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Down syndrome (DS, trisomy 21) is characterized by intellectual impairment at birth
and Alzheimer’s disease (AD) pathology in middle age. As individuals with DS age,
their cognitive functions decline as they develop AD pathology. The susceptibility
to degeneration of a subset of neurons, known as basal forebrain cholinergic
neurons (BFCNs), in DS and AD is a critical link between cognitive impairment and
neurodegeneration in both disorders. BFCNs are the primary source of cholinergic
innervation to the cerebral cortex and hippocampus, as well as the amygdala. They
play a critical role in the processing of information related to cognitive function and are
directly engaged in regulating circuits of attention and memory throughout the lifespan.
Given the importance of BFCNs in attention and memory, it is not surprising that these
neurons contribute to dysfunctional neuronal circuitry in DS and are vulnerable in adults
with DS and AD, where their degeneration leads to memory loss and disturbance in
language. BFCNs are thus a relevant cell target for therapeutics for both DS and AD but,
despite some success, efforts in this area have waned. There are gaps in our knowledge
of BFCN vulnerability that preclude our ability to effectively design interventions. Here,
we review the role of BFCN function and degeneration in AD and DS and identify under-
studied aspects of BFCN biology. The current gaps in BFCN relevant imaging studies,
therapeutics, and human models limit our insight into the mechanistic vulnerability of
BFCNs in individuals with DS and AD.

Keywords: basal forebrain cholinergic neurons, down syndrome, Alzheimer’s disease, pluripotent stem cell,
neurodegeneration

INTRODUCTION

Down syndrome (DS, trisomy 21, T21) is a complex developmental disorder that arises from
trisomy of human chromosome 21 (Hsa21) (Lejeune et al., 1959) and is both a neurodevelopmental
and a neurodegenerative disorder. Intellectual disability in individuals with DS ranges from mild
to moderate with deficits in specific domains, including attention and memory. DS features arise as
a result of uncharacteristic dosage of coding and non-coding sequences found on Hsa21. Despite
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its known cause and high incidence (Shin et al., 2009; Presson
et al., 2013; de Graaf et al., 2015), little is known about the
underlying developmental defects and degenerative outcomes
that cause the characteristics of DS.

Down syndrome is also characterized by Alzheimer’s disease
(AD) pathology that emerges in middle age (Scott et al., 1983;
Coyle et al., 1986; Visser et al., 1997; Burt et al., 1998; Menendez,
2005; Head et al., 2012; Snyder et al., 2020). The prevalence
of dementia in individuals affected by DS increases with each
consecutive decade: 9% between the ages of 45 and 59 years,
18% between 50 and 54 years, and 32% between 55 and 59 years
with a cumulative risk of 90% by age 65 (Zigman et al., 1996;
Holland et al., 2000; Head et al., 2016; Sinai et al., 2018).
In addition, the prevalence of symptomatic AD in individuals
with DS reaches 90–100% by age 70, while only 11.3% of the
general population have AD by the age of 65 (Fortea et al.,
2020; Alzheimer’s Association, 2021). Additionally, there are
sex differences, with DS males developing AD-like pathology
at an earlier age than females (Zigman et al., 1996; Holland
et al., 2000; Head et al., 2012). Thus, although the onset of
dementia and AD in DS is beginning to be defined, it is not
known what triggers the pathology nor what the earliest events
in AD in DS are.

Basal forebrain cholinergic neurons (BFCNs) are a vulnerable
population of neurons in both DS and AD (Yates et al.,
1980; Beyreuther and Masters, 1995; Salehi et al., 2004; Baker-
Nigh et al., 2015; Chen et al., 2018). BFCNs provide the
primary source of cholinergic innervation to the cerebral
cortex, hippocampus, and amygdala, and play a critical
role in the processing of information related to cognitive
function, as they are directly engaged in regulating circuits
of attention and memory (Mesulam et al., 1983a; Woolf,
1991; Ballinger et al., 2016). BFCNs degenerate during aging
and cell loss correlates with memory loss in old age and in
individuals affected by AD (Mori, 1997; White and Ruske,
2002; Mandas et al., 2014). In DS, fewer BFCNs suggest
faulty development or increased degeneration as a hallmark
of reduced cognition (Casanova et al., 1985). The critical role
of BFCNs in cognition, as well as their susceptibility in both
DS and AD, provide a clear link to the cognitive decline
in both DS and AD.

BFCNS ARE IMPORTANT IN AD AND DS

BFCNs Are a Unique Population of
Neurons
Basal forebrain cholinergic neurons are a cluster of large
neurons in the basal forebrain first described by Meynert
(1872) and termed the “magnocellular basal forebrain system”
(Hedreen et al., 1984) or the nucleus basalis of Meynert
(NbM) in primates (Koelliker, 1896). Unlike other neuronal
types, whose nuclei of origin are easy to identify, BFCNs
often form dense clusters with no easily identifiable borders
to justify the identification of a nucleus. Cholinergic neurons
have extremely long and complex processes with a single human
neuron having an estimated arborization length of >100 m

(Wu et al., 2014). BFCNs express several neurotransmitter
receptors that include adrenergic, glutamatergic, GABAergic,
estrogen receptors, and endocannabinoids (Miettinen et al., 2002;
Harkany et al., 2003; Mufson et al., 2003; Zaborszky et al.,
2004; De Souza Silva et al., 2006). Their neuronal projections
extend to the cerebral cortex, hippocampus, and amygdala and
are the primary source of innervations to the cortex. Unlike
primary sensory cortical neurons, cholinergic neurons remodel
their axonal arborizations and synapses continually through
the lifespan (Sarter et al., 2003; Hasselmo, 2006; Botly and
De Rosa, 2009; Heys et al., 2010; Mitsushima et al., 2013;
Schmitz and Duncan, 2018).

Basal forebrain cholinergic neurons are classified based on
their projection targets defined in rats and non-human primates
(Mesulam et al., 1983a,b; Butcher and Semba, 1989; Coppola
and Disney, 2018; Solari and Hangya, 2018). Ch1 and Ch2,
neurons from the medial septum and the vertical limb of
the diagonal band, are the primary source of cholinergic
innervation to the hippocampus. Neurons from the horizontal
limb of the diagonal band, Ch3, connect to the olfactory
bulb, piriform, and entorhinal cortices. These regions act as a
network hub for memory, as they are the interface between
the hippocampus and neocortex. Neurons in the substantia
innominate/nucleus basalis, Ch4, project to the basolateral
amygdala and innervate the entire neocortex. Ch1, Ch2, and
Ch3 also project to orexin/hypocretin neurons in the lateral
hypothalamus region of the brain (Sakurai et al., 2005). The
orexinergic nucleus neurons project throughout the nervous
system to mediate cognition and various physical processes
(Chieffi et al., 2017). The ratio of cholinergic to non-cholinergic
neuronal projections in each of these target areas varies and
may affect functional connectivity. On average, the ratio is
lower in the frontal area (0.3) and higher in the posterior
area (0.6) (Zaborszky et al., 2015). Through this complexity,
BFCNs regulate attention, memory, learning, and processing of
information related to cognitive function, and so deficits in BFCN
number or function can negatively impact an individual’s spatial
reasoning, language, and cognition.

BFCNs in Aging and AD
Basal forebrain cholinergic neuron dysfunction or degeneration
is implicated as a driving factor for disease in a diverse
range of human neurocognitive conditions and neuropsychiatric
disorders including Parkinson’s disease (PD), schizophrenia,
drug abuse, and AD (Détári, 2000; Conner et al., 2003;
Blanco-Centurion et al., 2007; Weinberger, 2007; Jones, 2008;
Kaur et al., 2008; Lin and Nicolelis, 2008; Parikh and Sarter,
2008; Goard and Dan, 2009). Strong correlation between the
thinning of the Ch4 BFCNs and mild cognitive impairment
of PD patients (Rong et al., 2021) suggests that loss of
BFCNs contributes to the cognitive decline in PD. BFCN
expression of histamine H1 receptor (H1R) is decreased in
patients with schizophrenia that show negative symptoms
and hallmarks of schizophrenia, such as the formation of
sensorimotor gating deficit, social impairment, and anhedonia-
like behavior (Cheng et al., 2021). Deleting the H1R gene in
BFCNs in mice is sufficient to elicit these negative symptoms
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(Cheng et al., 2021), implicating a central role for this gene and
these neurons in schizophrenia. Ch1, Ch2, and Ch3 BFCN
projections to the orexin/hypocretin nucleus are likely linked
to addiction and changes in behavior. Lesioning of BFCNs
in mouse models of drug addiction suggest that interactions
between BFCN- driven individual cognitive-motivational biases
and the form of the drug cue encountered are involved in
relapse (Pitchers et al., 2017). Together these studies, though
limited, support the critical role for BFCN function in circuit
function and behavior.

Basal forebrain cholinergic neurons undergo a significant level
of atrophy during normal aging in mammals, including humans.
This age-related degeneration is positively correlated to memory
loss in old age and more prominent in individuals affected by
AD (Mori, 1997; White and Ruske, 2002; Mandas et al., 2014).
Cholinergic circuits are susceptible to non-pathologic age-related
oxidative and inflammatory stress, which stimulates the immune
system (Gamage et al., 2020). AD is defined by rapidly accelerated
loss of these projection neurons (Casanova et al., 1985), with up
to 90% of NbM neurons lost in familial cases of AD (Whitehouse
et al., 1981). Cholinergic dysfunction correlates strongly with the
progression of cognitive decline (Isacson et al., 2002; Nardone
et al., 2006). Specifically, BFCN-related cognitive decline involves
basocortical projection systems, septohippocampal projection
systems and a loss of the high-affinity neurotrophic receptor
(TrkA) expression specifically in BFCNs (Naumann et al., 2002;
Mufson et al., 1996, 2003, 2004; Ginsberg et al., 2006). The loss of
BFCNs during normal aging and in the pathology of AD highlight
the importance of these cells in maintaining cognitive function.

Deficits in BFCNs contribute to dysfunctional neuronal
circuitry in individuals with DS who have phenotypically unique
behavioral patterns in language, attention and memory. Post-
mortem analysis indicates that there are 29% fewer NbM neurons
in adult DS compared to controls (Casanova et al., 1985). Fewer
BFCNs in older DS patient samples as compared to unaffected
controls suggests that loss of BFCNs contributes to memory loss,
decreased spatial recognition and disturbance in language that
are common areas of decline in both DS and AD (Davies and
Maloney, 1976; Whitehouse et al., 1982; Coyle et al., 1983, 1986;
Casanova et al., 1985; Price et al., 1986; Mufson et al., 1989, 1995;
Perry et al., 1992; Bierer et al., 1995; Ballinger et al., 2016). The
decreased number of these BFCNs in DS may be due to fewer cells
established during brain development or due to degeneration.
Understanding the vulnerability of these neurons will help us
understand the underlying mechanisms of neurodegeneration
in both AD and DS.

WHAT IS THE MECHANISM OF BFCN
DEGENERATION?

Degeneration of cholinergic neurons in the basal forebrain is
strongly correlated with cognitive function. It is not known
what causes the degeneration of BFCNs. Several hypotheses
have been raised to define the mechanisms underlying BFCN
degeneration in DS and AD including those focused on
acetylcholine, amyloid-β, tau, inflammation, and retrograde

transport (Figure 1). Yet, gaps in our understanding of their role
specifically in BFCNs remain.

Cholinergic Hypothesis
Because the cholinergic system is important in various forms of
dementia, including AD (Davies and Maloney, 1976; Whitehouse
et al., 1982; Price et al., 1986; Mufson et al., 1989; Perry et al.,
1992; Bierer et al., 1995; Mufson et al., 1995; Ballinger et al.,
2016), the use of choline acetyl transferase inhibitors to reverse
cholinergic hypofunction in AD has been shown to facilitate
memory function, albeit to a moderate degree (Ferreira-Vieira
et al., 2016). The cholinergic neuronal loss in the basal forebrain
is observed not only in AD, but also in PD, DS, Huntington’s
disease, and other neurocognitive diseases (Aquilonius et al.,
1975; Yates et al., 1980; Arendt et al., 1983; Dubois et al., 1983;
Barron et al., 1987; Ferrante et al., 1987; Kato, 1989). Studies have
demonstrated that cholinergic synapses are affected by amyloid-
β oligomers, and this neurotoxicity is the major contributor to
cognitive impairment in AD and DS (Terry et al., 1991; Selkoe,
2002; Selkoe and Hardy, 2016). These data and others led to the
“cholinergic hypothesis of AD” (Coyle et al., 1983; Contestabile,
2011; Dumas and Newhouse, 2011). As discussed later, this
hypothesis has fallen out of favor, but recent data should serve
to revive studies on this critical system.

Amyloid-β Cascade Hypothesis
The amyloid-β cascade hypothesis was advanced by the finding
of a pathogenic mutation in the APP gene (encoded on Hsa21),
which indicated that APP metabolism and amyloid-β deposition
were the primary events in AD (Hardy and Allsop, 1991; Selkoe,
1991). APP is cleaved by two different proteolytic processes:
the amyloidogenic (β pathway, pathogenic) that results in
production of insoluble amyloid-β and the non-amyloidogenic
(α pathway, non-pathogenic) pathway (Liu et al., 2019) that
does not produce insoluble amyloid-β. It is well established
that high concentrations of amyloid-β protein are neurotoxic
to neurons, causing atrophy of the axons and dendrites leading
to neuronal death (Yankner et al., 1990). Normally the small
amount of amyloid-β that is produced via the β pathway is
cleared by the immune system, but APP mutations such as
Lys670Asn/Met671Leu (Swedish) can direct more amyloidogenic
proteolysis (Yan and Vassar, 2014; Zhou et al., 2018). Similarly,
individuals with a rare familial trait known as duplication of
APP (Dup-APP), also develop early onset AD (Rovelet-Lecrux
et al., 2006, 2007; Sleegers et al., 2006; Kasuga et al., 2009;
Thonberg et al., 2011; Hooli et al., 2012; McNaughton et al., 2012;
Swaminathan et al., 2012; Wiseman et al., 2015). Thus, APP and
amyloid-β have a causative role in AD.

The additional copy of Hsa21-encoded APP in DS may be a
driving factor for the emergence of AD in individuals with DS by
increasing amyloid-β. Likewise, individuals with a partial trisomy
of chromosome 21 that lack an additional copy of APP do not
develop AD (Prasher et al., 1998; Korbel et al., 2009). While these
data suggest a key role of APP in the development of AD in
DS, recent studies from DS models show the important role of
APP in the amyloidogenic aspects of AD but challenge the notion
that increased APP levels are solely responsible for DS-associated
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FIGURE 1 | Postulated mechanisms of BFCN degeneration. Created with BioRender.

AD pathogenesis (Wiseman et al., 2015, 2018; Ovchinnikov et al.,
2018). Additional genes on Hsa21 may regulate the course of AD
in DS individuals, but further work is required to elucidate their
role and importance.

Tau Propagation Hypothesis
The tau propagation hypothesis focuses on the appearance of
neurofibrillary tangles (NFTs) and misfolded tau that propagates
through the brain in a prion-like way, eventually spreading
throughout the brains of AD patients (Frost et al., 2009). Tau
proteins stabilize the microtubules that act as a highway for the
transportation of cargo in dendrites and axons (Clavaguera et al.,
2009; Frost et al., 2009). Tau is encoded by approximately 352
residues and alternative splicing of exons 2, 3, and 10 results
in six isoforms. The balance between isoforms regulates cellular
processes (Goedert et al., 1989; Andreadis et al., 1992). An
equilibrium between two isoforms (3R and 4R) may be important
in preventing the formation of tau aggregates, a common feature
in AD pathology. Hyperphosphorylated tau proteins form helical
filaments, which aggregate to form NFTs (Grundke-Iqbal et al.,
1986; Kosik et al., 1986; Nukina and Ihara, 1986), a pathological
feature of AD (Braak and Braak, 1996; Braak et al., 1999).

Individuals with DS show the formation of NFTs as early
as 30 years of age (Lott and Head, 2019; Perez et al., 2019;
Gomez et al., 2020). Tau phosphorylation and the appearance
of NFTs in DS may be regulated by two Hsa21 genes, APP and
DYRK1A. DYRK1A phosphorylates APP at the Thr668 residue,

which leads to an increase in activated APP. The resulting
p-APP phosphorylates the Thr212 residue of tau, resulting in
pTau that is implicated in AD pathology (Alonso et al., 2010,
2018). A biomarker study revealed that individuals with DS had
decreased amyloid-β over time, while the plasma level of tau and
NFT increased leading to a reduction in basal forebrain volume
(Mengel et al., 2020; Schmitz et al., 2020). Thus, in addition
to APP, tau phosphorylation may be dysregulated in DS and
specifically in BFCNs.

Inflammation Hypothesis
Inflammation occurs in the brains of individuals with AD and
DS patients as a response to neuritic plaques and NFTs (Wilcock,
2012). The inflammatory response is predominantly mediated
by microglial cells, brain-specific macrophages in the central
nervous system (CNS) that make up about 15% of all brain
cells (Clayton et al., 2017). Microglial inflammatory responses
have been identified as potentially playing an important role
in the development of AD pathology (Clayton et al., 2017;
Kinney et al., 2018; Chen and Mobley, 2019). In AD patients
a two to five-fold increase in the concentration of aggregated
microglia near neurons with NFTs may indicate higher activity
of microglial cells in AD (Calsolaro and Edison, 2016). Amyloid-
β has a synergistic effect with the cytokine activation of microglia
(Meda et al., 1995). It is through the CD36-TLR4-TLR6 receptor
complex and the NLRP3 inflammatory complex that amyloid-
β can bind to microglia cells, release inflammation factors and
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elicit immune responses (Heneka et al., 2013; Sheedy et al.,
2013). Levels of inflammatory factors such as TNF-a, IL-1β,
TGF-β, IL-12, and IL-8 correlate with AD and increased levels
in the CNS have also been implicated in increased damage in
brains of AD patients (Michaud et al., 2013). Biomarkers in DS
plasma show consistently higher levels of amyloid-β and IL-1β

(Startin et al., 2019). Similarly, in DS, IL-1β and TGF-β induce
Hsa21 proteases ADAMTS1 and ADAMTS5 in the CNS. The
ADAMTS proteins are of interest because they are involved
in neurodegeneration (Gurses et al., 2016). Inflammation likely
plays a major role in AD in DS, but the mechanism is currently
under investigation. Additionally, it is not clear whether BFCNs
are affected by inflammation.

Retrograde Transport
Basal forebrain cholinergic neurons depend on nerve growth
factor (NGF) and brain derived neurotrophic factors (BDNF) for
their survival and function (Fahnestock and Shekari, 2019). Both
neurotrophic factors are retrogradely transported from BFCN
targets. The precursor for NGF (proNGF; pNGF) binds to the
NGF receptors TrkA and p75NTR, binding with higher affinity
to p75NTR while mature NGF binds more strongly to the TrkA
receptor (Fahnestock and Shekari, 2019). BFCNs express both
receptors, which are activated by pNGF to elicit TrkA-dependent
pathways of survival and growth through MAPK and Akt-mTOR.
However, inactivation or imbalance of TrkA leads to activation
of p75NTR-dependent apoptotic pathways, such as JNK. TrkA
is also increasingly lost in mild cognitive impairment and AD
(Fahnestock and Shekari, 2019). Studies modeling aging with
embryonic rat basal forebrain neurons in culture have shown
the axonal transport of NGF and BDNF are impaired with age,
suggesting a vulnerability of BFCNs in aging as well as in age-
related disorders such as AD (Budni et al., 2015).

In DS, it has been speculated that the additional copy of
APP on Hsa21 has a downstream impact on the retrograde
transport of neurotrophins. Using mouse models, overexpression
of APP hyperactivates Rab5, a key regulator of endosome fusion
and trafficking, leading to abnormally large endosomes, which
normally carry the NGF signal retrogradely (Xu et al., 2016).
There are two explanations as to how hyperactivation of Rab5
impairs neuronal trophic signaling. First, the enlarged Rab5
endosomes may have a difficult time moving retrogradely within
the axon, thus resulting in a net decrease in NGF delivery to
the soma (Xu et al., 2018). Alternatively, the increase Rab5
activation can promote premature delivery of trophic signals
to late endosomes/lysosomes, resulting in early degeneration of
NGF/TrkA signaling (Zhang et al., 2013; Xu et al., 2018). Both of
these possibilities would lead to decreased trophic signaling and
support of BFCNs, resulting in neuronal death. No studies have
assessed retrograde transport in human DS BFCNs and so we do
not know whether similar mechanisms are in play.

Here, we summarize the predominant mechanisms that have
been raised that may underlie specifically BFCN pathology.
However, other characteristics of T21 cells may also be important
in BFCN pathology. For example, oxidative stress has long been
implicated in DS (Lott et al., 2006; Perluigi and Butterfield,
2012) and, in fact, treatment of aged Ts65Dn mice with

vitamin E reduced oxidation levels and decreased cholinergic
neuron pathology in the basal forebrain (Lockrow et al.,
2009). Human studies are needed to test whether these results
translate to humans.

It is also possible deficient autophagy contributes to BFCN
pathology (Colacurcio et al., 2018). Assessment of human T21
cortical neurons has recently emerged (Botté et al., 2020) and so
it will be important for future studies to define vesicle trafficking
in BFCNs as well as cortical neurons.

IMAGING REVEALS VULNERABILITY OF
BFCNS IN AD AND DS

Although there are multiple vulnerable populations of neurons
in various brain regions, the classic model of AD pathology
progression postulates that the initial accumulation of pTau, and
later amyloid-β accumulation, in the entorhinal cortices leads
to the degeneration process that spreads to the temporoparietal
cortex over time in a stage-like fashion (Braak and Braak, 1991;
Thal et al., 2002; Fernandez and Lopez, 2020). Imaging studies
of AD models support this hypothesis, as they indicate that the
accumulation of pTau and amyloid-β in certain brain regions
reflect the local neural vulnerability that spreads overtime (Davies
and Maloney, 1976; Whitehouse et al., 1981; Arendt et al., 1985;
Mesulam et al., 2004; Mattson and Magnus, 2006; Geula et al.,
2008; Braak and Del Tredici, 2011; Saxena and Caroni, 2011;
Khan et al., 2014; Baker-Nigh et al., 2015; Grothe et al., 2018;
Sepulcre et al., 2018; Hanseeuw et al., 2019). Yet, recent imaging
studies have started to challenge this model. A longitudinal
study using cerebrospinal fluid (CSF) and MRI data from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) identified
neurodegeneration of the NbM in abnormal and normal groups
defined by previously validated CSF pTau/amyloid-β ratios
(Fernandez-Cabello et al., 2020). Two non-overlapping and well
powered data sets from the ADNI, along with whole-brain
regression models show that the relationship between NbM
volumes and neurodegeneration is specific to regions of the
entorhinal cortex and the perirhinal cortices (Fernandez-Cabello
et al., 2020). These results suggest a model in which amyloid-β
pathology in the ascending BFCN projections from NbM first
spreads to the entorhinal cortex and then to the temporoparietal
neurodegeneration typically attributed to the earliest stages of
AD. The degeneration of the BFCN projection system as an
early event in AD pathology highlights the susceptibility of these
neurons to early pathology and later downstream impacts on
other vulnerable populations, challenging the current notion
that the entorhinal cortex is upstream of this event. There is
a clear need for additional studies exploring the initial events
in AD pathology to better understand the early disease stage
vulnerable populations.

There are limited human studies in DS that focus on BFCNs
as a vulnerable neuronal population, highlighting the critical
need for more neuropathological and imaging studies. However,
within the last several years, large studies using positron
emission tomography (PET) to characterize the preclinical
progression of AD in DS have emerged using the AT(N)
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(amyloid/tau/neurodegeneration) disease research framework
(Jack et al., 2018; Fortea et al., 2020; Rafii et al., 2020).
Furthermore, no DS studies with PET focus on imaging of
BFCNs during preclinical AD. The Alzheimer’s Biomarker
Consortium – Down Syndrome (ABC-DS) is an ongoing
longitudinal study aimed to better understand AD progression in
DS by characterizing AD biomarker change in one of the world’s
largest DS research cohorts (Handen et al., 2020). With PET
imaging, a pattern of early and prominent amyloid-β retention
was identified in the dorsal and ventral striatum (Handen et al.,
2012); a pattern which has also been observed in other forms of
early-onset AD (Klunk et al., 2007; Remes et al., 2008; Villemagne
et al., 2009; Bateman et al., 2012). Apart from the striatum, the
cortical retention of amyloid-β in DS has an identical pattern to
late-onset AD, with amyloid-β increasing at longitudinal rates of
3–4% annually (Lao et al., 2017; Tudorascu et al., 2019; Zammit
et al., 2020a, 2021).

Imaging of NFTs with PET is a more recent addition to the
field of AD research, but its use in DS is very limited. Through
the Down Syndrome Biomarker Initiative, an early DS study with
a relatively small sample size demonstrated that increased NFT
burden was highly associated with cognitive impairment (Rafii
et al., 2017). A study from the ABC-DS with a large sample size
identified that NFT retention in DS conforms to the conventional
Braak staging of NFT pathology, with the earliest evidence of
NFTs in the entorhinal cortex and hippocampus (Tudorascu
et al., 2020). NFT PET studies in DS have also been limited
to cross-sectional analyses, and longitudinal measurements are
needed to characterize the annual rates of NFT progression and
the latency period between the onset of amyloid-β and NFTs. PET
imaging of glucose metabolic change is also envisioned as a proxy
measurement for neurodegeneration in DS.

In DS, glucose hypometabolism has been observed with local
increases in amyloid-β throughout regions implicated in AD
(Lao et al., 2018). Glucose hypometabolism in the frontal cortex,
anterior cingulate, posterior cingulate, parietal cortex, precuneus,
and temporal cortex were also highly associated with worsening
cognitive performance evaluated using measures of episodic
memory (Zammit et al., 2020b), which have been validated
as sensitive indicators of the transition between preclinical
and prodromal AD in DS (Hartley et al., 2020). In addition,
PET measurement of glucose metabolism was capable of
distinguishing cases of MCI-DS and AD from cognitively stable
DS, suggesting it as a sensitive marker of neurodegeneration
(Zammit et al., 2020b). Increased imaging of AD has shown the
progression of biomarkers between DS and late-onset AD are
very similar, but future studies would require close examination
of BFCNs in vivo to identify the link between AD biomarkers and
BFCN degeneration.

INTERVENTIONS FOR AD AND DS

Current FDA approved pharmacological interventions for
AD are limited. There are five approved AD medications;
donepezil, galantamine, rivastigmine, memantine, and
a combination of donepezil and memantine (Alzheimer’s

Association, 2019). Donepezil, galantamine, and rivastigmine
are acetylcholinesterase inhibitors, while memantine is a non-
competitive low-affinity NMDA receptor open-channel blocker
that also affects glutamatergic transmission (Yiannopoulou
and Papageorgiou, 2020). Recent work has focused on
designing experimental drugs targeting specific points of
the pathophysiological mechanism of AD that include amyloid-
β, pTau metabolism, mitochondrial dysfunction, oxidative
stress, and inflammation. Most, if not all, have proven clinically
unsuccessful, with Donepezil being the last FDA approved
AD drug in 2010. It is important to note that most of the
AD drugs are acetylcholinesterase inhibitors that reduce the
breakdown of acetylcholine released from BFCNs. Much like
donepezil, galantamine works by inhibiting acetylcholinesterase
in a reversible and selective manner while rivastigmine is a
pseudo-irreversible inhibitor of both acetylcholinesterase and
butyrylcholinesterase. These inhibitors can mitigate the memory
deficits associated with aging and AD (Rusted, 1994; van Reekum
et al., 1997; Du et al., 2018). However, their effects appear to
be transient, as they only show efficacy during the first year of
administration, with further memory decline occurring later.
In the AD2000 study, a large “real life” trial on the impact of
regular use of donepezil, AD patients treated with donepezil did
not show significant benefits compared to placebo in progression
of disability at 3 years of treatment, rendering this approach a
symptomatic relief with marginal benefits (Bentham et al., 2004;
Du et al., 2018).These results led to the cholinergic hypothesis
and targeting of the cholinergic pathway falling out of favor in
the AD research community (Cacabelos, 2007). Yet, it is clear
that the cholinergic system is of high importance in AD and DS
and that BFCNs remain a relevant cell population and potential
therapeutic target.

Despite the prevalence of AD in DS patients, individuals
with DS have been traditionally excluded from most clinical
trials of anti-dementia drugs (Strydom et al., 2018). Cholinergic
therapies have been advocated for DS to ameliorate dysfunctional
neuronal circuitry (Kishnani et al., 2001). The available AD-
related pharmacologic therapies offer minimal usefulness in
symptom reduction and fail to stop or slow down disease
progression (Areosa and Sherriff, 2003; Cacabelos, 2007; Folch
et al., 2018; Tayebati et al., 2019). Yet, combined treatment with
cholinesterase inhibitors and memantine have also been used to
ameliorate both cognitive and behavioral issues in AD and DS.
A longitudinal study of 310 people with DS and AD indicated
that those undergoing cholinesterase inhibitor treatment had
comparable outcomes, improved cognition and behavior, to
those with sporadic AD (Eady et al., 2018). More interestingly,
individuals with DS treated with either a single cholinesterase or
in combination had a median survival rate of ∼5.6 years after
diagnosis, an improvement compared to those who did not take
medication who had a median survival rate of ∼3.4 years (Eady
et al., 2018). Not only did these results show that modulating
the cholinergic system can improve cognition, but it can also
have a significant impact on the length of survival for DS
individuals diagnosed with AD. Thus, the cholinergic system and
BFCNs in particular warrant further investigation as a potential
therapeutic target in DS.
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In addition to the FDA approved medications for AD,
additional experimental therapies are being considered to
ameliorate cognitive decline or AD onset in DS. Inspired
by improvement and protective mechanisms against
neurodegeneration in Caenorhabditis elegans models of PD,
treatment of DS induced pluripotent stem cell (iPSC)-derived
neurons with N-butylidenephthalide reduced amyloid-β
aggregates and NFTs (Chang et al., 2015). This amyloid-β
scavenger is a promising therapy to target the proteopathy of
AD that leads to BFCN deficits. Rapamycin rescues molecular
pathways associated with abnormal mTOR phosphorylation and
ameliorates the rate of neurodegeneration in DS mouse models,
improving their cognition (Tramutola et al., 2018). Lastly, the
use of Fluoxetine, a widely used antidepressant, in a DS mouse
model at an early postnatal age showed promise in increasing
neurogenesis and reducing learning deficits (Guidi et al., 2013).
However, further human studies focused on BFCNs are needed,
as this field heavily relies on animal models.

MODELING AD IN DS AND BFCNs

Mouse Models: Do They Recapitulate
BFCN Pathology?
Mouse models of DS enable experimental approaches that are not
feasible in humans, such as the study of disease progression in a
regulated environment, intervention trials, validation of imaging
results, and also permit gene-gene interaction studies of Hsa21-
specific DS genes (Hamlett et al., 2016; Herault et al., 2017). Of
the 225 protein coding genes found on Hsa21, 166 are conserved
in three regions in mice, murine (mmu) chromosome 10, 16, and
17 (Hattori et al., 2000; Akeson et al., 2001). Mouse models of DS
have provided evidence of the influence of individual genes on
Hsa21 that lead to deficits in BFCNs (Kiss et al., 1989; Sweeney
et al., 1989; Coyle et al., 1991; Cooper et al., 2001; Hunter et al.,
2004; Salehi et al., 2006; Ash et al., 2014; Kelley et al., 2014a, 2019;
Powers et al., 2016, 2017).

The vast majority of the aging and AD studies in DS have
been conducted on the Ts65Dn mouse, the prevalent model
of DS for many years (Davisson et al., 1993; Reeves et al.,
1995). Developed in the early 1990s by Muriel Davisson, this
model contains 120 orthologs of Hsa21 protein encoding genes
via a segmental trisomy of mmu 16 (Davisson et al., 1993).
The aneuploidy in the Ts65Dn mouse is not lethal as in the
Ts16 mouse model, but their lifespan is shorter than diploid
mice (Sanders et al., 2009). However, 25% of trisomic genes in
Ts65Dn are not Hsa21 orthologs, and 45% of Hsa21 orthologs
are not trisomic (Zhao and Bhattacharyya, 2018). Thus, the
Ts65Dn model has genetic limitations as an age-related DS
and AD pathology model. Nonetheless Ts65Dn mice do show
several relevant deficits including progressive memory decline,
hippocampal abnormalities, increased APP production, and
adult-onset degeneration of BFCNs, locus coeruleus neurons, and
noradrenergic cortical innervations (Hamlett et al., 2016). Sex
differences have been described in the Ts65Dn model; female
Ts65Dn mice show a decrease in BFCN number as well as
a smaller NbM region area as compared to males by 34 and

20%, respectively (Kelley et al., 2014b). No human studies have
assessed sex differences in BFCNs and so we do not know how
well these results translate to humans.

Similar to the Ts65Dn model, the Tc1 mouse model shows
many relevant phenotypes including abnormalities in learning,
memory, and synaptic plasticity (Gardiner et al., 2003). The
Tc1 mouse model is trisomic for 212 of the Hsa21 protein
coding genes (Hamlett et al., 2016). In contrast to Ts65Dn
mice, Tc1 mice also exhibit higher levels of S100B calcium-
binding protein, AMPK, and the mTORC1 proteins RAPTOR
and downstream kinase P70S6, crucial regulators of cellular
metabolism and aging. The Ts1Cje model, which contains
a shorter Mmu16 trisomy than the Ts65Dn mouse, and
the Ts2Cje model, whose chromosomal rearrangement of the
Ts65Dn genome caused a translocation to Mmu12 forming a
Robertsonian chromosome, show similar phenotypes to Ts65Dn.
Both Ts1Cje and Ts2Cje mice exhibit oxidative stress, tau
hyper-phosphorylation, mitochondrial dysfunction, and show
some learning and memory deficits, and ultimately BFCN
degeneration similar to the processes identified in Ts65Dn mice
(Hamlett et al., 2016).

MS1Ts65 mouse models of DS contain only a small fragment
of Hsa21 orthologs in comparison to other models (Duchon et al.,
2011). They contain approximately 33 orthologs of Hsa21 genes
within the genetic segment ranging from APP to Sod1 (Sago
et al., 1998). With complete trisomy of all Hsa21 syntenic regions,
the Mmu10− Dp(10)1Yey/+ (Ts1Yey), Mmu17− Dp(16)1Yey/+
(Ts2Yey), and Mmu16− Dp(17)1Yey/+ (Ts3Yey) triple aneuploid
mouse model is the most complete model of DS to date (Li et al.,
2007; Yu et al., 2010). Ts3Yey mice have similar brain morphology
to Ts65Dn mice and confirm the genetic basis for behavioral and
morphological phenotypes, thus offering promise for developing
more appropriate and complete mouse models for DS in the
future (Duchon et al., 2011; Hamlett et al., 2016).

Basal forebrain cholinergic neuron neuropathology is
apparent in Ts65Dn mouse models of AD in DS. Age-related
degeneration starts around 6–8 months of age, with significant
BFCN cell body atrophy at 6 months and major loss at age 8
and 10 months (Contestabile et al., 2006; Hamlett et al., 2016).
In addition, major deficits in both choline acetyltransferase
(ChAT) and NGF receptor TrkA in BFCNs are detectable at
these ages (Contestabile et al., 2006). At a later age, increased
neurochemical markers, including inflammatory markers and
APP cleavage products, suggest continual progression of AD
neuropathy in Ts65Dn mice (Contestabile et al., 2006). Although
this study highlights the critical role of BFCNs in the progression
of AD in DS, it is crucial to develop both animal and human
models that capture the full trisomy in DS to better study
this neuropathology.

Targeting the cholinergic pathway as a therapeutic strategy
has been carried out in Ts65Dn mice. Maternal choline
supplementation and gene expression analysis of laser capture
microdissection (LCM)-captured CA1 pyramidal neurons
in maternal choline supplemented Ts65Dn mice offspring
at 6 months (prior to BFCN degeneration) and 11 months
(post BFCN degeneration) of age had improved spatial
and recognition memory task performance as compared to
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their littermate controls (Lockrow et al., 2011), highlight
the importance of cholinergic levels in DS for healthy
neural circuits (Alldred et al., 2018, 2019). Memantine
treatment in these mice resulted in increased expression
of the neurotrophic factor BDNF in the frontal cortex and
hippocampus (Lockrow et al., 2011). Thus, mouse models
of DS provide proof of principle that cholinergic therapies
may be successful.

Human Models
The incomplete genetic recapitulation of Hsa21 in mouse models,
and trisomy of non-Hsa21 orthologs, likely influences the effects
of orthologous Hsa21 genes and, more importantly, may cause
genetic consequences and downstream cellular and behavioral
characteristics that are not relevant to DS. Thus, there is need
for analysis of human cells from individuals with DS to have
complete trisomy of Hsa21 (Herault et al., 2017; Zhao and
Bhattacharyya, 2018). In addition, the failures of clinical trials in
AD for therapeutic targets based on mouse models argues for
the use of human patient-derived cells in target identification
and drug screening.

The discovery of reprogramming factors to generate iPSCs
from adult somatic cell types opened the doors to derive
PSCs from individuals with specific genetic and non-genetic
disorders, including DS (Thomson et al., 1998; Takahashi et al.,
2007; Yu et al., 2007; Park et al., 2008b). iPSCs can model
human neural development by mimicking in vivo spatial and
temporal cues during brain development in vitro (Tao and Zhang,
2016) and enable the establishment of functionally specialized
neural subtypes (Park et al., 2008a; Chou et al., 2012; MacLean
et al., 2012; Mou et al., 2012; Briggs et al., 2013; Jiang et al.,
2013; Lu et al., 2013; Weick et al., 2013; Chen et al., 2014;
Hibaoui et al., 2014; Pipino et al., 2014; Huo et al., 2018).
iPSCs are thus a useful model system to study DS and AD
(Li et al., 2012; Murray et al., 2015; Ovchinnikov et al., 2018;
Real et al., 2018).

Isogenic control iPSCs are important research tools to
distinguish the consequences of T21 from human genetic
variation. The generation of isogenic euploids can result from
culture-induced spontaneous loss of the extra Hsa21 (Park et al.,
2008a; MacLean et al., 2012). Alternatively, 2–4% of DS cases are

mosaic individuals in which their somatic cells are mosaic for
T21 (Papavassiliou et al., 2009; Murray et al., 2015). By taking
advantage of cellular mosaicis, isogenic T21 and euploid iPSCs
can be derived from the same individual (Weick et al., 2013;
Murray et al., 2015; Gough et al., 2020).

Isogenic cells can be generated by inducing chromosome
loss (Real et al., 2018). In addition, various methods have
been used to genetically correct the gene dose of the
T21 by eliminating or selectively mutating specific genes.
Alternatively, others have taken a candidate gene approach
to selectively reduce the gene dose using CRISPR/Cas9-
mediated gene manipulation (Park et al., 2008a). Full
chromosomal correction of the gene dose imbalance has
been accomplished using XIST-mediated (Jiang et al., 2013)
or TKNEO-mediated silencing of the trisomic chromosome
in iPSCs (Li et al., 2012) and ZSCAN-induced elimination
of the extra chromosome (Amano et al., 2015). These
strategies may enable elucidation of the genetic and cellular
consequences of T21.

iPSC to BFCN
Much of the research done using T21 iPSCs derived from
individuals with DS has been to understand cortical development
and pathology (Weick et al., 2013; Huo et al., 2018; Real et al.,
2018). T21 iPSC-derived cortical neurons showed impairment in
synaptic activity, as well as compensatory responses to oxidative
stress (Shi et al., 2012; Briggs et al., 2013; Weick et al., 2013;
Sobol et al., 2019).

Little work has been done to model BFCNs with iPSCs
in DS and AD. Basal forebrain neurons (including BFCNs
and GABAergic interneurons) originate in neurogenic areas
of the most ventral regions of the telencephalon, the medial
ganglionic eminences (MGE) and preoptic area (POA) (Sussel
et al., 1999; Brazel et al., 2003). Patterning of the MGE is
dependent on a sonic hedgehog (SHH) signaling gradient for
ventralization of the neural tube (Xu et al., 2005; Gulacsi and
Anderson, 2006; Li et al., 2009). MGE progenitors express the
transcription factor NKX2.1, whose expression is regulated by
SHH (Du et al., 2008; Xu et al., 2008, 2010). Despite the
known development of BFCNs from the MGE, few differentiation
protocols have been established to generate BFCNs from hPSCs

FIGURE 2 | Human stem cell derived BFCNs. Immunofluorescence of BFCNs derived from human iPSCs showing neurons (β-tubulin, red), choline acetyltransferase
(ChAT, green), and merged image showing co-expression. Scale bar, 100 um.
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(Bissonnette et al., 2011; Liu et al., 2013a; Duan et al., 2014;
Hu et al., 2016), and many result in mixed populations of
cells. The most robust technique (Liu et al., 2013a; Hu et al.,
2016) relies on an initial ventralization patterning with SHH and
addition of NGF to allow for the survival, differentiation and
maturation of BFCN and yields ∼90% progenitors expressing
NKX2.1. Moreover, ∼40% of NKX2.1+ cells co-express OLIG2
and ∼15% of NKX2.1+ cells also express ISLET1, which are
ventral markers and are both important for BFCN development
(Wang and Liu, 2001; Furusho et al., 2006). Approximately
40% of the resulting neurons express ChAT, the enzyme
responsible for biosynthesis of the neurotransmitter acetylcholine
and a mature BFCN marker (Hu et al., 2016; Figure 2).
Others have also successfully used small molecules to pattern
BFCNs resulting in efficiencies ranging from 15 up to 80%
(Liu et al., 2013b; Yue et al., 2015; Hu et al., 2016; Muñoz
et al., 2020). Although the yields of BFCNs are good, the
mixed neuronal cultures leave room for improvement in the
established BFCN protocols.

The promising strategies to derive BFCNs from PSCs
indicates the use of isogenic iPSCs will enable us to define
markers of dysfunction, aging, and degeneration in these
cells to reveal molecular signatures and signaling pathways
underlying BFCN degeneration in DS and DS-AD. One
of the many advantages of PSC models is the retention
of the human genetic background by establishing patient
specific iPSCs (Brazel et al., 2003; Li et al., 2009). However,
through the reprogramming process iPSCs lose many of
the aging markers of the somatic donor cells (Xu et al.,
2005; Gulacsi and Anderson, 2006). The resulting iPSCs also
share transcriptional and functional profile similarities to
those in fetal development, making it difficult to study age-
related diseases. Thus, generating hPSC-derived neurons that
mirror those in the adult and aging brain is essential for
neurodegenerative disease modeling using hPSCs. Further,
the results have the potential to inform our understanding
of the vulnerability of BFCNs in DS, AD, PD (Brazel
et al., 2003), amyotrophic lateral sclerosis (Li et al., 2009),
progressive supranuclear palsy (Xu et al., 2005; Gulacsi
and Anderson, 2006), and olivopontocerebellar atrophy
(Xu et al., 2010).

SUMMARY

With an increased life expectancy of DS individuals, it is
important to study the cellular and molecular mechanisms that
underlie neurodegeneration and AD in DS (Sawada et al., 2008;
Duncan, 2011; Baker and Petersen, 2018). Here, we have raised
the need to address the significant gaps in the understanding of
the vulnerability of BFCNs in aging and disease by highlighting
the critical role of BFCNs in cognition, the vulnerability of
BFCNs in animal models of DS and AD and indications that
BFCNs degeneration may be one of the earliest events in AD and
DS neuropathology.
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