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Abstract: Acetylcholine in the brain promotes arousal and facilitates cognitive functions. Cholinergic
neurons in the mesopontine brainstem and basal forebrain are important for activation of the cerebral
cortex, which is characterized by the suppression of irregular slow waves, an increase in gamma (30-
100 Hz) activity in the electroencephalogram, and the appearance of a hippocampal theta thythm. Dur-
ing general anesthesia, a decrease in acetylcholine release and cholinergic functions contribute to the
desired outcomes of general anesthesia, such as amnesia, loss of awareness and consciousness, and
immobility. Animal experiments indicate that inactivation, lesion, or genetic ablation of cholinergic
neurons in the basal forebrain potentiated the effects of inhalational and injectable anesthetics, includ-
ing isoflurane, halothane, propofol, pentobarbital, and in some cases, ketamine. Increased behavioral
sensitivity to general anesthesia, faster induction time, and delayed recovery of a loss of righting reflex
have been observed in rodents with basal forebrain cholinergic deficits. Cholinergic stimulation in the
prefrontal cortex, thalamus, and basal forebrain hastens recovery from general anesthesia. Anticholin-
esterase accelerates emergence from general anesthesia, but with mixed success, in part depending on
the anesthetic used. Cholinergic deficits may contribute to cognitive impairments after anesthesia and
operations, which are severe in aged subjects. We propose a cholinergic hypothesis for postoperative
cognitive disorder, in line with the cholinergic deficits and cognitive decline in aging and Alzheimer’s
disease. The current animal literature suggests that brain cholinergic neurons can regulate the immune
and inflammatory response after surgical operation and anesthetic exposure, and anticholinesterase and
a7-nicotinic cholinergic agonists can alleviate postoperative inflammatory response and cognitive def-

icits.
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1. CHOLINERGIC NEURONS AND FUNCTION IN
THE MAMMALIAN BRAIN

Acetylcholine (ACh), a low-molecular-weight neuro-
transmitter in the brain, is known to be involved in arousal,
sleep cycle, and cognitive functions. We review the role of
ACh in general anesthesia from the following two perspec-
tives: 1) how general anesthetics suppress cholinergic func-
tions, and 2) how cholinergic neurons and cholinergic drugs
modulate the effects of general anesthesia. We also review
the preclinical literature on the possible role of ACh in post-
operative cognitive disorder (POCD). POCD is a long-term
disruption of cognitive and behavioral functions after surgi-
cal operations, which occurs mostly in the elderly. The de-
cline of cholinergic function in aging and Alzheimer’s dis-
ease is well known.
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In the periphery, cholinergic neurons are found in the
spinal cord and autonomic ganglia. These neurons are essen-
tial for movements, glandular secretions, and modulation of
smooth muscles. In the brain, cholinergic neurons are con-
centrated in the mesopontine brainstem, basal forebrain, epi-
thalamus (habenula), and striatum [1-3]. In humans, there are
~20,000 cholinergic neurons in the mesopontine nuclei [4]
and ~200,000 in the basal forebrain [S]. These neurons in-
nervate billions of neurons in the brain, notably in the cere-
bral cortex.

1.1. Mesopontine Brainstem and Basal Forebrain

Two nuclei at a midbrain-pons interface, peduculopon-
tine nucleus (PPN) and lateral dorsal tegmentum (LDT),
contain cholinergic neurons intermingled with glutamatergic
and GABAergic ones [6-8]. The PPN and LDT project as-
cending axon collaterals to the basal forebrain, hypothala-
mus, thalamus, and the medial frontal cortex (Fig. 1). The
mesopontine cholinergic projections are an integral part of
the reticular activating system, promoting arousal and corti-
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cal activation. In addition to cholinergic afferents, various
subcortical and cortical structures are known to provide in-
puts to the basal forebrain, including locus coeruleus (nore-
pinephrine), ventral tegmental area (dopamine), dorsal and
median raphe (serotonin), perifornical area (orexin), tuber-
omammillary nucleus (histamine), and glutamatergic inputs
from the supramammillary nucleus, amygdala and prefrontal
cortex [2, 9-11], and parabrachial nuclei [12].

Damage to the mesopontine area results in a coma in
humans and animals [13, 14]. In the rat, a comatose state was
reported resulting from neuronal damage of the parabrachial
nuclei and not from the damage of the LDT and PPN [15,
16]. Other than providing an activation function in normal
sleep cycle, cholinergic neurons in PPN/LDT are also re-
sponsible for normal gait and posture in humans and animals
[17, 18].

The thalamus receives direct cholinergic inputs from
PPN and LDT, as well as indirect input from the basal fore-
brain. Cholinergic release in the thalamus is high during ac-
tive open field activity in mice [19]. There has been a strong
association of cortical arousal with the thalamus. However,
neuronal lesions of the thalamus had no or negligible effect
on neocortical activation, while lesion or inactivation of the
nucleus basalis abolished neocortical activation [12, 20, 21].
In the hypothalamus, several nuclei receive projections from
the PPN and LDT, including supramammillary nucleus, tu-
beromammillary nucleus, and perifornical area; these areas
also project to the basal forebrain (Fig. 1).

The cholinergic innervation of the cerebral cortex is
mainly derived from the basal forebrain. In the basal fore-
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brain, the nucleus basalis (including magnocellular preoptic
area and substantia innominata) projects to the neocortex and
amygdala. The medial septum and diagonal band of Broca
project to the hippocampus, entorhinal cortex, and olfactory
cortex [1-3]. The medial prefrontal cortex appears to be the
only cortical area that receives cholinergic afferents from
both the basal forebrain and the mesopontine nuclei. GA-
BAergic and glutamatergic neurons in the basal forebrain
also project to the cerebral cortex and hippocampus, and they
are important in forebrain activation, together with choliner-
gic neurons [22]. Cholinergic, GABAergic, and glutama-
tergic neurons are synaptically connected with each other in
the medial septum/diagonal band of Broca and nucleus ba-
salis [23-25], such that alteration of cholinergic function may
affect GABAergic and glutamatergic outputs to the cerebral
cortex. While activation of the hippocampus and neocortex is
an important function of the cholinergic neurons of the basal
forebrain (below), specific lesion of the cholinergic neurons
in the basal forebrain by 192 IgG-saporin does not affect
wake-sleep patterns [26] or only increases NREM sleep tran-
siently [27]. However, extensive lesion of basal forebrain
neurons in rats induces a “comatose” state without losing the
righting reflex [16].

The release of ACh in the neocortex and hippocampus is
dependent on behavioral states, with high ACh release dur-
ing active waking and rapid-eye-movement (REM) sleep and
low release during non-rapid-eye-movement (NREM) sleep
[28-30]. In freely moving rats, sensory stimulation or wheel-
running, compared to non-stimulated immobility, increases
ACh release in the hippocampus but not in the sensorimotor

neocortex

Fig. (1). Schematic connections of cholinergic neurons in the brain involved in cortical activation and general anesthesia. Laterodorsal teg-
mental nucleus (LDT) and pedunculopontine tegmental nucleus (PPN) provide ascending inputs to the thalamus and basal forebrain. In the
basal forebrain, cholinergic fibers project from medial septum/diagonal band nuclei (MS) to hippocampus and from nucleus basalis (NB) to
neocortex. The basal forebrain also receives ascending inputs from brainstem monoaminergic nuclei, including locus coeruleus (LC) with
norepinephrine, median and dorsal raphe with serotonin, and ventral tegmental area (VT) with dopamine. In the hypothalamus, wake-active
neurons in the perifornical area (PF) with orexin, and tuberomammillary nucleus (TM) with histamine, project to the basal forebrain. Cholin-
ergic neurons in the medial habenula (MH) activate the interpeduncular nucleus (IP), which in turn inhibits LDT and monoaminergic nuclei.
Striatum contains cholinergic interneurons (small red circles), which modulate GABAergic neurons with descending output to ventral pal-
lidum (VP), which projects to PPN/LDT. Cholinergic connections and nuclei are labeled in red; solid line for ascending and dashed line for
descending projection; presumed inhibitory connection ends in a filled circle. (4 higher resolution/colour version of this figure is available in
the electronic copy of the article).
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cortex [31]. Basal forebrain neurons fire differently to behav-
ioral activation and sleep state [22, 32], and cholinergic basal
forebrain neurons fire the highest rate during REM sleep and
awake states, as compared to NREM sleep state [33]. ACh
level in the pontine medial reticular formation, innervated by
cholinergic PPN/LDT neurons, is highest during REM sleep
and awake states and lowest during NREM sleep state [8,
34]. Atonia during REM sleep has been associated with ACh
release in the medial reticular formation by PPN/LDT neu-
rons in cats [8] or alternatively attributed to glutamatergic
neurons in the sublaterodorsal nucleus in rats [15].

ACh is important for the activation of the cerebral cortex.
Cortical activation occurs during quiet and active waking
and REM sleep, compared to NREM sleep. Activation of the
neocortex is characterized by desynchronization of irregular
slow waves, including suppressing delta (0-4 Hz) activity
and enhancing gamma waves (30-100 Hz) [22, 35], a pattern
that is also known as low-voltage fast activity. Activation of
the hippocampus is also characterized by suppressing irregu-
lar slow waves and enhancing gamma, and in addition, by
the appearance of a hippocampal theta rhythm which in-
creases its frequency with activation (4-12 Hz in rodents)
[35-38].

A low-frequency (4-6 Hz) hippocampal theta rhythm
occurs during sensory stimulation [38-40]. The immobility-
theta is abolished by systemic atropine, a muscarinic cholin-
ergic antagonist, and is thus called atropine-sensitive. High-
frequency (7-12 Hz) theta rhythm during locomotion is not
blocked by atropine (called atropine-resistant), but the theta
rhythm is also inferred to contain an atropine-sensitive com-
ponent [31, 35, 36]. Basal forebrain cholinergic neurons are
critical for generating the atropine-sensitive theta rhythm
[25, 35-38] and for the suppression of irregular slow waves
[35, 41]; they also contribute to the generation of gamma
waves in the hippocampus and neocortex [22, 36, 43-45].

1.2. Habenula and Striatum

The habenula at the dorsomedial thalamus provides a
bridge between the limbic forebrain and midbrain/hindbrain
nuclei [46, 47]. The medial habenula contains cholinergic
neurons that project to the interpeduncular nucleus (IPN)
through the fascicularis retroflexus. Genetic ablation of the
medial habenular neurons in mice results in a large decline in
ACh in the IPN, accompanied by hyperactive and compul-
sive/impulsive behaviors [48]. An intact cholinergic medial
habenulo-IPN pathway is apparently required for the normal
duration of NREM and REM sleep [49, 50]. Additional evi-
dence suggests the involvement of the non-cholinergic lateral
habenula in NREM/ REM sleep durations [51].

Striatal ACh is derived mainly from intrinsic cholinergic
interneurons [3], although extrinsic cholinergic afferents
come from the brainstem [52]. Cholinergic interneurons con-
stitute 1-2% of all striatal neurons and likely participate in all
functions of the striatum through its extensive collaterals
[53]. The dorsal striatum is connected with the thalamus and
neocortex and participates in sensorimotor functions, includ-
ing motor learning. The ventral striatum, otherwise known as
the nucleus accumbens, receives from the hippocampus, me-
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dial prefrontal cortex, and amygdala and links motivation to
action, in part through the ventral pallidum [54, 55].

1.3. Acetylcholine Neurochemistry and Receptors

ACh is synthesized by choline-acetyltransferase (ChAT).
ACh is packed into synaptic vesicles by a high-affinity ve-
sicular acetylcholine transporter (VAChT). After release at
the synaptic cleft, ACh diffuses away and is hydrolyzed by
acetylcholinesterase (AChE). Blocking AChE by anticholin-
esterase, such as physostigmine, is an effective way of in-
creasing ACh concentration, thus enhancing the postsynaptic
effect of ACh.

There are two main types of ACh receptors — nicotinic
and muscarinic. The nicotinic ACh receptor is ionotropic,
and opening nAChRs increases Na'/K' permeability and
depolarizes the postsynaptic cell [56, 57]. A neuronal
nAChHR is a pentamer consisting of o and B subunits, and
various combinations can be made with eight a-subunits and
three B-subunits. Some nAChRs are also permeable to Ca®",
which can mediate synaptic plasticity, excitotoxicity, apop-
tosis, and increase neurotransmitter release from presynaptic
terminals [57]. Muscarinic ACh receptors (mAChRs) are G-
protein coupled receptors [56, 58] and consist of two main
types — M1-like (M1, M3, and M5) or M2-like (M2 and M4).
M1-like receptors are coupled to G¢/G,; and inhibit K per-
meability through phospholipase C. M2-like receptors are
coupled to GyG,, which subsequently activate inward-
rectifying K" channels (postsynaptic inhibition) or inhibit
voltage-gated Ca®* channels (presynaptic inhibition). Presyn-
aptic inhibition decreases the release of ACh (autoreceptor)
or other neurotransmitters (heteroreceptors).

General anesthetics act on ligand-gated protein channels
[9], and direct action of general anesthetics have been shown
on recombinant nAChRs and mAChRs in vitro [59-61]. Vol-
atile anesthetics block nAChRs at subanesthetic doses; how-
ever, this was inferred not to contribute to the minimal alveo-
lar concentration (MAC) or LORR in animals [62]. The re-
sponse of native ACh receptors to general anesthetics in vivo
is not known. Response of a central neuron to clinically rele-
vant doses of general anesthesia depends on the action of
anesthesia on many types of neuronal receptors/channels,
which may include GABA receptors, N-methyl-D-aspartate
(NMDA) receptors, 2-pore K channels, Th channels, and
presynaptic Ca®" channels [9]. The way in which a central
neuron responds to a particular general anesthetic cannot yet
be determined based on the anesthetic responses of the dif-
ferent channels/receptors of the neuron. Thus, we will focus
on the response of brain area to general anesthetics, in rela-
tion to how it participates in sleep/wake behavior. We will
focus on the loss and recovery of consciousness induced by
general anesthesia. Loss of consciousness (LOC) is typically
tested by a loss of voluntary response to verbal command in
humans. For a large variety of general anesthetics, the anes-
thetic dose that induces LOC in humans is highly correlated
with that inducing a loss of righting reflex in animals [9].

1.4. Acetylcholine, Aging, and Dementia

Acetylcholine is important for cognitive processes such
as learning, memory, and attention [63, 64]. Normal aging is
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associated with a decline in the number of cholinergic neu-
rons in the basal forebrain in rats [65] and humans [66]. Ag-
ing is also accompanied by a reduction of cholinergic affer-
ents in the cerebral cortex [67], with the most severe reduc-
tion found in the temporal lobe cortical association areas and
the entorhinal cortex. A common dementia, Alzheimer's dis-
ease (AD), shows early pathology in basal forebrain cholin-
ergic neurons [68-69]. The cholinergic hypothesis for AD,
proposed in the 1980s, states that “a serious loss of choliner-
gic function in the CNS contributed significantly to the cog-
nitive symptoms associated with AD and advance age” [64].
The latter hypothesis has contributed greatly to the develop-
ment of animal models and cholinergic drugs for the thera-
peutic treatment of AD [64, 70, 71]. Main medical treatment
of AD is AChE inhibitor, which provides modest, and most-
ly symptomatic improvement of cognitive and behavioral
functions in AD patients [64, 70, 71].

2. PARTICIPATION OF CHOLINERGIC NEURONS
IN GENERAL ANESTHESIA

2.1. Mesopontine Brainstem and Basal Forebrain
2.1.1. Acetylcholine Release

The level of ACh in many areas of the brain increases
with arousal, typically decreases during general anesthesia,
and recovers during emergence from anesthesia. A dose-
dependent decrease in ACh release in the cerebral cortex was
found after administration of barbiturates, propofol, isoflu-
rane, and sevoflurane at 0.5 to 1.5 MAC [30, 72-74]. The
decrease of ACh release in the frontal cortex was found to be
< 40% of baseline at > 0.5 MAC of isoflurane and sevoflu-
rane, and 25 mg/kg i.p. propofol [74-78]. Sedative doses of
midazolam, but not dexmedetomidine, also decreased corti-
cal ACh release [76]. In contrast, 0.3 MAC nitrous oxide
increased cortical ACh level [71], and ketamine increased
ACh levels in the hippocampus [77] and prefrontal cortex
[78].

A theta rhythm in the hippocampus could be induced
during surgical anesthesia maintained by several anesthetics
[35, 79], notably many inhalational anesthetics (e.g., ether,
halothane, sevoflurane, cyclopropane) and some injectable
anesthetics (e.g., ketamine and urethane). The theta induced
under general anesthesia was blocked by atropine, adminis-
tered either systematically or locally in the medial septal area
[25, 35, 38, 79]. As indicated by the theta rhythm, the activi-
ty of septohippocampal cholinergic neurons persists under
surgical anesthesia of some anesthetics [35, 79].

Several general anesthetics, halothane [34], isoflurane,
enflurane, and ketamine [8], were shown to significantly
decrease ACh release in the medial pontine reticular for-
mation. ACh levels in the striatum were also shown to de-
crease with isoflurane, but the decrease was 2-4 fold smaller
than that in the frontal cortex [72].

2.1.2. Cholinergic Drugs

In a study involving human volunteers, physostigmine,
an AChE inhibitor that crosses the blood-brain barrier, re-
versed halothane-induced postoperative somnolence [80].
Physostigmine reversed LOC induced by propofol more con-
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sistently (9 of 11 subjects) than LOC induced by sevoflurane
(5 of 9 subjects) [81, 82]. Consciousness was indicated by
responding to verbal commands, an increase in the amplitude
of the auditory steady-state response, and the bispectral in-
dex. In a double-blinded, randomized study on women, the
bispectral index value while maintaining end-tidal sevoflu-
rane at 0.6% [83], or 3% (1.5 MAC) [84], was not statistical-
ly different between physostigmine- and saline-injected
groups. Behavioral recovery after discontinuation of sevoflu-
rane, based on ratings of orientation, sedation, and sitting up,
was also not different between physostigmine and saline
groups [83, 84]. The emergence from desflurane anaesthesia
was not altered by physostigmine, except earlier return to
spontaneous breathing and shorter extubation time in a group
that had > 150 min of anesthesia [85]. In studies on reversal
of ketamine anesthesia, one study reported that physostig-
mine did not reduce recovery time or adverse emergence
phenomena associated with ketamine, such as hallucinations
and restlessness [86]. In another study, physostigmine was
reported to shorten recovery from ketamine anesthesia [87].

Cholinergic agonists have been shown to mitigate or re-
verse the behavioral effects of a general anesthetic in ani-
mals. In rats exposed to ongoing sevoflurane or desflurane
concentration that induced LORR, administration of nicotine
to the midline thalamus restored righting and mobility [88].
Intrathalamic pretreatment with the nicotinic antagonist,
mecamylamine, prevented the nicotine-induced arousal re-
sponse but did not lower the sevoflurane dose associated
with LORR [88]. The lack of effect of a nicotinic antagonist
suggests that blocking tonic nicotinic excitation in the mid-
line thalamus does not affect anesthetic response. Intracere-
broventricular infusion of AChE inhibitor neostigmine, or
muscarinic agonist oxotremorine, in rats, reversed the effects
of isoflurane on the electroencephalogram (EEG) and in-
creased spontaneous limb and orofacial exploratory move-
ments [89].

Physostigmine has mixed effects in reversing general
anesthesia in animals. After a transient, (< 30 min) increase,
halothane MAC in dogs was decreased by i.v. physostigmine
[90]. However, isoflurane MAC in rats was significantly
increased by physostigmine [91]. Under isoflurane (0.9-1%)
anesthesia in rats, physostigmine failed to restore righting
but increased EEG activation, as indicated by a theta rhythm
and a decreased probability of EEG burst suppression [92].
Paradoxically, during isoflurane anesthesia, a dose of keta-
mine increased EEG burst suppression but accelerated emer-
gence time [93], which may have resulted from ketamine’s
induction of cortical ACh release.

Administration of the mixed cholinergic agonist car-
bachol into the medial prefrontal cortex in rodents activated
the EEG, increased local ACh levels by >500%, and led to
behavioral recovery despite continuous administration of
1.9-2.4% sevoflurane [94]. In contrast, administration of
carbachol in the parietal cortex also activated the EEG
(shown by a low-voltage fast activity) but did not induce
behavioral emergence [94]. Microdialysis delivery of caf-
feine or other adenosine A1l receptor antagonist into the pre-
frontal cortex of mice increased ACh release locally and in
the pontine reticular formation, activated the cortical EEG,
and decreased the time of emergence from isoflurane anes-
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thesia [95]. Delivery of an A1l receptor agonist into the pre-
frontal cortex had the opposite effect of decreasing local
ACh levels and arousal [95]. Thus, ACh in the prefrontal
cortex may promote arousal and reverse general anesthetic
effects, perhaps through prefrontal connections with wake-
promoting centers in the brainstem and diencephalon.

2.1.3. Cholinergic Neuronal Inactivation and Stimulation

The specific cholinergic forebrain pathways mediating
the effects of general anesthesia in animals have been inves-
tigated through inactivation, lesion, or genetic ablation of
cholinergic neurons and studied by observing the duration of
LORR. Alternatively, stimulation of the basal forebrain by
drugs, or optogenetically, tends to decrease the anesthetic-
induced behavioral effects.

Early experiments were focused on barbital-induced
LORR. Lesion of the medial septum increased the barbital-
induced LORR duration [96]. Systemic administration of
hemicholinium-3, a choline uptake inhibitor, increased pen-
tobarbital-induced LORR duration and decreased cortical
cholinergic activity [97]. In contrast, systemic choline injec-
tion [97], septal infusion of bicuculline (GABA, receptor
antagonist) or phenylephrine (norepinephrine al agonist)
shortened the LORR duration induced by pentobarbital, ac-
companied by an increase in hippocampal cholinergic activi-
ty [98, 99]. Systemic methamphetamine also shortened pen-
tobarbital-induced LORR duration by activating dopamine
D1 and D2 receptors, but activation of central muscarinic
cholinergic receptors was also required [100].

Inactivation of the medial septum by muscimol, a
GABA, receptor agonist, decreased the dose of general
anesthetic (halothane, pentobarbital, or propofol) required to
induce LORR in rats [101]. Electrolytic lesion of the medial
septum and vertical limb of the diagonal band increased the
duration of LORR induced by both volatile (halothane and
isoflurane) and injectable (propofol and pentobarbital) anes-
thetics [102]. Rats with a selective lesion of medial septal
cholinergic neurons by immunotoxin 192 IgG-saporin
showed a longer emergence time after isoflurane anesthesia
[103] or after cumulative doses of propofol i.p. [104]. Hip-
pocampal 62-100 Hz gamma activity decreased with isoflu-
rane dose, with a decrease that was greater in 192 IgG-
saporin lesioned rats than control rats [103]. Similarly, 192
IgG-saporin lesions of the nucleus basalis cholinergic neu-
rons prolonged the duration of LORR induced by propofol,
pentobarbital, and halothane [105, 106]. Genetic ablation of
the nucleus basalis also prolonged the LORR duration induced
by propofol and isoflurane, while stimulation of cholinergic
neurons with ‘designer receptor exclusively activated by de-
signer drugs’ or optogenetically hastened emergence [106].

It has been suggested that sensitivity to an anesthesia can
be more readily measured under near-equilibrium conditions,
rather than using time of LORR onset, recovery, or duration
that depends strongly on pharmacokinetics [11]. Anesthetic
sensitivity or potency has been estimated in only a few stud-
ies on the basal forebrain. Rats with a selective cholinergic
lesion of the basal forebrain (by intraventricular 192 IgG-
saporin infusion) show enhanced propofol sensitivity com-
pared to control rats, using a composite anesthesia behavioral
score [104]. Using a dose that induced LORR in 50% in a
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population (ED50), electrolytic septal lesioned rats were
estimated to have ED50 (LORR) of 112 mg/kg i.p. for
propofol and 0.90% for isoflurane, significantly lower than
the respective measures of 139 mg/kg i.p. propofol and
1.02% isoflurane in control rats [102]. In mice with no basal
forebrain ACh release, following genetic ablation of vVAChT
in the basal forebrain, ED50 (LORR) was 0.72% for isoflu-
rane and 124 mg/kg i.p. for ketamine, significantly lower
than the respective measures of 0.86% isoflurane and 160
mg/kg i.p. ketamine in control wildtype mice [107]. Hippo-
campal gamma power showed a larger decrease in power in
ACh-deficient mice than control mice for pre-LORR doses
of isoflurane and ketamine [107].

The duration of loss of tail-pinch or foot-pinch response
was measured in a few studies of basal forebrain manipula-
tion. Compared with controls, rats with a selective choliner-
gic lesion of the medial septum-diagonal band of Broca
[103] or nucleus basalis [105], or rats with muscimol inacti-
vation of the medial septum [101] showed increased duration
of loss of tail-pinch or foot-pinch response. MAC, or a popu-
lation measure of the ED50 of immobility to incision pain, to
our knowledge, has not been reported in animals with basal
forebrain manipulations. MAC typically requires a higher
anesthetic dose than ED50 (LORR). The medial septum-
diagonal band is recognized as a pro-nociceptive brain area,
but more for persistent pain with a long-term cognitive-
affective nature [108].

In summary, the above studies suggest that the basal
forebrain cholinergic system participates in the induction
(sensitivity) and emergence from general anesthesia induced
by inhalation anesthetic (halothane and isoflurane), and in-
jectable anesthetics including propofol, pentobarbital, and
ketamine.

2.3. Habenula and Striatum

Metabolism ('*C-deoxyglucose uptake) in the medial
habenula and IPN was found to increase during general anes-
thesia induced by pentobarbital, ether, and choral hydrate
[109]. ACh levels in the IPN were increased by anesthesia
during 3% halothane, or 100 mg/kg i.p. ketamine [110]. In-
fusion of nicotine into the IPN prolonged the duration of
recovery from halothane anesthesia, and infusion of a nico-
tinic antagonist blocked the effect of nicotine but had no
effect on anesthesia recovery time on its own [111]. Medial
habenula and IPN neurons appear to be anesthesia-active
compared to other wake-active neurons; they were also more
active during NREM sleep state than the awake state [109].
GABAergic afferents from IPN [112] may be responsible for
inhibiting brainstem wake-active neurons, including raphe
and LDT neurons. As a result, ACh release in the mesopon-
tine reticular formation would be inhibited [8, 34], and the
duration of anesthesia would be prolonged.

Glutamatergic transmission of lateral habenula neurons
in mice was shown to be responsible for anesthetic sensitivi-
ty to propofol, and interference of glutamate release shifted
the ED50 (LORR) of propofol from 3.8 to 10.8 mg/kg i.v.
[113]. The lateral habenula projects GABAergic inhibition to
wake-related brain areas, including raphe nuclei, ventral
tegmental area [114], and LDT/PPN [7].
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Inactivation of the ventral striatum (nucleus accumbens)
by muscimol increased the potency of several general anes-
thetics such as pentobarbital and halothane [115]. Ventral
striatum output to PPN via the ventral pallidum was suggest-
ed to mediate movements and arousal [11, 55]. Thus, ventral
striatum inactivation potentiates general anesthesia, but the
role of cholinergic striatal neurons is not known. The in-
volvement of the dorsal striatum in general anesthesia is also
not known.

3. CHOLINERGIC SYSTEM AND POSTOPERATIVE
COGNITIVE DISORDER

Following surgery under general anesthesia, 10-50% of
patients over 60 years old may experience postoperative de-
lirium or POCD that lasts for days to years [116-119]. Post-
operative delirium is a confused state characterized by im-
paired attention, abnormal level of consciousness, and
thought disorganization. It typically starts within 3 days
post-operation and lasts for hours or days [120], or is defined
as up to one week in hospital [121]. POCD, a long-lasting
state of cognitive impairment, measured by serial perfor-
mance on a neuropsychological test battery, was reported up
to 5 [117] or 7.5 years after coronary artery bypass operation
[121]. POCD is known to be related to multiple factors such
as age, educational level, neurological status, duration of
anesthesia, and the type of surgery. The anesthetic require-
ment is reduced in the elderly [122], and a poor preoperative
cognitive status was associated with a lower propofol re-
quirement [123]. Definitive causes of POCD are not known.
Some possible mechanisms of POCD have been suggested,
which include inflammation, caspase activation, apoptosis,
Alzheimer’s pathology such as amyloid-beta and tau accu-
mulation [119].

POCD mechanisms have been studied in animal models,
where predisposing and experimental factors can be better
controlled. Here, only the role of ACh in POCD in preclini-
cal studies is reviewed, including some studies in which sur-
gery alone was assumed to induce POCD. The focus on cho-
linergic involvement is justified because of the important
role of ACh in cognitive processing (section 1.4). Further-
more, aging and Alzheimer’s disease are associated with
cognitive decline and cholinergic neuronal pathology (sec-
tion 1.4). A cholinergic hypothesis for POCD may be com-
pared to a cholinergic hypothesis for Alzheimer’s disease,
which provides a theoretical framework for understanding
cognitive dysfunction and stimulates the development of
therapy using cholinergic agents. The cholinergic hypothesis
does not exclude other hypotheses and treatment options for
POCD. For instance, activation of a5-GABAsRs was shown
to be responsible for the anesthesia-induced cognitive deficit
in mice [124].

Animal studies have shown the role of ACh in POCD.
Culley et al. [125] showed that a combination of 2 h expo-
sure to 1.2% isoflurane in 70% nitrous oxide/30% oxygen
decreased the performance of both adult (6-months old) and
aged (20 months) old Fischer 344 rats on a radial arm maze,
tested 2-21 days post-anesthetic exposure. In contrast,
propofol anesthesia did not affect maze performance of aged
rats [126], suggesting that general anesthesia or suppression
of cortical ACh release (found after both isoflurane and
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propofol anesthesia) is not sufficient to induce post-
anesthetic memory deficit. Other studies used the hidden
platform in the Morris water maze to test spatial learning and
memory. Aged (17-months old) rats, after surgery with 2-h
exposure to 1.4-1.7% isoflurane alone, induced a perfor-
mance deficit in the hidden platform task for 3-7 days after
operation; the control group underwent surgery with
propofol anesthesia [127]. The study also showed that isoflu-
rane-surgery treated rats with severe impairment in maze
performance was associated with a significant reduction in
hippocampal ACh levels [127]. Su et al. [128] showed that
spatial learning in the water maze was impaired for 2 weeks
after isoflurane anesthesia (1.2 % for 6 h) in 18-month old
mice, accompanied by a significant decrease of ChAT pro-
tein levels. Pre-treatment of the aged mice with anticholines-
terase donezepil before isoflurane anesthesia attenuated the
deficits in learning and in ChAT levels induced by isoflurane
anesthesia [128]. In a subsequent study of the same group,
the development of POCD in mice was shown to be depend-
ent on the state of central cholinergic neurons [129]. Appen-
dectomy was done with neuroleptic (fentanyl and droperidol)
anesthesia, and pretreatment with donepezil prevented the
spatial memory impairment and ChAT decrease induced by
anesthesia-surgery [129]. In addition, while normal 2-month
old adult mice did not show learning impairment after sur-
gery/anesthesia, adult mice with a lesion of the basal fore-
brain cholinergic neurons by murine-p75-saporin showed
deficits of learning and ChAT, similar to aged mice after
treatment with anesthesia-surgery [129].

The mechanism by which donezepil mitigates POCD in
aged and ACh-deficient rodents is not known. However, an
effect of ACh in regulating neuroinflammation and neuropa-
thology is known [130-132], often demonstrated by an a7
nAChR agonist. After exposure to 1.3% isoflurane for 4 h,
20-month old rats showed impairment in learning and re-
membering a hidden platform in a water maze, and an acute
post-anesthesia increase in apoptosis and interleukin-18 (IL-
1B), but not necrosis-tumor factor o (TNFa) or IL-10, in the
hippocampus [133]. Pretreatment with o 7 nAChR agonist
GTS-21 in the elderly rats alleviated the isoflurane-induced
learning and memory impairment, and the acute apoptosis
and IL-1f increase [133]. In a surgical-trauma model on 18-
month mice, pretreatment with a7 nAChR agonist, PNU
282987, mitigated the surgery-induced impairment in con-
text-dependent fear conditioning and inflammatory response
[134]; surgery was performed to repair an open tibia fracture
under chloral hydrate anesthesia, resulting in a rise of pro-
inflammatory cytokines IL-10 and TNFa in the blood of el-
derly mice [134]. In elderly mice that underwent laparotomy
under sevoflurane anesthesia, o« 7 nAChR agonist, vare-
nicline, reduced the surgery-induced DNA damage, tau mis-
localization, and cognitive impairment on a novel object
recognition test [135]; sevoflurane anesthesia alone did not
induce the same effects as surgery with sevoflurane [135].
Electroacupuncture stimulation was shown to reproduce
some of the effects of an a7-nAChR agonist. Electroacu-
puncture stimulation during and following surgery in aged
rats alleviated POCD, increased density of a7-nAChR posi-
tive neurons, and decreased expression of pro-inflammatory
cytokines TNF-o and IL-1B [136]. Aggravation of POCD by
amyloid-beta may involve a novel nAChR subtype in the
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basal forebrain that is highly sensitive to amyloid-beta inhi-
bition [137].

In summary, animal models have shown that aged ani-
mals, and those with basal forebrain ACh-deficiency, are
susceptible to POCD. Administration of AChE or a7 -
nAChR agonist mitigates cognitive dysfunctions and reduces
inflammatory cytokines after anesthesia and surgery. Ques-
tions may be raised regarding whether or not the animal
models, or more specifically, the behavioral tests for animal
memory in a spatial maze or a fear-conditioning chamber,
are appropriate substitutes for the cognitive tests in patients.
ACHE inhibitor treatment of postoperative delirium did not
yield beneficial results in patients [118, 120], but we are not
aware of systematic studies of cholinergic drug treatment of
POCD patients. Further understanding and definition of the
neurocognitive deficits of POCD patients will help the de-
sign of more appropriate animal models.

CONCLUSION

An important function of ACh is behavioral and cortical
activation, served mainly by cholinergic neurons in the mes-
opontine brainstem and basal forebrain. Cortical activation
modulates the excitability of neurons in the cerebral cortex
and establishes network oscillations that facilitate cognitive
processing and behavior. Suppression of cholinergic neurons
and function by most types of general anesthetics contribute
to the desired outcomes of anesthesia, including amnesia,
immobility, and loss of awareness. Restoration or enhance-
ment of cholinergic function can facilitate emergence from
anesthesia. ACh function is decreased by aging and general
anesthesia and it is critical for cognitive processing. Thus, a
hypothesis that enhancement of cholinergic function will
mitigate long-term postoperative cognitive dysfunction is
reasonable. The hypothesis will promote further basic and
clinical research on the role of ACh in general anesthesia and
POCD.
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