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Abstract
Cholinergic signaling is crucial in cognitive processes, and degenerating cholinergic 
projections are a pathological hallmark in dementia. Use of cholinesterase inhibitors 
is currently the main treatment option to alleviate symptoms of Alzheimer's disease 
and has been postulated as a therapeutic strategy in acute brain damage (stroke and 
traumatic brain injury). However, the benefits of this treatment are still not clear. 
Importantly, cholinergic receptors are expressed both by neurons and by astrocytes 
and microglia, and binding of acetylcholine to the α7 nicotinic receptor in glial cells 
results in anti- inflammatory response. Similarly, the brain fine- tunes the peripheral 
immune response over the cholinergic anti- inflammatory axis. All of these processes 
are of importance for the outcome of acute and chronic neurological disease. Here, 
we summarize the main findings about the role of cholinergic signaling in brain disor-
ders and provide insights into the complexity of molecular regulators of cholinergic 
responses, such as microRNAs and transfer RNA fragments, both of which may fine- 
tune the orchestra of cholinergic mRNAs. The available data suggest that these small 
noncoding RNA regulators may include promising biomarkers for predicting disease 
course and assessing treatment responses and might also serve as drug targets to 
attenuate signaling cascades during overwhelming inflammation and to ameliorate 
regenerative capacities of neuroinflammation.

K E Y W O R D S

Acetylcholine, inflammation, microRNA, neurology, transfer RNA fragments

This is a Review for the special issue 
“Cholinergic Mechanisms”  

www.wileyonlinelibrary.com/journal/jnc
mailto:
https://orcid.org/0000-0003-3085-9054
https://orcid.org/0000-0002-0955-526X
https://orcid.org/0000-0001-7233-5342
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:katarzyna.winek@mail.huji.ac.il
https://onlinelibrary.wiley.com/doi/toc/10.1111/(ISSN)1471-4159.cholinergic-mechanisms-reviews


1426  |     WINEK Et al.

“Although what follows is self- explanatory, I still think 
it desirable to state it expressly: in all cases in which 
the neurochemical mechanism occurs, the nerves 
only control function to the extent of the release of 
the substance: the place where this occurs is in the 
effector organ of the nerve. From then onwards, the 
released substance exerts control: the functioning 
organ is, therefore, its effector organ exclusively. And 
now we must consider in which directions our knowl-
edge of the physiological process has been extended, 
beyond what we have already said, by the discovery 
of the neurochemical mechanism.”

Otto Loewi, Nobel Lecture 1936 (Loewi, 1936)

1  | INTRODUC TION

Cholinergic signaling is widely used by many organisms across the 
tree of life. Even bacteria are capable of synthesizing acetylcholine 
(ACh; Roshchina, 2010), such that this neurotransmitter may serve 
as an interkingdom signaling molecule, sending messages across 
the human body. A growing body of evidence indicates that ACh 
together with catecholamines are important communication mol-
ecules between human microbial commensals (microbiota) and the 
immune system (Islas Weinstein et al. 2015). This example is cer-
tainly not the function of ACh that Otto Loewi had in mind when 
talking about “the directions our knowledge (…) has been extended (…) 
by the discovery of the neurochemical mechanism.” However, it illus-
trates the fact that although ACh has been acknowledged over more 
than eight decades as one of the main neurotransmitters in the body, 
recent discoveries keep unraveling new and versatile functions of 
this signaling molecule in health and disease.

ACh is synthesized by interaction of the acetyl group from ace-
tyl coenzyme A with choline, catalyzed by choline acetyltransfer-
ase (ChAT). Further, ACh is packed in vesicles by the vesicular ACh 
transporter (VAChT) and degraded by acetylcholinesterase (AChE) 
and butyrylcholinesterase (BChE). Receptors for ACh include nico-
tinic (nAChR) and muscarinic (mAChR) cholinergic receptors, named 
after their naturally occurring alkaloid agonists. The ionotropic 
nAChR receptors are ion channels opening upon binding of ACh and 
permeable to sodium, potassium, and in some cases, calcium ions. 
They consist of different combinations of five subunits (α2- α10 and 
β2- β4 in case of the neuronal type and α1, β1, γ, δ, ε in muscle cells) 
(Changeux & Taly, 2008; Kalamida et al. 2007). Conversely, mAChRs 
belong to the family of metabotropic receptors, using G proteins in 
signal transduction. Muscarinic receptors can be divided to five sub-
types, M1– M5 which display different distribution across cell and 
tissue types (Saternos et al. 2018). The cholinergic system is regu-
lated at many levels, including ACh synthesis, transport and break-
down, and the expression levels of its receptors. All of these levels of 
regulating ACh's actions have been extensively investigated and are 
overall well understood (Madrer & Soreq, 2020; Soreq, 2015). In the 

first part of this mini- review, we provide an overview of the role of 
cholinergic signaling in the healthy and diseased brain. In the second 
part, we summarize recent findings on the role of cholinergic regula-
tors in brain recovery from disease states and briefly introduce novel 
research concepts in this area, focusing on the molecular regulators 
of the cholinergic pathway.

2  | BR AIN DISORDERS WITH AFFEC TED 
CHOLINERGIC SIGNALING

The late 19th century brought the description of neurons and glia 
as cells of the nervous system, but for many years, the transfer of 
stimuli between nerve cells was considered a purely electrical pro-
cess. The seminal discoveries of Sir Henry Dale and Otto Loewi then 
identified a chemical mode of communication between neurons or 
between neurons and cells of other types in the body. The Vagusstoff 
(vagus substance) described by Loewi and identified later as the 
chemical ACh compound that was discovered by Dale, became the 
first characterized neurotransmitter (McCoy & Tan 2014). Ever since 
then and until these days, the role of ACh in the brain, the peripheral 
nervous system, and non- neuronal cells became a subject of inten-
sive research providing exciting findings.

In the peripheral nervous system, ACh is mostly found at neu-
romuscular junctions, in preganglionic neurons of the sympathetic 
nervous system and in the parasympathetic nervous system. In the 
central nervous system (CNS), cholinergic neurons are primarily lo-
cated in four areas: (1) the brainstem, (2) a group of thalamic nuclei, 
(3) the striatum (as interneurons), and (4) the nuclei of the basal fore-
brain (Ballinger et al. 2016). Importantly, the basal forebrain plays a 
crucial role in cortical activation, attention, motivation, and memory 
(Záborszky et al. 2018). Disturbances in the CNS cholinergic system 
are implicated in many chronic disorders, including neurodegener-
ative conditions such as Alzheimer's and Parkinson's disease (AD, 
PD), schizophrenia, stress, and depression (Higley & Picciotto, 2014; 
Záborszky et al. 2018). Correspondingly, recent discoveries highlight 
the role of ACh in acute brain diseases, such as traumatic brain injury 
(TBI) (Shin & Dixon, 2015), stroke, or intracerebral hemorrhage (ICH) 
(Martín et al. 2018).

2.1 | Cholinergic origins of cognitive impairments

Several findings led to the cholinergic hypothesis in AD's etiology. 
First of all, reduced activity of ChAT and AChE was observed in 
brains of AD patients; further, it was shown that cholinergic projec-
tions of the nucleus basalis Meynert (NMB) undergo degeneration 
in AD brains, and lastly, an association of cholinergic antagonists 
with cognitive impairment was found, contrasting the procogni-
tion impact of AChE inhibitors used for symptomatic treatment 
of AD patients (Hampel et al. 2018). Moreover, compelling evi-
dence suggests that in aged patients, long- term treatment with 
anticholinergic agents may be linked to increased risk of cognitive 
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impairment and dementia (Figure 1) (Coupland et al. 2019; Gray 
et al. 2015; Lechevallier- Michel et al. 2005; Pieper et al. 2020; 
Weigand et al. 2020). Classical anticholinergic drugs are predomi-
nantly used in urology (in treatment of urinary incontinence or 
overactive bladder) and pulmonology— mostly for treating chronic 
obstructive pulmonary disease (COPD), as mydriatics in ophthal-
mology and antispasmodics in gastroenterology. Additionally, a 
number of drugs that are frequently used in long- term therapies 
have anticholinergic effects, such as antihistamines, antipsy-
chotics, and cyclic antidepressants (Durán et al. 2013). However, 
whether these drugs affect upstream levels in the process of cho-
linergic gene expression has not yet been studied systematically. 
To enable an initial insight into the influence of anticholinergics 
on the pathway of cholinergic gene expression, we have analyzed 
a transcriptomic dataset of cultured mouse cortical neurons sub-
jected to over 200 drugs (GSE11 0256, accessed on http://bigbe 
ar.med.uotta wa.ca:1000/) (Hadwen et al. 2018). According to 
recent analysis (Kiesel et al. 2018), 50 of these drugs have an-
ticholinergic properties (Figure 1a). Importantly, we found that 
treating cultured cortical neurons with several of these drugs in-
duced significant changes in cholinergic mRNA transcripts, most 

of which were downregulated, reflecting impaired cholinergic 
signaling (Figure 1b). Notably, many of those drugs identified as 
significant suppressors of cholinergic gene expression are widely 
used in clinical practice (Figure 1c). This analysis indicates that the 
elevated risk of dementia in patients under prolonged anticholin-
ergic medications may reflect, among other processes, modified 
expression of cholinergic- related genes, whose expression was af-
fected. Further investigations should verify if those changes are 
reflected at the protein level.

Clinical data about the causes of cognitive impairments linked 
to anticholinergic medications are largely derived from observa-
tion studies. Therefore, there is an urgent need for further in- depth 
investigations (Pieper et al. 2020) and full characterization of the 
cognitive risk associated with using agents with anticholinergic 
properties. Specific examples include positron emission tomogra-
phy brain mapping of AD patients, which feature down- regulation 
nAChRs (Nordberg, 2006). Also, a growing body of brain mapping 
evidence indicates that the degenerative processes in the basal 
forebrain precede the entorhinal and neocortical degeneration 
in AD (Fernández- Cabello et al. 2020; Schmitz & Nathan Spreng 
2016). Likewise, recent reports show that the reduced NMB 

F I G U R E  1   Drugs with anticholinergic properties impact the expression of cholinergic genes. (a) We analyzed RNA- sequencing data 
from mouse neuronal cell cultures treated with over 200 drugs (Hadwen et al. 2018). (b) Seeking differentially expressed cholinergic 
genes under drug treatment compared to vehicle- treated cells involved a published list of cholinergic genes (Winek et al. 2020) and only 
considered genes whose expression was changed with p <.05. Shown are results of analyses of 50 drugs identified as medications with 
anticholinergic properties used in Germany, whose anticholinergic burden (ACB) score was 1– 3 (weak to moderate anticholinergic effects) 
(Kiesel et al. 2018). (c) This table lists drugs with anticholinergic properties which were identified in our analysis as significantly altering the 
expression levels of cholinergic genes. It also shows that examples of conditions and accompanying symptoms these drugs are aimed to 
relieve. Notably, those drugs are used in clinical routine, sometimes as long- term treatment
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Hadwen et al. 

total RNA

50 drugs with known anticholinergic 
properties 

Darifenacin HBr (0.004 uM) Dimenhydrinate (0.2 uM)

Trazodone HCl (2 uM) Theophylline (80 uM)

Oxazepam (5 uM) Quinidine HCl dihydrate (15 uM)

Metoprolol Tartrate (0.3 uM) Nifedipine (0.4 uM)

Lansoprazole (2 uM) Lorazepam (0.8 uM)

Fluoxetine HCl (1 uM) Isosorbide Dinitrate (0.2 uM)

Cetirizine 2HCl (0.5 uM)
Dexamethasone (0.5 uM)

Betaxolol HCl (0.1 uM)
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volume precedes cognitive impairment in PD patients and that its 
volume measurements may help to estimate the risk of dementia 
(Pereira et al. 2020; Ray et al. 2018). Moreover, cholinergic distur-
bances (dopamine/ACh imbalance and impaired functioning of the 
striatal cholinergic interneurons) are postulated as being involved 
in the motor symptoms of PD (Calabresi et al. 2006; Perez- Lloret 
& Barrantes, 2016). It is well known that striatal cholinergic and 
dopaminergic systems are interconnected: presynaptic nAChRs 
control dopamine release (Exley & Cragg, 2008), damage in sub-
stantia nigra correlates with loss of nAChRs in the striatum (Quik 
et al. 2008), and recent studies show that deficiency in dopamine 
decreases the activity of the striatal cholinergic interneurons 
(McKinley et al. 2019). Additionally, nicotine may act as a neuro-
protective agent, protecting the nigrostriatal system from neu-
ronal loss (Quik et al. 2008). Correspondingly, results from the 
recent and controversially discussed (Cheng & Wang, 2020) British 
Doctors cohort study indicate that current tobacco smoking is as-
sociated with lowering of the risk of PD and that this effect might 
be related to nicotine (Mappin- Kasirer et al. 2020).

Apart from being risk factors for cognitive decline (Weigand 
et al. 2020), cholinergic imbalances have been postulated to ac-
company disease- free aging. Specifically, healthy aging is associated 
with progressive loss of cholinergic dendritic and axonal structures; 
this occurs, however, in a manner which differs from the total cellu-
lar loss of cholinergic neurons in pathological processes (Schliebs & 
Arendt, 2011). Conversely, medications facilitating cholinergic signal 
transmission, such as cholinesterase inhibitors, besides memantine 
are the only FDA- approved treatment to relieve symptoms in AD 
(Sabbagh et al. 2019; H. Ferreira- Vieira et al. 2016). Increasing ACh 
levels in the synaptic cleft improves signaling in the cholinergic path-
ways of neuronal networks, upregulates the expression of neuronal 
nicotinic receptors, and additionally improves signaling in other neu-
rotransmitter systems (Parsons et al. 2013). Pharmaceutics increasing 
ACh levels in treating cognitive impairment have also been tested in 
patients after TBI. Brain injury induces an initial increase in ACh levels, 
followed by a subsequent decrease in cholinergic function that ulti-
mately leads to cholinergic hypoactivity associated both with low ACh 
levels and low AChE activity in the neocortex (Shin & Dixon, 2015). 
Further, post- TBI volume loss of frontal cholinergic brain regions cor-
relates with worsened cognitive outcome (Östberg et al. 2020). While 
the cholinesterase inhibitors donepezil and rivastigmine have been 
proposed as possible therapeutics, several studies in patients after 
TBI (Masanic et al. 2001; Silver et al. 2006) resulted in conflicting re-
sults (Bengtsson & Godbolt, 2016; Noble & Hauser, 2007). Likewise, 
the cholinesterase inhibitor and nicotinic receptor interacting agent 
galantamine revealed promising results in TBI rat models; animals 
treated with galantamine had reduced BBB permeability and neuro-
nal loss as well as improved hippocampal functions (Zhao et al. 2018). 
However, data from large clinical trials are missing, and a small clinical 
study in patients with posttraumatic stress disorder (PTSD) and TBI 
revealed no benefits of galantamine (McAllister et al. 2016).

Intriguingly, dementia patients treated with AChE inhibitors, 
which potentiate cholinergic signaling showed decreased risk of 

ischemic stroke (Lin et al. 2016; Tan et al. 2018). In the first study, 
analyzing n = 10.364 patients, the group using AChE inhibitors was 
49.2% less likely to develop a stroke (Lin, Wu, et al., 2016). In the sec-
ond one, including a larger cohort of n = 44.288 subjects, patients 
treated with AChE inhibitors were 15% less likely to suffer a stroke 
(Tan et al. 2018). This could be related to the anti- inflammatory ac-
tions of ACh and/or its effects supporting endothelial function (Lin, 
Wu, et al., 2016). It is important to note here that several AChE in-
hibitors used in clinical practice encompass agents with peripheral 
action, not crossing the BBB (e.g., pyridostigmine used in treatment 
of myasthenia gravis); and medications with CNS effects, like ri-
vastigmine, galantamine, and donepezil (Pohanka, 2014). Studies 
discussed before refer to the centrally active AChE inhibitors, but 
it should be mentioned that even peripherally active pharmaceutics 
may affect CNS functions when used in very high dosages or in con-
ditions when BBB is compromised (Friedman et al. 1996).

Further, the peripheral levels of cholinesterases were shown 
to differ between acute stroke patients and age- , sex- , and BMI- 
matched controls, and extremely low levels of AChE were linked to 
an increased mortality (Ben Assayag et al. 2010) (see also “Peripheral 
cholinergic links of brain disorders”). Several experimental and clini-
cal studies focused on vagus nerve stimulation (VNS) as possible in-
tervention improving motor recovery in stroke (Engineer et al. 2019). 
As shown in the rat models, VNS is postulated to increase plasticity 
in motor pathways (Meyers et al. 2018) having neuroprotective, anti- 
inflammatory and anti- apoptotic actions (Jiang et al. 2014). Use of 
cholinesterase inhibitors for treatment of cognitive impairment has 
also been postulated as a promising option in ischemic stroke, but 
the results of clinical studies are limited (Barfejani et al. 2020). A 
recent meta- analysis showed that treatment with cholinesterase in-
hibitors may improve cognitive functions in patients after stroke and 
vascular dementia (Kim et al. 2020). Correspondingly, patients with 
stroke affecting cholinergic pathways had worse functional long- 
term outcome (Qu et al. 2018). Importantly, cholinergic signaling in 
cases of brain injury is of major importance not only for neuronal 
cells but also for the inflammatory responses of glial as well as pe-
ripheral immune cells to the lesion (Norris & Kipnis, 2019).

2.2 | The anti- inflammatory actions of ACh in acute 
brain damage

In ischemic stroke, the sudden drop in perfusion of brain tissues 
triggers excitotoxicity (due to the excess of glutamate and overac-
tivation of its receptors), peri- infarct depolarizations, cell necrosis 
and apoptosis, and inflammatory response (Dirnagl et al. 1999). In 
TBI, the primary injury leads to immediate lesions in brain paren-
chyma, while the secondary effects involve delayed ischemic and/or 
hemorrhagic damage triggering excitotoxicity, axonal degeneration, 
oxidative stress, mitochondrial dysfunction, and neuroinflammation 
which offer a potential therapeutic window (Ng & Lee, 2019). Both 
TBI and ischemic stroke induce specific response patterns of path-
ways with distinct dynamics, resulting in tissue damage. Also, the 
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immune response plays an important role in the acute and chronic 
phase of the disease in both conditions (Iadecola & Anrather, 2011; 
Jassam et al. 2017; McKee & Lukens, 2016). Neuroinflammatory re-
sponse in brain injury underlies cholinergic surveillance, as the cho-
linergic system regulates astrocytic and microglial responses to brain 
damage (Patel et al. 2017).

Microglial cells express several nicotinic and muscarinic ACh re-
ceptors (nAChRs α3, α5, α6, α7 and β4) and mAChRs (Liu et al. 2016; 
Stolero & Frenkel, 2020). Microglia are crucial in the early inflamma-
tory response to brain damage, secreting proinflammatory cytokines 
(TNFα, IL- 1β, IL- 6), reactive oxygen species, and prostaglandins, but 
they also participate in subsequent tissue repair processes producing, 
for example, BDNF, TGF- β, and IL- 10 (Michell- Robinson et al. 2015). 
Rodent studies and cell culture experiments show that binding of 
ACh to the α7nAChR on microglia leads to decreased production of 
proinflammatory cytokines (see also “Peripheral cholinergic links of 
brain disorders”) (Morioka et al. 2018; Katsuki & Matsumoto, 2018). 
Additionally, it has been postulated that stimulation of this receptor 
may influence the expression of microglial glutamate transporters, 
in turn reducing harmful excitotoxicity after brain injury and lead-
ing to neuroprotective effects. This hypothesis, however, remains 
to be challenged in experimental settings (Morioka et al. 2018). 
Recent studies in experimental mouse models demonstrated that 
microglia and brain macrophages upregulate the expression of M3 
mAChR after cerebral ischemia, resulting in beneficial effects on 
the outcome measured by infarct size and behavioral tests (Costa 
et al. 2020; Pannell et al. 2016).

Astrocytes express mAChRs and α7nAChR (Guizzetti et al. 2008; 
Patel et al. 2017; Revathikumar et al. 2016). Although the role of 
astrocytes in neuroinflammatory responses is less well charac-
terized than the function of microglia, it was shown that the anti- 
inflammatory pathway in astrocytes is mediated, similar to microglial 
cells by the α7nAChR. Stimulated cultured astrocytes decrease pro-
duction of IL- 1β, IL- 6, and TNFα upon addition of nicotine, which 
has been attributed to actions over the prostaglandin pathway 
(Revathikumar et al. 2016). Also, mouse studies show that the anti- 
inflammatory actions in astrocytes are linked to inhibition of NF- κB 
and activation of Nrf2 signaling (Patel et al. 2017). Interestingly, glial 
cholinergic responses regulating inflammatory actions may be in-
volved in the pathogenesis of delirium, a state of acute disturbance 
in consciousness and cognitive functions (Sfera et al. 2015), which is 
associated with cholinergic deficiency (Inouye, 2006).

The resident CNS cells are not the only ones involved in re-
sponses to brain damage. After brain injury, due to intense inflamma-
tory signaling in the CNS and impaired BBB permeability, peripheral 
immune cells infiltrate the brain parenchyma and further shape the 
local inflammatory response. For example, in ischemic stroke, neu-
trophils and monocytes/macrophages are the first cells to arrive at 
the site of injury, followed by T-  and later B lymphocytes (Iadecola 
& Anrather, 2011; Dirnagl et al. 1999; Doyle et al. 2015; Berchtold 
et al. 2020). Importantly, BBB function might also be influenced by 
signaling over α7nAChR (Dash et al. 2016). Peripheral immune cells 
express cholinergic receptors, ChAT and AChE (Fujii et al. 2017). 

Cholinergic signaling may therefore impact the responses to brain 
injury both for the brain- resident immune competent cells, as well 
as by regulating the function of infiltrating peripheral immune cells. 
Moreover, due to intense brain– body signaling, the cholinergic path-
ways will be activated systematically, affecting other organs and tis-
sues, as briefly discussed below.

3  | PERIPHER AL CHOLINERGIC LINKS OF 
BR AIN DISORDERS

Brain injury substantially impacts the cholinergic- related systemic 
immune response. For example, ischemic stroke and TBI induce a 
local CNS and systemic proinflammatory boost, followed by a sys-
temic suppression of immune function (CIDS: CNS- injury- induced 
immunodepression syndrome) (Hazeldine et al. 2015; Meisel 
et al. 2005; Saand et al. 2019), whether similar mechanisms take 
place in ICH and subarachnoid hemorrhage remains to be elucidated 
(Saand et al. 2019). Systemic non- neuronal cholinergic signaling and 
cholinergic actions of peripheral immune cells infiltrating the CNS 
also play an important role in the recovery process following brain 
injury. As ACh is an important mediator of communication between 
the brain and the immune system (Figure 2), the parasympathetic 
nervous system (mainly the vagus nerve) participates, together with 
the sympathetic nervous system and the HPA axis, in the systemic 
fine- tuning of the immune response after CNS injury. Further, many 
immune cells use intrinsic cholinergic signals, including dendritic and 
myeloid cells, T- , B-  and NK lymphocytes (Fujii et al. 2017). These 
cells express all mAChRs and several nAChRs, including the α7 
nAChR (Fujii et al. 2017). In particular, lymphocytes express enzymes 
participating in the synthesis (ChAT) and degradation of acetylcho-
line (AChE). AChE dimers are also covalently linked to the membrane 
of erythrocytes, and its activity decreases with age, is higher in fe-
males, and elevates during inflammation and under exposure to neu-
rotoxic substances (Saldanha, 2017), including deliberate poisoning 
cases.

In lymphocytes, binding of ACh to muscarinic receptors enhances 
cytotoxicity and increases proliferation (Kawashima & Fujii, 2000), 
while stimulation of nAChR a7 in CD4+ T cells may regulate cyto-
kine production and Th17/Treg phenotypes (Mashimo et al. 2019). 
In monocytes/macrophages, α7nAChR signaling leads to suppressed 
production of proinflammatory cytokines, similarly to microglia 
and astrocytes. In the classical cholinergic anti- inflammatory path-
way (Borovikova et al. 2000; Rosas- Ballina et al. 2008), activation 
of the efferent vagus nerve fibers decreases the release of TNFα 
from macrophages, involving signaling over the adrenergic splenic 
nerve and ACh- producing T lymphocytes (Rosas- Ballina et al. 2011). 
This pathway is crucial for dampening the systemic immune re-
sponse after ischemic stroke, leading to increased susceptibility 
to infections, with pneumonia being primarily linked to increased 
mortality and worsened neurological outcome (Finlayson et al. 
2011). Correspondingly, mice with α7nAChR deficiency show lower 
infection rates after cerebral ischemia (Engel et al. 2015), with no 
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differences in initial infarct volumes. However, other subunits of 
nAChRs appear to have no roles in the suppression of lung immu-
nity after stroke (Jagdmann et al. 2020). Another experimental mu-
rine stroke study showed that cholinergic signaling suppresses NK 
cells in the CNS (Liu et al. 2017) but not systematically; suggesting 
that NK cells in the periphery may be regulated by different mech-
anisms including catecholamines and the HPA axis (Liu et al. 2017). 
Considering the fact that brain injury elicits complex, orchestrated 
immune response, involving many cell populations with distinct 
roles, more studies characterizing the brain– immune interplay after 
CNS lesion and the distinct profiles of CNS- infiltrating and periph-
eral immune cells are urgently needed.

An active role of cholinergic signaling has also been postulated 
in multiple sclerosis (Gatta et al. 2020), with studies in mouse mod-
els linking ACh- producing NK cells with decreased infiltration of 
myeloid cells, underscoring their protective role in immunity (Jiang 
et al. 2017). The role of the peripheral immune system is yet more ev-
ident in neurodegenerative diseases, where recent studies show that 
CD8 lymphocytes patrol the CSF of AD patients (Gate et al. 2020) 
and can be found in the brain parenchyma in a mouse model of AD 
pathology (Sanchez et al. 2020). Moreover, genetically engineered 
AD mice subjected to antibody- based depletion of CD8 cells show 
altered hippocampal neuronal transcript profiles (Unger et al. 2020). 
However, the role played by cholinergic signaling in the regulation of 
immune responses in AD, including T cell responses, remains to be 
elucidated, as is evident in Figure 2 above.

4  | NOVEL AND ESTABLISHED 
MOLECUL AR REGUL ATORS OF THE 
CHOLINERGIC PATHWAY

Molecular fine- tuners of cholinergic signaling have been studied in 
recent years both as potential disease biomarkers and as therapeu-
tic targets in disorders involving cholinergic imbalance. We provide 
here a brief perspective on the complex and expanding landscape of 
the molecular regulators of cholinergic signaling.

One group of such molecules is the microRNAs (miRNAs), in-
volved in the post- transcriptional regulation of gene expression. The 
main mechanism of action of these small (ca. 21– 25 nt) RNAs involves 
their loading into the RNA- induced silencing complex (RISC), binding 
to complementary sequence motifs in the noncoding 3′- untranslated 
region (3′- UTRs) and translational arrest, often accompanied by 
cleavage of the mRNA (Bartel, 2009; Madrer & Soreq, 2020). One 
miRNA can have many targets, and one target can be regulated by 
many miRNAs; miRNAs can therefore operate at network levels. 
Currently, several miRNA- based interventions (leading to increased 
expression of a miRNA molecule under synthetic mimics or its dimin-
ished function under antagomiR suppressors) are tested as potential 
therapeutics in clinical trials (Hanna et al. 2019) and in studies in-
vestigating their utility as clinical biomarkers (Bonneau et al. 2019). 
Circulating miRNAs, including molecules targeting cholinergic tran-
scripts, have been considered as markers of acute as well as chronic 
brain disease including stroke (Tiedt et al. 2017), TBI (Bhomia 

F I G U R E  2   The diverse functions of cholinergic signaling in the human body. Cholinergic pathways in the central nervous system 
(CNS) are crucial in cognitive processes and degeneration of cholinergic projections in the basal forebrain leads to cognitive impairment. 
Further, non- neuronal cholinergic signaling participates in regulating immune responses of glial cells and immune cells in the CNS and 
the periphery. The cholinergic anti- inflammatory pathway provides a brain– body signaling route over the vagus nerve and regulates the 
inflammatory responses in macrophages. Fine- tuning of systemic immunity is of great importance in acute CNS injuries, which elicit strong 
neuroinflammatory response, leading to infiltration of peripheral immune cells to brain parenchyma. For more details about the nAChRs 
(α and β subunits) and mAChRs (M1- M5) in immune/glial cells, see Guizzetti et al. (2008), Stolero and Frenkel (2020), and Fujii et al. (2017); 
most relevant receptors, discussed in this manuscript, are highlighted in red. *The expression patterns differ between the immune cell 
subpopulations; see Fujii et al. (2017). AD, Alzheimer's disease; AChE, acetylcholinesterase; ChAT, choline acetyltransferase; PD, Parkinson's 
disease; TBI, traumatic brain injury
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et al. 2016; Polito et al. 2020), delirium (Fong et al. 2019), and neu-
rodegenerative diseases (Sheinerman et al. 2017). Interestingly, sys-
temic levels of certain miRNAs enriched in CNS may be correlated 
with age (Sheinerman et al. 2018), and aging is the main risk factor 
for many neurological disorders, especially neurodegenerative con-
ditions (Hou et al. 2019). However, a causal relationship between 
altered cholinergic- targeted miRNA patterns in the elderly and neu-
rodegenerative diseases remains to be proven.

Multiple miRNAs have targets in the cholinergic pathway, and the 
group of miRNAs will be further called the “CholinomiRs.” Many of 
them are primate- specific and have been implicated in neurological 
disorders [for a comprehensive review see (Nadorp & Soreq, 2014)]. 
Here, we provide several examples of miRNA regulators of cholin-
ergic pathways (focusing on those targeting the AChE mRNA tran-
scripts), known or predicted to impact brain function and recovery 
via different mechanisms linked to their CNS effects or roles in the 
periphery.

A classic example of a CholinomiR targeting AChE is miR- 132 
(Shaked et al. 2008). AChE has three main splice variants— synaptic 
AChE- S being the main neuronal transcript encoding protein tetram-
ers which are linked to the synaptic membrane via the Prima pro-
tein, AChE- R —  the monomeric soluble readthrough variant, and the 
AChE- E dimers expressed mainly in erythrocytes and bound cova-
lently to their membrane (Soreq & Seidman, 2001). Stress responses 
involve a rapid decline of AChE- S mRNA accompanied by accumu-
lation of AChE- R mRNA, linked to long- lasting hypersensitivity of 
neuronal cells (Meshorer et al. 2002). Notably, miR- 132 targets the 
AChE- S variant alone. Mouse hippocampal stress responses were 
shown to involve miR- 132 increases, leading to decreased AChE- S lev-
els and avoiding declined cognitive performance (Shaltiel et al. 2013). 
Correspondingly, TgR transgenic mice expressing AChE- R in excess 
show increased miR- 132 and decreased AChE- S levels, accompa-
nied by elevated anxiety and impaired locomotion and cognition 
(Moshitzky et al. 2020). Further, peripheral application of lipopolysac-
charide (LPS) leads to increased cortical miR- 132, decreased AChE- S, 
and elevated AChE- R levels, together with increased levels of brain 
TNFα, IL- 6, IL- 1β, and IL- 18 reflecting intensified inflammatory re-
sponse. Peripheral treatment with anti- miR- 132 (AM- 132) inversely 
leads to increased AChE- S and other miR- 132 targets and downreg-
ulated proinflammatory cytokines. Since AM- 132 cannot cross the 
intact BBB, the cortical effects of this treatment may result from the 
body– brain communication over vagal afferents (Mishra et al. 2017). 
Peripheral application of LPS also leads to elevated miR- 132 levels in 
leukocytes, decreasing AChE production, increasing cholinergic sig-
naling, and potentiating the anti- inflammatory response to balance 
the inflammatory stimuli (Shaked et al. 2009). Experiments involv-
ing targeting of this miRNA in the murine experimental stroke model 
(middle cerebral artery occlusion, MCAo) showed that pre- stroke in-
tracerebroventricular administration of miR- 132/212 protected the 
blood– brain barrier, decreased infarct volume, and improved neuro-
logical outcome (Zuo et al. 2019). In contrast, in vitro overexpression 
of the AChE- targeting miR- 132/212 under hypoxic conditions was 
shown to damage blood– brain– barrier integrity (Burek et al. 2019).

Another CholinomiR, predicted to target both AChE- S and 
AChE- R (Nadorp & Soreq, 2014) and being involved in the cholin-
ergic anti- inflammatory pathway, is miR- 124, produced in macro-
phages upon ACh binding to the α7nAChR. Experiments in vitro and 
in mouse models demonstrated that miR- 124 levels increase after 
LPS exposure combined with nicotine treatment and that miR- 124 
targets two transcripts in the inflammatory pathway: STAT3, lead-
ing to decreased production of IL- 6 and TNFα converting enzyme 
(TACE) and downregulating the secretion of TNFα (Sun et al. 2013). 
Interestingly, miR- 124 is highly expressed in the mammalian brain, 
where it also targets the brain's glucocorticoid receptor and is 
postulated to contribute to responses to stress, neurodegenera-
tive processes, stroke and autoimmune disorders (Sun et al. 2015; 
Vreugdenhil et al. 2009). Further, miR- 124 is downregulated in the 
hippocampus of stressed rats, together with upregulated miR- 134 
and miR- 183 in amygdala, which target the SC35 splicing factor 
controlling the alternative splicing of AChE transcripts under ex-
posure to stress (Meerson et al. 2010). Recent studies in a mouse 
model of repetitive TBI revealed that injury causes initial eleva-
tion and subsequent decrease of miR- 124- 3p, elevating the risk 
of neurodegenerative disease. Correspondingly, treatment with 
microglial exosomes loaded with miR- 124- 3p improved cognitive 
functions after repetitive TBI in mouse in a manner attributed to 
interaction of miR- 124- 3p with Rela, which is an inhibitory tran-
scription factor of ApoE (Ge et al. 2020). In experimental spinal 
cord injury, a protective role of neuronal exosomal miR- 124- 3p was 
attributed to anti- inflammatory actions in microglia and astrocytes 
(Jiang et al. 2020).

AChE is also targeted by the primate- specific miR- 608 (Hanin 
et al. 2014). Importantly, carriers of the minor allele of a single nu-
cleotide polymorphism (SNP) in the 3′- UTR of AChE, defined as 
rs17228616, showed weakened interaction of miR- 608 with AChE 
(Hanin et al. 2014), accompanied by preferential suppression of 
other targets, for example, CDC42 and IL- 6 in cell culture tests and 
in the human amygdala (Lin, Simchovitz, et al., 2016). Human carriers 
of the rare allele of this SNP further have higher brain AChE levels, 
decreased cortisol, and elevated blood pressure (Hanin et al. 2014), 
which in turn might affect their risk of developing cerebrovascular 
disease like ischemic stroke. Other features of rs17228616 carriers 
include intensified amygdala activity and also compensatory in-
creased prefrontal cortex reaction to stress, which may protect them 
from increased susceptibility to PTSD (Lin, Simchovitz, et al., 2016).

These three examples of CholinomiRs highlight the fact that 
miRNA regulation has multiple action levels related to the many 
possible targets of a given miRNA. Another perspective predicts 
that miRNAs involved in cholinergic signaling might need to com-
pete with other small RNAs that mediate cholinergic effects, either 
by directly targeting components of the cholinergic pathway or via 
indirect actions. For instance, miR- 210 was shown to mediate the 
beneficial responses to VNS in a rat model of brain ischemia, pos-
sibly via targeting apoptosis- related transcripts (Jiang et al. 2015). 
This miRNA has also been considered as a marker in AD (Swarbrick 
et al. 2019), so its further cholinergic links should be tested. The 
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examples above reflect the simplest miRNA actions, and much re-
mains unknown about their full scope of activities.

Importantly, the nonexclusivity of the miRNAs and their targets 
indicates that their organismal responses are orchestrated processes 
that are quite complex to model and study. A recent integrative at-
tempt combining cell culture tests with small RNA- sequencing and 
tissue sequencing of patient brain samples revealed differences in 
male/female miRNA- regulatory networks in psychiatric disorders, 
highlighting the importance of the sexually dimorphic miR- 10 and 
miR- 199 families in regulating cholinergic and neurokine pathways 
(Lobentanzer et al. 2019). One member of the miR- 10 family is miR- 
125- 5p, shown to be differentially expressed when comparing male 
to female neuroblastoma cell lines (LA- N- 5 versus. LA- N- 2 cells) and 
to target AChE (Lobentanzer et al. 2019). Future studies of miRNA 
functions should definitely consider that complexity of the miRNA 
responses rather than focusing on single interactions with a given 
target, as schematically presented in Figure 3.

Another layer of complexity while tuning cholinergic signaling 
involves miRNA- related surveillance by long noncoding RNAs (ln-
cRNAs, ca. 200 nt), which add to the multilevel molecular regulation 
of the cholinergic pathway. LncRNAs may sponge the miRNAs or 
competitively bind to mRNA transcripts, ultimately leading to inhibi-
tion of miRNA actions (Madrer & Soreq, 2020). For example, lncRNA 
Gm21284 competes with miR- 30e- 3p, promoting the differentiation 
of cholinergic hippocampal neurons in a rat model (Cheng et al. 2019).

New small RNA discoveries add one more regulatory tool to this 
picture. Transfer- RNA fragments (tRFs) are a recently rediscovered 
group of regulatory molecules. Free fragments of tRNA were identi-
fied in sequencing data several years ago but have been considered 
a pure degradation product (Li et al. 2018). Yet more recently, mul-
tiple new reports highlight functional roles of those tRFs in health 
and disease. Interestingly, one mode of action of these tRFs may be 
similar to that of miRNAs, resulting in post- transcriptional suppres-
sion of gene expression (Maute et al. 2013). Others include displace-
ment of RNA- binding proteins, leading to transcript destabilization 
(Goodarzi et al. 2015), increased translation of ribosomal proteins 
(Kim et al. 2017) or inhibiting translation (Ivanov et al. 2014), as re-
cently reviewed (Kim et al. 2020). Aging rats show a dynamic and 
specific tRF profile, with an increase of fragments originating from 
the 3′- end of tRNA in older animals (Grigoriev & Karaiskos, 2016). At 
the mechanistic level, experimental and clinical studies showed that 
tRFs contribute to ischemic stroke responses (Li et al. 2016), PD pro-
gression (Magee et al. 2019), epilepsy (Hogg et al. 2019), and amyo-
trophic lateral sclerosis (Ivanov et al. 2014). In a rat model of spinal 
cord injury, Qin et al. reported an upregulation of a tRF derived from 
Gly- GCC tRNA that targets BDNF (Qin et al. 2020). In blood cells 
from patients 2 days after cerebral ischemia, we described a “chang-
ing of the guards” with decreased miRNA levels and increased levels 
of tRFs, both enriched in molecules predicted to target cholinergic 
transcripts. In- depth investigations suggested that the post- stroke 

F I G U R E  3   miRNAs are nonexclusive: One miRNA may target many transcripts and particular transcripts may be regulated by several 
miRNAs. (a) AChE is predictably targeted by at least 93 miRNAs. Shown is the outcome of bioinformatic target prediction derived from 
the mirDIP database (http://ophid.utoro nto.ca/mirDI P/) considering only miRNAs with “very high” (blue circles) and “high” (green circles) 
prediction scores. mirDIP provides a resource collecting prediction data from 30 different databases. The miRNAs– target interactions are 
classified according to the integrative targeting score, which accounts for predictions derived from all resources. Top 1% of all predicted 
miRNA– target interactions according to the integrative score receive “very high,” top 5%— “high” categories (Shirdel et al. 2011; Tokar 
et al. 2018). The circle sizes on the graph correspond to the integrative targeting. miRNAs discussed in detail in this manuscript are marked in 
red. (b) miR- 132- 3p predictably targets 3,423 transcripts with very high and high scores according to mirDIP, including 27 cholinergic targets 
[definition of the cholinergic genes based on (Winek et al. 2020)]. Circle diameters correspond to the integrative targeting score (Shirdel 
et al. 2011; Tokar et al. 2018)
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modified tRFs may be essential for regulating CD14+ monocyte re-
sponses to inflammatory events, which can be modulated by nicotine 
(Winek et al. 2020). Further tests to fully elucidate the orchestrated 
role of miRNAs and tRFs in different CNS pathologies with special 
focus on their involvement in regulation of cholinergic signaling in 
blood and brain are required.

5  | A BRIEF LOOK INTO THE FUTURE

Detailed characterization of ACh actions in the CNS and in brain's 
disease states of non- neuronal peripheral signaling is still lacking, 
especially in acute brain injuries like TBI or stroke. Additionally, new 
unconventional ACh pools may remain unidentified (e.g., in microbi-
ota, although only 10– 12 bacterial species, for example, Lactobacillus 
plantarum [a well- known probiotic species present in fermented 
foods] have been shown to synthesize ACh (Roshchina, 2010). Based 
on our current knowledge, future therapeutic concepts should con-
sider personalized approaches tailored to the genetic makeup and 
lifestyle of patients. Importantly, SNPs in cholinergic target genes 
as well as miRNAs modulating the expression of transcripts carry-
ing such SNPs may influence the complementarity of cholinergic- 
regulating miRNAs and their targets [see rs17228616 in AChE (Hanin 
et al. 2014) and rs4919510 in its molecular regulator— hsa- miR- 608 
(Lin, Simchovitz, et al., 2016)] and, in consequence, modify the ef-
fectiveness of gene expression surveillance based on small RNAs 
(Simchovitz et al. 2017). Additionally, future therapies should con-
sider sex and gender differences impacting patients' responses to 
treatments, compliance, and interactions with other medications 
(Mauvais- Jarvis et al. 2020; Simchovitz- Gesher & Soreq, 2020). It 
was shown for instance that female AD patients, more often than 
male ones, suffer from being treated simultaneously with agents 
having opposing actions, including AChE inhibitors and anticholiner-
gics (Mauvais- Jarvis et al. 2020). Ideally, such confounders should be 
taken into consideration when designing future preclinical and clini-
cal research, accounting also for the complex multilayered landscape 
of molecular regulators of cholinergic functions. Combining already 
established techniques with modern “omics” technologies, and ad-
vanced bioinformatic tools, sampling from multiple tissues, biobank-
ing, and strict adherence to scientific standards will all be required to 
allow a more holistic view of the pathophysiology of brain disorders 
and hopefully identify new therapeutic targets.
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