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Deficits in cholinergic function have been postulated to cause delirium and cognitive decline. This review
examines current understanding of the cholinergic deficiency hypothesis in delirium by synthesizing evidence on
potential pathophysiological pathways. Acetylcholine synthesis involves various precursors, enzymes, and
receptors, and dysfunction in these components can lead to delirium. Insults to the brain, like ischemia and
immunological stressors, can precipitously alter acetylcholine levels. Imbalances between cholinergic and other
neurotransmitter pathways may result in delirium. Furthermore, genetic, enzymatic, and immunological overlaps
exist between delirium and dementia related to the cholinergic pathway. Important areas for future research
include identifying biomarkers, determining genetic contributions, and evaluating response to cholinergic drugs
in delirium. Understanding how the cholinergic pathway relates to delirium may yield innovative approaches in
the diagnosis, prevention, and treatment of this common, costly, and morbid condition.
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DESCRIBED by Hippocrates more than 2000 years
ago, delirium is an acute confusional state marked by

global impairments in attention and cognition (1). Common
yet underdiagnosed, delirium occurs in 1%–2% of the gen-
eral population, and prevalence increases with age to 14% of
persons 85 years old or older (2). Delirium is particularly
prevalent among hospitalized elderly persons, occurring in
20%–60% and contributing to $6.9 billion (2004 U.S.
dollars) in Medicare hospital costs annually (3). Delirium
significantly increases the risk for medical complications,
institutionalization, functional decline, and dementia (4,5).
Mortality rates among hospitalized patients who develop
delirium are as high as those among patients with myo-
cardial infarction or sepsis (2).

Despite its clinical impact, the pathophysiology of delirium
remains poorly understood. To date, central cholinergic
deficiency is the leading hypothesized mechanism for de-
lirium (2). Competing hypotheses include dopamine excess,
inflammation, and chronic stress; an important subset of
delirium also involves toxic-metabolic encephalopathy (6).
Acetylcholine plays an extensive role in attention and con-
sciousness. It focuses awareness by acting as a modulator
of signal-to-noise ratio in sensory and cognitive input;
irregularities in these brain functions cause core symptoms
of both hypoactive and hyperactive delirium, including
inattention, disorganized thinking, and perceptual disturban-
ces (7). Anatomically, cholinergic pathways have widespread
interconnections, projecting from the basal forebrain and
pontomesencephalon to interneurons in the striatum and
finally to targets throughout the cortex. Although correlating
delirium pathophysiology with brain imaging has limitations,

particularly specificity and reproducibility, some structural
and functional neuroimaging of delirium patients have
suggested abnormalities that coincide with areas involved
in cholinergic pathways (Figure 1) (8,9).

As in Alzheimer’s disease (AD), deficits in cholinergic
function may contribute to the cognitive decline associated
with delirium (10). Recent studies suggest that the patho-
physiological mechanisms for delirium and AD may have
substantial overlap. Thus, delirium and dementia may repre-
sent different points along a continuum of cognitive dis-
orders. Based on a comprehensive synthesis of the literature,
this review examines current understanding of the cholin-
ergic deficiency hypothesis in delirium by integrating
hypotheses and evidence. Potential pathophysiological
overlaps between delirium and dementia related to the
cholinergic pathway will be examined. Finally, areas of con-
troversy and important avenues for future research will be
highlighted. Advancing our understanding of delirium path-
ophysiology will ultimately yield innovative approaches to
diagnosis, prevention, and treatment.

CHOLINERGIC DEFICIENCY HYPOTHESIS

The cholinergic deficiency hypothesis originated in obser-
vations that delirium occurred with consumption of toxins
and drugs that impair cholinergic function (11). Recent
evidence comes from epidemiological studies and anti-
cholinergic assays. Patients with ‘‘higher anticholinergic
burden,’’ based on studies rating patients’ drug-related
exposure, had more severe cases of delirium (12). Serum
anticholinergic activity (SAA) estimates patients’ muscarinic
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anticholinergic burden from drugs and endogenous sources.
SAA is determined by a receptor binding assay in which
patients’ serum containing cholinergic drugs or metabolites
competes with radiolabeled ligands for muscarinic acetyl-
choline receptors in homogenized rat forebrain. Increased
SAA levels were strongly associated with delirium whereas
a decline in SAA was seen with delirium resolution.
Elevated anticholinergic activity has also been positively
correlated with delirium symptom severity, indicating a
dose-response relationship (13).

Despite evidence supporting the cholinergic deficiency
hypothesis, there are weaknesses to this theory. To date,
human trials of cholinesterase inhibitors have not demon-
strated benefit in preventing or treating delirium (14).
Cholinergic deficiency also incompletely explains why
delirium and AD appear pathophysiologically related yet
present differently, with attention and memory deficits,
respectively. There is a dearth of literature refuting the
cholinergic deficiency hypothesis or candidly discussing its
shortcomings. Rather, the focus has been on examining
other hypotheses and understanding better the multifactorial
complexity of this medical condition. Other divergent
factors likely contribute to the pathophysiology of both
delirium and dementia, including hypoxia, inflammation,
chronic stress, and decreased cerebral metabolism (2).

Several mechanisms, detailed below, can result in cholin-
ergic deficiency and contribute to delirium, including impaired

acetylcholine synthesis, cholinergic synaptic mechanisms,
ischemia and global stressors, and neurotransmitter imbalance.
While acknowledging that each example may have broader
pathophysiologic impacts, we have targeted our descriptions
primarily to their effects on the cholinergic system.

Impaired Acetylcholine Synthesis
Acetylcholine is produced from the interaction of choline

with acetyl coenzyme A (CoA). Thus, dysfunctions in this
pathway or reductions in precursor availability can diminish
acetylcholine levels (11,15). Acetyl CoA is produced by
glucose breakdown in the citric acid cycle. Consequently,
hypoglycemia or severe malnutrition may also lead to
cholinergic deficit. In experimental animals, vulnerable steps
include glucose breakdown, NADþ and NADP generation
from niacin, and enzyme synthesis from thiamine (Figure 2,
Item 2) (16). Moreover, thiamine deficiency prevents turn-
over, leading to selective apoptosis of cholinergic neurons in
animal models (Figure 2, Item 3) (17).

Cholinergic Synaptic Mechanisms
Potential synaptic mechanisms for cholinergic deficiency

include impairment of presynaptic, synaptic, or postsynaptic
functions of acetylcholine. Nicotinic receptors within the
brain bind acetylcholine to modulate cognitive functioning,
arousal, learning, and memory. Anesthetic drugs that inhibit
postsynaptic nicotinic receptors (e.g., isoflurane, nitrous

Figure 1. Central cholinergic pathways overlap with locations of neuroimaging abnormalities in delirium brain studies. Positron emission tomography (PET) and

single photon emission computed tomography (SPECT) studies on patients with delirium from hepatic encephalopathy, cardiotomy, and traumatic brain injury

demonstrate abnormal perfusion in the same cortical, subcortical regions as cholinergic pathways. Cholinergic pathways are indicated by black arrows, locations of

abnormal neuroimaging are shaded, brain regions involved in attention are textured.
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oxide) can cause cognitive impairments after surgery (18).
Muscarinic acetylcholine receptors, more widely distributed
throughout the brain, may play a larger role in delirium.
Anticholinergic compounds and their metabolites predomi-
nantly induce delirium through competitive antagonism of
postsynaptic muscarinic receptors (Figure 2, Item 4) (15). The
M1 receptor subtype may be especially significant because it
is most highly expressed in the central nervous system and is
involved in perception, attention, and cognitive functioning.

Anticholinergic toxins and medications inhibit strial cholin-
ergic interneurons by blocking postsynaptic M1 muscarinic
receptors, leading to hallucinations and cognitive deficits
(Figure 2, Item 5) (18). Other muscarinic subtypes (M2–M5)
have not been linked to delirium.

Some medications exert their anticholinergic effect pre-
synaptically, preventing acetylcholine release into the
synapse (Figure 2, Item 6) (19). Opiates and cannabinoids
bind regulatory G-protein-coupled receptors to inhibit

Figure 2. Potential pathophysiological mechanisms for delirium. AD¼Alzheimer’s disease; ApoE¼ apolipoprotein E; bA¼ b-amyloid; APP¼ amyloid precursor

protein; Ach¼ acetylcholine; ChAT¼ choline acetyltransferase; AChE¼ acetylcholinesterase; IL-1¼ interleukin-1; TNF-a¼ tumor necrosis factor-a; IGF-1¼ insulin-

like growth factor-1; CoA ¼ coenzyme A; NADþ¼ nicotinamide adenine dinucleotide; NADP ¼ nicotinamide adenine dinucleotide phosphate; CAC ¼ citric acid

cycle; GPCR ¼ G-protein coupled receptor; Caþ2 ¼ calcium; 5-HT ¼ serotonin.
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calcium channel opening, thereby blocking presynaptic
terminal depolarization and affecting cholinergic and other
pathways (20). Ethanol causes cholinergic neuron apoptosis,
destroying presynaptic terminals and thus lowering the
threshold for developing delirium via cholinergic deficiency
(21). In addition, some drugs work through multifaceted
mechanisms. Chronic barbiturate intake in animal models,
for example, reduces the amount of acetylcholine present in
the presynaptic vesicles and downregulates the muscarinic
receptors on postsynaptic terminals (Figure 2, Item 7).

Ischemia and Global Stressors
Acetylcholine synthesis, with its dependence on the

aerobic citric acid cycle for acetyl CoA, is particularly
susceptible to disturbances in cerebral metabolism (22).
Global metabolic impairments are hallmarks of two
important delirium precipitators: stroke and traumatic brain
injury. In both conditions, cerebral ischemia leads to an
acute surge of glutamate and acetylcholine, possibly due to
decreased removal by impaired circulation (22). The
cholinergic deficits that follow can last weeks and have
been hypothesized to be a result of ineffective acetylcholine
synthesis, release, or uptake caused by the cerebral damage.
These deficits coincide with the onset of delirium symptoms
following the acute neurological damage (23). Stroke and

traumatic brain injury patients are particularly vulnerable to
delirium, such as after receipt of antimuscarinic drugs
(Figure 3) (24).

Various environmental and medical stressors activate the
immune system and trigger cytokine release (25). Cytokines,
which mediate inflammatory and immune responses to stress,
may increase the risk of delirium through multiple mecha-
nisms, including increasing blood–brain barrier permeability
and direct neurotoxic effects (26). They act as conduits
between immune cells and the brain, modulating sleep,
cognition, and appetite (27). Cytokines may also lead to
cholinergic deficits. For instance, bacterial lipopolysacchar-
ides and severe infection trigger a cascade of cytokine release
in the brain that selectively reduces choline acetyltrans-
ferase (ChAT) immunoreactive neurons; ChAT is the key
enzyme in biosynthesis of acetylcholine (28). One major
cytokine triggered by stress, tumor necrosis factor-a (TNF-a),
can play a role in neurodegeneration by inhibiting insulin-like
growth factor-1 (IGF-1), a neurotrophic and neuroprotective
peptide in injured brain (26). Cytokines may further contri-
bute to cholinergic deficit by increasing blood–brain barrier
permeability and modifying cerebral neurotransmission (29).
Cholinergic neurotransmission is exquisitely balanced with
other neurotransmitter systems, discussed below. Cytokines
can alter this equilibrium, increasing monoaminergic activity

Figure 3. Relationship of stroke, traumatic brain injury, and diverse stressors to delirium. Schematic demonstration of potential pathophysiologic pathways linking

stroke, traumatic brain injury and environmental, medical stressors with delirium. Ach¼ acetylcholine; ChAT¼ choline acetyltransferase; IGF-1¼ insulin-like growth

factor 1; CNS ¼ central nervous system. *Represents one potential pathophysiologic pathway to delirium; other mechanisms exist.
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and ultimately reducing acetylcholine release (Figure 3) (30).
Cytokine production in healthy brains may cause minimal
damage; but when coupled with neuronal damage in a
vulnerable brain (e.g., stroke, infection), they can precipitate
neurotoxic degeneration, especially in the sensitive cells of
the cholinergic pathway (31).

Neurotransmitter Imbalance
The cholinergic system is balanced by monoamine

activity where dysfunction has also been associated with
delirium. Dopamine, norepinephrine, and serotonin have
roles in arousal and the sleep–wake cycle, mediating
physiological responses to stimuli. These responses are
modulated by the cholinergic pathway (32). Thus, the
development of delirium likely involves interaction between
the cholinergic pathway and these monoamines (Figure 4).

Dopamine excesses may contribute to hyperactive de-
lirium, which has been linked to simultaneous acetylcholine
decreases. Thus, acetylcholine and dopamine may be
inversely related in delirium pathogenesis; pharmacological
and neuroanatomical evidence support this model (33). For
example, dopamine agonists like D-amphetamine result in
frontostriatal abnormalities that correlate with delirium (34).
Alternatively, dopamine antagonists, including neuroleptics,
have been used to treat cases of delirium related to
anticholinergic mechanisms (Figure 2, Item 8) (35).

Anatomically, dopaminergic and cholinergic pathways
overlap significantly in the brain, suggesting intimate balance

between these neurotransmitters. The prefrontal cortex has six
layers of distinct neurotransmitter receptors. The D2 receptor
family (dopamine), which inhibits acetylcholine synthesis,
coincides with cholinergic fibers in layer V of the prefrontal
cortex (36). Dysfunctions in the D2 receptor subtype have
been associated with hallucinations, stereotypic behavior, and
thought disturbances (Figure 2, Item 9) (36). Various
dopamine receptors impact acetylcholine levels differently,
which may explain the diverse clinical manifestations of
delirium, including its hyperactive and hypoactive forms.
Other contributors, like hypoxia, also result in dopamine
surges that decrease acetylcholine release, which can lead to
delirium (37). This forms the basis for the as-yet controversial
proposal for treating all delirium with neuroleptics, which
block dopamine receptors in the brain (38).

Serotonin is both directly and indirectly related to the
cholinergic deficiency hypothesis. Excess serotonin has
been observed in conjunction with diminished acetylcholine
when learning, memory, and cortical electroencephalogram
activity are impaired in experimental rats. Impairment of
these cognitive measures is indicative of delirium (Figure 2,
Item 10) (39). Binding of 5-HT3,6 receptors in rat hippo-
campus decreases acetylcholine release whereas binding of
frontal cortex 5-HT1A,2A and 5-HT4 increases release.
Hence, depending on the serotonin receptor bound, both
serotonin deficiency and excess may be linked to choliner-
gic deficiency (22). Serotonin also stimulates dopaminergic
activity, thus inhibiting acetylcholine release in the pre-

Figure 4. Interactions between acetylcholine and other neurotransmitters in delirium. Schematic demonstration of how decreased acetylcholine levels in delirium

alter levels of other neurotransmitters.
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frontal cortex, striatum, and limbic systems (Figure 2, Item
11) (40). Administration of selective serotonin reuptake
inhibitors, including bupropion and fluoxetine, has been
associated with delirium (41).

Norepinephrine plays an important role in modulating
attention, anxiety, and mood; like dopamine, excess norad-
renergic activity has been associated with hyperactive delir-
ium (39). Norepinephrine controls dopaminergic neurons
in the mesocortex, affecting the prefrontal cortex where cho-
linergic pathways interface with both monoamines (42).
Hence, imbalances of the cholinergic–noradrenergic axis
may underlie delirium pathophysiology. Dysfunctional inter-
actions between acetylcholine and other neurotransmitters
like glutamate, melatonin, and c-aminobutyric acid (GABA)
are less understood but may play a role in the cholinergic
deficit of delirium (43).

DELIRIUM AND DEMENTIA

Dementia with Lewy Bodies, the second most common
form of dementia, has a clinical presentation overlapping
with delirium, including attentional impairment, fluctua-
tions, and visual hallucinations. Loss of cholinergic neurons,
resulting in severe acetylcholine deficits, is believed to
account for the confusional symptoms present in this disease
(44). AD and delirium have also been highly interrelated in
clinical and epidemiologic studies, but the mechanisms
behind this relationship remain unexplored. Up to two-thirds
of patients with delirium have underlying dementia and,
conversely, dementia is a significant risk factor for delirium
(2). Because late-onset and end-stage AD patients exhibit
significant cholinergic deficits, acetylcholine deficiency is
implicated as a potential common pathway in both syn-
dromes. Recent studies have further blurred delineation
between delirium and dementia. Delirium symptoms have
been found to persist for much longer than previously
believed, up to months or years after onset (45). Delirium, in

addition to its underlying etiologies, may itself also lead to
long-term cognitive impairment and dementia (46,47).
Moreover, neuroimaging studies have documented regions
of hypoperfusion in patients with delirium that overlap with
hypoperfused areas in AD patients (48).

The cholinergic deficiency hypothesis has been exten-
sively studied in AD and may shed light on our under-
standing of delirium. The major neurochemical abnormality
seen in AD is central cholinergic deficiency (49), as demon-
strated in postmortem, in vivo, and pharmacological studies
(50). Pathophysiological mechanisms behind this deficit in
AD include decreased ChAT, increased acetylcholinesterase
activity, lower M2 and nicotinic receptor densities, and
decreased M2 receptor coupling to G proteins (51).
Cholinergic neuron death is a central part of AD pathophys-
iology (50). As discussed above, dysfunction of cholinergic
neurons also plays an important role in delirium pathophys-
iology. Thus, delirium and AD may represent points along
a continuum of cognitive disorders, rather than two entirely
separate conditions (25).

Apolipoprotein E: Potential Common Mechanism
Between Delirium and AD

Apolipoprotein E (ApoE) has been extensively examined
in the AD model, but this area is underexplored in delirium.
A recent study demonstrated for the first time that the ApoE-
e4 allele results in longer duration of delirium; however, the
mechanism remains uncertain (52). ApoE may be linked to
cholinergic deficits and clinical characteristics in AD (53).
AD patients possessing the ApoE-e4 allele, for instance,
demonstrate electroencephalogram slowing suggestive of
more significant cholinergic deficits than what is seen in AD
patients with other ApoE genotypes (54). The ApoE4
protein destroys cholinergic neurons via a combination of
increased synthesis and impaired clearance of b-amyloid
(55).

Table 1. Potential Overlapping Mechanisms of Cholinergic Deficiency in AD and Delirium

Mechanism Finding in AD Potential Parallels in Delirium

ApoE4 protein Cholinergic neuron death: bA tightly binds ApoE4,

making the latter unavailable for mobilizing

phosphatidylcholine in ACh synthesis. ApoE4

exacerbates this by accelerating APP cleaving

into bA and impairing bA clearance (55)

Cholinergic neuron apoptosis: Thiamine deficiency can

cause neuronal death by mechanisms similar to ApoE,

depleting precursors for ACh synthesis (Figure 2, Item 3)

(17) Symptomatic link: APOE-e4 allele associated with

longer duration of delirium, poorer recovery (52,60)

ChAT downregulation ChAT synthesis: Proportionally downregulated with

each APOE-e4 allele; ChAT catalyzes key step

of ACh synthesis (56)

Selective ChATþ neuron reduction: By stressor-induced

cytokine release in rat forebrains (Figure 2) (28)

AChE dysregulation AChE inhibitors: Dysregulated AChE levels cause

excess of AChE that can lead to cholinergic

deficits. AChE inhibitor drugs are currently

first-line treatment, prolonging the effects of

ACh by preventing its hydrolysis, inactivation

in synaptic clefts

AChE inhibitors: Theoretically therapeutic, donepezil

undergoing clinical trials has not demonstrated

statistically significant delirium prevention, treatment

(58,59)

Cytokine polymorphisms IL-1a, 6: Polymorphisms in these cytokines linked

with decreased ACh synthesis (68,69)

Decreased ACh synthesis: Due to proinflammatory cytokines

released during stress (Figure 2) (70)

Cytokine excess Elevated IL-1, TNF-a levels: Inhibit IGF-1, which

protects against cholinergic neuron apoptosis and

deleterious bA binding (64)

IGF-1 inhibition: By proinflammatory cytokines released

during stress prevents neuroprotection of injured brain

(Figure 2) (27)

Note: AD ¼ Alzheimer’s disease; ApoE ¼ apolipoprotein E; bA ¼ b-amyloid; APP ¼ amyloid precursor protein; Ach ¼ acetylcholine; ChAT ¼ choline

acetyltransferase; AChE¼ acetylcholinesterase; IL-1 ¼ interleukin-1; TNF-a¼ tumor necrosis factor-a; IGF-1 ¼ insulin-like growth factor-1.
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The ApoE-e4 allele has been linked to ChAT down-
regulation in a dose-dependent fashion. Studies of ChAT
polymorphism suggest a genetic basis for this observation,
perhaps involving inefficient ChAT gene translation into
a functional enzyme (56).

ApoE typically modulates acetylcholinesterase in the
synaptic cleft of neurons (57); any variability in ApoE
isoforms may result in acetylcholinesterase disinhibition
and cholinergic deficit. Initial treatment for AD currently
involves administration of acetylcholinesterase inhibitors.
Due to its cholinergic deficiencies, delirium is theoretically
also treatable with acetylcholinesterase inhibitors (58). Two
double-blind, randomized trials of cholinesterase inhibitors
recently failed to demonstrate statistically significant pre-
vention of postoperative delirium (Table 1) (58,59).

Neuroimmunology, AD, and Delirium
Cytokines and other immune mediators implicated in the

cholinergic deficit of delirium have been more extensively
studied in AD. Understanding the role of these immune
mediators in AD may elucidate their role in delirium. As
in delirium, some neuroprotective factors are inhibited in
AD whereas other proinflammatory ones are activated to
decrease acetylcholine synthesis (Table 1) (59). ApoE
isoforms have also been associated with altered immune
responses to exogenous neurotoxins. A predictive model of
recovery from delirium was recently formulated based on
gender, presence of the ApoE-e4 allele, and levels of
interferon-c and IGF-1 (60).

DISCUSSION

Although various pathophysiologic mechanisms have
been hypothesized, cholinergic deficiency appears to play
a central role in the development of delirium. We have
reviewed in depth the evidence exploring cholinergic
mechanisms in delirium. Acetylcholine synthesis has been
demonstrated to be vulnerable to a number of stressors and
deficiencies. Delirium-inducing medications often function
by antagonizing presynaptic and postsynaptic acetylcholine
receptors. Impairments in global metabolism, cytokine
interactions, and neurotransmitters have often been consid-
ered separate mechanisms contributing to delirium. How-
ever, we suggest that all of these mediators play important,
interacting roles in delirium. Many of these mediators
operate through inducing central cholinergic deficits. With
better elucidation of its mechanisms, we can strengthen our
ability to elucidate the prognosis, prevention, and treatment
of delirium.

Understanding the role of cholinergic deficiency in AD
offers new insights into delirium pathophysiology. Delirium
may result from insults to the vulnerable brain of AD
patients already suffering cholinergic deficit. Delirium and
AD may also represent two points along a continuum of
cognitive disorders. Our review shows a clear link between
these syndromes. Cholinergic deficits present in both con-
ditions can be attributed to neuronal death, decreased ChAT
synthesis, and neuroimmunological responses. Studies in
both conditions have shown cognitive improvements with
administration of acetylcholinesterase inhibitors. Additional

pathophysiologic mechanisms, however, also contribute to
both conditions. Further investigation of the interface
between delirium and dementia, such as confirming the
potential mechanisms in Table 1, will help advance our
understanding of both conditions.

Important directions for future research include identify-
ing delirium biomarkers, determining genetic contributions,
and evaluating response to cholinergic drugs (61). Identi-
fication of more effective delirium biomarkers would allow
critical advances in both basic and clinical investigation of
delirium. One promising area of investigation is develop-
ment of an SAA assay specific for the cholinergic M1
receptor associated with cognition (62). Other components
of the cholinergic pathway, like ChAT levels and acetyl-
cholinesterase activity, are measurable in both human
cerebrospinal fluid and blood. Hence, they may potentially
be useful as biomarkers that allow us to diagnose and follow
delirium in a more standardized manner. Further exploration
of the contribution of ApoE alleles, as well as other genetic
factors, to delirium is another important area for future
research. Finally, clinical trials to evaluate effectiveness of
cholinergic drugs for the prevention and treatment of
delirium are critically needed. Delirium is one of the most
preventable conditions in elderly hospitalized patients;
previous studies indicate that at least 30%–40% of cases
may be preventable (3). Better understanding of the
cholinergic system in delirium may help refine our approach
to the diagnosis, prevention, and treatment of this
devastating condition of older persons.
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