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are similar to rapid eye movement sleep and include high
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acetylcholine concentration, faster electroencephalographic
Using these genetic models of acetylcholine deficiency,
frequency, and a higher probability of experience in the
the authors first showed that, compared to the wild-type
form of dreams or hallucinations.2,4 In both humans5,6 and
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decreased further in forebrain knockout mice (0.69%). A
genetic mice models to probe the role of acetylcholine in
similar pattern was observed for ketamine, where an ED50
general anesthesia by testing the hypothesis that deficiency
gradient paralleled the graded acetylcholine deficiency, i.e.,
of forebrain acetylcholine would enhance anesthetic sen160 mg/kg for wild-type mice versus 150 mg/kg for hetsitivity to isoflurane and ketamine and decrease the specerozygous knockdown mice versus 124 mg/kg for forebrain
tral power in the gamma frequency (i.e., faster frequencies
knockout mice. These data demonstrate that a deficiency
in the electroencephalogram). The authors used mice that
of forebrain acetylcholine enhances anesthetic sensitivity,
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current study, there is much that remains to be explored.
First, these data make it clear that, despite robust correlation with different levels of consciousness, acetylcholine
makes only partial contributions to arousal and anesthesia,
consistent with recent data highlighting the complexity
of neurochemical changes during the anesthetized state.16
There is a need for a more comprehensive cartography of
neurochemical changes associated with general anesthesia.
Second, the ultimate clinical relevance of acetylcholine in
the perioperative period requires further study, with a particular focus on reversal of general anesthesia and perioperative neurocognitive disorders. The current study by Leung
et al.10 provides an important foundation for these future
scientific and clinical investigations.
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which is consistent with previous findings showing a direct
causal role of the cholinergic system in reversing anesthesia7 and increasing spontaneous wakefulness.11 The authors
also showed that hippocampal high-gamma (63 to 100
Hz) power in acetylcholine-deficient mice was attenuated
during isoflurane and ketamine anesthesia as compared to
that observed under anesthesia in wild-type mice. However,
a similar effect was not observed for high-gamma power in
frontal cortex. Of note, it has been shown that electroencephalographic features, cortical acetylcholine concentrations, and anesthetic effects do not always correlate well.3,12
Thus, these relationships are complex, and it is not entirely
surprising that there could be differences between the hippocampus and the cortex.
One limitation of these mice models is the lack of site
specificity for regions innervated by the target sites. For
example, given that both the frontal cortex and the hippocampus are innervated by basal forebrain, the mice models
used in this study do not allow dissection of the individual
roles of either of these areas. Furthermore, analysis of recovery could have been informative and revealed asymmetries
relative to induction. Such asymmetry has been noted for
orexin, a neurotransmitter synthesized in neurons of the
hypothalamus, which has been shown to play a preferential
role in anesthetic emergence.13 Of relevance to the study
by Leung et al.,10 activation of orexin nerve terminals in
the basal forebrain, which would increase cortical acetylcholine, accelerated emergence from isoflurane anesthesia in mice.14 Thus, acetylcholine could potentially play a
more prominent role in emergence from anesthesia compared to induction. This will be a key question to answer
for clinicians, with the ultimate goal of better controlling
the emergence process. Drugs within our armamentarium
such as physostigmine, ketamine, and caffeine are all known
to increase cortical acetylcholine concentrations and have
been explored in preclinical models or human studies as
tools to accelerate emergence.
Despite these limitations, the manipulation of cholinergic system via genetic downregulation of acetylcholine
release, as was done in this study,10 offers a model that
overcomes the potential confounds associated with drug
infusions (solubility, specificity, concentration) and nonspecific effects in lesion studies. Another advantage of
these mice models is that only the acetylcholine transmission is affected, without impacting the corelease of
other neurotransmitters, which will occur after cellular
lesions. An interesting application of this model could
be to understand the effect of endogenous acetylcholine
modulation on sleep–wake states. This will be particularly
important because it has been shown that specific lesions
of basal forebrain cholinergic neurons do not produce any
significant changes in sleep–wake states.15
Although significant advances have been made in our
understanding of the relationship between cortical acetylcholine and states of consciousness, including from the
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