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ABSTRACT 

Down syndrome (DS), or trisomy 21 (T21), is both a complex neurodevelopmental and 

neurodegenerative disorder. DS is characterized by altered neuronal cortical development resulting 

in intellectual impairment at birth and Alzheimer’s Disease (AD) pathology in middle age (Coyle 

et al., 1986; Scott et al., 1983). It is estimated that more than 400,000 individuals are living with 

DS in the U.S. at any given time. As individuals with DS age, these cognitive functions decline as 

they develop AD pathology. A critical feature that links cognitive impairment and 

neurodegeneration in trisomy 21 is the population of neurons that are susceptible in both processes: 

basal forebrain cholinergic neurons (BFCN). Degeneration or impairment of BFCNs leads to 

memory loss, decreased spatial recognition, and disturbance in language. Degeneration of this 

population has also been well-documented in a diverse range of human neurocognitive disorders, 

including DS and AD. However, key molecular pathways involved in BFCN degeneration leading 

to cognitive, memory, and learning deficits aren’t well understood.  

This thesis explores the unique differences of BFCNs derived from both isogenic euploid 

and DS human-derived induced pluripotent stem cells (iPSCs) to better understand the molecular 

mechanisms that underlie the susceptibility of this subset of neurons. An optimized protocol to 

differentiate hPSC to BFCNs is presented in Chapter Two, resulting in an efficiency of ~60%. 

Chapter Three T21 BFCN scRNAseq analysis revealed genes involved in apoptosis, inflammation, 

mitochondrial dysfunction, and proteinopathies. Additional analysis revealed no statistical 

differences in apoptosis or tau phosphorylation, but did reveal a significant increase of amyloid-β. 

Results provide foundational data for identifying therapeutic targets for BFCNs in DS, as well as 

have an impact on our overall understanding of other neurodegenerative diseases such as AD. 
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Abstract 

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. 

Introduction 

Down syndrome (DS, trisomy 21, T21) is a complex developmental disorder that arises from 

trisomy of human chromosome 21 (HSA21) (Lejeune, 1959); non-disjunctive trisomy 21 is present 

in 95% of individuals with DS (Finesilver, 2002, Smith, 2001, Roizen and Patterson, 2003, Bittles 

and Glasson, 2004), translocations are responsible for about 4% of cases, and trisomy 21 

mosaicism occurs in approximately 1-4% (Hamerton et al., 1965, Richards, 1969, Mikkelsen, 
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1977, Bittles and Glasson, 2004). Intellectual disability in individuals with DS ranges from mild 

to moderate with deficits in specific domains, including attention and memory. DS features arise 

because of the uncharacteristic dosage of coding and non-coding sequences found on HSA21. 

Despite its known cause and high incidence (Presson et al., 2013, Shin et al., 2009, de Graaf et al., 

2015), little is known about the underlying developmental defects and degenerative outcomes that 

cause the characteristics of DS. 

DS is also characterized by Alzheimer’s disease (AD) pathology that emerges in middle age 

(Coyle et al., 1986, Scott et al., 1983, Head et al., 2012, Menendez, 2005, Burt et al., 1998, Visser 

et al., 1997, 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 49 years, 18% between 

50 and 54 years, and 32% between 55 -59 years with a cumulative risk of 90% by age 65 (Holland 

et al., 2000, Head et al., 2016, Zigman et al., 1996, Sinai et al., 2018). In addition, the prevalence 

of symptomatic AD in individuals with DS reaches 90 – 100% by age 70, while only 11% of the 

general population have AD by the age of 65 (2021, Fortea et al., 2020). Additionally, there are 

sex differences, with DS males developing AD-like pathology at an earlier age than females (Head 

et al., 2012, Zigman et al., 1996, Holland et al., 2000). 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 Alzheimer’s Disease (Yates et al., 1980, Beyreuther and Masters, 1995, Baker-Nigh et al., 

2015a, Chen et al., 2018, Salehi et al., 2004). 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 
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circuits of attention and memory (Ballinger et al., 2016, Mesulam et al., 1983, Woolf, 1991). 

BFCNs degenerate during aging and cell loss correlates with memory loss in old age and 

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  

BFCNs are a cluster of large neurons in the basal forebrain first described in 1872 by 

Theodor Meynert (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 >100m (Wu et al., 2014). BFCNs express several neurotransmitter 

receptors that include adrenergic, glutamatergic, GABAergic, estrogen receptors and 

endocannabinoids (Mufson et al., 2003, De Souza Silva et al., 2006, Zaborszky et al., 2004, 

Miettinen et al., 2002, Harkany et al., 2003). 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 throughout the lifespan (Hasselmo, 2006, Sarter et al., 2003, Botly and 

De Rosa, 2009, Heys et al., 2010, Schmitz and Duncan, 2018, Mitsushima et al., 2013). 
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BFCNs are classified based on their projection targets defined in rats and nonhuman 

primates (Coppola and Disney, 2018, Solari and Hangya, 2018, Mesulam et al., 1983, Butcher and 

Semba, 1989). 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 

BFCN 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 (Blanco-Centurion et al., 2007, Détári, 2000, 

Conner et al., 2003, Goard and Dan, 2009, Jones, 2008, Kaur et al., 2008, Lin and Nicolelis, 2008, 

Parikh and Sarter, 2008, Weinberger, 2007). The strong correlation between the thinning of the 
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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 (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.  

BFCNs 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 is 

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 

nucleus basalis of meynert (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 (Mufson et al., 1996, 
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Ginsberg et al., 2006, Naumann et al., 2002, Mufson et al., 2003, Mufson et al., 2004). The loss of 

BFCNs during normal aging and in the pathology of AD highlights 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 euploid 

suggests that loss of BFCNs contributes to memory loss, decreased spatial recognition, and 

disturbance in language which are common areas of decline in both DS and AD (Davies and 

Maloney, 1976, Bierer et al., 1995, Mufson et al., 1995, Mufson et al., 1989a, Whitehouse et al., 

1982, Ballinger et al., 2016, Perry et al., 1992, Price et al., 1986, Casanova et al., 1985, Coyle et 

al., 1983, Coyle et al., 1986). 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 

(Fig.1). Yet, gaps in our understanding of their role specifically in BFCNs remain. 
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Cholinergic Hypothesis 

Because the cholinergic system is important in various forms of dementia, including AD 

(Davies and Maloney, 1976, Bierer et al., 1995, Mufson et al., 1995, Mufson et al., 1989a, 

Whitehouse et al., 1982, Ballinger et al., 2016, Perry et al., 1992, Price et al., 1986), 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 (Arendt et al., 1983, Dubois et al., 1983, 

Yates et al., 1980, Barron et al., 1987, Kato, 1989, Ferrante et al., 1987, Aquilonius et al., 1975). 

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 and Hardy, 2016, Selkoe, 2002). These data and others led to the “cholinergic hypothesis 

of AD” (Contestabile, 2011, Coyle et al., 1983, 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 

the 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 
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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 (Sleegers et al., 2006, Wiseman et 

al., 2015, Hooli et al., 2012, Kasuga et al., 2009, McNaughton et al., 2012, Rovelet-Lecrux et al., 

2006, Rovelet-Lecrux et al., 2007, Swaminathan et al., 2012, Thonberg et al., 2011). 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 AD pathogenesis (Ovchinnikov et al., 2018, Wiseman et al., 2018, Wiseman et al., 

2015). 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 
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microtubules that act as a highway for the transportation of cargo in dendrites and axons (Frost et 

al., 2009, Clavaguera 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 (Nukina and Ihara, 1986, Grundke-Iqbal et al., 1986, Kosik et al., 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 (Perez et al., 

2019, Lott and Head, 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., 2018, Alonso et al., 2010).  A plasma biomarker study revealed that individuals 

with DS had decreased amyloid-β over time, while the level of tau and NFT increased leading to 

a reduction in basal forebrain volume (Schmitz et al., 2020, Mengel 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 
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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 2-5 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 elicit immune responses (Sheedy et al., 2013, Heneka 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  

BFCNs 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 
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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 

increased 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 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 trisomy 21 cells may also be 

important in BFCN pathology.  For example, oxidative stress induced by copper-zinc superoxide 

dismutase (SOD1) 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 
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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 autophagy in human trisomy 21 cortical neurons has recently emerged and 

identified phosphoinositide PI(3)P as a potential target to correct endosomal dysfunction (Botté et 

al., 2020). In cortical neurons, a decrease of phosphoinositide PI(3)P was observed in DS 

fibroblasts, this lack of PI(3)P led to early endosome clustering and ultimately deficits in 

autophagy (Botté et al., 2020). 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 

reflects the local neural vulnerability that spreads over time (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, Baker-Nigh et al., 

2015b, Khan et al., 2014, Grothe et al., 2018, Sepulcre et al., 2018, Hanseeuw et al., 2019). Yet, 

recent imaging studies have started to challenge this model. A study using cerebrospinal fluid 

(CSF) and MRI data from the Downs-Alzheimer Barcelona Neuroimaging (DABNI) and Sant Pau 
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Initiative on Neurodegeneration (SPIN) study that included volumetric T1-weighted MRI 

sequence, identified a volumetric decrease with age of the basal forebrain of individuals with DS 

along the AD continuum (Rozalem Aranha et al., 2023). This data significantly correlated with the 

amyloid, tau, and neurofilament light chain changes in the CSF of individuals with DS and 

cognitive performance (Rozalem Aranha et al., 2023). Additionally, a longitudinal study using 

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) 

(amyloid/tau/neurodegeneration) disease research framework (Jack Jr et al., 2018, Rafii et al., 



16 

 

2020, Fortea 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 (Bateman et al., 2012, Klunk et al., 2007, Remes et al., 2008, Villemagne 

et al., 2009). 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, Zammit et al., 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 
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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 (Association, 2019). Donepezil, galantamine, and rivastigmine are 

acetylcholinesterase inhibitors, while memantine is a noncompetitive 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. 298 AD therapies have undergone 

clinical trials, of which 76 are focused on targeting A peptide or its aggregates (Zhang et al., 

2023). These new drugs are classified into four categories that include: 1) focus on reducing A 

generation, 2) enhancement of degeneration and clearance of A  and its aggregates, 3) to 

neutralize soluble A, or 4) inhibition of A  aggregate formation (Zhang et al., 2023). Most, if 

not all, have proven clinically unsuccessful, with only two antibody-based drugs, aducanumab and 
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lecanemab, approved by the FDA and 38 discontinued due to ineffectiveness or toxic side effects 

(Zhang et al., 2023). It is important to note that most of the FDA-approved AD drugs are 

acetylcholinesterase inhibitors that reduce the breakdown of acetylcholine released from BFCNs. 

Much like donepezil, galantamine works by inhibiting acetylcholinesterase reversibly and 

selectively 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 the 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, 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, 

Folch et al., 2018, Cacabelos, 2007, 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 
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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 warrant further investigation as a potential therapeutic target in 

DS.    

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 C. elegans models of PD, treatment of 

DS induced pluripotent stem cell (iPSC)-derived forebrain 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.   
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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 

(Herault et al., 2017, Hamlett et al., 2016). Of the 225 protein coding genes found on human 

chromosome 21, 166 are conserved in three regions in mice, murine (mmu) chromosome 10, 16, 

and 17 (Akeson et al., 2001, Hattori et al., 2000). Mouse models of DS have provided evidence of 

the influence of individual genes on HSA21 that lead to deficits in BFCNs (Coyle et al., 1991, 

Sweeney et al., 1989, Powers et al., 2016, Ash et al., 2014, Cooper et al., 2001, Hunter et al., 2004, 

Kelley et al., 2019, Kelley et al., 2014a, Powers et al., 2017, Salehi et al., 2006, Kiss et al., 1989).  

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 90’s 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% 
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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 (Yu et al., 2010, Li et al., 2007). 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).  
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BFCN 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 (Hamlett et al., 2016, Contestabile et al., 2006). 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 (before BFCN degeneration) and 11 months (post BFCN 

degeneration) of age had improved spatial and recognition memory task performance as compared 

to their littermate controls (Lockrow et al., 2011). These results and others highlight the importance 

of cholinergic levels in DS for healthy neural circuits (Alldred et al., 2018, Alldred et al., 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 
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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 (Takahashi et al., 2007, Thomson et al., 1998, 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, Mou et al., 2012, Chou et al., 2012, 

Briggs et al., 2013, Chen et al., 2014, Lu et al., 2013, Pipino et al., 2014, MacLean et al., 2012, 

Weick et al., 2013b, Hibaoui et al., 2014, Jiang et al., 2013, Huo et al., 2018b). iPSCs are thus a 

useful model system for studying DS and AD (Ovchinnikov et al., 2018, Murray et al., 2015a, Li 

et al., 2012, Real et al., 2018). 

Isogenic control iPSCs are important research tools to distinguish the consequences of 

trisomy 21 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, 1-4% of DS cases are mosaic individuals in which their somatic cells are mosaic for 

T21 (Papavassiliou et al., 2009, Murray et al., 2015b). By taking advantage of cellular mosaicism, 

isogenic T21 and euploid iPSCs can derived from the same individual (Gough et al., 2020, Murray 

et al., 2015a, Weick et al., 2013b).  
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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. Full chromosomal correction of the gene dose imbalance has been accomplished  

using XIST-mediated silencing of trisomic chromosome 21 (Jiang et al., 2013), TKNEO-induced 

loss of the trisomic chromosome 21 (Li et al., 2012), and ZSCAN-induced elimination of the extra 

chromosome 21 in iPSCs (Amano et al., 2015). These strategies may enable the 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 (Huo et al., 2018b, Weick et al., 2013b, Real et 

al., 2018). T21 iPSC-derived cortical neurons showed impairment in synaptic activity, as well as 

compensatory responses to oxidative stress (Weick et al., 2013b, Briggs et al., 2013, Sobol et al., 

2019, Shi et al., 2012).  

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 (Li et al., 2009, Gulacsi 

and Anderson, 2006, Xu et al., 2005). MGE progenitors express the transcription factor NKX2.1, 

whose expression is regulated by SHH (Xu et al., 2010, Xu et al., 2008, Du et al., 2008). Despite 
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the known development of BFCNs from the MGE, few differentiation protocols have been 

established to generate BFCNs from hPSCs (Bissonnette et al., 2011, Duan et al., 2014, Hu et al., 

2016, Liu et al., 2013a), and many result in mixed populations of cells. The most robust technique 

(Hu et al., 2016, Liu et al., 2013a) 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 (Furusho et al., 2006, Wang and Liu, 2001). ~40% of the resulting neurons 

express Choline Acetyltransferase (ChAT), the enzyme responsible for the biosynthesis of the 

neurotransmitter acetylcholine and a mature BFCN marker (Hu et al., 2016). Others have also 

successfully used small molecules to pattern BFCNs resulting in efficiencies ranging from 15% 

up to 80% (Yue et al., 2015, Liu et al., 2013b, 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 and 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 
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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 

DS is observed in approximately one in every 700 live births (Finesilver, 2002, Smith, 

2001, Roizen and Patterson, 2003), making DS the most common cause of intellectual disability. 

With the increased life expectancy of DS individuals, it is important to study the cellular and 

molecular mechanisms that underlie neurodegeneration and AD in DS (Baker and Petersen, 2018, 

Duncan, 2011, Sawada et al., 2008). 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 BFCN degeneration may be one of the earliest events in AD and DS 

neuropathology.  
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Abstract  

Basal forebrain cholinergic neurons (BFCNs) are a neuronal population critical for memory 

and cognition. BFCNS are vulnerable to degeneration in diseases such as Alzheimer’s Disease 

(AD) and Down syndrome-related Alzheimer’s Disease (DS-AD). The key molecular pathways 

involved in BFCN degeneration are poorly understood, but in vitro generation of BFCNs from 

human pluripotent stem cells (hPSCs) is a powerful method by which to investigate and identify 

these factors. However, few differentiation protocols have been established to derive BFCNs from 

hPSCs.  

To address this methodological gap, we used a human embryonic stem cell line, H9, to 

develop a protocol that mimics key transcription factor expression in neural progenitor cells 

(NPCs) as they differentiate into BFCNs. BFCNs develop from LHX8 and ISLET1-expressing 

progenitors in the ventral telencephalon and ultimately express ChAT upon maturation. We first 

modified existing protocols with the addition of SHH and validated that the early addition of SHH 

results in robust NKX2.1 expression, indicative of ventralization. BFCN progenitor fate 

specification (LHX8 expression) was accomplished by the addition of NGF at different time 

points. Results showed a time-dependent increase in the expression of LHX8, suggesting 

emergence of a BFCN identity.  We also found that the addition of BMP9 results in an increase in 

ISLET1 expression, indicating a progression toward mature BFCNs. Together these results 

provide a new strategy to differentiate hPSCs to BFCNs. 

 

Introduction 

Since the first isolation of human embryonic stem cell (hESC) lines in 1998, they have 

proven to be a useful tool to recapitulate human embryonic development and derive neuronal cell 

types using specific signaling cues (Thomson et al., 1998). In 2001 Dr. Zhang, derived the first 
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human neural cells from hESCs, and showed that these pluripotent cells could be pushed to a 

neuronal lineage and plated to form self-organizing neuronal rosettes that resemble features of the 

embryonic neural tube and eventually generate neurons (Zhang et al., 2001).  In addition to hESCs, 

the subsequent discovery of reprogramming factors to generate induced pluripotent stem cells 

(iPSC) from somatic cell types (Yu et al., 2007, Takahashi et al., 2007, Park et al., 2008b) has 

allowed for greater access to derive cells from individuals with specific diseases. Induced 

pluripotent stem cells have been used to study different development paradigms (Zhang et al., 

2001, Shi et al., 2017). These and subsequent studies show that both hESCs and iPSCs can be used 

as powerful tools to study human neural subtypes using similar spatial and temporal cues as seen 

in vivo (Hu et al., 2010).   

Basal forebrain cholinergic neurons (BFCNs) are a neuronal population critical for 

memory and cognition. They are vulnerable to degeneration in disease (i.e. AD and DS-AD) 

(Geula et al., 2021), yet key molecular pathways involved in BFCN degeneration are poorly 

understood. However, in vitro generation of BFCNs from human pluripotent stem cells (hPSCs) 

is a valuable method by which to investigate and identify these factors. Nonetheless, few 

differentiation protocols using developmental cues and no enrichment/filtering steps have been 

established to derive BFCNs from hPSCs (Bissonnette et al., 2011, Hu et al., 2016).   

Developing strategies to differentiate specific neuronal subtypes depends on foundational 

knowledge of essential developmental processes (Kim, 2015, Zhao and Bhattacharyya, 2018). 

Basal forebrain neurons, BFCNs and GABA interneurons originate from the most ventral regions 

of the telencephalon, medial ganglionic eminences (MGE), and preoptic area (Sussel et al., 1999). 

In particular, the MGE is the source of cholinergic neurons, interneurons that migrate to the cortex, 

other neurons, and glia for the hippocampus (Brazel et al., 2003). Development and patterning of 



30 

 

the MGE rely on an increased Sonic hedgehog (SHH) signaling gradient and a decrease in WNT 

signaling gradient for the ventralization of the neural tube (Williams and Riedemann, 2021). To 

facilitate this regionalization the administration of SHH can be added during in vitro neural 

induction (Watanabe et al., 2005, Li et al., 2009, Liu et al., 2013b, Maroof et al., 2013, Nicholas 

et al., 2013). NKX2.1 is a transcription factor that is a specific to MGE progenitors, and it is 

regulated by SHH (Gulacsi and Anderson, 2006). In addition to NKX2.1, several transcription 

factors have been associated with the differentiation of BFCN, including LHX8 and ISLET1. In a 

mouse knockout of LHX8 model, BFCNs showed a reduction while other neuronal subtypes did 

not see the same outcome (Mori et al., 2004, Zhao et al., 2003, Fragkouli et al., 2005), linking 

LHX8 as a pivotal factor for the development of cholinergic neurons (Manabe et al., 2007). LHX8, 

a LIM-family homeodomain transcription factor, has been implicated as the subsequent step in the 

development of BFCNs after patterning to the MGE as cells that express LHX8 become 

cholinergic neurons (Matsumoto et al., 1996, Asbreuk et al., 2002, Nóbrega-Pereira et al., 2008). 

Furthermore, LHX8 has been shown to interact with ISLET1 (Cho et al., 2014), leading to the 

modulation of the expression of cholinergic phenotypes leading to mature ChAT-expressing 

BFCNs.     

Although the development of BFCNs from the MGE has been well established from 

neurodevelopmental studies (De Carlos et al., 1995, Allaway and Machold, 2017), few 

differentiation protocols are available to generate BFCNs from hPSCs (Krajka et al., 2021, Du et 

al., 2015, Muñoz et al., 2020, Duan et al., 2014). Some of the most established cholinergic neuron 

differentiation protocols were developed by Drs. Zhang (Du et al., 2015) and Muñoz (Muñoz et 

al., 2020). Both protocols rely on an initial ventralization patterning with SHH and addition of 

NGF to allow for the survival, differentiation, and maturation of BFCNs. Dr. Zhang’s protocol  
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yields 90% progenitors expressing NKX2.1 of which ~40% co-express OLIG2 and ~15% also 

express ISLET1, which are ventral markers and are both important for BFCN development (Du et 

al., 2015). By day 35 approximately 40% of the neurons express Choline Acetyltransferase 

(ChAT), the enzyme responsible for biosynthesis of the neurotransmitter acetylcholine and a 

mature BFCN marker. While Dr. Muñoz’s protocol utilizes five small molecules (FGF-2, FGF-8, 

5FdU, BDNF, and BMP9) in addition to SHH and NGF, resulting in ~80% of β-Tubulin positive 

cells expressed ChAT (Muñoz et al., 2020).  

Here we aim to develop a more efficient protocol to produce BFCNs derived from human 

pluripotent stem cells. To do so, the effectiveness of SHH addition at various time points was 

evaluated to identify the most efficient time point for the upregulation of the MGE specific marker 

NKX2.1, indicating an effective ventralization of hPSCs. Nerve Growth Factor (NGF) and Bone 

Morphogenetic Protein 9 (BMP-9) addition at several time points and combinations in conjunction 

with the optimal time point addition of SHH was assessed to identify the optimal combination that 

enhanced the expression of LHX8 and ISLET1 in NPC respectively, indicative of a BFCN cell 

fate. We provide a new differentiation protocol for BFCNs derived from hPSCs that will enable 

mechanistic studies on BFCN susceptibility in disease. 

 

Results  

Differentiation of Human Pluripotent Stem Cells to MGE progenitors 

A human embryonic stem cell (hESC) line and a human induced pluripotent stem cell 

(iPSC) line were used. The human embryonic stem cell line, H9-Chat-Cre-AAVS1-Pur-hM3Dq-

mCherry, was a donation from the Su-Chun Zhang lab at the University of Wisconsin – Madison. 

The human induced pluripotent stem cell line, WC24B-Chat-P2A-Cre AAVS1-mCherry, was 

generated using a CRISPR/Cas9 approach. 
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Human Pluripotent Stem Cells were maintained on mouse embryonic fibroblasts (MEF) 

feeder plates and kept in a humidified incubator at 37 °C, and 5% CO2. After manually marking 

and removing differentiating colonies, they were fed daily with hESC media (DMEM/F12, 20% 

knockout replacement serum, nonessential amino acids, L-glutamine, β-mercaptoethanol, and 

FGF-2). Cells were passaged every 6 – 7 days by incubating with 1 mg/mL of Collagenase (Gibco) 

for 5 min at 37 °C. After inspecting the cells and verifying that the borders of the colonies started 

to detach from the plates, hPSCs were washed with hESC media and colonies were mechanically 

detached and transferred to a conical centrifuge tube. Collected colonies were centrifuged for 1 

min at 1000x g, the supernatant was removed, and colonies were resuspended in hESC before 

being replated at a 1:5 or 1:6 ratio. The hPSC cultures were tested regularly for mycoplasma. 

Human Pluripotent Stem Cells were differentiated in a 2D culture system (Fig. 1A) to test 

fifteen media conditions to optimize the differentiation protocol to BFCNS (Fig. 1B). The first 

three conditions entailed the addition of SHH at day 4 or day 10, and the control condition of no 

addition of SHH which served as our comparison group. The next three conditions contained  

SHH addition at day 4 in combination with the addition of NGF at either day 4, day 8, or day 10, 

and each combination was compared to the addition of SHH at day 4 with no addition of NGF. 

The final nine conditions involved the addition of SHH at day 4 and NGF at either day 4, day 8, 

or day 10, in combination with BMP-9 addition at either day 8, day 10, or day 14. Three 

technical replicates were carried out for each experiment. 

SHH is a vital signaling peptide that induces the expression of NKX2.1 which is crucial 

for the patterning and specification of the MGE in vivo (Xu et al., 2008).  Homeodomain-

containing transcription factor NKX2.1 is required for the specification of MGE progenitors 

(Sussel et al., 1999). Others have previously patterned to the MGE by the addition of SHH at day 



34 

 

10 (Krajka et al., 2021, Liu et al., 2013b, Giffin-Rao et al., 2022). To determine the optimal in 

vitro administration of SHH we evaluated two different ventralization timepoints, day 4 and day 

10. Gene expression analysis via qPCR of NKX2.1 was performed at day 17 which revealed a 

significant increase in the expression of NKX2.1 at both time points when compared to no 

addition of SHH (Fig. 2B). We anticipated that ventral makers would follow a temporal dosage 

effect, a longer and earlier exposure to SHH would result in a higher expression level. The 

addition of SHH on day 4 led to a higher expression of NKX2.1 when compared to no addition of 

SHH, leading to a 1.39 Log2Fold Change. While addition of SHH on day 10 led to an increase in 

NKX2.1 expression of 0.55 Log2Fold Change. These results suggest that the necessary neural 

precursor population needed to derive BFCNs is enriched when ventralization is initiated earlier 

in neural induction, validating previous studies showing a temporal dosage effect of SHH on 

NKX2.1 and other ventral markers. Results suggest that the day 4 addition of SHH is an optimal 

time point for this differentiation protocol.      

 

Enrichment of BFCN Precursor Cells Expressing LHX8 

LHX8 is a specific transcription factor expressed in BFCN neural precursors (Mori et al., 

2004, Manabe et al., 2007, Elshatory and Gan, 2008). NGF activates TrkA, which in return 

increases LHX8 levels that lead to the production of TrkA, resulting in a positive feedback loop 

between NGF, TrkA, and LHX8 (Tomioka et al., 2014). To determine the optimal timing of 

NGF and enhance the BFCN precursor population expressing LHX8, we evaluated three 

different timepoints (day 4, day 8, or day 10). To assess the timing of NGF addition (day 4, day 

8, or day 10), qPCR of LHX8 was performed at day 17. The addition of NGF had a clear effect 

on the expression of LHX8, with a significant difference observed in the Log2Fold Change at day 
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8 when compared to no addition of NGF (Fig. 2C). LHX6 expression in the MGE is essential to 

GABA interneuron maturation and migration (Neves et al., 2013). The addition of NGF at all 

time points increased  the expression of LHX6, however, no significant difference was observed 

in expression when compared to no addition of NGF. Taking these results together, NGF 

increases the overall expression of both LHX6 and LHX8, however the addition of NGF at day 8 

showed a significant difference in the expression of LHX8 and not LHX6.  

 

Enrichment of BFCN Precursor Cells Expressing ISLET1 

ISLET1 is critical for the maturation of BFCNs, and BMP-9 signaling has been shown to 

upregulate genes in the BFCN transcriptome that are critical for the maturation of BFCNs 

(Lopez-Coviella et al., 2005). Bissonnette et al. have cautioned that the timing of BMP-9 is 

crucial as incorrect addition can result in neurons that do not express BFCN-specific markers 

(Bissonnette et al., 2011). To determine the optimal timing of BMP-9, to enhance the BFCN 

precursor population expressing ISLET1, and subsequently the efficiency of our protocol, we 

assessed the timing of a three-day BMP-9 pulse starting at day 8, day 10, or day 14. ISLET1 

qPCR was performed on day 17. The addition of BMP9 in combination with NGF showed a 

time-dependent increase in the Log2FoldChange of ISLET1 irrespective of what NGF timepoint 

the BMP-9 was combined with (Fig. 2D). BMP-9 timepoint addition with NGF at day 4, day 8, 

and day 10 all showed significant differences when compared to the no BMP-9 addition 

condition (Fig. 2D). Comparing the Log2FoldChange of ISLET1 between the BMP-9 day 14 

addition with NGF at day 8, day 10, or day 14, revealed that the addition of  NGF at day 8 and 

BMP-9 pulse at day 14 had the highest statistically significant difference (Fig. 2D). These results 

suggest that the later addition of BMP-9 is best for the expression of key markers for BFCNs and 
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identifies the combination of NGF at day 8 and BMP-9 at day 14 as optimal for the enrichment 

of BFCN precursor cell population.        

   

Terminal Differentiation of ChAT-Expressing Basal Forebrain Cholinergic Neurons  

Once an efficient patterning protocol for the generation of BFCNs was identified, the 

identity of mature neurons was qualitatively determined by immunofluorescence analysis. 

Approximately 45 days after initiating neural differentiation to BFCNs, neurons were stained 

with NeuN, β-Tubulin, Choline acetyltransferase (ChAT) or mCherry, and DAPI. CHAT is 

responsible for the biosynthesis of the neurotransmitter acetylcholine, from acetyl-coenzyme A 

and choline (Cho et al., 2014). Consequently, it is essential for the formation of cholinergic 

interneurons. Our resulting combined (H9-Chat-Cre-AAVS1-Pur-hM3Dq-mCherry and WC24B-

ChAT-P2A-Cre-AVVS1-mCherry) efficiency was 63%, while H9-Chat-Cre-AAVS1-Pur-

hM3Dq-mCherry had an efficiency of 57% and WC24B-ChAT-P2A-Cre-AVVS1-mCherry had 

an efficiency of 72% (Fig. 3C). These results suggest we developed an efficient protocol to 

generate mature BFCNS form hPSCs.    

 

Materials and Methods 

Human Pluripotent Stem Cells 

We used two human pluripotent stem cell (hPSC) lines, a human embryonic stem cell 

(hESC) line, and a human induced pluripotent stem cell (iPSC) line. The human embryonic stem 

cell line, H9-Chat-Cre-AAVS1-Pur-hM3Dq-mCherry, was a donation from the Su-Chun Zhang 

lab at the University of Wisconsin – Madison. This line was used in the preparation of an enhanced 

BFCN protocol, for its ease in validation of ChAT-expressing neurons (Fig. S1).  
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The iPSC line, WC24-02-DS-B, was acquired by working closely with clinicians at the 

University of Wisconsin – Madison Waisman Center, as fibroblasts from an individual were 

reprogrammed as previously described (Giffin-Rao et al., 2022). WC24-02-DS-B was used to 

generate a ChAT reporter line. WC24B-Chat-P2A-Cre AAVS1-mCherry, was generated using a 

CRISPR/Cas9 approach. A day before electroporation iPSCs were cultured in hESC medium on 

MEFs with Rho Kinase (ROCK)-inhibitor (1.0mM, Calbiochem, H-1152P). Cells were digested 

by TrypLE express Enzyme (Life Technologies) for ~4 min, washed with DMEM/F12, and 

pelleted. Cells were dispersed into single cells in BioRad Electroporation Buffer, and 2x106 cells 

were electroporated as previously described (Chen et al., 2015) in 500 mL of Electroporation 

Buffer (KCl 5mM, MgCl2 5mM, HEPES 15mM, Na2HPO4 102.94mM, NaH2PO4 47.06mM, 

PH=7.2) using the Gene Pulser Xcell System (Bio-Rad) at 250v, 500μF in 0.4 cm cuvettes (Phenix 

Research Products). Electroporation took place in a cocktail of 15 mg of the pLentiCRISPR-V2 

plasmid (Adgene, Cat. #52961), two ChAT gRNAs, and 30 ug of NF1X-P2A-CRE-FRT-Puro 

donor plasmid. Post electroporation, cells were plated on MEFs in 1.0 mM ROCK inhibitor and 

cells were selected with puromycin (0.33 ug/mL, Invivogen, ant-pr-1) as previously described by 

Steyer (Steyer et al., 2018). Concurrent with puromycin treatment, the cells were fed with MEF-

conditioned hESC media containing 1 uM ROCK inhibitor and 1:5,000 FGF-2. After removal of 

the puromycin at 96 hours, cells were cultured in MEF-conditioned hESC and FGF-2 (1:5,000) 

until colonies were visible. 

 

Differentiation Conditions to Basal Forebrain Cholinergic Neurons 

Differentiation for all experimental conditions was initiated by detaching hPSC colonies 

with dispase to form aggregates known as embryoid bodies (EBs) at day 0. For the first 4 days, 
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EBs were fed daily with hEB media (DMEM/F12, 20% knockout replacement serum, nonessential 

amino acids, L-glutamine, and β-mercaptoethanol) containing dual SMAD inhibitors (SB-431542 

and LDN-193189 2HCl). Starting from day 4 until day 7, EBs were maintained  in NIM 

(DMEM/F12, N2 supplement, nonessential amino acids, and heparin) and fed every other day for 

3 days. EBs were attached to plates on day 7 using NIM and 5% FBS for approximately 6 – 8 

hours before the media was replaced with NIM. From day 7 until approximately day 14 plated EBs 

were fed every 2 – 3 days with NIM until neural rosettes emerged. At this point, EBs were detached 

using a P1000 pipette and grown in suspension as neurospheres (NS) and maintained in NIM 

media. Half of the NS media is replaced with fresh NIM every 3 – 4 days until day 25 when they 

are dissociated with Accutase (Sigma) and plated on coverslips coated with Poly-L-ornithine 

hydrobromide (Sigma) and laminin (Invitrogen) at a density of 25,000 – 30,000 cells per coverslip. 

Plated neurons were fed the following day with 500 uL of NDM with CompoundE (Millipore), 

after which half media changes happened every 3 – 4 days with fresh NDM until they are ready to 

analyze three weeks post-plating.            

 

qPCR 

Isolation of total RNA from three technical replicates of differentiation was done at day 17 

post initiation of differentiation using Direct-zol RNA Micro Prep Kit (Zymo Research) according 

to the manufacturer’s directions.  500 ng of total RNA was used to make cDNA using qScript 

cDNA SuperMix kit (Quantabio). qPCR was performed in triplicate on 3 batches of differentiation 

(N=3, n=3) using iTaq Universal SYBR Green Supermix (Bio-Rad) on CFX Connect Real-Time 

System (Bio-Rad). Data points are represented as Log2Fold Change relative to non-variable 
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conditions (i.e. No SHH, D4 SHH, or D4 SHH D8NGF). Statistical significance was determined 

by a one-sample t-test on Log2Fold Change values.  

 

Immunofluorescence  

Resulting neurons were stained for markers using immunofluorescence at day ~45 post-

induction of BFCN differentiation. Neurons were fixed with 4% paraformaldehyde (Electron 

Microscopy Sciences) for 15 minutes at room temperature and washed with 1X PBS. Non-

specific binding sites were blocked, and cells were permeabilized for 15 min with 1X PBS 

containing 5% normal donkey (Jackson Immuno Research Laboratories Inc.) or goat serum 

(Jackson Immuno Research Laboratories Inc.), and 0.2% Triton X-100 (Acros Organics). 

Primary antibodies were applied at concentrations specified in table below in 1X PBS containing 

5% normal donkey or goat serum and incubated overnight at 4°C. The following day samples 

were washed three times with 1X PBS. Secondary antibodies were incubated for 30 min at 

concentrations of 1:500 in 1X PBS containing 5% normal donkey or goat serum at room 

temperature. Successively, cells were washed once with 1X PBS. Lastly, the samples were 

stained with DAPI (Sigma) for 5 min and mounted with Vectashield (VectorLabs) on slides. 

Samples were stored in the dark at room temperature until imaging was performed on a Nikon 

Eclipse microscope. 

 

Table 1. Primary Antibodies 

Antibody Host Company Cat. # Concentration 

B-Tubulin Mouse Abcam 32-2600 1:5000 

ChAT Goat Millipore Sigma AB144P 1:150 
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mCherry Rabbit Abcam AB167453 1:1000 

DAPI  Sigma  1:500 

 

Discussion 

Human pluripotent stem cells provide an excellent platform to generate neural 

populations, such as hPSC-derived BFCNs, and study their role in neurological disorders, such 

as Alzheimer’s Disease and Down syndrome-related Alzheimer’s Disease. However, few 

differentiation protocols have been established to derive BFCNs from hPSCs. Therefore, we took 

a systematic approach to target key developmental steps in the development of BFCNS by 

modulating the expression of NKX2.1, LHX8, and ISLET1.  

BFCNs originate from the ventral regions of the telencephalon, and medial ganglionic 

eminences (MGE) (Sussel et al., 1999). MGE precursor cells that express LHX8 and ISLET1 

differentiate to BFCNS in vivo (Bissonnette et al., 2011). Our protocol introduces SHH at day 4 

which increased the MGE marker NKX2.1, NGF at day 8 to increase LHX8 expression, and a 

three-day pulse of BMP-9 at day 14 to enhance the expression of ISLET1.  

Previously published BFCN protocols have shown an efficiency range between 30% – 

90% (Hu et al., 2016, Muñoz et al., 2020, Bissonnette et al., 2011, Krajka et al., 2021, Ma et al., 

2020). Many of the published BFCN protocols use direct reprogramming, sorting, or enrichment 

methods to generate a pure ChAT population. This makes it difficult to study the development of 

BFCNs. Bissonette et al. use similar small molecules, SHH and BMP-9, and utilize FACS 

sorting to enrich for LHX8 neural precursors to yield an efficiency of 85.59% ChAT positive 

neurons (Bissonnette et al., 2011). Ma et al. used two plasmids overexpressing key transcription 

factors, LHX8 and GBX1, to generate induced BFCNS resulting in an efficiency of 90% (Ma et 
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al., 2020). Protocols that do not use a filtering step tend to have lower efficiencies. For instance, 

Hu et al. differentiated iPSCs to BFCNs using SHH and NGF, resulting in an efficiency of 40% 

(Hu et al., 2016). We modulated the timing of the addition of key small molecules to result in an 

efficiency of 63%.   

Our enhanced protocol does not use a selecting or sorting step and is more analogous to 

in vivo BFCN development, allowing us to study the development of BFCN in vitro. In addition 

to the ability to study early developmental cues, our model allows for long term culture and the 

investigation of potential mechanisms of vulnerability in diseases. BFCNs are vulnerable to 

degenerate Down syndrome- Alzheimer’s Disease, however molecular pathways involved in 

BFCN degeneration are poorly understood. This system would be ideal to investigate mechanism 

leading to degeneration of BFCNS in individuals with Down syndrome.  

 

Conclusion 

In conclusion, our results identified that the addition of SHH on day 4, NGF on day 8, 

and BMP-9 pulse on day 14, was the most optimal combination to generate ChAT positive 

BFCNs from hPSCs. The significant increase in telencephalic ventral marker NKX2.1, along 

with BFCN progenitor markers LHX8 and ISLET1 after patterning reflects the regionalization of 

our human-derived cells into an MGE identity and eventually mature BFCNs reflecting the 

specified in vivo development of BFCNs in vitro.  
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Abstract  

Down syndrome (DS), or trisomy 21, is both a complex neurodevelopmental and 

neurodegenerative disorder. DS is characterized by altered cortical development resulting in 

Alzheimer’s Disease (AD) pathology in middle age. It is estimated that more than 400,000 people 

are living with DS in the United States. Hallmarks of AD are present in all individuals with DS by 

mid-life. Additionally, cognitive functions decline through age as they develop AD pathology, 

with approximately a 90% lifetime risk of developing dementia. A critical feature that links 

cognitive impairment and neurodegeneration in trisomy 21 is the population of neurons that are 

susceptible in both processes: basal forebrain cholinergic neurons (BFCN).  

BFCNs play key roles in regulating attention, memory, and learning. Degeneration or 

impairment of BFCNs leads to memory loss, decreased spatial recognition, and disturbance in 

language. Degeneration of this population has also been well documented in a diverse range of 

human neurocognitive disorders, including DS and AD. However, key molecular pathways 

involved in BFCN degeneration leading to cognitive, memory, and learning deficits aren’t well 

understood. To fill a significant gap in the basic understanding of BFCNs, we explore the unique 

differences of BFCNs derived from both isogenic euploid and trisomy induced pluripotent stem 

cells. Single cell RNA sequencing was leveraged to better understand the molecular mechanisms 

that underlie the susceptibility of this subset of neurons. Results provide foundational data for 

identifying therapeutic targets for DS, as well as have an impact on our overall understanding of 

other neurodegenerative diseases such as AD. 

 

Introduction  

Down syndrome (DS, trisomy 21, T21) is a complex developmental disorder that is both 

a neurodevelopmental and a neurodegenerative condition and arises from trisomy of human 
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chromosome 21 (Lejeune, 1959). Due to medical interventions, significant improvements in the 

life expectancy of individuals with DS have been observed. The U.S. has seen an increase in the 

life span of people with DS of 456% between 1960 to 2007 (Presson et al., 2013). This increase 

in the life span of individuals with Down syndrome has resulted in systemic and age-related 

neurological conditions. In aging adults with DS, Alzheimer's Disease (AD) occurs at a higher 

prevalence and an earlier age than in typical aging adults.   

Individuals with DS display the onset of neurodegeneration associated with Alzheimer's 

disease in early mid-life, with the prevalence of symptomatic AD in individuals with DS 

reaching 90 – 100% by age 70, while only 11% of the general population have AD by the age of 

65 (2021, Fortea et al., 2020). While individuals with DS have significantly improved lifespans, 

these individuals have increased health complications with the development of dementia 

accounting for 70% of deaths in individuals over the age of 35 (Hithersay et al., 2019). 

MRI data from the Down-Alzheimer Barcelona Neuroimaging (DABNI) and Sant Pau 

Initiative on Neurodegeneration (SPIN) study, identified a volumetric decrease of the basal 

forebrain with age of individuals with DS along the AD continuum (Rozalem Aranha et al., 

2023). Additionally, cognitive decline associated in aging individuals with DS and AD is linked 

with the degeneration of the cholinergic basal forebrain system. This includes loss of BFCNs in 

the nucleus basalis and cholinergic fiber projections to the hippocampus and neocortex (Coyle et 

al., 1983, Coyle et al., 1988, Mufson et al., 1989b, Richter et al., 2022, Wegiel et al., 2022), 

identifying BFCNs as a critical neuronal population linking AD and DS.    

The function of basal forebrain cholinergic neurons is crucial in mediating cognitive 

performance and memory throughout the lifespan, as evidenced by the correlation between 

memory loss in old age with a decline in the levels of acetylcholine, produced by BFCNs (White 
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and Ruske, 2002, Mori, 1997). Degeneration or impairment of BFCNs leads to memory loss, 

decreased spatial recognition, and disturbance in language. BFCN degeneration has also been 

well documented in a diverse range of human neurocognitive disorders including but not limited 

to Down syndrome, Alzheimer’s Disease, and Parkinson’s Disease. Administration of drugs that 

inhibit the breakdown of acetylcholine (e.g. donepezil) can reverse the memory deficits 

associated with aging and AD (Rusted, 1994, van Reekum et al., 1997). These data and others 

led to the “cholinergic hypothesis of AD” (Contestabile, 2011, Dumas and Newhouse, 2011, 

Coyle et al., 1983). However, key molecular pathways involved in BFCN degeneration leading 

to cognitive, memory, and learning deficits, and ultimately AD onset aren’t well understood.  

We set out to identify the potential mechanisms leading to the vulnerability of basal 

forebrain cholinergic neurons in the onset of Alzheimer’s Disease in individuals with Down 

syndrome. To do so, we take advantage of isogenic iPSC models of Down syndrome to generate 

BFCNs and perform single cell RNA sequencing. Detailed comparisons of isogenic euploid to 

trisomy 21 BFCNs in our dataset reveal dysregulated pathways relating to apoptosis, 

mitochondrial metabolism, inflammation, and proteinopathies. Increased amyloid- in trisomy 

21 BFCN cultures suggests that this may be the first step in the cascade leading to their 

vulnerability in DS. We identify potential biological and molecular pathways that may lead to 

the degeneration of BFCNs, as well as provide a new human BFCN scRNAseq dataset that 

provides foundational data for identifying therapeutic targets for DS as well as enables future 

mechanistic studies on BFCN susceptibility in neurodegenerative diseases such as AD.  
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Materials and Methods 

Differentiation of Basal Forebrain Cholinergic Neurons 

Two pairs of isogenic trisomy 21 and euploid control iPSCs (Giffin-Rao et al., 2022, Weick 

et al., 2016), and one additional pair of trisomy 21 and euploid control iPSCs were used  for this 

project (Table 1). iPSCs undergo regular karyotyping and mycoplasma testing to ensure quality 

(WiCell Institute, Madison WI). iPSCs were maintained on mouse embryonic fibroblasts (MEFs) 

feeder plates and differentiated to BFCNs using a protocol established in our lab (Fig. 1A).  

Differentiation was initiated by detaching iPSC colonies with dispase to form aggregates 

known as embryoid bodies (EBs) at day 0. For the first 4 days, EBs were fed daily with hEB media 

(DMEM/F12, 20% knockout replacement serum, nonessential amino acids, L-glutamine, and β-

mercaptoethanol) containing dual SMAD inhibitors (SB-431542 and LDN-193189 2HCl). Starting 

from day 4 until day 7, EBs were maintained in NIM (DMEM/F12, N2 supplement, nonessential 

amino acids, and heparin) containing dual SMAD inhibitors (SB-431542 and LDN-193189 2HCl) 

and SAG (Sigma Aldrich) and fed every other day for 3 days. EBs were attached to plates on day 

7 using NIM containing dual SMAD inhibitors (SB-431542 and LDN-193189 2HCl), SAG, and 

5% FBS for approximately 6 – 8 hours before replacing the media with NIM containing dual 

SMAD inhibitors (SB-431542 and LDN-193189 2HCl), and SAG. From day 9 until approximately 

day 14 plated EBs were fed every 2 – 3 days with NIM containing SAG and NGF (Invitrogen) 

until neural rosettes emerged. At this point, EBs are detached using a P1000 pipette and grown in 

suspension as neurospheres (NS), and maintained in NIM, SAG, and NGF media. For the first 3 

days NS were given a pulse of BMP-9 (R&D Systems). Half of the NS media is replaced with 

fresh NIM every 3 – 4 days until day 25 when they are dissociated with Accutase (Sigma) and 

plated on coverslips coated with Poly-L-ornithine hydrobromide (Sigma) and laminin (Invitrogen) 

at a density of 25,000 – 30,000 cells per coverslip. Plated neurons are fed the following day with 
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500 uL of NDM (Neurobasal, N2, B27, Anti-anti, Glutamax, 30% glucose, GDNF (10 ng/mL), 

BDNF (10 ng/mL), Ascorbic Acid (200ng/mL), cAMP (1uM)) with CompoundE (Company), 

SAG and NGF, after which half media changes happen every 3 – 4 days with fresh NDM, SAG, 

and NGF until they are ready to analyze three weeks post-platting. Differentiations were performed 

in biological (N=3 pairs of euploid and trisomy 21 iPSC) and technical (n=3) triplicates.  

Table 1. Information of iPSC Lines Utilized  

iPSC Line Condition Gender/Age Relationship 

WC-24 Trisomy 21 Female/25y Isogenic Pair 1 

WC-24 U Euploid Female/25y Isogenic Pair 1 

DS1 Trisomy 21 Male/1y Isogenic Pair 2 

DS2U Euploid Male/1y Isogenic Pair 2 

WC20 Trisomy 21 Female/3y Unrelated 

WC58 Euploid Female/Neonate Unrelated 

             

Immunofluorescence 

BFCNs were assessed for markers using immunofluorescence at day ~45. Neurons were 

fixed with 4% paraformaldehyde (Electron Microscopy Sciences) for 15 minutes at room 

temperature and washed with 1X PBS. Non-specific binding sites were blocked, and cells were 

permeabilized for 15 minutes with 1X PBS containing 5% normal donkey (Jackson Immuno 

Research Laboratories Inc.) or goat serum (Jackson Immuno Research Laboratories Inc.), and 

0.2% Triton X-100 (Acros Organics). Primary antibodies (Table 2) were applied in 1X PBS 

containing 5% normal donkey or goat serum and incubated overnight at 4°C. The following day 

samples were washed three times with 1X PBS. Secondary antibodies were incubated for 30 min 
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in 1X PBS containing 5% normal donkey or goat serum at room temperature. Successively, cells 

were washed once with 1X PBS. Lastly, the samples were stained with DAPI (Sigma) for 5 

minutes and mounted with Vectashield (VectorLabs) on slides. Samples were stored in the dark 

at room temperature until imaging was performed on a STELLARIS-8 Leica Confocal 

Microscope or high-content imaging and analysis on the ImageXpress Nano Automated Imaging 

System. Experiments were performed in biological (N=3 pairs of euploid and trisomy 21 iPSC) 

and technical (n=3) triplicates.  

Table 2. List of Antibodies 

Antibody Host Company Cat. # Concentration 

Map2 Chicken Abcam AB5392 1:5000 

ChAT Goat Millipore Sigma AB144P 1:150 

P75NTR Mouse Advanced Targeting Systems AB-N07 1:200 

AT8 Mouse Thermo Fischer Scientific MN1020 1:500 

HB9 Rabbit Abcam AB221884 1:300 

H3K9ME3 Rabbit Abcam AB8898 1:2000 

Casp3 Rabbit Cell Signaling Technology 9661S 1:300 

NeuN Rabbit Abcam AB104225 1:1000 

Islet1 Rabbit Abcam AB109517 1:200 

vChAT Rabbit Synaptic Systems 139103 1:500 

DAPI  Sigma  1:500 
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Single Cell Isolation  

We generated a single-cell suspension by using the Jerber et al. protocol (Jerber et al., 

2020). Cells were dissociated with Accutase (Sigma) with DPBS (Gibco) in a 1:1 ratio and 

incubated at 37 °C and 5% CO2 with 0.5 mL of dissociation solution for approximately 20 

minutes. Following incubation 2 mL of wash buffer was added (15mL DMEM:F12 + GlutaMAX 

(Gibco), and  ROCK inhibitor (Y-27632, Tocris) to a final concentration of 10μM) to stop 

digestion and detached the cells from the plate. Cell suspension was transferred to a 15mL 

centrifuge tube capped with a 40µm filter and centrifuged at 150 x g for 3 minutes. The cells 

were washed and resuspended in wash buffer 2 (10% BSA solution (100 μg/mL) to DPBS (-/-) to 

a final concentration of 400 μg/mL). The resulting cell suspension was processed for cell number 

and viability analysis using Trypan Blue Solution (Sigma) and further diluted to the desired 

concentration for scRNA-seq. Isolation of single cells was performed in technical duplicates 

(N=1, n=2) with Isogenic Pair 1.       

 

Single-Cell RNA Sequencing (10x Genomics) 

All Single-Cell RNA Sequencing experiments were done on the Chromium Single-Cell 

platform (10x Genomics) (Fig. 2A). Cell barcoding, cDNA synthesis and the construction of the 

libraries were done using Chromium Next GEM Single Cell 3ʹ Kit v3.1 (10x Genomics, PN-

1000269), Chromium Next GEM Chip G Single Cell Kit (10x Genomics, PN-1000127), and 

Dual Index Kit TT Set A (10x Genomics, PN-1000215) according to manufacturer’s instructions. 

To generate single-cell Gel Bead-In-Emulsions (GEMs), isolated BFCN cell suspension was 

mixed with master mix, gel beads, and oil and then loaded on the Chip wells. Captured cells 

release RNA, which is reverse transcribed to synthesized full-length cDNA, which is amplified 
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to enough cDNA for library construction. The quality of cDNA was checked using Agilent 

Bioanalyzer. High-quality cDNA libraries were sequenced on the Illumina Novaseq X Plus 

platform by Novogene.  

 

Single-Cell RNA Sequencing Analysis  

Cell Ranger (10x Genomics) was used to process the Chromium Single-Cell RNA-seq 

output following established pipelines (Zheng et al., 2017, He et al., 2022). Raw base call files 

were demultiplexed in FASTQ files using “cellranger mkfastq” command. The FASTQ files 

were aligned to the 10x Genomics prebuilt reference Human genome (GRCh38.p13) to generate 

a data matrix using the “cellranger count” command. For quality control, cells with fewer than 

500 or greater than 10,000 features and cells with higher than 10% mitochondrial contents were 

filtered out from the analysis.  

Visualization and analysis were conducted using RStudio (RStudio v4.3.2, https://www.r-

project.org), performed predominantly using Seurat v5.0.1 package(Hao et al., 2023). Analysis 

was performed in the following sequence, data normalization, log-transformation, highly 

variable genes selection and principal component analysis (PCA). Expression levels were 

normalized to counts per 10,000 using the Seurat function NormalizeData. Highly variable genes 

were selected based on the log-transformed data using the function FindVariableFeatures, the 

highly variable genes were visualized using VariableFeaturePlot, and the top 10 genes were 

labeled. Normalized Seurat object was integrated using IntegrateLayers before proceeding to the 

next steps. Integrated normalized Seurat object were scaled using ScaleData and PCA was 

performed with RunPCA. The heuristic elbow method was performed using ElbowPlot to 

determine the number of clusters in the data set. Nearest neighbors and Clustering were then 

https://www.r-project.org/
https://www.r-project.org/
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performed using FindNeighbors and FindClusters respectively. Uniform Manifold 

Approximation and Projection (UMAP) was generated using Seurat’s RunUMAP function (Fig. 

2B). Clusters of interest were identified using feature violin plots generated with VlnPlot 

function in Seurat (Fig. 2D-E). ISL1 (ISLET1), SLC18A3 (vChAT), and NTRK2 (TRKB) were 

uses as hallmark features of BFCNs (Fig. 2D). While MNX1 (HB9), MEIS2, SLC6A1 (GAT-1), 

were used as markers for motor neurons, lateral ganglionic eminence neurons (LGE), and GABA 

neurons respectively.   

Differentially Expressed Genes (DEGs) for BFCN population were identified  (Fig. 3A) 

by comparing Trisomy21 to Euploid BFCNs using the feature FindMarkers. DEGs with an 

adjusted p-value equal to or less than 0.05 (Fig. 3B) were used for Enrichr 

(http://amp.pharm.mssm.edu/Enrichr) analysis to perform a comprehensive Disease, GO-term, 

KEGG, and Pathway Analysis (Xie et al., 2021, Chen et al., 2013, Kuleshov et al., 2016).  

 

Amyloid- Concentration 

Amyloid-40 and amyloid-42 concentrations were measured in our BFCN media. Spent 

media was collected at approximately day 45 post initiation of the differentiation to BFCNs. The 

Invitrogen Human Amyloid-β ELISA Kit (Human Aβ40 Cat. KHB3481, Human Aβ42 Cat. 

KHB3441) was used following manufacturer’s instructions. Concentrations of Amyloid -40 and 

Amyloid-42 were measured with Molecular Devices VersaMax microplate reader. All samples 

were analyzed in biological (N=3 pairs of euploid and trisomy 21 iPSCs) and technical (n=3) 

triplicates. 

 

  

http://amp.pharm.mssm.edu/Enrichr
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Results 

Validation of Basal Forebrain Cholinergic Neurons 

To validate the differentiation of BFCN from isogenic euploid and trisomy 21 iPSCs, we 

used immunofluorescence to detect the presence of BFCN markers, ChAT, vChAT, ISLET1, and 

p75NTR, and the absence of motor neuron marker HB9. Choline acetyltransferase (ChAT) is key 

for the biosynthesis of acetylcholine, from acetyl-coenzyme A and choline (Cho et al., 2014), 

and is essential for the development of cholinergic interneurons. Thus, we assessed the presence 

of ChAT in our iPSC-derived BFCNs. Approximately 70% of NeuN positive cells also expressed 

ChAT, and no significant difference was observed between trisomy 21 and euploid BFCNs 

(Fig.1B). Cholinergic identity is also confirmed by the detection of the vesicular acetylcholine 

transporter (vChAT). Over 90% of ChAT expressing neurons co-expressed vChAT, with no 

significant difference observed between conditions (Fig.1C). In addition to the expression of 

ChAT, co-expression of p75NTR is additional evidence of mature BFCNS. Neurotrophin 

receptor p75 (p75NTR) encodes for a surface marker of mature BFCNs (Schnitzler et al., 2008). 

90% of ChAT expressing neurons co-expressed p75NTR, with no significant difference between 

trisomy 21 and euploid BFCNs (Fig. 1D). ISLET1 is a ventral marker and is essential for the 

development of BFCNs (Furusho et al., 2006, Wang and Liu, 2001), which makes it a key 

validation marker for BFCNs. About 80% of ChAT-expressing neurons co-expressed ISLET1, 

with no significant difference between conditions (Fig. 1E). To confirm that the cholinergic 

neurons we produced are not motor neurons, we assessed the presence of key motor neuron 

marker HB9. Both euploid and trisomy 21 BFCN cultures showed negligible percentages (>5%) 

(Fig. 1F). The combination of these results suggests that our differentiation successfully 

generated BFCNs.     
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Identification of scRNAseq BFCN clusters 

Single cell RNA sequencing is a powerful tool for the detection and quantitative analysis 

of mRNA transcripts in individual cell types. To gain insight into the identity of the clusters 

resulting from our analysis, we performed manual annotation (Kim et al., 2023, Clarke et al., 

2021) of scRNAseq data (Fig. 2A). Approximately 7,000 euploid and 3,500 trisomy 21 isogenic 

cells were analyzed to generate 13 clusters (Fig. 2B). Cluster analysis identified 13 unique cell 

clusters; using manual annotation clusters of interests, BFCNS were identified by considering 

their expression of at least four BFCN feature markers. Cluster 7 and cluster 8 are identified as 

BFCNs as they have high expression of ISL1 (ISLET1), SLC18A3 (vChAT), NTRK2 (TRKB), 

NTRK3 (TRKC), and ACHE (Fig. 2C, Fig. 1S), all of which are hallmark features of BFCNs. 

Cluster 3 also expressed of ISL1 and NTRK2, and ACHE; however, it did not express SLC18A3 

which is a marker of mature BFCNs and thus it was excluded from DEG analysis (Fig. 2D, Fig. 

1S). While hallmark genes of motor neurons (MNX1), LGE neurons (MEIS2), and GABA 

neurons (SLC6A1) are not expressed in clusters 7 and 8, cluster 3 did have expression of 

SLC6A1 (Fig. 2D).  This expression data suggests that clusters 7 and 8 are BFCNs (Fig. 3A), 

while cluster 3 may be a subtype of BFCN. 

 

Underrepresented Cell Populations in T21 

Since twice as many euploid cells compared to T21 cells were sequenced and analyzed, 

we cannot make definitive statements about missing populations in the UMAP. However, cluster 

2, cluster 9 and cluster 10 are underrepresented in T21 cells (Fig 3A).  These cell populations all 

expressed MEIS2, which is a common marker for neuron populations that derive from the LGE 

(Schmitz et al., 2022). This data may suggest that T21 cell cultures undergoing our 
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differentiation protocol may respond to small molecules differently than their euploid 

counterparts, resulting in the depletion of LGE neurons.   

 

Disease, Gene Ontology (GO), and Pathway Analysis 

To gain insight into the impact of DEGs from BFCNs identified through single cell 

clustering (Fig. 3A), unbiased functional enrichment analysis was performed using Enrichr (Xie 

et al., 2021, Chen et al., 2013, Kuleshov et al., 2016). Thresholding for DEGs was established 

with an adjusted p-value <0.05 and Log2FoldChange >0 for upregulated and Log2FoldChange 

<0 downregulated genes (Fig. 3B). T21 is characterized by altered cortical development resulting 

in intellectual impairment at birth, as expected the enrichment analysis identified 

neurodevelopment disorders, intellectual disabilities, and Down syndrome in both the 

upregulated and downregulated gene sets (Fig. 3C-D). Interestingly neurodegenerative disorders 

and diseases, including Alzheimer’s Disease, were also identified (Fig. 3C-D). This suggests that 

dysregulated genes in trisomy 21 BFCNs are strongly associated with pathways that may 

influence the early onset of AD in individuals with Down syndrome (Fortea et al., 2021). 

Enrichment analysis of BFCN dysregulated genes identified key biological processes 

including apoptosis, inflammation, mitochondrial metabolism, and proteinopathies. Analysis of 

upregulated genes contained pathways related to positive regulation of apoptosis, negative 

regulation of metabolic process, and IL 24 signaling pathway (Fig. 3C). Enrichment analysis of 

downregulated genes contained pathways related to Mitochondrial Electron Transport, JAK/STAT 

signaling pathway, and Regulation of Tau-Protein Kinase Activity (Fig. 3D). Disruptions of key 

pathways leading to proteinopathies may predict faulty biological processes in T21 BFCNs 

resulting in their vulnerability ultimately leading to their degeneration and AD onset in DS. 
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Apoptosis and Proteinopathy in Trisomy 21 BFCNs 

To further investigate the implications of key pathways identified in the enrichment 

analysis, we assessed neural apoptosis (Fig. 4A), phosphorylation of tau (Fig. 4C), and 

accumulation of amyloid-β (Fig. 4E) in our BFCN culture system. Upregulated genes in T21 

BFCNs are implicated in the positive regulation of the intrinsic apoptotic signaling pathway, 

suggesting that this may be a cause of increased neural death in DS. This mechanism is activated 

by intracellular stress and ultimately results in permeabilization of the mitochondrial membrane 

via caspase activation resulting in cell death (Galluzzi et al., 2018, Green and Llambi, 2015). We 

assessed the abundance of the apoptosis effector Caspase 3 in our culture system (Fig. 4B). 

Although Caspase 3 was present in both euploid and T21 BFCNs, there was no significant 

difference in the average intensity observed. Suggesting that the intrinsic apoptotic signaling 

pathway may be indicating the activation of an initiator caspase rather than the effector caspase, 

Caspase 3.  

Increased levels of soluble amyloid-β, the cleaved product of the amyloid precursor 

protein (Marks and Berg, 2003), and abnormal phosphorylation of tau (Swatton et al., 2004)  

both precede disease pathology in AD (Scheuner et al., 1996) and in individuals with Down 

syndrome (Tokuda et al., 1997). Unlike the general population, individuals with DS typically 

develop AD-like neuropathology as early as 30 (Wisniewski et al., 1985). Dysregulated genes in 

trisomy 21 BFCNs are associated with GO terms related to the regulation of tau-protein kinase 

activity. The associated gene set was downregulated in T21 BFCNs when compared to euploid, 

suggesting a change in the phosphorylation of tau. To assess the levels of phosphorylated tau, we 

calculated the average intensity of AT8 (pTau) in BFCNs (Fig. 4D). Results showed a slight 

increase in the average intensity in T21 but did not show any statistically significant difference.  
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In addition to tau, amyloid-β is an associated protein in the neuropathy of AD. Increased 

differentially expressed genes in BFCNs were associated with Alzheimer disease-amyloid 

secretase pathway. ELISAs were performed to examine the levels of soluble cleaved product of 

the amyloid precursor protein in our BFCN cultures. Non-pathogenic Aβ40 and pathogenic Aβ42 

were statistically significant as they were increased in trisomy 21 BFCN cultures as compared to 

euploid, however the Aβ42/Aβ40 ratio was not statistically significant (Fig. 4F). The Aβ42/Aβ40 

ratio and the concentration of  Aβ42 on its own are biomarkers commonly used for diagnosis of 

AD (Hansson et al., 2019). When present in abnormally high levels, pathogenic Aβ42 forms 

aggregates leading to plaques that collect between neurons and disrupt their function, resulting in 

AD (Oakley et al., 2006). Although we did not see a significant difference in the Aβ42/Aβ40 ratio 

in our culture system, this alone does not conclude that T21 BFCNs are not vulnerable to AD 

pathogenesis. This lack of significance can be explained by the statistically significant increase 

in Aβ40, non-pathogenic, in cultured T21 BFCNs. The increased levels of pathogenic Aβ42 in our 

culturing system suggests that T21 BFCNs may be susceptible to the onset of AD pathogenesis, 

as many have shown that the initial Aβ42 aggregation forms independent of Aβ40 (Gu and Guo, 

2013). 

 

Discussion  

Diversity of BFCN subtypes 

Single cell RNA sequencing allows for the profiling of thousands of cells in a single 

experiment. There are two main methods of annotation of resulting cell clusters: automatic cell 

annotation and manual cell annotation (Clarke et al., 2021). Automated cell annotation methods 

rely on curated marker gene databases, and reference expression datasets (Pasquini et al., 2021). 

Although automated cell annotation methods are convenient and systematic, there isn’t a well-
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established human BFCN reference database that can be used resulting in a low confidence in the 

ability to annotate clusters using this method. Manual annotation operates at the individual 

cluster level and relies on individual expert knowledge (Kim et al., 2023). This method is slower, 

labor intensive and it can be subjective, but offers a more precise labeling of clusters when there 

isn’t a strong curated marker database that can be used for automated annotation. Using our own 

knowledge about BFCN development we annotated our scRNAseq clusters.  

Our data identified three potential scRNAseq clusters of interest, two of which had at 

least four BFCN feature markers and one that only had three. This suggests the possibility of 

BFCN subtypes in our culturing system. First described in 1872, basal forebrain cholinergic 

neurons are a cluster of neurons in the basal forebrain (Meynert, 1872) organized into four 

categories. Ch1, originates from the medial septal nucleus, Ch2, from the ventricle limb of the 

diagonal band of Broca, Ch3, in the horizontal limb of the diagonal band of Broca, Ch4, 

developed in the basal magnocellular complex that includes the substantia innominate, the 

nucleus basalis of Meynert, the magnocellular preoptic nucleus and the ventral pallidum 

(Ballinger et al., 2016). BFCN structure and functions are regulated by neurotrophins binding to 

tropomyosin related kinase (Trk) receptors or p75 neurotrophin receptor (NTR). Nerve growth 

factor (NGF) binds to TrkA, brain-derived neurotrophic factor (BDNF) and NT-4 preferably 

bind to TrkB, while NT-3 binds to TrkC (Bothwell, 2014, Barbacid, 1994). Trk expression varies 

regionally, with the expression of both TrkB and TrkC being more prevalent in the nucleus 

basalis of Meynert (NbM), while TrkA is ubiquitous in other areas of the basal forebrain 

(Boskovic et al., 2019, Gibbs et al., 1989, Milne et al., 2015, Mufson et al., 1989a, Mufson et al., 

2002, Salehi et al., 1996). Cluster 7 and cluster 8 both expressed TrkB, suggesting these are Ch4 

BFCNs, belonging to the NbM. Cluster 8 also expressed TrkC, potentially making this an NbM 

BFCN subtype. Cluster 3 expressed TrkA, TrkB, and TrkC, but did not express vChAT, making 
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it a unique cluster and potential subtype of BFCN. This suggests that our culturing system allows 

us to generate at least three unique BFCN subtypes.    

 

Pathways implicated in the vulnerability of BFCNs to AD 

Due to the scarce availability of human BFCN data, we have relied on animal models to 

study BFCNs. Ts65Dn trisomic mouse model recapitulates both cognitive and morphological 

deficits of DS and AD, including the degeneration of BFCNs (Alldred et al., 2021, Alldred et al., 

2023). Single population RNAseq of Ts65Dn BFCNs in the medial septal nucleus identified  

apoptosis signaling, mitochondrial dysfunction, and Alzheimer’s disease amongst other 

dysregulated pathways in T21 (Alldred et al., 2021). This data supports our findings of 

dysregulated genes associated with cell death, mitochondrial metabolism, and proteinopathies.     

The extensive neuronal loss that occurs in AD is speculated to be caused by the 

dysregulation of apoptotic death pathways and is etiologically responsible for the disease (Roth, 

2001). We found that genes associated with the positive regulation of the intrinsic apoptotic 

signaling pathway were increased in T21 BFCNs. This finding suggests that we should observe 

an increase in cell death of BFCNs. Apoptosis can be divided into two intersecting pathways: 

intrinsic apoptosis and extrinsic apoptosis. Intrinsic apoptosis is activated by intracellular stress 

and results in permeabilization of the mitochondrial membrane through caspase activation 

(Galluzzi et al., 2018, Green and Llambi, 2015). Extrinsic apoptosis is caused by extracellular 

stimuli communicated through transmembrane death receptors and the formation of the death-

inducing signaling complex (Fulda and Debatin, 2006, Galluzzi et al., 2018). We expected to see 

an increase in caspase 3 since this is an intrinsic pathway, yet our findings showed no significant 

difference. This can be due to the cell culture conditions that are designed to maintain optimal 

viability throughout the maintenance and neural differentiation of iPSCs.  
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Even though there were no significant differences in caspase, mitochondrial dysfunction 

pathways precipitated from the unbiased enrichment analysis. As a result of caspase activation, 

we anticipated increased mitochondrial membrane permeability resulting in the release of 

proteins that include caspase activators such as Cytochrome C (Galluzzi et al., 2009). Caspase 3 

is an effector of apoptosis, which does not show early activation of the caspase pathway. 

Downregulated genes associated with mitochondrial electron transport from Cytochrome C to 

oxygen were observed, indicating that perhaps BFCNs are undergoing early activation of 

apoptosis through different caspase activators.     

Amyloid- is a well-established marker for the neuropathology of AD, with accumulation 

observed in individuals with DS as early as their 20’s (Lott and Head, 2019, Lott et al., 2006). In 

response to increased amyloid-  in animal models of neurodegenerative diseases and in the AD 

brain, caspases have been implicated in the regulation of neural apoptosis (Roth, 2001). In T21 

BFCN cultures there was a significant increase in the concentration of pathogenic amyloid -, 

indicating that this might be a key initial step in the vulnerability of trisomy 21 BFCNs. As 

chromosome 21 includes amyloid precursor protein, we verified that this increase was not due to 

the intrinsic upregulation of the expression of APP. A Log2FoldChange of 0.17 was observed 

between euploid and trisomy 21, indicating that there is a negligible difference in the expression 

of APP. All this suggests that the increased levels of amyloid- may elicit activation of caspases, 

which might be working to induce mitochondrial dysfunctions and ultimately lead to increased 

apoptosis of BFCNs in the NbM. 

  

Conclusion  

This comprehensive analysis generated 1) an iPSC-derived BFCN model of T21 and 2) the 

first single cell RNA seq data set of human BFCNs. Unbiased enrichment analysis confirmed that 
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the differentially expressed genes identified in T21 BFCNs are associated with 

neurodevelopmental and neurodegenerative diseases including Down syndrome, Tauopathies, and 

Alzheimer’s Disease, as expected. Further analysis reveals that dysregulated genes impact 

pathways involved in apoptosis, metabolism, and proteinopathies. Ultimately, we identified a 

significant increase in amyloid-β42 suggesting that this may be a critical first step in the 

mechanisms of BFCN vulnerability to AD in individuals with Down syndrome. 
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CHAPTER FOUR: LIMITATIONS AND FUTURE DIRECTIONS 

Functional Analysis of Isogenic Euploid and T21 iPSC-derived BFCN  

In Chapter Two we established a protocol for the generation of BFCNs from human-

derived pluripotent stem cells relevant to trisomy 21 and their vulnerability to Alzheimer’s 

Disease. To my knowledge, this is the first study to assess human trisomy 21 BFCNs. The 

validation of these iPSC-derived BFCNs was performed solely by immunofluorescence on three 

distinct iPSC pairs (N=3, n=3). This approach confirms the expression of key BFCN markers in 

our culture system such as CHAT, p75NTR, ISL1, and vChAT. Although immunofluorescence 

is a useful qualitative approach to identifying neurons of interest, ultimately neurons are defined 

by their functional properties which include electrical signaling.  

This study lacked functional assays, such as electrophysiology, that would be useful to 

determine the maturity of the isogenic euploid and T21 iPSC-derived BFCNs. Thus, it is 

important that electrophysiology studies are performed, there are human BFCN 

electrophysiology datasets we can compare the results from these future functional assays. 

Whole-cell of iPSC-derived BFCNs by other groups have shown that in vitro 4-week-old BFCNs 

have a resting potential of approximately -32 mV, a cell capacitance of 21 pF, and can fire action 

potentials when the membrane potential is held at -60 mV (Bissonnette et al., 2011, Muñoz et al., 

2020). In addition, murine ESC-derived BFCNs have a resting potential of approximately -30 

mV (Yue et al., 2015). These datasets can serve as a reference to compare the results of our 

future electrophysiology studies.  

BFCNs release acetylcholine and acetylcholine esterase in a healthy brain (Ballinger et 

al., 2016, Auld et al., 2001, Eickhoff et al., 2022). In addition to electrophysiology, acetylcholine 

and acetylcholine esterase ELISAs can be performed to further validate our mature BFCNs. 

ELISAs performed on spent media of 4-week-old murine ESC-derived BFCN contained 20 M 
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acetylcholine and 50 mU/mL acetylcholine esterase (Yue et al., 2015). This murine dataset can 

serve as a reference to compare the results of our BFCN ELISA study. 

Although extensive immunofluorescence was performed to validate BFCNs, further 

functional studies are needed. Electrophysiology studies of our iPSC-derived BFCNs would give 

us insight into their electrical activity. Acetylcholine and acetylcholine esterase ELISAs can 

further validate functional maturity of our iPSC-derived BFCNs. These additional studies would 

further validate our differentiation of mature and functional BFCNs.  

 

Human BFCN scRNAseq Data Resource  

Chapter Three resulted in a major resource for the scientific community, as we have 

generated the first human scRNAseq DS BFCN data set which enables human-specific studies at 

a single cell level. Up to this point, RNA sequencing studies of BFCNs in DS have 

predominantly been performed in animal models. The RNAseq data sets available are bulk RNA 

sequencing or are population enrichments through laser capture microdissections of murine 

BFCNs (Alldred et al., 2021, Jeong et al., 2016, Alldred et al., 2023). Although bulk RNA 

sequencing is informative, it is not 100% unique to neural subpopulation of interest, as it is 

typically performed on mixed neural cell cultures. scRNAseq allows us to perform gene 

expression analysis on the specific neurons of interest, generating BFCN specific data. 

Comparing our T21 BFCNs data to DS animal model bulk RNAseq data sets, similar pathways 

are affected including apoptosis, mitochondrial dysfunction, and proteinopathies, suggesting that 

some additional future work is necessary to further investigate these potential mechanisms of 

vulnerability. 

There are limitations to our BFCN scRNAseq assay that we must consider and may 

require future work. Quality control of our sequenced single cells identified that approximately 
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half the number of cells were sequenced in trisomy 21 condition when compared to euploid 

(~3,500 trisomy and ~7,000 euploid). There are at least to possible explanations for this 

discrepancy: viability of T21 cells during the isolation of single cells, or at the time of 

sequencing resulting in more doublets in T21 than euploid, leading to the discarding of more 

cells in the T21 condition. Two simple approaches can be used to address this limitation. At the 

time of single-cell isolation count life-dead cells to see if one condition is more susceptible to 

cell death during this pre-sequencing steps. To address the lower number of trisomy 21 

sequenced cells, sequence more iPSC-derived BFCNs to make sure a close to equal number of 

cells are analyzed. An additional limitation is that we performed all other assays in Chapter 

Three of this thesis as biological and technical triplicates (N=3, n=3), but our scRNAseq was not 

in biological replicates (N=1, n=2). To address this issue, additional biological replicates used in 

this thesis must be sequenced. The additional biological and technical replicates sequencing 

would address the limitations of this study.   

 

Age-Relevant BFCN Models 

Chapter Two resulted in an efficient protocol that does not use a selecting or sorting step 

and builds upon developmental principles of BFCN development in vivo. Although this strong 

model can be used to study the development of BFCNs and early-stage vulnerability to AD, it 

has its limitations. Reprogramming iPSCs from somatic cells erases aging markers found in 

donor cells (Kim et al., 2010), leading to hPSC-derived neurons that are similar to those found in 

fetal development (Lapasset et al., 2011, Menendez et al., 2011, Miller et al., 2013, Rando and 

Chang, 2012, Vera and Studer, 2015). The loss of these age-related markers found in the donor 

cells results in fetal signatures which require prolonged in vitro maturation to study diseases such 

as AD, making this a limitation of this study. To investigate effectors leading to BFCN 
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vulnerability to AD two approaches can be taken in the future to address this limitation; one is 

the use of “senescence cocktails” or “maturation cocktails” to enhance age-related phenotypes in 

neurons derived from iPSCs, and the second is the use of direct differentiation from donor cells 

(i.e. fibroblasts) of adult donors to generate BFCNs. 

The use of pharmacological approaches to generate hPSC models that resemble adult and 

aging brains to model neurodegenerative diseases has been explored by others (Fathi et al., 2022, 

Hergenreder et al., 2022). SLO (SBI-0206965, Lopinavir, O151) is a “senescence cocktail” 

(Fathi et al., 2022) that has been shown to manipulate molecular markers of neuronal aging in 

iPSC-derived cortical neurons. After administration, SLO decreased expression of H3K9Me3, 

chromatin-associated protein HP1γ, and lamina-associated polypeptide Lap2β (Fathi et al., 

2022). Suggesting that the introduction of this cocktail induces cellular senescence mimicking 

aging cells. GENtoniK (GSK-2879552, EPZ-5676, NMDA and Bay K 8644) a maturation cocktail, 

whose administration increased synaptic markers, Syn1 and PSD95, in addition to lowering AP 

thresholds and creating higher firing frequencies (Hergenreder et al., 2022). These results show 

that the maturation of hPSC-derived neurons can be enhanced by a simple pharmacological 

intervention, GENtoniK. Both pharmacological techniques can augment current modeling 

system to enhance the maturity of BFCNs derived from iPSCs and study AD-related phenotypes. 

Future work, a combination of these strategies with our BFCN protocol, would allow us to study 

the vulnerability of these neurons in different stages of maturity. The enhanced BFCN protocol 

allowed us to interrogate early neurons that are developing may be an initial step in the cascade 

leading to degeneration. The introduction of “senescence cocktail” or “maturation cocktail”, 

would enhance the maturity of our BFCN cultures introducing the possibility of studying the 

mature age-like stage features of these neurons. Lastly, iPSC-derived BFCNs can be assessed at 

later time points than our original analysis, beyond 4 weeks, to study later-stage vulnerabilities 
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along the AD continuum in Down syndrome. However, this approach would not restore any of 

the age-related markers lost in the reprogramming of donor cells to iPSCs.  

In addition to the cocktail strategy, a human-induced neuron approach would allow for 

the retention of aging markers and would be a more age-relevant model of BFCNs. 

Transdifferentiating fibroblasts or other aged somatic cells to BFCNs allows the complete 

avoidance of a pluripotent stage and maintains age-related markers (Mertens et al., 2015, 

Vierbuchen et al., 2010). Protocols have been established for the generation of aging-relevant 

BFCNs from adult human skin fibroblasts of sporadic AD patients (Ma et al., 2020). Human 

induced BFCNs (hiBFCNs) showed electrophysiological properties of mature neurons and 

BFCN markers, CHAT, p75NTR, ISL1, and vChAT. Future work using this hiBFCN approach 

to reprogram donor cells from individuals with DS would retain all age-related markers and 

features that may inform the vulnerability of BFCNs to AD. Further, identifying DS donor cells 

along the AD continuum (early pre-clinical, pre-clinical, MCI, and clinical AD) would allow us 

to identify key time points and biological processes leading to the vulnerability of BFCNs to AD 

by performing scRNAseq of hiBFCNs. 

 

Oxidative Stress and Mitochondrial Deficits of iPSC-Derived BFCNs 

Chapter Three generated a scRNAseq DS BFCN data set that identified biological 

processes that included oxidative stress and mitochondrial dysfunction. This thesis lacks studies 

of oxidative stress and mitochondrial dysfunction making it a limitation of this study. Some 

possible immediate next steps would be to investigate oxidative stress as it has long been 

implicated in DS (Lott et al., 2006, Perluigi and Butterfield, 2012, Murray et al., 2015b, Weick et 

al., 2013a). General cellular oxidative stress of DS iPSC-derived BFCNS can be performed using 

well-established protocols and commercially available kits such as CellROX (Invitrogen) or 
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DHE (Dihydroethidium, abcam). T21 hPSC derived dopaminergic neurons showed an elevated 

level of cellular oxidative stress when assayed with CellROX (Sun et al., 2022), while T21 iPSC 

derived cortical neurons exhibit increased oxidative stress using DHE (Weick et al., 2013a). The 

results of these experiments would validate scRNAseq results.  

In addition to cellular stress, mitochondrial dysfunction was a key biological pathway 

that was disrupted in T21 BFCNs. Future work can be done to probe into mitochondrial 

membrane potential, mitochondrial oxidative stress, and mitochondrial metabolism. T21 iPSC-

derived cortical neurons (Weick et al., 2013a) and T21 murine astrocytes (Shukkur et al., 2006) 

decrease in membrane potential when probed by JC-1 (new generation kit JC-10, abcam), 

indicating a decline in mitochondrial function. I would expect to see similar results in our 

BFCNs. Primary mixed cultures of DS human neurons and astrocytes have shown an increase in 

the presence of reactive oxygen species associated with mitochondrial dysfunction (Busciglio 

and Yankner, 1995). To show elevated reactive oxygen species in the mitochondria, leading to 

potential mitochondrial dysfunction in T21 iPSC-derived BFCNs, MitoSOX kit (Invitrogen) can 

be used. Fluorescent lifetime imaging microscopy (FLIM)  has been used to probe mitochondrial 

metabolic processes by imaging naturally occurring NADH and FAD (Sanchez et al., 2018). 

Cortical T21 spheroids have been shown to have lower values of fluorescence lifetime 

contributions of the bound form of NADH indicating a higher reliance on glycolysis than 

mitochondrial respiration (Kashirina et al., 2021). These three assays would allow us to 

understand the impacts of oxidative stress on mitochondrial dysfunction in T21 iPSC-derived 

BFCNs.  

In addition to these studies, it would be crucial to also understand neural morphology and 

localization of mitochondria as these inform neural health. T21 iPSC-derived GABAergic 

neurons had a less uniform distribution of mitochondria and had a more aggregative distribution 
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of mitochondria in neurons (Xu et al., 2022). In addition to this difference in mitochondrial 

distribution, T21 GABAergic neurons also decreased mitochondrial size and reduced 

mitochondrial metabolism. Future work needs to be done in DS iPSC-derived BFCNs to measure 

these mitochondrial metrics and neural morphology. The results would help us identify any 

morphological differences between euploid and T21 BFCNs, as well as identify the role of 

mitochondria on the vulnerability of BFCNs to T21 in individuals with DS.  

 

Pathogenic Amyloid- in T21 iPSC-Derived BFCNs 

Increased pathogenic amyloid- leads to the formation of amyloid- plaques, a crucial 

step in the AD continuum. Amyloid- is a well-established marker for the neuropathology of 

AD, with accumulation observed in individuals with DS in their mid-twenties (Lott and Head, 

2019, Lott et al., 2006). In Chapter Three, T21 BFCN cultures showed a significant increase in 

the concentration of pathogenic amyloid-, indicating that this might be an early step in trisomy 

21 BFCNs. There is a negligible difference in the expression of APP between euploid and 

trisomy 21 BFCNs, suggesting that the increased levels of amyloid- were not due to the 

intrinsic upregulation of the expression of APP. Perhaps, trisomy 21 intrinsic mechanisms of 

amyloid precursor protein cleavage led to the increase in pathogenic amyloid-. AD iPSC-

derived cortical organoids form amyloid-plaques validated by 4G8 and 6E10 (Penney et al., 

2020). Future work is needed to assess if the increased concentration of amyloid- identified in 

the ELISA leads to the increased formation of plaques in T21 BFCNs. It will be important to 

stain our iPSC-derived BFCNS with 4G8 and 6E10 to assess if there is a formation of amyloid- 

plaques. 
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Abstract 

Down syndrome, caused by trisomy 21, is a complex developmental disorder associated 

with intellectual disability and reduced growth of multiple organs. Structural pathologies are 

present at birth, reflecting embryonic origins. A fundamental unanswered question is how an extra 

copy of human chromosome 21 contributes to organ-specific pathologies that characterize 

individuals with Down syndrome, and, relevant to the hallmark intellectual disability in Down 

syndrome, how does trisomy 21 affect neural development? We tested the hypothesis that trisomy 

21 exerts effects on human neural development as early as neural induction. Bulk RNA sequencing 

was performed on isogenic trisomy 21 and euploid human induced pluripotent stem cells (iPSCs) 

at successive stages of neural induction: embryoid bodies at Day 6, early neuroectoderm at Day 

10, and differentiated neuroectoderm at Day 17. Gene expression analysis revealed over 1,300 

differentially expressed genes in trisomy 21 cells along the differentiation pathway compared to 

euploid controls. Less than 5% of the gene expression changes included upregulated chromosome 

21 encoded genes at every timepoint. Genes involved in specific growth factor signaling pathways 

(WNT and Notch), metabolism (including interferon response and oxidative stress), and 

extracellular matrix were altered in trisomy 21 cells. Further analysis uncovered heterochronic 

expression of genes. This comprehensive analysis reveals that trisomy 21 impacts discrete 

developmental pathways at the earliest stages of neural development. Further, the results suggest 

that metabolic dysfunction arises early in embryogenesis in trisomy 21 and may thus affect 

development and function more broadly.  
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Introduction 

The development of the nervous system begins with neural induction whereby pluripotent 

cells become restricted to a neuroectodermal fate. Neuroectoderm undergoes further development 

to generate neuroepithelial cells, or neural stem cells, which give rise to neural progenitor cells 

that will ultimately differentiate into neural cell types (neurons, astrocytes, oligodendrocytes). The 

ability to assess the early events of human neural induction is limited by the lack of accessibility 

to human embryonic tissue.  In vitro culture of human pluripotent stem cells (PSCs) provides a 

means to analyze these early timepoints as neuroepithelial differentiation from human PSCs 

resembles in vivo neuroectoderm induction in its temporal course, morphogenesis, and 

biochemical changes (Pankratz et al., 2007, Lavaute et al., 2009, Kamiya et al., 2011, Huang et 

al., 2016).  

Mistakes in any of the processes of neural development can result in neurodevelopmental 

disorders that are characterized by intellectual disability. In fact, genetic studies indicate that 

autism-related genes overlap with genes critical for all stages of neural development, including 

early neural induction (Casanova and Casanova, 2014), reflecting the importance of fidelity in 

these processes. The most common genetic cause of intellectual disability is Down syndrome (DS) 

caused by trisomy 21 (T21). Defects in neurogenesis and reduced cortical size have been 

established in mid-late gestation fetuses and neonates with T21, indicating errors in prenatal neural 

development (Wisniewski et al., 1984, Schmidt-Sidor et al., 1990, Guidi et al., 2008, Guidi et al., 

2011, Guidi et al., 2018, Stagni et al., 2019, Patkee et al., 2020, Baburamani et al., 2020, Tarui et 

al., 2020, Golden and Hyman, 1994, Ross et al., 1984, McCann et al., 2021, Guihard-Costa et al., 

2006). Yet, these results represent endpoints of neural development, and there is little to no 

information about the impact of T21 on the earliest stages of nervous system formation.  
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Induced PSCs (iPSCs) generated from individuals with DS enable modeling of neural 

development in a disorder whose genetic basis is not easily reproduced in animal models 

(Antonarakis, 2001, Hibaoui et al., 2014, Gardiner and Davisson, 2000, Sturgeon and Gardiner, 

2011). Here, we use this powerful cellular paradigm to address a key gap in understanding the 

impact of T21 on early neural development.  Using T21 and isogenic euploid control iPSCs, we 

interrogated the molecular impact of T21 on neural induction using bulk RNA sequencing. Our 

results reveal that T21 dysregulates WNT signaling and increases inflammatory response and 

oxidative stress, highlighting the impact of T21 on initial stages of neural development.  

 

Materials and Methods 

Cell culture and differentiation  

Isogenic pairs of trisomy 21 and euploid control iPSCs were generated from fibroblasts 

mosaic for trisomy 21(Giffin-Rao et al., 2022, Weick et al., 2016). iPSCs undergo regular 

karyotyping and mycoplasma testing to ensure quality (WiCell Institute, Madison WI). iPSCs were 

maintained on mouse embryonic fibroblasts (MEFs) feeder plates and differentiated to definitive 

neuroectoderm following previously published studies (Chambers et al., 2009, Zhang et al., 2001, 

Pankratz et al., 2007). Briefly, iPSC differentiation was initiated by detaching iPSC colonies with 

dispase to form aggregates (embryoid bodies (EBs)) at day 0. EBs were fed daily with hEB media 

(DMEM/F12, 20% knockout replacement serum, nonessential amino acids, L-glutamine, and β-

mercaptoethanol) with dual SMAD inhibitors (SB-431542 and LDN-193189 2HCl) for 4 days. 

From days 4-7, EBs were maintained in neural induction media (NIM) (DMEM/F12, N2 

supplement, nonessential amino acids, and heparin) and fed every other day for 3 days. At day 7, 

EBs were allowed to attach to plates using NIM and 5% FBS for approximately 6 – 8 hours before 

the media was changed to NIM. Plated EBs were fed every 2-3 days with NIM until neural rosettes, 
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indicative of neural stem cells, emerged (~Day 14) when they are detached and grown in 

suspension as neurospheres (NS) and maintained in NIM media. Three technical replicates 

(batches of differentiation) were carried out for each experiment. 

 

Total RNA Isolation and Bulk RNA sequencing  

Total RNA was isolated from all timepoints using Direct-zol RNA Micro Prep Kit (Zymo 

Research) according to manufacturer’s directions. Samples were eluted with nuclease free water 

and validated for quality based on 260:280 values and concentration. RNA sample quality, 

preparation of a 1 x 100 bp stranded mRNA poly-A tail enriched unpaired end library preparation 

and RNA sequencing was performed by the Biotechnology Center at the University of Wisconsin 

– Madison on the Illumina HiSeq 4000 platform.  

 

Data Analysis  

Bulk RNA-seq resulting reads were aligned to the human genome (GRCh37/hg19) and 

gene counts extracted using the Spliced Transcripts Alignment to a Reference (STAR v2.7.11a) 

package (Dobin et al., 2013). Count files were transferred to RStudio (RStudio v3.5.3, 

https://www.r-project.org) and merged into a single table per experimental timepoint. Zero count 

genes and the bottom 10% of genes with counts were removed. Counts were normalized by size 

factors and differentially expressed genes (DEGs) analysis was done using DESeq2 v1.22.2 (Love 

et al., 2014). DEGs were obtained by comparing the results of the isogenic control cells against 

the results of the trisomy 21 cells. Principal Component Analysis was performed on normalized  

counts using plotPCA in ggplot2 v3.3.5 package in RStudio. Thresholding for DEGs was 

established with an adjusted p-value <0.05 and Log2FoldChange >1.0. The RStudio package 

https://www.r-project.org/
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pheatmap v1.0.12 was used to plot the heatmaps and hierarchical clustering was done using the 

distance matrix with Pearson’s correlation. Volcano plots were generated with the 

Enhancedvolcano v1.13.2 package in RStudio to visualize significant DEGs. The top ten DEGs 

based on adjusted p-value were highlighted in the plots. All Venn diagrams were generated with 

the ggvenn v0.1.10 package in RStudio. Gene expression profiles of our identified clusters were 

generated using the ggplot2 v3.3.5 package in RStudio implementing a linear model method.    

 

GO-Term and Pathway Analysis   

Differentially expressed genes were filtered by adjusted p-value<0.05 and a 

log2FoldChange>1 using RStudio. Further filtration was done by removing genes that did not have 

a count greater than zero throughout the entirety of our differentiation timepoints. The resulting 

96 genes were further divided into 4 gene lists that represent the identified expression profile 

clusters in our heatmap hierarchical clustering analysis. Enrichr 

(http://amp.pharm.mssm.edu/Enrichr) was used to perform a comprehensive GO-term, KEGG, 

and Pathway Analysis (Xie et al., 2021, Chen et al., 2013, Kuleshov et al., 2016). Separate Enrichr 

analyses were performed for each of the identified cluster gene list.  

 

qPCR 

Total RNA was isolated from three replicates of differentiation for all timepoints using 

Direct-zol RNA Micro Prep Kit (Zymo Research) according to manufacturer’s directions.  500 ng 

of total RNA was used to make cDNA using qScript cDNA SuperMix kit (Quantabio). qPCR was 

performed in triplicate on 3 batches of differentiation (N=3, n=3) using iTaq Universal SYBR 

Green Supermix (Bio-Rad) on CFX Connect Real-Time System (Bio-Rad). Data are presented as  

http://amp.pharm.mssm.edu/Enrichr
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Figure 1. Transcriptional differences between isogenic Trisomy 21 and euploid iPSCs during neural 

induction. A) Experimental design showing differentiation strategy from a pair of control and isogenic T21 

human iPSCs (WC-24-02) differentiated to dorsal forebrain neural progenitor cells and analyzed by RNA 
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ddCt values. Error bars indicate ddCt values ± 1 SD. Statistical significance was determined by 

one-sample t test on ddCt values.  

 

Results 

Identification of transcriptional differences between isogenic Trisomy 21 and control iPSCs 

during neural induction. 

To identify transcriptional consequences of T21 during neural induction, a pair of control 

and isogenic T21 human iPSCs (WC-24-02) were differentiated to dorsal forebrain neural 

progenitor cells (Fig. 1A). To validate our neural differentiation, we assessed the expression of 

pluripotency genes SOX2, NANOG, POU5F1, and KLF4.  As expected, pluripotency gene 

expression was downregulated in both euploid and T21 cells as they differentiated (Fig. 1B). 

Concurrently, the expression of neuroectoderm genes SOX1, SOX3, NCAM1, and ZEB2 were 

upregulated as expected in both euploid and T21 cells as they differentiated (Fig. 1C). The 

downregulation of pluripotent genes and upregulation of neuroectoderm genes confirmed the 

conversion from iPSCs  to neuroepithelium in culture (Huang et al., 2016). 

Bulk RNA sequencing of samples was performed at three timepoints: day 6 embryoid 

bodies, day 10 early neuroectoderm and day 17 differentiated neuroectoderm (Fig. 1A). Principal 

component analysis (PCA) of gene counts revealed that the samples segregate by stage along 

neural induction (75% variance) and cluster by disorder (T21 versus control) at each timepoint 

(12% variance) (Fig. 1D).  Heatmap hierarchical clustering of samples by transcriptomic data 

shows that samples segregated into control and T21 at each individual timepoint (Fig. S1A-C). 

These results indicate that gene expression changes driven by T21 can be detected during the 

process of neural induction.  Differentially expressed genes (DEGs) in T21 versus control were 

identified at each timepoint (Fig. 1A). DEG analysis and hierarchical clustering reveal significant  
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Figure 2. Differential gene expression of HSA21 encoded genes.  A) Graph representing the percent of genes 

per chromosome that are significant DEGs. B) Heatmap of differentially expressed chromosome 21 genes using 

DEGs with a padj<0.05 and L2FC>1. Time course replicates are labeled with light gray for day 6, medium gray 

day 10, and dark gray day 17. Isogenic Control is highlighted by black and T21 by red. Upregulated genes are 

displayed in red while downregulated genes are expressed in blue, genes that are present at all timepoints are 

highlighted in green text. C) Venn diagram showing the number of chromosome 21 genes overlapping 

throughout the timepoints. D) Venn diagram showing the number of chromosome 21 genes overlapping with 

DEGs that have a padj <0.05 and L2CF>1. Number of unique chromosome 21 genes in red and number of non-

overlapping DEGs in gray, overlapping area shows percentage overlap. Graph showing percent overlap at each 

timepoint.  
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differences in expression profiles between T21 and control at each stage: Day 6 / EBs (17,288 

genes), Day 10 / early neuroectoderm (17,137 genes) and Day 17 / differentiated (17,182 genes; 

Figure 1E; Fig. S1A-C). Using stringent cutoffs of adjusted p-value (padj<0.05) and 

log2FoldChange (|L2FC|>1), we identified 841 DEGs at day 6, 801 DEGs at day 10, and 895 DEGs 

at day 17 (Fig. 1A, Fig. 1E). 96 DEGs are consistently dysregulated throughout the time course 

(Fig. 1A) suggesting that they play a continuous role in neural induction in the context of T21.  

 

Few differentially expressed genes are encoded by HSA21 

Genes encoded by human chromosome 21 (HSA21) are expected to have increased 

expression because of their higher gene dosage. To assess the relative contribution of HSA21 

genes, we sorted the results of our differential gene expression analysis by chromosome. Genes 

encoded in all chromosomes were differentially expressed (Fig. 2A). As expected, HSA21 has the 

highest percentage of DEGs based on the proportion of genes on each individual chromosome 

(Fig. 2A). Only 17 HSA21 genes at day 6, 23 HSA21 genes at day 10, and 15 HSA21 genes at day 

17 meet our criteria (Fig. 2B-C). Although these HSA21-encoded DEGs are generally 

overexpressed, TSPEAR and OLIG2 at day 6, and SIM2 and CLIC6 at day 10 were down-

regulated (green in Fig. 2B). HSA21 DEGs represented 3.6% of all DEGs at day 6, 4.9% of all 

DEGs at day 10, and 3.2% of all DEGs at day 17 (Fig. 2C, D). Only 3 HSA21 genes (PCP4, TTC3, 

and CHODL) were expressed throughout the differentiation (Fig. 2E). The low percentage of 

dysregulated HSA21 genes indicates that T21 has broad transcriptional consequences across the 

genome early in neural induction. 
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Figure 3. Transcriptional Changes in T21 and Isogenic Control Identified Four Major Expression 

Patterns. A) Heatmap of differentially expressed genes using DEGs with a padj<0.05 and L2FC>1. Time 

course replicates are labeled with light gray for day 6, medium gray day 10, and dark gray day 17. Isogenic 

Control is highlighted by black and T21 by red. Upregulated genes are displayed in red while downregulated 

genes are expressed in blue. B, C, D, E) Plot showing linear model of the average expression trends of 

DEGs in each cluster over the timecourse of differentiation to neuroectoderm. Graphs showing a 

representative gene expression trend over the timecourse. On the left are normalized bulk RNAseq counts 

and on the right is normalized expression of the gene using quantitative PCR (N=3 batches, n=3 technical 

replicates). Error bars indicate ddCt values ± 1 SD. Statistical significance was determined by one-sample 

t test on ddCt values, no significant difference was found. 
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Genes with constant expression and dynamic expression patterns reveal four unique clusters.   

To explore the transcriptional impact of T21 throughout neural induction, we performed 

unbiased hierarchical clustering of our 96 DEGs to identify patterns of altered regulation. Results 

reveal four clusters with unique and dynamic expression profiles, identified through linear model 

analysis (Fig. 3A). Cluster 1 genes are expressed only at day 6 in euploid cells, while the genes 

have low or no expression in T21 cells (Fig. 3A, B). Cluster 2 identified genes that are expressed 

in euploid cells and down-regulated in T21 cells throughout differentiation (Fig. 3A, C). Cluster 3 

revealed a heterochronic pattern of gene expression in which the genes are highly expressed earlier 

in T21 cells compared to euploid cells (Fig. 3A, D). The last cluster, Cluster 4, represents genes 

that were upregulated in T21 cells compared to euploid cells at all differentiation timepoints (Fig. 

3A, E). The expression pattern of one gene from each cluster was validated by qPCR (Fig. 3 B-E). 

These distinctive expression patterns indicate that each cluster has a unique impact driven by T21 

during neural induction. 

 

Gene Ontology (GO) and Pathway Analysis 

To gain insight into the impact of the gene expression patterns revealed by hierarchical 

clustering, unbiased functional enrichment analysis was performed using Enrichr (Xie et al., 2021, 

Chen et al., 2013, Kuleshov et al., 2016) to identify molecular pathways and biological processes 

that are represented by each cluster. Enrichment analysis identified key biological processes 

including regulation of cell death, immune response, inflammation response, metabolism, and 

extracellular matrix that are impacted by T21 during neural differentiation. Cluster 1 contained 

genes in pathways related to brain development and regulation of cell death, which was anticipated 

given that our experimental paradigm is neural development (Fig. 4A). Decreased expression of  
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Figure 4. GO Analysis of Identified Four Major Expression Patterns. A) Bubble plot highlighting 

unique GO Terms to Cluster 1, relating to brain development and regulation of cell death. Heatmap and 

gene expression trend linear model of representative GO Term “Negative Regulation Of Neuron Death 

(GO:1901215)”. B) Bubble plot highlighting unique GO Terms to Cluster 2, relating to immune response. 

Heatmap and gene expression trend linear model of representative GO Term “Positive Regulation Of 

Immune Response (GO:0050778)”. C) Bubble plot highlighting unique GO Terms to Cluster 3, relating to 

inflammation response and metabolism. Heatmap and gene expression trend linear model of representative 

GO Term “Positive Regulation Of Cellular Metabolic Process (GO:0031325)”. D) Bubble plot highlighting 

unique GO Terms to Cluster 4, relating to neurotrophic signaling and extracellular matrix. Heatmap and 

gene expression trend linear model of representative GO Term “Positive Regulation Of Cell-Cell Adhesion 

Mediated By Cadherin (GO:2000049)”.   
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genes regulating these pathways in T21 foreshadow neurodevelopmental defects in DS and suggest 

that there may be increased neuronal death throughout neural development in DS. Cluster 2 was 

enriched for terms related to innate immune response (Fig. 4B). Interactions between the immune 

system and neuronal cells influence processes critical for neural development, including synapse 

remodeling. The onset and impact of decreased gene expression in these pathways on 

neurodevelopment in T21 remain unclear as our culture paradigm does not include interactions 

with immune cells. Nonetheless, the results suggest that T21 neural progenitor cells have intrinsic 

dysregulation that may impact response to inflammation early in neural induction. Cluster 3 shows 

enrichment of genes in inflammation response and metabolism pathways (Fig. 4C), indicating T21 

causes an early dysregulation of metabolic processes. Cluster 4 highlights a dysregulation in the 

extracellular matrix (ECM) early in neural induction (Fig. 4D). Disruptions in ECM can affect 

many aspects of neural development (Long and Huttner, 2019), and these results may predict 

multiple processes that are defective in DS and other neural development disorders (Long and 

Huttner, 2021). 

The impact of T21 on WNT signaling emerges from analysis of clusters 1, 2 and 3, so we 

specifically explored the biological impact of WNT signaling pathways in our data. Using a lower 

threshold of an adjusted p-value<0.05 revealed dysregulation in both canonical and non-canonical 

WNT signaling pathways in T21 (Fig. 5). Four genes were differentially expressed in the non-

canonical WNT signaling pathways (Fig. 5A), while three of four DEGs in the non-canonical 

pathway overlapped with the canonical pathway genes (Fig. 5). The trajectories of these four genes 

indicated an increase in expression in T21 compared to euploid during the course of neural 

induction (Fig 5A). Analysis of canonical (β-catenin) WNT signaling identified 18 genes as 

differentially expressed in T21 at all timepoints (Fig. 5B), with all 18 genes showing a trend toward  
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Figure 5. Reciprocal gene expression in Canonical versus Non-Canonical WNT Signaling. A) Heatmap 

and plot showing linear model of the average expression trends of differentially expressed Canonical WNT 

signaling pathway genes that have an adjusted p-value<0.05. Time course replicates are labeled with light 

gray for day 6, medium gray day 10, and dark gray day 17. Isogenic control is indicated by black and T21 

by red. Upregulated genes are displayed in red while downregulated genes are expressed in blue. B) 

Heatmap and plot showing linear model of the average expression trends of differentially expressed Non-

Canonical WNT signaling pathway genes that have an adjusted p-value<0.05. Time course replicates are 

labeled with light gray for day 6, medium gray day 10, and dark gray day 17. Isogenic Control is highlighted 

by black and T21 by red. Upregulated genes are displayed in red while downregulated genes are expressed 

in blue. 
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decreased expression throughout differentiation in both T21 and euploid, but an overall decrease 

in expression in T21 compared to euploid. These results suggest that non-canonical and canonical 

WNT signaling are reciprocally affected by T21. 

 

Discussion 

Transcriptional dysregulation by T21 during neural induction 

We leveraged in vitro iPSC models of Down syndrome to assess the transcriptional impact 

of T21 on the process of neural induction, building on seminal work modeling in vivo human 

neural development with hESCs (Lavaute et al., 2009, Pankratz et al., 2007, Zhang et al., 2001). 

These stages are inaccessible in human embryos, although the emergence of PSC-derived embryo 

models could eventually provide an opportunity to assess how the presence of an extra 

chromosome affects early embryology and, potentially, neural induction (Weatherbee et al., 2023, 

Pedroza et al., 2023, Oldak et al., 2023). To our knowledge this is the first study to explore the 

earliest stages of neural induction in T21. 

We used isogenic T21 and euploid control iPSCs to avoid natural genetic variation between 

individuals that generates transcriptomic variation, enabling more sensitive assignment of causal 

relationships between genotype and gene expression (Weick et al., 2013a, Murray et al., 2015b). 

Of the 300 proteins encoded on HSA21, many are dosage sensitive which means their gene dosage 

may be driving phenotypes in DS. However, we do not have a complete picture of which of these 

300 protein-coding genes are or are not dose sensitive, making it difficult to attribute Down 

syndrome phenotypes to any one gene or small groups of genes (e.g. drivers). In our analysis, we 

were somewhat surprised to find that only a small number of HSA21 genes have altered 

expression. Other transcriptomic studies focused on Down syndrome and neural/brain 

development observe larger proportions of HSA21 genes as DEGs (Olmos-Serrano et al., 2016, 
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Sobol et al., 2019, Meharena et al., 2022, Li et al., 2022). Our results may be due to our stringent 

parameters or differences in stage of development. The low percentage of affected HSA21 genes 

and early global transcriptomic changes during neural induction suggest mechanisms beyond 

HSA21 specific genes as drivers of early neurodevelopment defects.  

We found only three HSA21 genes – CHODL, PCP4, and TTC3 –were consistently altered 

throughout the process of neural induction. All three have roles in neural development and 

function, implicated in processes such as neurite outgrowth, that are related to neuron 

differentiation and maturation (Sleigh et al., 2014, Zhong et al., 2012, Kitazono et al., 2020, 

Mouton-Liger et al., 2011, Mouton-Liger et al., 2014, Endo et al., 2023, Berto et al., 2007, Berto 

et al., 2014). The increased expression of these genes in T21 cells as they differentiate may suggest 

that T21 cells are undergoing heterochronic, or early, differentiation as has been suggested by 

other transcriptomic studies (Zhou et al., 2023, Li et al., 2022).  

TTC3 has also been implicated in pathways crucial for proper maintenance of the 

proteasome, including the ribosomal quality control (RQC) system (Endo et al., 2023), and the 

ubiquitin-proteasome system (Zhou et al., 2022), which also appeared in our functional analysis 

in Cluster 3 (Fig. 4C) Overexpression of TTC3 can aggregate TTC3 protein, resulting in loss of its 

physiologic ubiquitin-ligase activity. This aggregation may simultaneously promote aggregation 

of pathological proteins, such as amyloid beta, while also causing inappropriate segregation of 

proteins crucial for mitochondrial function, such as DNA polymerase γ (POLG) (Zhou et al., 

2022). During periods of translational stress when TTC3 is physiologically upregulated, it interacts 

with the 40S ribosomal subunit to repress translation of transcripts associated with metabolic 

processes required for cellular homeostasis (Endo et al., 2023). Taken together, this early 

upregulation of TTC3 may contribute to known metabolic dysfunction through promotion of 
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mitochondrial stress and downregulation of key homeostatic processes and later protein 

aggregation associated with Alzheimer’s disease development in individuals with T21 (Lanzillotta 

and Di Domenico, 2021). However, future work is needed to determine if TTC3 is a direct 

mechanism of metabolic stress in T21 and to determine if TTC3 upregulation is an effect of gene 

dosage or is an early indication of broader trisomy associated translational stress.  

 

Emergence of dysregulated pathways previously implicated in Down syndrome during neural 

induction. 

Reduced cortical size, hypocellularity and defects in neurogenesis have been established 

in mid-late gestation fetuses and neonates with T21 (Wisniewski et al., 1984, Schmidt-Sidor et al., 

1990, Guidi et al., 2008, Guidi et al., 2011, Guidi et al., 2018, Stagni et al., 2019, Patkee et al., 

2020, Baburamani et al., 2020, Tarui et al., 2020, Golden and Hyman, 1994, Ross et al., 1984, 

McCann et al., 2021, Guihard-Costa et al., 2006).  Several non-exclusive hypotheses have emerged 

to explain these deficits including that T21 results in fewer progenitors and/or reduced progenitor 

proliferation, decreased migration of progenitors, or increased progenitor death (Giffin-Rao et al., 

2022, Huo et al., 2018a, Lu et al., 2012). Our results shed some mechanistic light on the impact of 

T21 on the establishment of the nervous system, and demonstrate that T21 dysregulates genes 

involved in pathways relevant to the phenotypes of individuals with DS and cells from these 

individuals including oxidative stress, morphological abnormalities, immune disorders, divergent 

metabolic states, and premature aging (Muchová et al., 2014, Coskun and Busciglio, 2012).  

Divergent metabolic states impact neurogenesis (Traxler et al., 2021, Zheng et al., 2016, 

Iwata and Vanderhaeghen, 2021). We observe an increased regulation of Positive Cellular 

Metabolic Process and Positive Regulation of Reactive Oxygen Species Metabolic Process as 
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potential drivers for deficits in neural development in T21. These findings are supported by 

previous analyses of T21 neural progenitor cells having increase metabolic requirements due to 

mitochondrial stress (Prutton et al., 2023) and increased oxidative stress (Jovanovic et al., 1998). 

Importantly, our data indicate that T21 driven metabolic dysfunction emerges early in neural 

development and thus may impact altered neurogenesis in DS.  

Our results suggest that ECM pathways are aberrant in DS. During neural development, 

neural stem cells and progenitors must precisely regulate their morphology to allow for proper 

function. The ECM is a key regulator in this process, modulating cell adhesion, shape, 

proliferation, differentiation, migration and morphogenesis of neural tissues (Long and Huttner, 

2019). The HSA21 gene RUNX1 has been implicated in the regulation of the extracellular matrix 

in DS leading to a decrease in cell migration (Mollo et al., 2022). T21-driven increased cell-cell 

adhesion early in neural induction may lead to reduced migration and proliferation, ultimately 

affecting the process of neural development.  

Overall, our results unveil early dysregulation of pathways that have been previously 

implicated in neural development and function in DS. Increases in oxidative stress and interferons, 

as well as cell death, likely impact the generation of progenitors and  neuron differentiation. 

 

WNT genes are dysregulated by T21 

WNTs are a highly conserved group of secreted factors that function in a tightly regulated 

temporal- and spatial-specific manner during forebrain development to regulate proliferation, 

differentiation, and regional identity (Tiberi et al., 2012, Mulligan and Cheyette, 2012, Clevers, 

2006). WNT signaling controls initial formation of the neural plate and subsequent patterning 

decisions in the embryonic nervous system (Patapoutian and Reichardt, 2000, Leung et al., 
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2016). WNTs signal through -catenin in the canonical pathway, or through non-canonical 

pathways that mediate calcium (Liu et al., 2022). The distinct contribution of these two modes of 

WNT signaling on stem cell maintenance and neural differentiation is confounded by the 

promiscuity of ligands and receptors across pathways and cross talk with other signaling 

pathways (Bengoa-Vergniory and Kypta, 2015). Our transcriptional data indicate that WNT 

signaling gene expression is dysregulated in T21 during neural induction and that both canonical 

and non-canonical WNT signaling pathway genes are affected by T21 (Fig. 5). 

T21 cells have alterations in genes in the non-canonical WNT pathway. Non-canonical 

WNT signaling is critical in early neural induction (Huang et al., 2016, Lee et al., 2015, Bengoa-

Vergniory et al., 2014) and promotion of asymmetrical progenitor division (Delaunay et al., 

2014, Lake and Sokol, 2009). Furthermore, suppression of the non-canonical WNT pathway is 

necessary for generation of later born, upper layer neurons (Delaunay et al., 2014, Lake and 

Sokol, 2009), potentially implicating early elevation in the activity of the non-canonical WNT 

pathway in the reduced number of upper layer neurons in DS (Golden and Hyman, 1994, Giffin-

Rao et al., 2022). Interestingly, the only unique gene identified in this pathway was TIAM1, an 

HSA21 encoded gene. TIAM1 is a mediator of Disheveled and Rac1 interaction required for 

Wnt5a-induced signaling transduction (Čajánek et al., 2013). Knockdown of TIAM1 causes 

impaired neuron generation (Čajánek et al., 2013), suggesting that upregulation in T21 may force 

early neural differentiation compared to euploid cells. The specific contribution of TIAM1 

upregulation in T21 on neural differentiation and cognitive phenotypes will need to be further 

explored. 

Our data are consistent with the existing body of literature showing a decrease in 

canonical WNT pathway signaling over the course of neural induction (Huang et al., 2016, 
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Heeg-Truesdell and LaBonne, 2006, Telias and Ben-Yosef, 2021). Of note, we did not externally 

modulate WNT signaling with XAV939, an antagonist of the canonical pathway known to 

promote neural specification. There is a clear downregulation of canonical WNT pathway gene 

expression across all stages of neural induction in T21 derived cells compared to euploid (Fig. 

5A).  

Canonical WNT signaling has also been associated with promotion of stem cell 

proliferation and inhibition of progenitor apoptosis (Dravid et al., 2005, Davidson et al., 2007, 

Lee et al., 2015). The decrease in canonical WNT signaling in our results correlates 

with decreased cell proliferation in T21 (Sobol et al., 2019, Sharma et al., 2022). Overall, given 

the critical role of the canonical WNT signaling pathway in maintaining stemness and 

proliferation, these data may indicate that T21 cells are less responsive to cues to maintain or 

expand progenitor pools in the brain.  It will be important to test whether WNT activation alters 

early neural progenitor subpopulations through further study of T21 cell cycle and differentiation 

dynamics following selective canonical agonism with small molecule inhibitors like CHIR99021 

or over expression of non-degradable β-catenin.  

These data are consistent with previous work by our lab and others showing a 

downregulation of canonical WNT signaling in T21 (Granno et al., 2019, Giffin-Rao et al., 2022, 

Qiu et al., 2023, Hibaoui et al., 2014). DYRK1A, a HSA21 dosage sensitive gene, interacts with 

the canonical pathway through GSK3β to inhibit pathway activity (Qiu et al., 2023, Hibaoui et 

al., 2014). However, our data does not show consistent upregulation of DYRK1A in trisomic 

cells during neural induction suggesting that T21 may have a broader effect on the canonical 

WNT pathway beyond DYRK1A. 
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Conclusion 

This comprehensive analysis reveals that trisomy 21 impacts discrete developmental 

pathways at the earliest stages of neural development. Further, the results suggest that metabolic 

dysfunction arises early in embryogenesis in trisomy 21 and may thus affect development and 

function more broadly. 
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Figure S1. Gene expression differences between isogenic Trisomy 21 and euploid cells at each time-

point.  Principal Component Analysis of Trisomy21 (red) and isogenic control (black), showing PC1 

variance as condition at A) Day 6, B) day 10 and C) day 17. Heatmaps of expression profiles showing clear 

clustering of T21 versus isogenic control at each timepoint. Time course replicates are labeled with light 

gray for day 6, medium gray day 10, and dark gray day 17. Isogenic Control is highlighted by black and 

T21 by red. Upregulated genes are displayed in red while downregulated genes are expressed in blue.     
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