic signaling
does not alter the anesthesia induction time of sevoflurane
and isoflurane. Thus, activation or inhibition of the
wakefulness-promoting pathway by neuropeptides such as
NPS and orexins or their antagonists may impact emer-
gence from, but not entry into, the anesthesia state.

In the present study, the dose-response curve to NPS
was clearly bell shaped. In fact, the peptide completely lost
its stimulatory effects at the highest dose tested, i.e., 30
nmol versus ketamine and 10 nmol versus thiopental. We
do not have an obvious explanation for this phenomenon.
However, it is worthy of mention that several sleep/
wakefulness-related substances have been reported to dis-
play similar dose-response curves. Clonidine, an «, ago-
nist, from 0.3 to 5 mg/kg dose dependently increased the
sleep duration in chicks, but 10 mg/kg clonidine com-
pletely lost the effects.'® Oxidized glutathione, an active
sleep-promoting substance, significantly enhanced both
non-REM and REM sleep at the dosage range from 20 to 50
nmol, but maximal enhancement occurred at 25 nmol.2°
Polc et al?*' found that IV administration of &-sleep-
inducing peptide 30 nmol/kg decreased waking time and
enhanced both non-REM and REM sleep whereas §-sleep-
inducing peptide 300 nmol/kg did not affect sleep and
waking time in cats. Uridine** and muramyl dipeptide,*
which are sleep-promoting substances, have also been
reported to show a bell-shaped dose-response curve. More-
over, regarding arousal-promoting agents, we previously
reported that yohimbine 1 mg/kg IP reduced propofol
anesthesia time by 28% whereas yohimbine 10 mg/kg IP
increased propofol anesthesia time by 55%.>*

[D-Cys(tBu)°INPS completely prevented NPS effects on
ketamine and thiopental anesthesia duration, demonstrat-
ing the exclusive involvement of the NPSR in the
wakefulness-promoting action of NPS in rats. The NPSR
antagonist properties of [D-Cys(tBu)°’INPS were first dem-
onstrated in vitro in cells expressing the murine NPSR,*>>°
and then confirmed in vivo in mice versus the NPS
arousal-promoting® and antinociceptive actions,” and in
rats versus the anxiolytic-like effects®® and inhibitory action
on palatable food intake® elicited by NPS. In all
these studies, as well as in the present experiments, [D-
Cys(tBu)°INPS was active when tested versus NPS in a 20
to 100/1 antagonist/agonist dose ratio. Therefore, the
present results and previous literature findings suggest that
[D-Cys(tBu)’INPS is a pharmacologically reliable tool for
neurobiological investigations in the field of the NPS/
NPSR system.

Moreover, this study also demonstrated that [p-
Cys(tBu)’INPS per se prolonged both ketamine and thio-
pental anesthesia duration. This finding may be interpreted
assuming that under the present experimental conditions
the  endogenous  NPS/NPSR  system  tonically
controls the anesthesia state, i.e., the increase in anesthesia
duration elicited by the NPSR antagonist might be attrib-
utable to inhibition of the stimulatory effects of endog-
enously released NPS. Similarly, we previously reported
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that another wakefulness-promoting neuropeptide orexin
A reduced barbiturate anesthesia duration and orexin
receptor-1 antagonist produced per se opposite effects.'”
Therefore, endogenous sleep/wakefulness-related neuro-
peptide signaling may affect anesthesia duration. However,
Camarda et al.>> showed that [p-Cys(tBu)’INPS did not
affect diazepam-induced sleeping time in mice at doses
capable of counteracting the stimulatory effects of NPS.
Similar results were recently obtained with the nonpeptide
NPSR antagonist SHA68.%° In addition, NPSR gene knock-
out mice were found to be as sensitive as their wild-type
littermates to the hypnotic effects of diazepam.” The
discrepancy between the present results and those reported
by Camarda et al.*®> may be attributable to differences in
experimental settings including anesthesia duration (35
minutes versus 100 minutes), animal species (rat versus
mouse), or anesthetic drugs used (ketamine and thiopental
versus diazepam). Clearly, further studies performed with
different NPSR antagonists, anesthetic drugs, and animal
species are needed before drawing firm conclusions on the
role of the endogenous NPS/NPSR system in controlling
sleep and the anesthesia state.

In conclusion, NPS significantly reduced anesthesia du-
ration via selective stimulation of the NPSR and subsequent
activation of wakefulness-promoting pathways. These
same pathways seem to be tonically active, at least under
the present experimental conditions, because blocking the
endogenous NPS/NPSR signaling with a selective NPSR
antagonist produces the opposite result of longer-lasting
anesthesia. &
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