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Abstract

Advances in understanding the regulatory functions of the nervous system have revealed neural
cholinergic signaling as a key regulator of cytokine responses and inflammation. Cholinergic
drugs, including the centrally acting acetylcholinesterase inhibitor, galantamine, which are

in clinical use for the treatment of Alzheimer’s disease and other neurodegenerative and
neuropsychiatric disorders, have been rediscovered as anti-inflammatory agents. Here, we
provide a timely update on this active research and clinical developments. We summarize the
involvement of cholinergic mechanisms and inflammation in the pathobiology of Alzheimer’s
disease, Parkinson’s disease, and schizophrenia, and the effectiveness of galantamine treatment.
We also highlight recent findings demonstrating the effects of galantamine in preclinical and
clinical settings of numerous conditions and diseases across the lifespan that are characterized by
immunological, neurological, and metabolic dysfunction.
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1| INTRODUCTION

Galantamine (also known as galanthamine) is a plant alkaloid with a long history of being
explored in the treatment of cognitive impairment and many other conditions (Plaitakis &
Duvoisin, 1983). As elegantly articulated before, this history appears to have started in
ancient Greece. In his epic poems Homer describes the mysterious plant ‘Moly’, which

is given to Odysseus by Hermes to help his crew to fight against the amnesic effects

of Circe’s poison—allegedly a centrally acting anticholinergic drug (Plaitakis & Duvoisin,

Correspondence: Christine N. Metz and Valentin A. Pavlov, The Feinstein Institutes for Medical Research, Northwell Health,
Manhasset, NY, USA. cmetz@northwell.edu (C.N.M.); vpavlov@northwell.edu (V.A.P.).

AUTHORS’ CONTRIBUTIONS

Both authors wrote, edited, and finalized the manuscript.

CONFLICT OF INTEREST

Valentin A. Pavlov is an author on patents broadly related to the content of this review and has assigned his rights to the Feinstein
Institutes for Medical Research. Christine N. Metz declares that the work was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Metz and Paviov

Page 2

1983). Based on empirical evidence it has been suggested that ‘Moly’ might have been

the common snowdrop (Galanthus nivalis), a plant native of the Balkan Peninsula, and

a major natural source of galantamine—a centrally acting cholinergic compound (Plaitakis

& Duvoisin, 1983). Thus, Homer may have described the first example of applying
galantamine to stimulate brain cholinergic signaling and prevent severe anticholinergic
poisoning and memory loss. Progress in our understanding of the important role of the brain
cholinergic system in the regulation of cognition and memory, provides modern scientific
highlights of Homer’s descriptions. Brain (forebrain) cholinergic neurodegeneration, and the
associated progressive loss of synaptic fields and diminished release of acetylcholine (ACh)
are prominent features of Alzheimer’s disease (AD) (Hampel et al., 2018). Galantamine,

an acetylcholinesterase (AChE) inhibitor and a centrally acting cholinergic drug is currently
used for treating cognitive impairment in patients with mild to moderate AD (Birks, 2006;
Prvulovic et al., 2010; Richarz et al., 2014).

In addition to AD, brain cholinergic mechanisms are implicated in the pathogenesis of
several other neurological disorders, including Parkinson’s disease (PD) and schizophrenia.
Immune dysregulation and aberrant inflammation have been identified as pathobiological
features of these diseases. Recent insights have highlighted a key role for cholinergic
signaling in the regulation of immunity and inflammation (Pavlov et al., 2018; Pavlov

& Tracey, 2017). Importantly, the anti-inflammatory properties of galantamine were also
discovered. This knowledge has substantially improved our understanding of the regulatory
functions of cholinergic signaling and the therapeutic effects of galantamine for a wide
range of disorders across the lifespan. Here, we provide a timely summary of cholinergic
signaling in the regulation of inflammation and the growing experimental evidence
supporting the therapeutic efficacy of galantamine for targeting cholinergic mechanisms in
disorders characterized by immune and metabolic dysregulation. We also outline the current
understanding of the role of brain cholinergic dysfunction and inflammation in AD, PD, and
schizophrenia and the ongoing therapeutic use and exploration of galantamine for treating
these and a growing number of other diseases and conditions.

2| THE BRAIN CHOLINERGIC SYSTEM

The cholinergic system in the brain is a major neuromodulatory network. A main component
is the basal forebrain cholinergic system (BFCS), which consists of neurons localized in the
medial septum, vertical and horizontal limbs of the diagonal band of Broca, nucleus basalis,
and substantia innominata. Nucleus basalis of Meynert (NbM) in humans is the equivalent
of nucleus basalis magnucellular in the rodent brain. The BFCS innervates mainly the cortex
(neocortex), hippocampus, amygdala, and the olfactory bulb, and plays a key role in the
regulation of attention, learning, and memory (Ballinger et al., 2016; Hampel et al., 2018).
Other main brain cholinergic neuronal localizations are the mesopontine pedunculopontine
tegmental (PPT) and laterodorsal tegmental (LDT) nuclei. These nuclei innervate subcortical
structures including the thalamus, hypothalamus, and hindbrain (cerebellum, pons, and
medulla oblongata). PPT and LDT cholinergic neurons have a documented role in the
regulation of sleep-wake cycles and motor function (Woolf, 1991; Woolf & Butcher,

2011). Cholinergic neurons—Ilarge interneurons are also localized within the striatum

and implicated in the complex regulation of a striatal microcircuitry related to motor
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function (Abudukeyoumu et al., 2019; Woolf & Butcher, 1981). An important molecular
determinant of brain cholinergic signaling is the enzyme choline acetyltransferase (ChAT),
which synthesizes acetylcholine (ACh) using choline and acetyl coenzyme A (acetyl-CoA)
as precursors. (Figure 1). The vesicular acetylcholine transporter (VAChT) is a critical
molecule in ACh release; it loads ACh in vesicles prior to its release in the synaptic

cleft (Prado et al., 2013). Acetylcholinesterase (AChE) is an enzyme with mainly a

neuronal origin that degrades ACh into choline (which is recycled for ACh synthesis) and
acetate, thus terminating cholinergic neurotransmission (Giacobini, 2004; Soreq & Seidman,
2001). Butyrylcholinesterase (BuChE), which is mainly glial, is another enzyme that
degrades ACh (Giacobini, 2004) (Figure 1). Muscarinic acetylcholine receptors (MAChRS)
predominantly of the M1 subtype, are expressed on postsynaptic, cholinoceptive neurons;
mAChRs play a major role in processing cholinergic neurotransmission (Soreq & Seidman,
2001; Thiele, 2013). Presynaptic M2 and M4 mAChRs expressed on cholinergic neurons
negatively modulate cholinergic neurotransmission serving as autoreceptors for ACh (Soreq
& Seidman, 2001; Thiele, 2013) (Figure 1). Nicotinic acetylcholine receptors (nAChRS)
also modulate and mediate cholinergic neurotransmission in the brain (Albuquerque et

al., 2009; Zoli et al., 2015). Presynaptic nAChRs, including a7nAChR and a4/B2nAChR
are positive regulators of ACh and other neurotransmitters (Albuquerque et al., 2009;

Dani & Bertrand, 2007). Postsynaptic nAChRs play a role in processing cholinergic
neurotransmission in addition to mAChRs (Albuquerque et al., 2009; Dani & Bertrand,
2007) (Figure 1). Cortex areas, the hippocampus, hypothalamus, and other regions receiving
cholinergic innervations, interact directly or through polysynaptic pathways with the dorsal
vagal complex, including the dorsal motor nucleus of the vagus (DMN) in the brainstem
medulla oblongata (Pavlov & Tracey, 2012, 2017; Travagli et al., 2006). DMN and nucleus
ambiguus (NA) are brainstem cholinergic nuclei that provide axonal projections within the
vagus nerve regulating peripheral respiratory, cardiovascular, gastrointestinal, and metabolic
processes. Recent discoveries have also indicated that brain (forebrain) cholinergic signaling
and the vagus nerve are major physiological regulators of inflammation (Lehner et al., 2019;
Pavlov et al., 2006, 2009, 2018; Tracey, 2002). These regulatory circuitries can be activated
using cholinergic drugs, including galantamine (Figure 2).

3| GALANTAMINE DRUG DEVELOPMENT AND TIMELINE

Galantamine is an alkaloid phytochemical. In the 1950s this compound, isolated from

the bulbs of the common snowdrop (Galanthus nivalis), was shown to alleviate the effect

of tubocurarine on skeletal muscles and used under the trade name Nivalin for treating
poliomyelitis (infantile paralysis) and myasthenia gravis in Bulgaria and other European
countries (Heinrich & Lee Teoh, 2004; Paskov, 1957, 1964; Revelli & Graso, 1962;
Stoyanov, 1964; Uzunov, 1966). Galantamine was also isolated from the snowflake plant
(Leucajum aestivum) found in Europe and North America (Janssen & Schéfer, 2017). More
recently, because of the scarcity of its botanic sources galantamine has been chemically
synthesized (Marco-Contelles et al., 2006). In 1960 galantamine was reported to inhibit
AChE activity (Irwin & Smith, 1960). In 1965, it was demonstrated that galantamine
crossed the blood brain barrier and increased central cholinergic tone (Popova & Bogolepov,
1965). As an AChE inhibitor, galantamine reversibly and competitively blocks its enzymatic
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activity, extending the half-life of ACh and thus stimulating cholinergic signaling (Figure
1). In addition to its action as an AChE inhibitor, galantamine has been reported to be a
positive allosteric modulator of nAChRs, specifically of the human a7, a4f2, a3p4, and
a6p4 subtypes; binding of galantamine to an allosteric site of the receptor molecule causes
conformational changes that increase receptor responsiveness to ACh (Samochocki et al.,
2000, 2003). It should be noted, however, that a more recent study failed to demonstrate
galantamine’s positive allosteric modulation of human a7nAChRs or a4B2nAChRs (Kowal
et al., 2018), which is in contrast with previous findings (Texid6 et al., 2005). Many
preclinical and clinical studies of galantamine for treating AD were performed in the

1980s and 1990s, respectively (Heinrich & Lee Teoh, 2004). Galantamine hydrobromide
(C17H21NO3:-HBr) (Figure 2), also known as Reminyl, was first approved in 2001 by the
U.S. Food and Drug Administration (FDA) for the treatment of mild to moderate dementia
of AD (Thompson, 2001). Since then, several generic equivalents of galantamine have been
approved by the FDA and its trade name was changed to Razadyne™.

4| CHOLINERGIC SIGNALING IN THE REGULATION OF INFLAMMATION
AND GALANTAMINE AS AN ANTI-INFLAMMATORY AGENT

Inflammation is a vital protective response to tissue injury and invading pathogens; it
involves a complex and regulated series of events underlying innate and adaptive immune
responses (Chen & Nunez, 2010; Nathan, 2002; Olofsson et al., 2017). The release of
cytokines, including tumor necrosis factor (TNF), from macrophages and other immune
cells is a central event mediating innate immune responses (Olofsson et al., 2017). The
normal script of inflammation dictates that it is localized, tightly controlled, and resolved in
a timely manner, resulting in wound healing and pathogen neutralization (Chen & Nunez,
2010; Tracey, 2009). However, inflammation can deviate from this optimal scenario and
various forms of exacerbated, sustained, or non-resolved inflammation are implicated in
disease pathogenesis and progression (Olofsson et al., 2017; Tracey, 2009). Inflammation
is tightly controlled by immune, humoral, and neuronal mechanisms (Elenkov et al., 2000;
Olofsson et al., 2017; Talbot et al., 2016; Webster et al., 2002). Discoveries about 20

years ago have considerably advanced our understanding of the regulation of inflammation
by identifying neural cholinergic signaling as a key component (Hoover, 2017; Pavlov

et al., 2003; Tracey, 2002, 2007). These and subsequent discoveries also highlighted a
physiological mechanism—the inflammatory reflex, which regulates the production of TNF
and other pro-inflammatory cytokines and inflammation (Tracey, 2002). In the inflammatory
reflex, increasing circulating cytokine levels in the periphery are detected by afferent
(sensory) vagal neurons; the resultant signal is sent to the brainstem dorsal vagal complex
and efferent (motor) vagus nerve signaling is generated, which leads to ACh release in

the periphery (Metz & Pavlov, 2018; Pavlov & Tracey, 2005; Tracey, 2002). Within the
inflammatory reflex, activation of neural signaling via the vagus nerve-splenic nerve axis
results in the release of ACh by a subset of ChAT-containing T cells (Rosas-Ballina et al.,
2011). ACh acting through a7nAChRs expressed on macrophages and other immune cells
regulates immune responses and suppresses TNF and other pro-inflammatory cytokine levels
(Pavlov et al., 2018; Pavlov & Tracey, 2017). Suppression of NF-xB nuclear translocation
(Gallowitsch-Puerta & Pavlov, 2007; Guarini et al., 2003; Parrish et al., 2008), stimulation
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of the Janus kinase/signal transducer and activator of transcription 3 (JAK2/STAT3) pathway
(de Jonge et al., 2005), inhibition of inflammasome activation (Lu et al., 2014), and cyclic
adenosine 3’,5”-cyclic monophosphate (CAMP) signaling (Tarnawski et al., 2018) have been
indicated as relevant intracellular mechanisms downstream a7nAChR. The inflammatory
reflex can be stimulated by electrical vagus nerve stimulation with subsequent ACh release
and a7nAChRs agonists (Borovikova et al., 2000; Chatterjee et al., 2017; Pavlov et al.,
2007; Pavlov & Tracey, 2015; Sitapara et al., 2020).

Experimental evidence indicates that cholinergic signaling in the brain controls peripheral
cytokine responses and inflammation and that the inflammatory reflex provides a brain-to-
periphery communication conduit in this regulation (Pavlov & Tracey, 2015) (Figure 2).
Targeting brain M1 mAChRs using central administration of the orthosteric agonist, McN-
A-343 (4-[[[(3-Chlorophenyl) amino] carbonyl]oxy]-N,N,N-trimethyl-2-butyn-1-aminium
chloride), or the selective positive allosteric modulator, BQCA (benzyl quinolone carboxylic
acid), results in the suppression of serum TNF and other anti-inflammatory effects in murine
endotoxemia and colitis; these effects are abolished following vagotomy (Lehner et al.,
2019; Munyaka et al., 2014; Pavlov et al., 2006). Brain mAChR signaling mediates anti-
inflammatory effects in neuro-immune circuitries involving the vagus nerve in experimental
models of hemorrhagic shock (Guarini et al., 2004; Lee et al., 2010) and in acupuncture
(Song et al., 2012). Peripheral (intraperitoneal, i.p.) administration of the centrally acting
M1 mAChR orthosteric agonist, xanomeline, or the selective positive allosteric modulator,
BQCA, results in reduced TNF production and improved survival in murine endotoxemia
(Lehner et al., 2019; Rosas-Ballina et al., 2015). These effects are mediated through brain
MAChRs and vagus nerve-splenic nerve signaling (Lehner et al., 2019; Rosas-Ballina et al.,
2015). In contrast, administration of anticholinergic drugs results in increased inflammatory
responses triggered by endotoxin in a mice with tauopathy (Yoshiyama et al., 2012, 2015).
In this model, trihexyphenidyl, a centrally acting M1 mAChR antagonist, causes a greater
increase in splenic and brain IL-1p expression compared with an M1 mAChR antagonist that
exhibits weaker ability to penetrate the blood-brain barrier (Yoshiyama et al., 2012).

Brain cholinergic signaling can be stimulated by galantamine and other AChE inhibitors
(Figure 2). Peripheral administration of galantamine and another centrally acting AChE
inhibitor—huperzine A inhibits serum TNF and IL-6 levels and improves survival in

mice with lethal endotoxemia, acting through a central brain mAChR-dependent and

vagus nerve-mediated mechanism (Pavlov et al., 2009). Very recently, using mice with
selective forebrain genetic ablation of VAChT (a key determinant of ACh neural release)
revealed the importance of forebrain cholinergic signaling in mediating galantamine’s
anti-inflammatory effects in a model of endotoxemia (Lehner et al., 2019). In contrast to

the significant suppressive effect of galantamine in control mice, peripheral galantamine
administration failed to decrease serum TNF significantly in mice with forebrain VAChT
deficiency following LPS injection (Lehner et al., 2019). Galantamine also alleviates colonic
inflammation and disease severity in two models of inflammatory bowel disease (IBD)—
colitis (Ji et al., 2014). Blockade of brain mAChRs, vagotomy or splenic nerve transection
abrogates the effects of galantamine, delineating brain mAChR-triggered cholinergic
signaling pathway linked to the neural vagus nerve-splenic nerve as an underlying
mechanism (Ji et al., 2014). Galantamine also regulates the vagus nerve-based inflammatory
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reflex in mice with systemic lupus erythematosus, a model where inflammation drives
hypertension (Pham et al., 2018). Chronic galantamine treatment (once daily, for two weeks)
increases vagus nerve activity, alleviates splenic and renal inflammation, and decreases
hypertension in this model (Pham et al., 2018). Additionally, brain mMAChR-mediated action
of galantamine linked to the activation of the efferent arm of the inflammatory reflex
alleviates acid-induced acute lung injury/acute respiratory distress in rabbits (Yang et al.,
2018).

Peripheral AChE inhibition may also generate anti-inflammatory effects. For instance, a
reduction of intestinal inflammation by another AChE inhibitor, rivastigmine, is mediated
by mechanisms involving both brain and peripheral AChE inhibition (Shifrin et al., 2013).
However, experimental evidence indicates that inhibiting CNS AChE activity induces greater
anti-inflammatory protection compared with peripheral enzyme inhibition. Treatment with
physostigmine, a centrally acting AChE inhibitor produces a greater anti-inflammatory
effect in rats with colitis compared with neostigmine, an AChE inhibitor whose activity

is restricted to periphery (Miceli & Jacobson, 2003). The centrally acting AChE inhibitor,
donepezil, but not the peripherally-acting AChE inhibitor, pyridostigmine, enhances vagal
tone, decreases circulating TNF, IL-6, and IFN-y levels, and alleviates hypertension, and
prevents cardiac remodeling in spontaneously hypertensive rats (Lataro et al., 2015). While
treatment with either the centrally acting AChE inhibitor, physostigmine, or the peripherally
restricted, neostigmine, decreases markers of oxidative stress and CD11b upregulation by
polymorphonuclear neutrophils (PMNS) in rats with experimental sepsis, treatment with
physostigmine, but not neostigmine, improves survival compared to vehicle treatment
(Bitzinger et al., 2019). There are some reports indicating the lack of anti-inflammatory
efficacy of peripherally-acting AChE inhibitors. For example, neostigmine treatment fails
to ameliorate pro-inflammatory cytokine responses in a murine model of mechanical
ventilation-induced lung injury (Kox et al., 2009) and organ injury in endotoxemia (Akinci
et al., 2005). AChE-targeted microRNAs are also an important regulatory hub in the
cholinergic control of immune function and inflammation (Shaked et al., 2009; Vaknine

& Soreq, 2020).

In addition to peripheral inflammation, galantamine and other centrally acting AChE
inhibitors such as rivastigmine and donepezil alleviate neuroinflammation (Dasuri et

al., 2016; Nizri et al., 2008; Wang et al., 2018) (Figure 2). In a mouse model of
neuroinflammation, galantamine reduces hippocampal microglia and astrocyte activation,
as well as cytokine production within the hippocampus (Liu, Zhang, et al., 2018).
Neuroinflammation is a term used to describe inflammatory processes within the CNS
driven by microglial and astrocyte activation (Olofsson et al., 2017). Similar to inflammation
in the periphery, neuroinflammation can be a protective event, but when sustained or
dysregulated it can contribute to neuronal injury and neurodegeneration (McManus &
Heneka, 2017; Olofsson et al., 2017). Neuroinflammation is observed in many conditions
characterized by peripheral immune and metabolic dysregulation including, endotoxemia,
sepsis, obesity, diabetes, and liver disease (Chang et al., 2019; Pavlov & Tracey,

2015). Peripheral inflammation in these conditions may exacerbate or even lead to
neuroinflammation (Hoogland et al., 2015; Olofsson et al., 2017) (Figure 2). There is
also evidence for brain cholinergic dysfunction and cognitive impairment in parallel with

J Neurochem. Author manuscript; available in PMC 2023 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Metz and Paviov

Page 7

neuroinflammation (Chang et al., 2019; Scherer et al., 2014). For instance, increased serum
levels of TNF, IL-6, and other pro-inflammatory cytokines measured 4 hr following LPS-
administration in mice are associated with differential alterations of ChAT, AChE, and

M1 mAChRs, and neuroinflammation in various brain regions (Silverman et al., 2015).
Neuronal loss and decreased cortical innervations based on VAChT staining, as well as
cognitive impairment are indicated in rats surviving endotoxemia (Semmler et al., 2007).
In addition, increased levels of pro-inflammatory cytokines and alterations in metabolic
molecules, BFCS neuronal deficits, and neuroinflammation are observed in mice that
survive experimental sepsis (Zaghloul et al., 2017). Brain cholinergic hypofunction has
also been documented in patients with cirrhosis and in animal models of liver failure
(Garcia-Ayllon et al., 2008). In this context, it is reasonable to suggest that brain cholinergic
deficiency, which may be caused by neuroinflammation, drives further inflammation

and neuroinflammation (Figure 2); we propose that administering galantamine and other
centrally acting AChE inhibitors will interrupt this vicious cycle.

Clinical translation is the ultimate goal of studying cholinergic signaling in controlling
aberrant inflammation. Studies with vagus nerve stimulation in animal models of numerous
inflammatory conditions have recently progressed into successful clinical trials with
implanted bioelectronic vagus nerve stimulators in patients with IBD and rheumatoid
arthritis (Bonaz et al., 2016; Genovese et al., 2020; Koopman et al., 2016). These preclinical
and clinical advances have greatly contributed to the emerging field of bioelectronic
medicine (Olofsson & Tracey, 2017; Pavlov, 2019; Pavlov et al., 2019; Pavlov & Tracey,
2019a, 2019b). Repurposing cholinergic drugs with anti-inflammatory actions, which are
already clinically tested and/or FDA approved provides another viable avenue for clinical
translation. Pre-clinical findings also can significantly contribute to clinical translation.
Galantamine treatment (4 mg/kg, i.p., once daily for 4 weeks) in mice with high-fat diet-
induced obesity and features of metabolic syndrome significantly alleviates inflammation,
insulin resistance, and hepatic steatosis (Satapathy et al., 2011). These preclinical insights
along with the abundant information regarding galantamine’s safety profile in humans
facilitated a recent randomized, double blind, placebo-controlled clinical trial in patients
with metabolic syndrome (Consolim-Colombo et al., 2017). In this clinical trial, treatment
of 30 patients (15 males and 15 females) with clinically approved doses of galantamine

for 8 weeks, compared with 30 placebo-treated patients (15 males and 15 females)
significantly alleviated plasma levels of TNF and leptin (pro-inflammatory) and increased
plasma levels of IL-10 and adiponectin (anti-inflammatory) (Consolim-Colombo et al.,
2017). Galantamine treatment (versus. placebo) also ameliorated oxidative stress in patients
with metabolic syndrome (Sangaleti et al., 2020). These effects were accompanied by
lower insulin levels and improved insulin resistance in galantamine-treated patients, as
well as modulation of the autonomic neural regulation toward vagus nerve predominance
(Consolim-Colombo et al., 2017; Sangaleti et al., 2020). Further studies with galantamine
are expected to define its use for alleviating metabolic syndrome—an obesity-associated
disorder of pandemic proportions with limited treatment options (Grundy, 2008).
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5| BRAIN CHOLINERGIC SIGNALING, INFLAMMATION, AND
GALANTAMINE IN NEURODEGENERATIVE AND NEUROPSYCHIATRIC
DISORDERS

5.1| Alzheimer’s disease (AD)

AD is a progressive neurodegenerative disease with no curative options. AD is the most
prevalent form of dementia and a debilitating and lethal neurodegenerative disorder which
is expected to affect 1 in 85 people around the world by 2050 (Brookmeyer et al., 2007).
AD has a serious deleterious impact on patients, close relatives, and caregivers and prior to
the novel coronavirus disease 2019 (COVID-19) it was considered “the greatest challenge
for health and social care in the 21st century” (Livingston et al., 2020). AD is characterized
by progressive memory loss and neurocognitive decline leading to behavioral dysfunction
and the inability to perform daily activities required for independent living (Hampel et al.,
2018; Weller & Budson, 2018). Patients typically progress from normal cognition to mild
cognitive impairment, followed by mild-to-moderate-to-severe dementia. Although most
cases are sporadic and occur later in life (typically affecting adults 65 years and older),
5%-6% of AD patients experience early onset disease (i.e. prior to 65 years and typically
associated with genetic predisposition) (Mendez, 2019). Despite more than 100 years of
research, the exact cause(s) of AD are not well understood. Characteristic pathological
features include abnormal accumulation of amyloid-p in plaques and hyperphosphorylated-
tau in neurofibrillary tangles, which are related to massive losses of synapses, dendrites, and
eventually neurons (Livingston et al., 2020).

The series of discoveries that BFCS neurons and axonal projections undergo severe
degeneration in the course of AD was a key breakthrough in early studies of the disease
(Bartus et al., 1982; Hampel et al., 2018). Significant neurodegeneration in the PPT and
LDT in AD (Jellinger, 1988) or no alterations (Woolf et al., 1989) have been reported. In
addition, local interneurons representing the cholinergic system within the striatum, also
undergo some degree of neurodegeneration in AD (Selden et al., 1994). ‘The cholinergic
hypothesis’ of age-related cognitive dysfunction was introduced in the early 1980s (Bartus
et al., 1982). This hypothesis is related to the loss or dysfunction of BFCS neurons
contributing to the dementia observed in AD patients (Davies & Maloney, 1976; Perry et
al., 1978). These discoveries resulted in the development of cholinergic drugs—reversible
and competitive AChE inhibitors for the symptomatic treatment of AD patients (Birks,
2006; Hampel et al., 2018). Results from pre-clinical (animal) models of AD also indicate
a role for cholinergic dysfunction (e.g. cholinergic neuronal loss and abnormalities in
choline transport, ACh secretion, and nAChRs) in cognitive decline, and the effectiveness
of galantamine and other AChE inhibitors in improving cognitive, behavioral, and other
pathological features (Bales et al., 2006; Bhattacharya et al., 2014; Dong et al., 2005;
Watanabe et al., 2009) (Table 1). Brain mAChR-mediated signaling has also been actively
explored in the search for treatment options for AD (Scarpa et al., 2020). Because of the
predominant postsynaptic expression of M1 mAChR (on cholinoceptive neurons) in brain
regions innervated by BFCS and observations that it is preserved in the disease course, M1
MACHhR has been a major molecular therapeutic target in AD (Scarpa et al., 2020). Recently,
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the focus has been on developing M1 mAChR positive allosteric modulators, including
BQCA, which bind to allosteric sites of the receptor molecule and facilitate the selective
action of ACh on the orthosteric site. These compounds with remarkable M1 mAChR
selectivity have shown some encouraging results in improving cognitive impairment and
exerting disease-modifying effects in AD, possibly related to reducing pathogenic amyloid
processing (Scarpa et al., 2020). Since the mode of action of these compounds requires

a certain supply of endogenous ACh, their effectiveness may become limited because of
the loss of cholinergic neurons with AD progression. Three AChE inhibitors are currently
approved for AD by the U.S. FDA—donepezil, rivastigmine, and galantamine (Haake et
al., 2020; Hampel et al., 2018). Although galantamine was the last AChE inhibitor to be
approved by the FDA, it has been extensively studied and its efficacy in treating mild

to moderate AD patients is indicated (Lilienfeld, 2002; Nakagawa et al., 2017; Prvulovic
etal., 2010; Richarz et al., 2014) (Table 2). Galantamine’s safety and tolerability are
well-established for the recommended maintenance doses of 16mg and 24mg per day and
the higher dose of 32mg per day; the most common adverse effects are gastrointestinal (Gl)
issues, which are experienced with higher doses (Birks, 2006; Haake et al., 2020; Lilienfeld,
2002; Nakagawa et al., 2017; Prvulovic et al., 2010; Richarz et al., 2014). In a study with
1,024 galantamine- and 1,021 placebo-treated patients with mild to moderate AD, two-year
drug treatment significantly reduced mortality and cognitive decline, and improved daily
living activities (Hager et al., 2014). In a recent meta-analysis of randomized controlled
trials with currently prescribed AChE inhibitors and memantine—an N-methyl-D-aspartate
(NMDA) receptor antagonist, galantamine was proposed as the “first choice’ for treating AD
based on the effects of these compounds on cognitive, functional, behavioral, and global
changes in AD patients (Li et al., 2019).

Recent studies have provided important insights into the BFCS degenerative alterations

in the chronology of AD pathogenesis. Imaging studies have shown that BFCS and
especially NbM degeneration occurs very early in the course of the disease, even prior

to the onset of cognitive decline (Fernandez-Cabello et al., 2020; Schmitz & Spreng,
2016). There is experimental evidence that reduced basal forebrain volume associated with
BFCS neurodegeneration occurs before pathological alterations in the entorhinal cortex
and predicts the spread of the disease to cortical areas. These observations challenge

the dogmatic view that AD is a disease of cortical origin. They also identify forebrain
cholinergic signaling as an early therapeutic target for intervention before cognitive
deterioration is detected (Fernandez-Cabello et al., 2020; Schmitz & Spreng, 2016). In this
context, it is intriguing and important to consider administering galantamine or other AChE
inhibitory treatments very early, even prior to cognitive decline in AD.

Neuroinflammation characterized by excessive and sustained microglial and astrocyte
activation is recognized as the third major feature of AD pathogenesis, which substantially
contributes to disease progression and severity (Heneka et al., 2015; Kinney et al.,

2018) (Figure 2). Positron emission tomography (PET) scan imaging and studies of post-
mortem AD brains show activated microglia and reactive astrocytes around amyloid beta
plaques (Heneka et al., 2015). In addition, studies of cerebral spinal fluid (CSF) reveal
increasing levels of inflammatory biomarkers (e.g. YKL-40 (tyrosine (Y), lysine (K),

and leucine (L) protein-40kDa), ICAM-1 (intercellular adhesion molecule-1), VCAM-1
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(vascular cell adhesion molecule-1), IL-15, and Flt-1 (fms-like tyrosine kinase-1)) across
the continuum of AD from the subclinical stage to severe dementia, with an elevation in
these biomarkers associated with an increased risk of developing dementia (Janelidze et al.,
2018). Interestingly, high levels of these CSF markers are associated with cortical thinning
in the precuneus and superior parietal regions and with consequent cognitive decline in AD
patients who previously had no dementia (Janelidze et al., 2018). A link between BFCS
neurodegeneration and an inflammatory phenotype in a tau transgenic mouse model of AD
was recently reported (Cranston et al., 2020). Mice expressing a truncated tau fragment
exhibit AD-like pathology that follows a Braak-like progression with cognitive impairment
(Cranston et al., 2020). Their brains show progressive loss of ChAT-expressing neurons

in the BFCS after 3, 6, and 9 months accompanied by decreased AChE staining in the
cortex and hippocampus, as well as spatial learning deficits. In parallel, increased microglial
IL-1B expression in the hippocampus, and increased microglial staining (Ibal) in the basal
forebrain, hippocampus and entorhinal cortex at 6 months were also identified (Cranston

et al., 2020). A recent study with presymptomatic AD subjects reported a correlation
between loss of basal forebrain cholinergic integrity (manifested as longitudinal decreases
of basal forebrain volume) and increased biomarkers of inflammation and abnormal amyloid
and tau pathology (Schmitz et al., 2020). These findings suggest the possibility that an
age-associated loss of brain cholinergic anti-inflammatory neuromodulation diminishes
microglial reactivity to amyloid and tau (Schmitz et al., 2020). Galantamine treatment
reduces astrocyte activation and astrocyte TNF and I1L-6 levels, and amyloid deposition,
and improves memory and learning in the mouse APP/PS1 (amyloid precursor/presenilin 1)
model of AD (Wu et al., 2015) (Table 1).

Peripheral inflammation, determined by increased levels of circulating cytokines, including
TNF, IL-6, IL-1B, TGF-B, IL-12, and IL-18 and higher TGF- levels in the CSF have

been detected in AD patients (Swardfager et al., 2010). Peripheral inflammation interferes
with immune responses in the brain and exacerbates neuroinflammation in AD (Heneka et
al., 2015) (Figure 2). There is a growing interest in studying anti-inflammatory strategies,
including TNF inhibitors for alleviating brain pathology and cognitive dysfunction in

AD, as indicated by preclinical studies and ongoing clinical trials (Decourt et al., 2017).
Obesity, metabolic syndrome, and type 2 diabetes also have been associated with increased
risk for AD and the characteristic low-grade chronic inflammation interrelated with

insulin resistance and other metabolic derangements in these conditions may provide an
important link (Chang et al., 2019; Heneka et al., 2015; Secnik et al., 2020). Galantamine
suppresses pro-inflammatory cytokine release and inflammation in preclinical models of
many conditions, including obesity, metabolic syndrome, and diabetes (Ali et al., 2015;
Hanes et al., 2015; Pavlov & Tracey, 2015; Satapathy et al., 2011) (Table 1). Galantamine,
in doses clinically approved for AD, also alleviates inflammation, oxidative stress and
insulin resistance in patients with metabolic syndrome (Consolim-Colombo et al., 2017;
Sangaleti et al., 2020) (Table 2). Anti-inflammatory effects of galantamine, rivastigmine and
donepezil in AD patients have also been reported (Blasko et al., 2007; Reale et al., 2004).
PBMC:s isolated from AD patients treated with the AChE inhibitor, Donepezil, express
lower circulating levels of TNF, IL-1p, and IL-6 and higher levels of IL-4 compared with
age-matched controls (Reale et al., 2004). A recent study demonstrated that galantamine

J Neurochem. Author manuscript; available in PMC 2023 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Metz and Paviov

Page 11

and donepezil treatments are associated with reduced mortality in AD patients with and
without diabetes (Secnik et al., 2020). In 7,073 AD subjects the use of AChE inhibitors,
including galantamine, was associated with a 34% lower risk for myocardial infarction and
a lower risk of death; patients taking the highest doses of galantamine (24 mg), donepezil
(10 mg), and rivastigmine (>6 mg) had the lowest risk of myocardial infarction (Nordstrom
et al., 2013) (Table 2). Another study, evaluating the risk of stroke and death in 44,288
patients with dementia reported significantly reduced risks in patients treated with AChE
inhibitors, including galantamine, compared with age-matched controls (Tan et al., 2018).
Together these findings strongly suggest that the anti-inflammatory effects of galantamine
substantially contribute to its overall effectiveness in AD disease (Figure 2). They also
justify further therapeutic exploration of galantamine for broader benefits in AD patients.

5.2 | Parkinson’s disease (PD)

Parkinson’s disease (PD) is a chronic neurodegenerative disorder characterized by the

loss of dopamine-producing neurons in the substantia nigra (Armstrong & Okun, 2020;
Conti et al., 2018; Ztaou & Amalric, 2019). This leads to tremors, reduced limb mobility,
slowed movement and changes in gait and balance, as well as non-motor symptoms,
including depression, anxiety, visual hallucinations, REM (rapid eye movement) sleep
behavior disorder and dysphagia, as well as cognitive decline; many symptoms are typically
observed in the later stages of PD (Armstrong & Okun, 2020). PD affects more men than
women and age is a risk factor—the average age of diagnosis is approximately 62 years
(Pagano et al., 2016). There are numerous disease variants, including genetic and idiopathic
variants, with variable motor and non-motor pathologies and prognoses (Armstrong & Okun,
2020). Substantia nigra dopaminergic neurons innervate the striatum, a major input structure
of the basal ganglia. Striatal cholinergic interneurons integrate a complex microcircuitry
regulating movement by receiving neurotransmitter input via dopamine, glutamate, and
serotonin receptors and then relaying resultant signals to postsynaptic mAChRs and
nAChRs (Conti et al., 2018; Ztaou & Amalric, 2019). Degeneration of substantia nigra
neurons innervating the striatum was linked to insufficient input to striatal cholinergic
interneurons and increased local cholinergic tone (Conti et al., 2018). The ‘dopamine-ACh
balance hypothesis’ describes the decreased ratio of dopaminergic neurons to cholinergic
interneurons within the striatum as a major contributing factor to the motor and non-motor
pathologies of PD (Conti et al., 2018). Prior to the discovery of L-Dopa, anticholinergic
drugs were used in the treatment of PD patients (Ztaou & Amalric, 2019). However,
anticholinergics do not improve akinesia or bradykinesia and may increase the risk of
dementia and neuropsychiatric complications (Conti et al., 2018; Ferreira et al., 2013). This
consideration is in line with imaging studies demonstrating cholinergic dysfunction and
moderate to severe deficits in cortical ACh levels associated with cognitive impairment in
PD. Structural MRI and cognitive testing reveals that a decreased volume of BFCS nucleus
basalis of Meynert area, followed by a significant decrease in the medial septum/diagonal
band volume, precedes and predicts future dementia in patients with PD (Pereira et al.,
2020) (Figure 2). PD is related with gait dysfunction and an associated risk for falls remains,
and dopamine replacement therapy provides incomplete beneficial effects. A recent study
utilizing selective chemogenetic modulation of striatal cholinergic interneurons indicated
their key role in turning behavior and traversing dynamic surfaces; stimulation of these
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interneurons in a rat model of PD improves turning performance and reduced fall rates
(Avila et al., 2020).

Animal studies, postmortem brain evaluation, brain imaging, and epidemiological studies
highlight the role of neuroinflammation in PD pathogenesis (Gelders et al., 2018). Post-
mortem studies of PD brains dating back to the late 1980s reveal microglial activation
(McGeer et al., 1988). In accordance, studies of CSF from patients with PD show elevated
IL-1B, IL-6, IFNvy, and TNF levels (Gelders et al., 2018). The presence of activated
microglia in living PD patients has been confirmed using PET imaging with tracers specific
for activated microglia cells (Gerhard et al., 2006). The presence of neuroinflammation, as
determined using PET imaging for microglial cell activation, was also indicated in patients
with idiopathic REM sleep behavior, a condition experienced by patients who eventually
develop PD with synucleinopathies (Stokholm et al., 2017). This study suggests that
neuroinflammation precedes PD, in at least some patients, pointing to neuroinflammation

as a potential therapeutic target for preventing or delaying onset and/or progression. The
relationship between neuroinflammation and neurodegeneration in PD is an area of active
research; improved understanding of the causality of this relationship and its chronology will
likely lead to more targeted therapies. The genetic form of PD known as LRRK2 (Leucine
Rich Repeat Kinase 2 (gene))-associated PD is accompanied by increased ACh hydrolysis in
the cortical region (Liu, Wile, et al., 2018). In addition, the LRRK?2 variant is proposed to be
accompanied by neuroinflammation, as LRRK2 is highly expressed in activated microglial
cells and LRRK2 modulates microglial cell inflammatory responses (Brockmann et al.,
2016). Thus, treatments with galantamine or other centrally acting AChE inhibitors may
specifically benefit this subset of PD patients.

A few small clinical trials support the beneficial effects of galantamine in PD patients (Table
2). In an open-label trial 16 women with PD plus dementia treated with galantamine (16mg
per day maintenance dose) for 8 weeks showed improved cognition (in 62% of patients),
hallucinations (in 78%), and motor symptoms (in 46%) when compared to pre-treatment
levels (Aarsland et al., 2003). The safety and efficacy of galantamine for treating dementia
in PD patients was also assessed in a small open-controlled trial with 21 patients and 20
controls (Litvinenko et al., 2008). A maximum dose of 16mg of galantamaine per day

led to improved cognitive, neuropsychiatric, and motor symptoms over 24 weeks. When
compared to their pre-treatment levels, patients receiving galantamine showed improvements
in hallucinations, anxiety levels, sleep disturbances, daily activities, and gait. However,

drug treatment did not significantly alter tremors. A Cochrane review (meta-analysis) of six
randomized, double-blind, placebo-controlled trials testing AChE inhibitors in PD patients
with dementia or cognitive impairment concluded that AChE inhibitor treatment led to
statistically significant improvements in global assessment, cognitive function, behavioral
changes, and daily living activities (Rolinski et al., 2012). A more recent systematic review
(published in mid-2014) of prospective, randomized controlled trials of cholinesterase
inhibitors in 941 PD patients reported significant cognitive improvements and reduced death
rates among patients taking AChE inhibitors; of note, AChE inhibitor treatment did not
affect tremors or fall rates (Pagano et al., 2015). PD and other neurological conditions

have been linked to alterations in gut microbiota as very recently summarized (Santos et

al., 2019). Preclinical studies have demonstrated that alterations in gut microbiota mediate
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motor deficits, microglia activation, and brain pathology consistent with neuroinflammation,
suggesting that targeting the microbiome via probiotics may reduce neuroinflammation
(Sampson et al., 2016). It is intriguing to relate these findings to regulation of the

gut microbiome as a therapeutic option for altering PD brain pathology. In this respect
vagus nerve cholinergic regulation of GI permeability and inflammation and galantamine
efficacy in alleviating pathology in the metabolic syndrome—a disorder also linked to
dysregulated gut microbiota, indicate novel therapeutic approaches (Consolim-Colombo
etal., 2017; Pavlov & Tracey, 2012). Better understanding of cholinergic dysfunction in
the various subtypes of PD and mild to moderate disease may lead to earlier treatment
with galantamine and other AChE inhibitors and more effective therapeutic strategies.
Furthermore, combination therapies that target pathologies should be explored for PD and
other complex chronic conditions.

5.3| Schizophrenia

Schizophrenia is a complex and chronic neuropsychiatric illness characterized by
hallucinations and delusions (also known as positive symptoms), social withdrawal and

flat affect (also known as negative symptoms), disorganized speech and alogia (or poverty
of speech), as well as cognitive dysfunction (Kahn et al., 2015; Marder & Cannon, 2019).
Although the onset of schizophrenia can occur at any time during one’s life, onset typically
occurs in the late teens to early 20’s in men and somewhat later in women (Gogtay et al.,
2011). Consistent with its early onset, schizophrenia is proposed to result from a complex
interplay of genetic, sex, environmental, and other factors (e.g. paternal age, migration
status, drug abuse, and social adversity) that are proposed to impact early brain development
(Kahn et al., 2015; Marder & Cannon, 2019). In the absence of understanding the underlying
causes of this disease, patients continue to be treated with therapies that target symptoms
rather than mechanisms of pathology. Numerous studies support ‘neurotransmitter-based
hypotheses’, including alterations in the glutamatergic, dopaminergic, and cholinergic
systems in schizophrenia. Abnormalities of the cholinergic system in schizophrenia were
first indicated during the 1950s and 1960s, when it was discovered that administration

of irreversible AChE inhibitors could activate psychotic-like episodes in healthy controls
and patients with schizophrenia (Gershon & Shaw, 1961; Rowntree et al., 1950). The
‘cholinergic imbalance hypotheses’ were proposed in the etiology of schizophrenia, tardive
dyskinesia, and Huntington’s chorea in 1975 (Davis et al., 1975). Post-mortem analyses of
schizophrenic brains revealed a negative correlation between ChAT activity in the parietal
cortex and severity of cognitive deficits (Powchik et al., 1998). A role for altered brain
cholinergic signaling in cognitive impairment observed in patients with schizophrenia has
been described (Berman et al., 2007). Results of postmortem brain studies and neuroimaging
of schizophrenia patients reveal global reductions in cholinergic signaling and a decrease

in M1 mAChR and M4 mAChR expression in the hippocampus, striatum and cortex

(Dean & Scarr, 2020; Scarr et al., 2018). Consistent with these observations, centrally
acting M1 mAChR and M4 mAChR agonists have been proposed for treating cognitive
impairment and other core features of schizophrenia (Dean & Scarr, 2020; Jones et al.,
2012). Of note, in a double-blind, placebo-controlled trial with 20 schizophrenia patients,
treatment with xanomeline, an M1/M4 mAChR agonist, significantly alleviated the positive
and negative symptoms, and improved cognition—more specifically verbal learning and
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short-term memory (Anantha Shekhar et al., 2008). It is important to note that xanomeline
was recently shown to significantly suppress inflammation within the inflammatory reflex
(Rosas-Ballina et al., 2015). As elaborated later in this section, accumulating evidence
indicates a role for inflammation as a driver of pathogenesis in schizophrenia and thus,
presents a reasonable therapeutic target (Kirkpatrick & Miller, 2013; Meyer et al., 2011).
Therefore, it is interesting and important to consider that the anti-inflammatory effects

of xanomeline may contribute to its remarkable effectiveness in treating schizophrenia.
Targeting nAChRs and specifically a7nAChRs via small molecule agonists in schizophrenia
is also currently being explored (Gibbons & Dean, 2016; Jones et al., 2012). As in AD, the
focus has now shifted from orthosteric mAChR and nAChR agonists to newer generations of
positive allosteric modulators with improved selectivity and fewer side effects (Jones et al.,
2012). Inhibition of AChE activity (by AChE inhibitors, such as galantamine) to effectively
raise ACh levels at the synaptic cleft is another approach to improve cholinergic signaling
and cognitive function in schizophrenia (Gibbons & Dean, 2016).

Immune dysfunction, inflammation, and neuroinflammation in schizophrenia have been
described for decades (Miiller, 2018) and elevated levels of cytokines in blood and
cerebrospinal fluid have been demonstrated in schizophrenia patients (Maller, 2018).

In addition, viral infections and autoimmunity have been described in the setting of
schizophrenia since the 1980s (Ganguli et al., 1987; Torrey & Peterson, 1973). It is now
recognized that peripheral inflammation and neuroinflammation significantly contribute

to the pathogenesis of schizophrenia and can be therapeutically targeted for alleviating
disease pathology (Buckley, 2019; Meyer et al., 2011). Similar to other conditions, it

has been proposed that inflammatory alterations may be early indicators of schizophrenia-
related pathology (Feigenson et al., 2014; Kahn & Sommer, 2015; Monji et al., 2013).
Neuroinflammation and specifically increased microglial activity in schizophrenia have been
identified in post-mortem studies (Trépanier et al., 2016). However, a review of four studies
using PET imaging with tracers specific for ligands expressed on activated microglial cells
summarizes the failure to reliably detect neuroinflammation in living schizophrenia patients
(Pasternak et al., 2016). Developing more refined neuroimaging approaches in the future
may shed light on this discrepancy.

The first-line of treatment in schizophrenia are antipsychotic medications. Several case
reports support the potential beneficial effects of adding galantamine for treating the
negative symptoms of schizophrenia (Arnold et al., 2004; Ochoa & Clark, 2006). However,
clinical trials have shown mixed results. For example, treatment of schizophrenic subjects (7
= 24) with either placebo or galantamine (16 mg per day maintenance dose) in addition

to their antipsychotic medication for 12 weeks resulted in slight, but not significant
improvements in cognitive function (Lee et al., 2007). Treating stable adult schizophrenia
patients with galantamine (32 mg per day maintenance dose) versus, placebo for eight
weeks (1= 20) did not significantly alter attention performance or motor speed and actually
worsened performance on executive function and memory tasks (Dyer et al., 2008). In
contrast, treatment of 16 male and 1 female subjects with schizophrenia, who were stabilized
on risperidone, with galantamine (24 mg per day maintenance dose versus, placebo) for

two months significantly improved short-term memory and attention (Schubert et al., 2006)
(Table 2). Galantamine treatment of subjects with chronic schizophrenia with stable positive
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and negative symptoms (77 =42, 24 mg per day maintenance dose) versus. placebo (/7= 38)
for 12 weeks significantly improved alogia (poverty of speech), which has been linked to
cognitive impairment (Conley et al., 2009). A recent meta-analysis assessed the results of
nine randomized controlled trials for the efficacy of AChE inhibitors as an add-on treatment
to antipsychotic medication on cognition in subjects with schizophrenia (Santos et al., 2018).
Of note, only three of the nine studies employed galantamine; five studies used donepezil;
and one study used rivastigmine. While six trials (with 219 subjects) reported that AChE
inhibitors improved speed of processing, eight trials (with 252 subjects) found that placebo
was better than AChE inhibitors for attention, and eight trials (7= 273) found no differences
in placebo versus AChE inhibitor on working memory. However, in a meta-analysis of

six randomized controlled trials, galantamine was shown to significantly alleviate cognitive
impairment in patients with schizophrenia and to have substantial (although not statistically
significant) beneficial effects on positive and negative symptoms (Koola et al., 2020). Recent
randomized, double-blind, and placebo-controlled study demonstrated significantly reduced
sensory gating impairments in 20 schizophrenia patients who received combined therapy

of galantamine (16 mg) with CDP (cytidine diphosphate)-choline (500 mg) (Choueiry et
al., 2019) (Table 2). These findings highlight the enhanced therapeutic utility of combining
galantamine (an AChE inhibitor and a positive allosteric modulator of a7nAChR) with

an a7nAChR agonist, that is, CDP-choline. They also point to the role of a7nAChR in

this modulation that can be employed in future therapeutic strategies for schizophrenia.
Combining galantamine with memantine, both FDA approved for treating AD, may also

be a promising therapeutic approach in schizophrenia (Koola, 2018). However, it should
also be considered that in addition to being an NMDA antagonist (designated as its
principle mode of action), memantine has a7nAChR antagonistic properties (Aracava

et al., 2005). Antipsychotic therapies, the first-line treatment for schizophrenia, have
serious and significant side effects, including weight gain and obesity, dyslipidemia,
hypercholesterolemia, hyperglycemia, insulin resistance, metabolic syndrome, diabetes, and
cardiovascular disease (American Diabetes Association et al., 2004; Citrome & Volavka,
2004, 2005). It is reasonable to suggest combining antipsychotic therapy with galantamine
for at risk patients based on previous findings demonstrating that galantamine improves
lipid profiles in diet-induced obesity and insulin resistance in mice (Satapathy et al., 2011),
diabetes in rodents (Ali et al., 2015; Hanes et al., 2015) and alleviates insulin resistance in
obese patients with the metabolic syndrome (Consolim-Colombo et al., 2017; Sangaleti et
al., 2020). Future multi-center controlled trials with uniform criteria, treatment strategies,
and assessments should provide further insights into the effectiveness of galantamine,
perhaps in combination with other drugs, in schizophrenia.

6| BROADENING THE SCOPE OF THE THERAPEUTIC UTILITY OF
GALANTAMINE

Anti-inflammatory and disease-alleviating effects of galantamine have been reported in a
growing number of conditions in both pre-clinical (Table 1) and clinical (Table 2) settings.
Most of these conditions affect people across their entire lifespan and are not simply
disorders of the aged.
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The effectiveness of galantamine has been evaluated in animal models of diabetes and
other diseases (Table 1). In non-obese mice with type 1 diabetes, galantamine treatment
significantly delays the onset of hyperglycemia, decreases immune cell infiltration in

the pancreatic islets, and lowers serum anti-insulin antibody levels (Hanes et al., 2015).
Galantamine also exerts anti-inflammatory, anti-oxidative, anti-apoptotic and beneficial
metabolic effects in a rat model of n5-STZ- induced diabetes (produced by injecting
streptozotocin (STZ) on neonatal day 5 (n5)) (Ali et al., 2015). Of note, most of the
effects of this cholinergic drug are of higher magnitude when compared with the anti-
diabetic drug, vildagliptin, and the combined treatment results in additional synergistic
improvements. In rats with experimental arthritis, galantamine treatment significantly
alleviates inflammation (serum levels of anti-cyclic citrullinated peptide antibodies, TNF,
and monocyte chemoattractant protein-1 (MCP-1)) and hind paw swelling (Gowayed et
al., 2015). These effects are even more pronounced than the effect of the reference drug,
leflunomide (Gowayed et al., 2015). In a model of 1, 2-dimethylhydrazine-induced colon
cancer in rats, galantamine treatment decreases the number of aberrant crypt foci, and
suppresses oxidative stress and inflammatory indices (Sammi et al., 2018).

In a model of traumatic brain injury in rats, galantamine treatment causes a significant
reduction in the cortical lesion volume and restored behavioral flexibility (Njoku et al.,
2019). Treatments with centrally acting AChE inhibitors, including galantamine of patients
with chronic traumatic brain injury result in better vigilance and attention associated

with improved general function (Tenovuo, 2005). In neonatal rats with hypoxia ischemia,
pretreatment with galantamine protects against brain neuronal loss, decreases astrocyte
hypertrophy and exerts anti-oxidative effects, which is associated with decreased brain
damage (Odorcyk et al., 2017). In a rat model of acute spinal cord injury, galantamine
treatment (5 mg/kg, i.p.) for five days significantly decreases lesion size, increases tissue
survival, and accelerates hind limb motor function recovery (Sperling et al., 2019).

Based on experimental evidence from animal models and clinical observations it has been
suggested that dysfunctional brain cholinergic signaling mediates some autism-associated
behavioral manifestations (Kemper & Bauman, 1998; Mukaetova-Ladinska et al., 2010;
Rossignol & Frye, 2014). Galantamine and other centrally acting AChE inhibitors have
been studied in the treatment of children with autism spectrum disorder (Ghaleiha et

al., 2014; Rossignol & Frye, 2014). Galantamine treatment improves some of the core

and associated disease manifestations (Ghaleiha et al., 2014; Rossignol & Frye, 2014).
Drug treatment (up to 24 mg per day, for 10 weeks) does not result in significant side
effects compared with placebo in a randomized, double-blind, placebo-controlled study

in children with autism spectrum disorder (Ghaleiha et al., 2014). There is some, albeit
limited, evidence that galantamine may benefit patients with Huntington’s disease (Park et
al., 2008; Petrikis et al., 2004). In a rat model of Huntington’s disease, galantamine reduces
3-nitropropionic (3NP) acid-induced neurologic deficits and brain neurodegeneration (Park
et al., 2008). Galantamine treatment of a patient with the disease improved motor and
psychiatric indices (Petrikis et al., 2004). Studies in substance abuse and addiction have
also indicated beneficial effects of galantamine. Galantamine reduces nicotine reinforcement
in rats and this drug treatment for two weeks significantly lowers smoking rates and
inhibits smoking satisfaction and reward compared with placebo in humans (Ashare et
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al., 2016). Galantamine inhibits the reinstatement of methamphetamine-seeking behavior

in mice, a finding that suggests that this drug may be useful in the treatment of relapses

of methamphetamine-seeking behavior (Koseki et al., 2014). Brain cholinergic dysfunction
has also been indicated in Down syndrome (Chen et al., 2009; Granholm et al., 2000).
Galantamine treatment significantly improves olfactory learning in Ts(1716)65Dn mice with
segmental trisomy for distal mouse Chr 16 (a mouse model of Down syndrome known

as Ts65Dna), which suggests the potential of this cholinergic drug to improve cognition

in Down syndrome patients with dementia (de Souza et al., 2011; Prasher, 2004). To our
knowledge, no randomized controlled trials of galantamine in people with Down syndrome
have been undertaken (Mohan et al., 2009), supporting the need for further research.

Brain cholinergic signaling is implicated in the neurobiology of lucid dreaming—a state
of consciousness of being aware that one is dreaming while dreaming (Baird et al., 2019;
LaBerge et al., 2018). As previously reviewed, lucid dreaming can be explored in the
treatment of persistent nightmares, narcolepsy, to establish brain activity markers of self-
awareness, and to provide unique insights into neuropsychiatric conditions (Baird et al.,
2019). Pre-sleep treatment with galantamine (4 mg or 8 mg per day) dose-dependently
increases the frequency of lucid dreams compared with placebo in a double blind study
with 121 participants (LaBerge et al., 2018). While the exact mechanism(s) by which
galantamine stimulates lucid dreams are unclear, activating of brain cholinergic mechanisms
that results in stimulation of REM sleep intensity and phasic activation, and enhanced
cognitive processing may play a role (Baird et al., 2019; LaBerge et al., 2018).

Exposure to organophosphorus compounds, including nerve agents such soman, sarin, VX,
and tabun, insecticides, and pesticides can be lethal, but effective antidotal treatments are
not available. Most of the toxicity of these compounds is because of their irreversible
inhibition of AChE. Galantamine has been shown to significantly counteract soman, sarin
and paraoxon (the active metabolite of the insecticide parathion) acute toxicity and lethality
(Albuquerque et al., 2006). Galantamine exerts greater efficacy than the peripherally acting
AChE inhibitor pyridostigmine, and is less toxic than huperzine, another centrally acting
AChE inhibitor (Albuquerque et al., 2006). Galantamine administration to guinea pigs just
prior to or even up to 15 min after exposure to these nerve gas components significantly
alleviates toxicity and improves survival (Pereira et al., 2010). A direct comparison of
galantamine and other centrally acting AChE inhibitors, including donepezil, rivastigmine,
and huperzine A identified galantamine as a superior antidotal therapy for soman toxicity
in guinea pigs (Aracava et al., 2009). A very recent study reported that a clinically relevant
oral dose of galantamine prevented soman-induced lethality and alleviated neuropathology
in Cynomolgus monkeys post-treated with conventional antidotes (Lane et al., 2020). Of
note, these effects were superior to the effects of the peripherally acting AChE inhibitor
pyridostigmine, approved as pretreatment for military personnel at risk of exposure to
soman. These and other reported findings in rodents and non-human primates (Golime et al.,
2018; Hamilton et al., 2017; Hilmas et al., 2009) are of considerable interest for developing
galantamine as an antidote for organophosphate poisoning.
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7| CONCLUSIONS

During the last decade our understanding of the regulatory functions of neural cholinergic
signaling has substantially evolved and improved. Cholinergic mechanisms have been
indicated in the regulation of immunity, inflammation and metabolism and galantamine and
other cholinergic drugs in current clinical use for the treatment of neurological conditions
have been characterized as anti-inflammatory agents. Galantamine is a centrally acting
AChE inhibitor and proposed positive allosteric modulator of NAChRs that has been

used for decades in the treatment of diseases characterized by cholinergic dysfunction.
Galantamine was approved by the U.S. FDA in 2001 for treating mild to moderate AD

and accumulating evidence indicates its efficacy in slowing the cognitive decline in patients
with AD. Galantamine has also been used to treat patients with PD and shown to improve
cognitive decline in some patients and to reduce death rates. Clinical trials with galantamine
in patients with schizophrenia reveal mixed results, with benefits in short-term memory and
attention in some patients. While patients diagnosed with AD and PD are usually above

the age of 60 years, schizophrenia is typically diagnosed in late adolescence and early
adulthood. In all three diseases, there is evidence for brain cholinergic dysfunction and
cognitive deterioration, interrelated with neuroinflammation and peripheral inflammation.
Relatively recently—about a decade ago studying the vagus nerve-based inflammatory
reflex and cholinergic signaling in the regulation of immunity and inflammation led

to the discovery of the anti-inflammatory properties of galantamine. This has now

provided new perspectives for better understanding the effectiveness of galantamine in AD,
PD, schizophrenia, and a growing number of other neurodegenerative and neurological
conditions, including autism spectrum disorder. Active ongoing research continues to
indicate the utility of galantamine in the treatment of conditions characterized by aberrant
inflammation and metabolic dysregulation. This research progressed into recent clinical
developments supporting the anti-inflammatory and other beneficial effects of galantamine
in metabolic syndrome—a disorder of pandemic proportions. Future studies will continue
evaluating galantamine as a single treatment or in combination with other pharmacological
or device-generated therapeutic modalities (within the scope of bioelectronic medicine)

in preventive and treatment strategies for conditions with neurological, inflammatory and
metabolic etiology.
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FIGURE 1.
The synthesis, transport, action, and degradation of acetylcholine in the brain. Acetylcholine

(ACh) is synthesized from acetyl coenzyme A (Acetyl-CoA) and choline (Ch) by the
enzyme choline acetyltransferase (ChAT) in the cytoplasm of the cholinergic neurons. The
vesicular acetylcholine transporter (VAChT) loads ACh in vesicles before its release in the
synaptic cleft. ACh interacts with postsynaptic muscarinic receptors, including the M1, M3,
and M5 subtype and nicotinic receptors, including a4/a2nAChR and a7nAChR, which
mediate cholinergic transmission. ACh also interacts with presynaptic receptors, including
the M2 and M4 mAChR, which inhibit ACh release (autoinhibition) and a.7nAChR and
a4/B2nAChR, which stimulate ACh release. (Of note, other presynaptic and postsynaptic
nAChRs also play a role in modulating cholinergic transmission in the brain Albuquerque
et al., 2009; Zoli et al., 2015)). ACh is degraded by acetylcholinesterase (AChE) and by
butyrylcholinesterase (BChE, with predominantly glial origins) to acetate and choline, which
is re-utilized for ACh synthesis via re-uptake through the high affinity choline transporter
(not shown). (Figure created using Biorender)
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FIGURE 2.
Brain cholinergic signaling and therapeutic efficacy of galantamine. Brain cholinergic

signaling plays a key role in the regulation of vital physiological functions, including
cognition and inflammation. Brain cholinergic dysfunction and neuroinflammation,
documented in Alzheimer’s disease, Parkinson’s disease, schizophrenia, and other disorders
have been shown to contribute to cognitive impairment. Peripheral inflammation,

driven by immune and metabolic dysregulation reportedly contributes and exacerbates
neuroinflammation. Activation of brain cholinergic signaling by administering the centrally
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acting AChE inhibitor galantamine (galantamine hydrobromide in most pre-clinical
studies) helps counteract cognitive decline and inhibits peripheral inflammation (through
the inflammatory reflex). Brain cholinergic activation also lowers neuroinflammation.
Suppressing aberrant peripheral inflammation may ameliorate metabolic derangements and
reduce neuroinflammation. These and possibly other mechanisms mediate galantamine’s
beneficial effects in a numerous neurological, inflammatory, and metabolic disorders. See
text for details. (Figure created using Biorender)
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