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T
wo of the most enigmatic and
challenging problems in neuro-
science are the search for the
function of sleep and under-

standing the mechanism by which
volatile chemicals can induce general
anesthesia. Despite the apparent similar-
ity of sleep and anesthesia to the neo-
phyte, it is widely argued that these
brain states are actually apples and or-
anges, sleep being readily reversible
(thankfully), whereas anesthesia is irre-
versible. In a recent issue of PNAS, Kelz
et al. (1) demonstrate that disruption of
a specific neural locus involved in nor-
mal sleep–wake regulation selectively
affects emergence from, but not induc-
tion of, general anesthesia. That article
demonstrates that waking up from anes-
thesia uses neural circuits distinct from
those necessary to become anesthetized.
It also further solidifies the connection
between anesthesia and sleep, implicat-
ing wake-promoting neural circuitry in
selectively contributing to emergence
from anesthesia.

Neural loci have been identified that
are important for initiation of and
emergence from sleep (Fig. 1 and refs.
2 and 3). For example, GABAergic neu-
rons in the hypothalamic ventrolateral
preoptic (VLPO) nucleus promote sleep
in part by inhibiting arousal-promoting
circuits, such as the hypothalamic tube-
romammillary nucleus (TMN). Another
critical arousal-promoting or -stabilizing
locus is the nucleus of orexin-producing
neurons in the lateral hypothalamus (4).
Progressive loss of orexin-producing
neurons results in the human sleep dis-
order narcolepsy (5, 6). Individuals af-
fected with narcolepsy transition from
wakefulness directly to rapid eye move-
ment (REM) sleep, often with accom-
panying cataplexy (abrupt loss of muscle
tone).

Accumulating evidence indicates
sleep, especially non-REM sleep, and
general anesthesia use common neuro-
nal and genetic substrates. Both seem to
reduce or abolish spontaneous move-
ment and sensory responsiveness. Sleep
loss increases the drive to sleep, reflect-
ing homeostatic regulation. Similarly,
sleep loss also enhances the action of
the volatile anesthetic isoflurane (7).
Sleep deprivation/prolonged wakefulness
increases concentration of adenosine, an
ATP breakdown product, which in turn
is thought act as a homeostatic mediator
to promote sleep (8). Sleep deprivation

effects on isoflurane anesthesia can be
partially reversed by adenosine receptor
antagonists (9). Anesthetics also appear
to act through sleep neural circuits. An-
esthetics induce a similar EEG state to
that of non-REM sleep (10, 11). Brain
imaging studies indicate general anes-
thetics act on sleep–wake neural cir-
cuitry (12). Importantly, the sedative
effects of the i.v. anesthetic propofol
require GABAA receptor function in
the wake promoting TMN (13).

The orexin system that regulates sleep
is also linked to general anesthesia.
Orexin agonists decrease the duration
or depth of anesthesia, whereas adminis-
tration of the orexin receptor-1 antago-
nist (SB-334867-A) increases anesthetic
duration (14, 15). Changes in duration
could be secondary to induction or
emergence kinetics. As these studies
assessed anesthetic efficacy after bolus
administration, steady-state levels were
never achieved, and independent effects
on emergence and induction could not
be assessed.

To address this issue, Kelz et al. (1)
used continuous delivery of the volatile
anesthetics, isoflurane and sevoflurane
and then monitored the effects of per-
turbing orexin function on induction and
emergence times by using loss of right-
ing reflex (LORR). They perturbed
orexin function by using mice bearing a
preproorexin promoter-ataxin3 fusion
transgene (16). Their orexin neurons
undergo selective degeneration at 4–6

weeks of age, exhibiting features of nar-
colepsy, including cataplexy (16). In ad-
dition, they administered the orexin 1
receptor antagonist SB-334867-A, link-
ing observed effects to orexin rather
than another product of orexin neurons.
Surprisingly, they observed that anesthe-
sia induction was unaffected by reducing
orexin signaling. On the other hand, po-
tent delays in emergence were noted in
these animals.

Changes in the kinetics of induction
or emergence could be secondary to the
distribution or elimination of the drug.
For example, delayed emergence could
simply be caused by failure to clear the
drug. However, brain concentrations of
isoflurane were indistinguishable in mice
treated with orexin antagonist and those
untreated at a time during emergence
when LORR is highly affected (1).
Moreover, cataplectic episodes were not
observed to occur before, during, or af-
ter anesthesia, eliminating this alterna-
tive explanation for delayed emergence
(1). Thus, mice with comparable anes-
thetic concentrations emerge from anes-
thesia very differently depending on the
orexin system.

In addition to the reported roles of the
orexin system in emergence from anesthe-
sia, Kelz et al. (1) demonstrate that orexin
neurons themselves are directly or indi-
rectly sensitive to anesthetics. Orexin neu-
ron activation was assessed in response to
anesthetic administration by examining
c-Fos induction. Anesthetic administration
was associated with dramatic reductions of
c-Fos, comparable to those observed dur-
ing non-REM sleep (1, 17). Notably, acti-
vation of adjacent melanin-concentrating,
hormone-expressing neurons was not af-
fected by anesthetic administration (1). In
addition, anesthetics affect orexin receptor
function (18), indicating that anesthetics
could also affect the function of orexin
targets. Given that perturbation of the
orexin system has little effect on anes-
thetic induction, it will be interesting to
see what the consequences are, if any, of
anesthetic effects on the orexin system.
One possibility is that anesthetics act by
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Fig. 1. A model linking sleep and general anesthe-
sia. The VLPO area of the hypothalamus promotes
sleep, whereas the TMN and the orexin neurons of
the lateral hypothalamus promote or stabilize wake-
fulness. GAs may also activate the VLPO, which in
turn inhibits arousal-promoting circuits (13). General
anesthetics (GA) affect, or act through, the TMN and
orexin neurons. Kelz et al. (1) demonstrate an impor-
tant role for the orexin neurons, particularly in wak-
ing up from anesthesia.
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inhibiting redundant arousal-promoting
pathways.

The finding that anesthesia induction
and emergence use different neural sub-
strates should lead to a search for other
substrates important for these processes.
Given the accumulating evidence for
ties between sleep and anesthesia, other
components of sleep circuitry represent
strong candidates. Other wake/arousal-
promoting circuits may be important for
coming out of anesthesia (Fig. 1). One
might also hypothesize that a sleep-
promoting locus, such as the VLPO,
may play an especially important role in
anesthetic induction.

In addition to neural substrates, there
has been a substantial search for molec-
ular targets of anesthetics. In light of
the data presented here, the genetics of

anesthesia needs to be re-examined par-
ticularly with respect to genes selectively
important for emergence and induction.

Again, genes involved in sleep may pro-
vide potential candidates to examine as
targets or mediators of anesthetics. One

such link may be the Shaker potassium
channel. The Shaker mutant in Drosoph-
ila, isolated because of its leg shaking
under ether anesthesia, also exhibits re-
sistance to anesthetics (19) and reduced
sleep (20).

Although it should be emphasized
that sleep and anesthesia are distinct,
the data presented here demonstrate
that the neural circuitry important for
keeping us awake may also wake us up
from general anesthesia. The issues of
emergence and induction are not solely
theoretical. The development of agents
that promote emergence could be useful
clinically for promoting recovery from
anesthesia. A better understanding of
how we naturally wake and sleep could
provide a framework for understanding
how general anesthetics put us to sleep.
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