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Result of research and development

Basal forebrain cholinergic neurons (BFCN) are important in cognitive function. It is desired to construct an evaluation
system using human iPS cell-derived BFCN for drug discovery targeting BFCN for cognitive dysfunctions such as
Alzheimer's disease (AD) and schizophrenia. However, (1) the usual protocols cannot selectively obtain BFCNs because of
the mixture of BFCNs and GABAergic neurons (Liu Y. et al, Nat. Neurosci., 2013), (2) in vitro human neurons obtained by
culture techniques are immature (Kelava 1. et al, Dev. Biol., 2016). Therefore, in order to solve the first problem, I decided
to develop a method for selective induction of human BFCNs from human iPS cells.

So far, I have found that transcription factor X is involved in the differentiation of mouse BFCNs, based on analysis of
mouse neural stem cells in which Lhx8, a transcription factor important for mouse BFCN development, was knocked down
(unpublished data). It was reported that forced expression of ASCL1, DLX2, miRNA-9/9*-124 and Bcl-xL (combinations of
these will henceforth be abbreviated as AD-BmiRs) in human iPS cells can stably induce GABAergic neurons (Ishii T. et al.,
eNeuro, 2019; Ishikawa M. et al, Cells, 2020). Furthermore, three chemical compounds, which have been reported to
efficiently perform neural induction from human iPS cells, and the Shh signalling agonist was added to the ventral side of the
forebrain to determine whether the efficiency of induction of human BFCNs from AX-BmiRs iPS cells is increased. The
results showed that forced expression of the transcription factor group AX-BmiRs in the presence of those compounds
markedly increased the expression of Choline Acetyltransferase mRNA, a marker of BFCN, compared to the other groups,
while the expression of Glutamate decarboxylase | mRNA, a marker of inhibitory neurons, was found to be markedly reduced.
Thus, without DLX2, the neuronal induction by the combination of small molecule compounds and forced expression of X
suggested that the markers of BFCN were markedly up-regulated. Next, in order to solve second problem as shown above,
the differentiation and maturation process of mouse BFCNs, which are thought to share to some extent the same process as
human BFCNs, was analyzed in detail. First, the nuclei were extracted from the regions of perinatal and postnatal septum,
where BFCNs are abundant, and the region of the embryonic medial ganglionic eminence, where neural stem cells that give
rise to BFCNs are located, and then single-nucleus RNA-seq (snRNA-seq) was performed. As a result, it was found that a
large number of astrocyte clusters were detected in the first two weeks after birth, when the differentiation and maturation of
rodent BFCNs is promoted, suggesting that astrocyte-derived factors may be one factor that promotes the differentiation and
maturation of rodent BFCNs. Therefore, using an efficient method for producing forebrain organoids (Shimada H. et al, Cell
Rep Methods., 2022), I have developed a method to produce forebrain organoids containing human BFCNs and astrocytes
to promote the differentiation/maturation of human BFCNs. However, human BFCN were not observed within the forebrain
organoids because doxycycline induced sufficient expression of exogenous transcription factors that induce human astrocytes

but insufficient expression of exogenous transcription factors that induce human BFCN.

Significance of research and development

Organoids in the presence of various compounds have detected clusters of many neuronal cell types by single-cell RNA-
seq, while clusters of BFCNs are not detected (Amin N.D. et al, bioRxiv, 2023). Also, in snRNA-seq analyses using adult
mouse and human brains, clusters of BFCNs are very small (Saunders A. et al, Cell, 2018; Siletti K. et al, Science, 2023),
indicating that even in adult brain, because of rare cell population, inducing human BFCNs is expected to be very difficult.
Future success in stably regulating the expression levels of exogeneous transcription factors by doxycycline would enable the
induction of human BFCNs with enhanced differentiation/maturation in human forebrain organoids. As three out of four
currently approved drugs for AD potentiate the action of BFCNs, the survival and functional regulation of BFCNs is an urgent
issue to overcome the cognitive dysfunction of AD. 80% loss of BFCN was reported in autopsy brains of AD patients about
40 years ago (Whitehouse P.J. et al, Science, 1982), and despite recent reports from several groups of atrophy in the basal
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forebrain (Ballinger E.C. et al, Neuron, 2016), the mechanism that BFCNs degenerate in AD patients still remains unclear.
The technology developed in this project will help to elucidate the mechanisms of cognitive dysfunction, and will contribute

greatly to medicine and drug discovery.



