
The FASEB Journal. 2023;37:e22944.	﻿	     |  1 of 23
https://doi.org/10.1096/fj.202202111RR

wileyonlinelibrary.com/journal/fsb2

Received: 19 December 2022  |  Revised: 12 April 2023  |  Accepted: 18 April 2023

DOI: 10.1096/fj.202202111RR  

R E S E A R C H  A R T I C L E

Basal forebrain cholinergic neurons are vulnerable in a 
mouse model of Down syndrome and their molecular 
fingerprint is rescued by maternal choline supplementation

Melissa J. Alldred1,2  |   Harshitha Pidikiti1  |   Adriana Heguy3  |   Panos Roussos1,4,5,6  |   
Stephen D. Ginsberg1,2,7,8

© 2023 Federation of American Societies for Experimental Biology.

1Center for Dementia Research, Nathan 
Kline Institute, Orangeburg, New York, 
USA
2Department of Psychiatry, New 
York University Grossman School of 
Medicine, New York, New York, USA
3Genome Technology Center, New 
York University Grossman School of 
Medicine, New York, New York, USA
4Department of Genetics and Genomic 
Sciences, Icahn School of Medicine 
at Mount Sinai, New York, New York, 
USA
5Department of Psychiatry, Icahn 
School of Medicine at Mount Sinai, 
New York, New York, USA
6The Institute for Data Science and 
Genomic Technology, Icahn School of 
Medicine at Mount Sinai, New York, 
New York, USA
7Department of Neuroscience & 
Physiology, New York University 
Grossman School of Medicine, New 
York, New York, USA
8NYU Neuroscience Institute, 
New York University Grossman School 
of Medicine, New York, New York, USA

Correspondence
Stephen D. Ginsberg, Center for 
Dementia Research, Nathan Kline 
Institute, 140 Old Orangeburg Road, 
Orangeburg, NY 10962, USA.
Email: ginsberg@nki.rfmh.org

Funding information
HHS | National Institutes of Health 
(NIH), Grant/Award Number: 
AG014449, AG017617, AG072599, 
AG074004 and AG077103

Abstract
Basal forebrain cholinergic neuron (BFCN) degeneration is a hallmark of Down 
syndrome (DS) and Alzheimer's disease (AD). Current therapeutics in these 
disorders have been unsuccessful in slowing disease progression, likely due to 
poorly understood complex pathological interactions and dysregulated pathways. 
The Ts65Dn trisomic mouse model recapitulates both cognitive and morphologi-
cal deficits of DS and AD, including BFCN degeneration and has shown lifelong 
behavioral changes due to maternal choline supplementation (MCS). To test the 
impact of MCS on trisomic BFCNs, we performed laser capture microdissec-
tion to individually isolate choline acetyltransferase-immunopositive neurons in 
Ts65Dn and disomic littermates, in conjunction with MCS at the onset of BFCN 
degeneration. We utilized single population RNA sequencing (RNA-seq) to in-
terrogate transcriptomic changes within medial septal nucleus (MSN) BFCNs. 
Leveraging multiple bioinformatic analysis programs on differentially expressed 
genes (DEGs) by genotype and diet, we identified key canonical pathways and 
altered physiological functions within Ts65Dn MSN BFCNs, which were attenu-
ated by MCS in trisomic offspring, including the cholinergic, glutamatergic and 
GABAergic pathways. We linked differential gene expression bioinformatically 
to multiple neurological functions, including motor dysfunction/movement 
disorder, early onset neurological disease, ataxia and cognitive impairment via 
Ingenuity Pathway Analysis. DEGs within these identified pathways may under-
lie aberrant behavior in the DS mice, with MCS attenuating the underlying gene 
expression changes. We propose MCS ameliorates aberrant BFCN gene expres-
sion within the septohippocampal circuit of trisomic mice through normalization 
of principally the cholinergic, glutamatergic, and GABAergic signaling pathways, 
resulting in attenuation of underlying neurological disease functions.
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1   |   INTRODUCTION

Down syndrome (DS) is a neurodevelopmental and neu-
rodegenerative genetic disorder caused by triplication of 
human chromosome 21 (HSA21), which is observed in ~1 
of 700 births, and is primary cause of intellectual disabil-
ity.1,2 DS results in systemic and neurological conditions, 
including deficits in learning and memory.3-8 Individuals 
with DS also display the onset of neurodegeneration as-
sociated with Alzheimer's disease (AD) in early mid-
life, including amyloid plaques, neurofibrillary tangles, 
and cognitive decline, with age-associated escalation.9-16 
While persons with DS have significantly improved lifes-
pans due to medical intervention,17-20 these individuals 
have increased health complications, with the develop-
ment of dementia accounting for >70% of deaths in indi-
viduals over the age of 35.21 Age-related cognitive decline 
in DS and AD is associated with degeneration of the cho-
linergic basal forebrain system, including neuronal loss 
in subregions of the basal forebrain and specific loss of 
cholinergic basal forebrain neurons in the nucleus basalis 
and cholinergic fiber projections to the hippocampus and 
neocortex.4,22-26

Many human DS neuropathological features are 
recapitulated in the Ts65Dn mouse model, including 
basal forebrain cholinergic neuron (BFCN) degener-
ation, AD-like hippocampal-dependent learning and 
memory deficits, and septohippocampal circuit de-
generation, notably including cholinergic, glutama-
tergic, and GABAergic dysfunction.9,27-35 The medial 
septal nucleus/ventral diagonal band (MSN) of the 
BFCN system projects to the hippocampus and is crit-
ical for learning and memory.36,37 Degeneration of the 
BFCN projection system is strongly associated with 
DS cognitive decline.30,31,32,38-42 BFCN degeneration 
is a cardinal feature of the Ts65Dn mouse, beginning 
at approximately 6 months of age (MO).29,31,32,40,43-49 
BFCN loss and alteration of hippocampal innervation 
are consistently reported in older (>10 MO) Ts65Dn 
mice.32,40,42,50,51 Ts65Dn mice have recently been shown 
to have significant changes in gene expression within 
MSN BFCNs at 6 MO by laser capture microdissection 
(LCM) coupled with single population RNA sequencing 
(RNA-seq)52 and in older trisomic mice by LCM coupled 
with custom-designed microarray analysis.48 Currently, 
there is no therapeutic intervention that may slow or 
stop the BFCN degeneration seen in both mouse and 
human DS and AD.

Choline is an essential nutrient required for devel-
opment and homeostasis, and increased consumption 
of choline is necessary during pregnancy in human and 
rodent models.53-55 Choline metabolite plasma levels are 
depleted in pregnant dams when standard choline levels 

are present in rodent chow.56,57 These reports support 
the hypothesis that current dietary recommendations 
for choline are insufficient during pregnancy and lacta-
tion.45,54,55,58 Choline is necessary for proper brain devel-
opment and function, as it is requisite for biosynthesis 
of acetylcholine, the primary dietary methyl donor, and 
is a key substrate in the phosphatidylethanolamine N-
methyltransferase (PEMT) pathway. Acetylcholine is a 
critical neurotransmitter which regulates multiple neu-
rodevelopmental niches including proliferation, migra-
tion, and synapse formation, among others,44,45,59,60 while 
methylation affects gene expression regulation through 
epigenetic programming.61-64 The PEMT pathway utilizes 
choline as the substrate for formation of several structural 
membrane phospholipids, including sphingomyelin and 
phosphatidylcholine.65,66

Maternal choline supplementation (MCS) involves 
increasing dietary choline intake during pregnancy and 
lactation.67 MCS is inexpensive and well-tolerated, with 
numerous publications showing beneficial effects in ro-
dent and human trials.41,44,55,68-73 MCS positively impacts 
multiple aspects of learning and memory in offspring of 
both normal rodents and in disease models.45,65 MCS has 
been utilized in the Ts65Dn mouse model with positive 
behavioral, cellular, and gene expression effects, includ-
ing benefits in spatial and attentional memory recorded 
up to 16 MO in Ts65Dn mice, although these effects are 
not as profound in aged cohorts.31,41,43,70,74 Further, these 
trisomic mice have shown morphological benefits in the 
basal forebrain and hippocampus, along with ameliora-
tion of dysfunctional gene expression within hippocampal 
pyramidal and BFCNs, although these inquiries were lim-
ited by the relatively small number of genes queried by mi-
croarray analyses.41,44,48,75,76 Recent human studies have 
shown long-term clinical benefits of MCS during the 3rd 
trimester, including improved processing speed in infants 
and sustained attention in children.55,77 Understanding 
the underlying effects of MCS in the adult brain is critical, 
especially in those with genetic and/or neurodevelopmen-
tal abnormalities.

We employed LCM and single population RNA-seq to 
profile vulnerable BFCNs in the Ts65Dn mouse model of 
DS in the context of MCS. We postulate by isolating vul-
nerable MSN BFCNs from heterogenous cell populations 
and identifying dysregulated genes that are MCS respon-
sive, we will identify targets that underlie the beneficial 
behavioral and functional changes. Characterizing these 
select gene and biological pathway targets at the onset of 
BFCN degeneration will pinpoint the underlying lifelong 
organizational benefits provided by MCS. These targets 
may then be utilized for therapeutic intervention that 
may help slow or stop the progression of BFCN degenera-
tion associated with DS and AD. Further, we hypothesize 
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differentially expressed genes (DEGs) impacted by MCS 
could identify previously unknown targets for DS and AD 
prevention.

2   |   MATERIALS AND METHODS

2.1  |  Mice

Animal protocols were approved by the Nathan Kline 
Institute/New York University Grossman School of 
Medicine (NYUGSOM) IACUC in accordance with 
NIH guidelines. Breeder pairs (female Ts65Dn and male 
C57Bl/6J Eicher × C3H/HeSnJ F1 mice) were purchased 
from Jackson Laboratories (Bar Harbor, ME, USA) and 
mated at the Nathan Kline Institute. Breeder pairs were 
assigned to receive one of two choline-controlled ex-
perimental diets: (i) control rodent diet containing 1.1 g/
kg choline chloride (AIN-76A; Dyets Inc., Bethlehem, 
PA), or (ii) choline-supplemented diet containing 5.0 g/
kg choline chloride (AIN-76A; Dyets Inc.), as described 
previously.31,41  Pups received choline normal or choline 
supplemented diet as per their respective dam's diet from 
E0-P21 and starting at weaning (P21) all offspring had 
ad libitum access to water and the control diet31,41,42,78,79 
(Figure  1A). The choline-supplemented diet provides 
approximately 4.5 times the concentration of choline in 
the control diet and is within the normal physiological 
range.80 The control diet supplies an adequate level of 
choline, so the offspring are not choline-deficient, mean-
ing this is not a study of choline deficiency. Tail clips were 
taken and genotyped81 at weaning and mice were aged to 
~6 MO (Figure 1A).

2.2  |  Tissue preparation

Brain tissues were accessed from unsupplemented 
Ts65Dn (Ts; n = 6), MCS Ts65Dn (Ts+; n = 8), unsupple-
mented disomic (2N; n = 6), and MCS disomic (2N+; n = 4) 
male mice (age range: 5.7–6.4 MO, mean age 6.0 MO). 
Mice were transcardially perfused with ice-cold 0.15 M 
phosphate buffer as previously described.76,77,79,80 Brains 
were immediately flash frozen and 20 μm-thick tissue 
sections were cryostat cut (−25°C) in the coronal plane 
(CM1860UV, Leica, Buffalo Grove, IL) and mounted on 
polyethylene naphthalate (PEN) membrane slides (Leica, 
Figure  1B). Slides were kept under desiccant at −80°C 
until used for immunohistochemistry. RNase-free pre-
cautions were employed, and solutions were made with 
18.2 mega Ohm RNase-free water (Nanopure Diamond, 
Barnstead, Dubuque, IA).

2.3  |  Immunohistochemistry and 
neuron collection

PEN membrane slides were equilibrated to room tem-
perature (RT) under desiccant (−20°C for 5 min, 4°C for 
10 min, RT for 5 min) followed by a rapid staining proto-
col utilizing an antibody against choline acetyltransferase 
(ChAT) (AB144P, Millipore) to preserve intact RNA in 
the unfixed tissue as previously described (Figure 1B).52 
ChAT-immunoreactive (ir) neurons were identified 
within the MSN and isolated by LCM (LMD7000; Leica; 
Figure 1C) as previously described.52 Approximately 500 
ChAT-ir neurons were isolated per brain before proceed-
ing to RNA isolation and RNA-seq library preparation.

2.4  |  RNA purification

RNA from ~500 BFCNs was purified using miRNeasy 
Micro kit (Qiagen) according to manufacturers' specifi-
cations. A DNase digestion was performed twice sequen-
tially before the final washes and RNA purification. RNA 
quality control (QC) was performed (RNA 6000 pico kit, 
Agilent, Santa Clara, CA; Figure 1D).

2.5  |  Library preparation and RNA-seq

The SMARTer Stranded Total RNA-Seq kit-Pico input 
Mammalian (Takara Bio, Mountain View, CA) was em-
ployed with minor modifications to utilize full volume of 
RNA52. Samples were quantified (Agilent 2100 HS DNA 
kit; Figure 1D), and samples below 2 nM of library were 
excluded. Samples were pooled in equimolar concentra-
tions and assayed on an HiSeq-4000 (Illumina, San Diego, 
CA) using a single read 50 cycle protocol at the NYUGSOM 
Genome Technology Center (GTC) (Figure  1E,F). 
Unsupplemented (e.g., normal choline diet) trisomic (Ts) 
and disomic (2N) RNA-seq profiles were previously gen-
erated,52 utilizing a different bioinformatics interrogation 
approach and were reanalyzed herein to compare expres-
sion profiles with offspring from dams exposed to MCS.

2.6  |  RNA-seq processing

FastQ files were utilized for all four conditions (2N, 2N+, 
Ts, Ts+) to analyze data in parallel. FastQ files were gen-
erated and QC of the raw reads was performed by FastQC 
v0.11.9.82 Read trimming was performed as necessary 
by Trimmomatic 0.39.83 If QC passed and showed no 
adapter contamination, this step was skipped. Sequence 
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reads were indexed and aligned to the reference ge-
nome (Gencode GRCm39-mm10) using STAR Aligner 
(2.7.10a).84 Quantification was performed on aligned 
reads using Picard (2.27.1)85 for different measures and 
RSEM (1.3.3) for output.86 QC was performed on aligned 
reads using RSeQC (v4.0.0).87 Differential gene expres-
sion was performed using R version R-v4.2.0/RStudio 
v1 + 554 using gene expression results with the mouse ref-
erence genome (Gencode GRCm39-mm10) (Supporting 
Information Figure S1 and Figure 2A).

2.7  |  Statistical analysis

The Gene Count matrix obtained from RSEM was analyzed. 
Genes with over 0.1 counts per million (CPM) were retained 
followed by trimmed mean of M-values (TMM) normaliza-
tion88 implemented by edgeR89 for downstream analysis. 

This step removes lowly expressed genes as they provide 
little evidence of differential expression and increase sta-
tistical errors and false discovery rates.90,91 Analyses were 
performed using the Dream pipeline92 which is built on top 
of limma-voom from the VariancePartition93 package. In 
addition to Group and RNA concentration, the following 
variables were included as covariates: Intergenic percent-
age, Intronic percentage, Uniquely mapped, mRNA base 
percentage, Usable base percentage, and Correct strand 
reads percentage. With the exception of Group and RNA 
concentration, the other covariates are computed from 
RNA-seq reads by Picard.86 TopTable (edgeR; v3.38.1) ex-
tracts genes that are present for all comparisons.90 Gene ex-
pression differences at (p < .05) were considered statistically 
significant.90 Protein coding genes were extracted using the 
R Bioconductor package AnnotationDbi.94 Multiple testing 
corrections were performed by false discovery rate (FDR)95 
(Figure 2A).

F I G U R E  1   Overview of experimental workflow. (A) The MCS paradigm is shown, with dams and pups fed a normal choline (1.1 g/kg 
choline) or choline supplemented (+; 5.0 g/kg choline) diet during the perinatal period (E0-P21). Upon weaning (P21), pups are moved to 
normal choline diet until sacrifice at 6 MO. (B) Brains are immediatelyflash frozen, cryocut at 20 μm, adhered to PEN membrane slides and 
immunostained for ChAT-ir. (C) LCM is performed on 500 individual MSN BFCNs under a 40X objective. Multiple sections are collected 
and combined for RNA purification. Scale bar: 50 μm. (D) QC is performed on total RNA. RNA-seq library preparation is done, and QC 
performed on resulting cDNA library for each sample. (E) Illumina HiSeq 4000 single reads were performed by the NYUGSOM GTC. (F) 
FastQ files were generated for each sample and bioinformatic analysis is initiated.
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      |  5 of 23ALLDRED et al.

2.8  |  Pathway analyses

Pathway analyses consisted of Ingenuity Pathway 
Analysis (IPA; Qiagen),96,97 Kyoto Encyclopedia of Genes 
and Genomes (KEGG),98 Gene Ontology (GO),99,100 and 
STRING101 in Cytoscape (cutoff 0.4).102 GO analysis 
was filtered in excel utilizing key word targets to iden-
tify classes of processes affected by genotype and diet. 
STRING analysis was performed on Ts compared to 2 N 
DEGs. Select genes including cholinergic receptor mus-
carinic 2 (Chrm2), glutamate ionotropic receptor NMDA 
type subunit 2A (Grin2a), and GABAA subunit gamma2 
(Gabrg2) were filtered to isolate direct significant inter-
actions and reanalyzed in STRING for each geneset to 
determine interactomes dysregulated in Ts mice. Once 
interactomes were identified, each gene was compared 
for disease diet effect (Ts+ vs. Ts). This was performed to 
compare whether genes were still significantly different 
in the disease state. Genes significantly affected in disease 
diet drop out of the secondary STRING interactome, with 
those genes not rescued by diet in disease represented for 
each interactome.

2.9  |  Quantitative-real time polymerase 
chain reaction (qRT-PCR)

Validation was performed by qPCR utilizing the TaqMan 
Gene Expression Cell to Ct kit (Life Technologies, Grand 
Island, NY, USA) as described previously.52 Briefly, ~200 
MSN neurons were isolated via LCM based on morphol-
ogy from adjacent tissue sections in the same animals as 
utilized for RNA-seq (n = 6 per genotype) after Nissl stain-
ing {0.1% thionin in sodium acetate (49.44 mM)/acetic acid 
(3.6 mM) buffer}.52,103-106 qRT-PCR was performed utiliz-
ing 2 μL cDNA from 50 μL reaction mixture with 22.5 μL 
input RNA. Taqman qPCR primers (Life Technologies) 
were selected from a subset of DEGs52 that were signifi-
cantly MCS responsive as evidenced in multiple path-
ways (e.g., IPA and KEGG). Probes included calcium/
calmodulin-dependent protein kinase II alpha (Camk2a; 
Mm01258148_m1), Chrm2 (Mm01167087_m1), Grin2a 
(Mm00433802_m1), mitogen-activated protein kinase 8 
(Mapk8; Mm01218941_m1), and nerve growth factor re-
ceptor (Ngfr aka p75NTR; Mm01309638_m1). Samples were 
assayed in triplicate on a real-time qPCR cycler (PikoReal, 
ThermoFisher). 2N qPCR products were evaluated from 
previously published data52 due to lack of additional sam-
ple material. The ddCT method was used to determine 
relative gene-level differences between groups.106-108 
Glucuronidase Beta (GusB; Mm01197698_m1) qRT-
PCR products were utilized as a control, as GusB did not 
show significant changes in RNA-seq data obtained from 

BFCNs herein or in previous analyses.52,104,105 Negative 
controls consisted of the reaction mixture without input 
RNA. Sample data was compared with respect to PCR 
product synthesis for each gene tested. qRT-PCR log-fold 
changes (LFCs) were utilized in concert with the Cell to 
Ct protocol as described previously.52 Violin plots were 
generated in Graphpad Prism (9.3.1, GraphPad, Boston, 
MA) normalizing qPCR product synthesis to 2N expres-
sion levels.

3   |   RESULTS

3.1  |  Effects of MCS on MSN BFCN gene 
expression at 6 MO

RNA-seq was performed on MSN BFCNs from Ts, 
Ts+, 2N and 2N+ mice (Figure  1 and Supporting 
Information Figure  S1). RNA-seq reads from BFCNs 
were mapped, and normalization and covariate analyses 
were performed using the Dream pipeline91 (Figure 2A). 
Variance analysis showed RNA input levels, intronic, 
and intergenic percentages were covariates and were ad-
justed accordingly. Principal component analysis (PCA) 
revealed 2N and 2N+ BFCN profiles cluster closely 
together while greater variability was observed in Ts 
and Ts+ BFCN profiles, indicating a stronger genotype 
and diet effect in Ts mice, with Ts+ profiles showing 
the most distinct gene expression pattern (Figure  2B). 
Genotype and diet effects are interrogated by examin-
ing DEGs identified by genotype (Ts vs. 2N) and disease 
diet (Ts+ vs. Ts; Figure  2C). PCA plots and heatmaps 
of DEGs likely reflect the onset of BFCN degeneration 
and indicate perinatal MCS has a profound beneficial ef-
fect on gene expression within BFCNs. A total of 2510 
genes were differentially expressed at p < .05, with 511 
genes reaching significance at FDR <.05, by genotype 
(e.g., Ts compared to 2N). The Dream pipeline revealed 
138 additional genes at FDR 0.05 and 1067 additional 
DEGs at p < .05 compared to the limma-voom pipeline 
(1443 genes52), indicating the Dream pipeline enabled 
us to differentiate small, but significant, differences in 
gene expression in the current paradigm. Therefore, we 
demonstrate the Dream pipeline is of high utility when 
determining DEGs from single population RNA-seq par-
adigms. Comparing disease diet (e.g., Ts+ vs. Ts), Dream 
identified 2098 DEGs at p < .05, with 150 genes reach-
ing significance at FDR <0.05. Comparisons for disomic 
diet (e.g., 2N+ vs. 2N), supplemented genotype (e.g., 
Ts+ vs. 2N+), and diet plus genotype (Ts+ vs. 2N) re-
vealed fewer DEGs (Figure 3A). Since we are principally 
examining the effects genotype and diet in the trisomic 
model, we concentrated our investigation on genotype 
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6 of 23  |      ALLDRED et al.

(Ts vs. 2N) and disease diet (Ts+ vs. Ts). The utility of 
the Dream pipeline is especially evident when querying 
DEGs by genotype. For example, in trisomic mice ~2.7-
fold more downregulated genes were found compared 
to upregulated genes, with the majority of these DEGs 
showing small LFCs (<2.5; 57.8%) indicating significant 
DEGs in trisomic mice, even those with low expression 
levels, can be readily identified using the Dream pipe-
line. This observation is confirmed with the disease 
diet comparison, as Ts+ mice displayed approximately 
equal numbers of upregulated and downregulated 
genes, but approximately the same percentage (58.3%) 
of DEGs with small LFCs (<2.5) compared to genotype 
(Figure 3B). Over 90% of DEGs were protein coding. The 
remainder of DEGs were noncoding RNAs (ncRNAs), 
pseudogenes, and microRNAs (miRNAs) (Figure 3C and 
Supporting Information Figure S2). Volcano plots dem-
onstrate individual DEGs by diet and genotype via LFC 

(Figure  3D and Supporting Information Figure  S2C). 
DEGs for each comparison (genotype × diet) are pre-
sented in Supporting Information Tables S1–S5.

3.2  |  Impact of MCS on triplicated genes

We interrogated triplicated genes dysregulated in BFCNs 
by genotype and found 14 (of 73 with detectable expression) 
dysregulated (11 upregulated and 3 downregulated). We 
queried whether these triplicated genes were impacted 
in disease diet and found 7 genes significantly rescued in 
terms of gene expression by MCS. These included DnaJ 
heat shock protein family (Hsp40) member C28 (Dnajc28), 
E26 avian leukemia oncogene 2, 3′ domain (Ets2), SH3 
domain protein 1A intersectin 1 (Itsn1), junction adhesion 
molecule 2 (Jam2), MX dynamin-like GTPase 2 (Mx2), 
PAX3 and PAX7 binding protein 1 (Paxbp1), and T cell 

F I G U R E  2   Pipeline for bioinformatic workflow using RNA-seq libraries derived from LCM-captured MSN BFCNs. (A) Workflow for 
RNA-seq bioinformatics pipeline. (B) PCA shows overall gene expression profiles for each mouse, with mean expression for each group as 
a larger sized dot. (black = 2N, blue = Ts, gray = 2N+, light blue = Ts+). (C) Heatmaps illustrate individual gene expression differences from 
each individual mouse with DEGs by genotype (2N and Ts; 2510 DEGs) and disease diet (Ts+ and Ts; 2098 DEGs) binned by upregulation 
(pink) or downregulation (green).
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lymphoma invasion and metastasis 1 (Tiam1), p < .05 
(Figure  4A) and two trend-level bromodomain and WD 
repeat domain containing 1 (Brwd1) and dual-specificity 
tyrosine-(Y)-phosphorylation regulated kinase 1a 
(Dyrk1a); .05 < p < .1 (Figure 4B). Only 5 triplicated genes, 
including DOP1 leucine zipper like protein B (Dop1b), 
receptor-interacting serine–threonine kinase 4 (Ripk4), 
Son DNA binding protein (Son), synaptojanin1 (Synj1), 
and tetratricopeptide repeat domain 3 (Ttc3) of the 14 genes 
significantly dysregulated in Ts BFCNs were not MCS 
responsive in trisomic mice (Figure 4B). Another 4 genes 
triplicated in Ts65Dn mice that did not show significant 
genotype differences were disease diet responsive, namely 
ATP synthase, H+ transporting, mitochondrial F1 
complex, O subunit (Atp5o), chaperonin containing Tcp1, 
subunit 8 (theta) (Cct8), potassium inwardly-rectifying 
channel, subfamily J, member 6 (Kcnj6), and solute 

carrier family 5 (inositol transporters), member 3 (Slc5a3) 
(Figure 4C). Summating these results, DS triplicated gene 
expression within BFCNs is significantly decreased in the 
disease diet (e.g., Ts+ vs. Ts) paradigm (Figure 4B).

3.3  |  Pathway analysis of DEGs

To determine whether BFCN DEGs linked to biological 
processes and pathways are selective and/or specific to 
disease pathogenesis and if MCS ameliorates any of these 
deficits, we conducted bioinformatic analyses using IPA, 
KEGG, and GO. By IPA, we found 128 neuronal pathways 
were dysregulated by genotype (Supporting Information 
Table  S7) and 148 neuronal pathways were impacted 
in disease diet (Supporting Information Table  S8). We 
queried pathways germane to neurological function 

F I G U R E  3   DEGs are presented 
by genotype (Ts and 2 N) and maternal 
diet (MCS and normal choline). (A) 
Table showing the DEGs at each 
FDR and p-value cutoff from the total 
number of analyzed genes. (B) Bar 
graphs highlighting genes per LFC bin 
upregulated (pink) and downregulated 
(green) by genotype and disease diet. 
(C) Pie charts show percentage of DEGs 
for protein coding and ncRNAs. (D) 
Volcano plots show upregulated and 
downregulated genes with individual 
genes noted per dot. Light green dots 
indicate p < .01 downregulated, dark green 
dots indicate p < .05 downregulated, light 
pink dots indicate p < .01 upregulated, 
and dark pink dots indicate p < .05 
upregulated.

 15306860, 2023, 6, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202202111R

R
 by N

ew
 Y

ork U
niversity, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 23  |      ALLDRED et al.

(Figure  5A). MCS effectively reversed dysregulation in 
several key pathways (seen by z-score) including oxida-
tive phosphorylation, sirtuin signaling, TCA cycle II, syn-
aptic long-term potentiation (LTP), glutamate receptor 
signaling, superpathway of cholesterol biosynthesis, and 
synaptic long-term depression (LTD). Not all investigated 
pathways generated a z-score in IPA to determine direc-
tionality (e.g., upregulation and/or downregulation), in-
cluding mitochondrial dysfunction and GABA receptor 
signaling (Figure  5A, Supporting Information Tables  S7 
and S8).

DEGs by genotype and disease diet were also as-
sessed utilizing KEGG. A total of 43 neuronal path-
ways were identified by genotype and 37 neuronal 
pathways by disease diet (Supporting Information 
Tables  S9 and S10). Several additional pathways not 
found by IPA were identified by genotype and disease 
diet including Thermogenesis, Alzheimer's disease, 
and Cholinergic Synapse (Figure 5B). Interestingly, the 
Phosphatidylinositol Signaling System was not altered 
by genotype, but was significantly affected in disease 
diet in BFCNs (Figure  5B). We demonstrate DEGs by 
genotype (red) or disease diet (blue), with a subset of 
DEGs affected by both genotype and disease diet (pur-
ple; Figure 5C,D). DEGs regulated by both genotype and 
disease diet in specific pathways range from 27% to 86%, 
with average gene overlap at 41% (genotype) and 45% 
(disease diet) (Figure 5C). Importantly, of the DEGs that 
are differentially regulated by both genotype and disease 

diet, MCS reverses the genotype effect in >95% of the 
genes in these pathways (Table 1). We examined path-
ways where DEGs differ between genotype and disease 
diet by individual subunit expression within complexes, 
which can have profound effects on the determination 
of upregulation or downregulation. This is especially 
evident in the cholinergic (Figure  5E), glutamater-
gic (Figure  5F), and GABAergic (Figure  5G) signaling 
pathways. Within the cholinergic signaling pathway, 
in addition to downstream effectors that are modu-
lated independently by genotype or disease diet, the 
choline transporter (Cht) and Chrm2 are rescued by in 
the Ts+ BFCNs, while the cholinergic receptor musca-
rinic 1 (Chrm1), potassium inwardly rectifying channel 
subfamily J member 4 (Kir2.3 aka Kcnj4), and potas-
sium inwardly rectifying channel subfamily J member 
6 (Kir3.2 aka Kcnj6) receptors, along with the presyn-
aptic Chat and vesicular acetylcholine transporter 
(VAChT aka Slc18a3) are only significantly changed in 
disease diet. Conversely, the potassium voltage-gated 
channel subfamily Q member 5 (Kv7.5 aka Kcnq5) re-
ceptor is significantly affected by genotype but not res-
cued in disease diet (Figure 5E). Within the glutamate 
receptor signaling pathway, NMDA, AMPA, kainate, 
and mGluRs are regulated by genotype, disease diet, 
or both, with a numerous DEGs being genotype and 
disease diet-dependent or genotype-independent and 
diet-dependent (Figure  5F). GABAergic receptor sig-
naling shows similar findings, with specific changes in 

F I G U R E  4   Trisomic protein coding genes do not necessarily match copy number within vulnerable MSN BFCNs. A total of 73 genes 
(of 88) show quantifiable expression levels with 7 DEGs attaining statistical significance at 6 MO by genotype were rescued in disease diet 
(A), an additional 7 genes were only affected by genotype (B), and an additional 4 genes were only affected by disease diet (C). Gray vertical 
dashes delineate DEGs affected by genotype and rescued in disease diet, those significant only by genotype, and those significantly affected 
by disease diet. (D) Violin plot of 73 triplicated HSA21 orthologs expressed in BFCNs via LFC by genotype and disease diet. Each triangle 
represents individual gene and LFC amount is represented by thickness of the violin. Key: ***p < .001, **p < .01, *p < .05, t = 0.05 > p < .1, ns= 
not significant.
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      |  9 of 23ALLDRED et al.

extrasynaptic subunits regulating tonic inhibition ver-
sus synaptic subunits mediating phasic inhibition of the 
GABAA pentameric complex differentially regulated by 
genotype {synaptic alpha1 (Gabra1), alpha3 (Gabra3) 
and extrasynaptic/synaptic beta2 (Gabrb2) subunits} 
and disease diet {extrasynaptic delta subunit (Gabrd)) or 
both (synaptic Gabrg2)} (Figure 5G).

3.4  |  Cholinergic, glutamatergic, and 
GABAergic interactomes modulated 
by MCS

Analysis by genotype and diet was performed on the 2510 
BFCN DEGs which resulted in 2350 proteins identified 
by STRING in Cytoscape. Interactions were filtered by 
key receptors or receptor subunits significantly attenu-
ated by MCS. For the cholinergic pathway, a total of 26 
DEGs were found in the Chrm2 interactome (Figure 6A). 
Of these 26 protein coding genes, 9 were significantly at-
tenuated by disease diet (34.4%), while 18 (66.6%) DEGs 
were not significantly attenuated (Figure 6B). For the glu-
tamatergic pathway, a total of 67 DEGs were found in the 
Grin2a interactome (Figure 6C). Of these 67 protein cod-
ing genes, 25 (37.3%) were significantly attenuated by dis-
ease diet (e.g., phenotypic rescue), while 42 (62.7%) DEGs 
remained significantly dysregulated (Figure 6D). For the 
GABAergic pathway, a total of 54 DEGs were found in 
the Gabrg2 interactome (Figure 6E), in which disease diet 
rescued 20 (37%) of the DEGs, with 34 (63%) not signifi-
cantly altered in Ts+ (Figure 6F). When comparing DEGs 
for supplemented genotype (Ts+ vs. 2N+) and diet plus 
genotype (Ts+ vs. 2N), we found very few DEGs were still 
significantly dysregulated in the Ts+ condition within 
these interactomes, as Chrm2 had 4 DEGs (15.4%), Grin2a 
had 16 (24.2%) and Gabrg2 had 16 (29.6%) (Supporting 
Information Figure S3). Therefore, MCS has a profound 
effect in rescuing aberrant gene expression within key in-
teractomes in multiple pathways relevant to cognition in 
trisomic mice.

3.5  |  MCS effects biological processes 
beyond pathway analysis

GO analysis examined biological process (BP) dynamics 
in relation to genotype and disease diet (Table 2). MCS 
strongly impacted BPs in the categories of RNA modi-
fications, receptor signaling, and synaptic functions 
(Supporting Information Tables 11 and 12). Examining 
GO BPs by genotype and disease diet indicated strong 
modulation by disease diet on dendritic processes (90% 
overlap), neurotransmitter processes (89% overlap), 

and synaptic localization and transport (100% of geno-
type modulated by disease diet) (Table  2; Supporting 
Information Tables  11 and 12). In contrast, receptor 
signaling, activity and localization, and signaling path-
ways have the most processes that are specifically modi-
fied by genotype, with MCS having a more moderate 
effect (Table  2; Supporting Information Tables  11 and 
12).

3.6  |  MCS benefits memory circuits in 
trisomic mice

IPA analysis of disease and functions associated with 
BFCN DEGs revealed several key neurological func-
tions dysregulated in trisomic mice which are rescued 
by MCS (e.g., disease diet; Figure  7A). Disease diet 
shows attenuation of dysregulated gene expression 
within multiple IPA-designated neurological functions, 
including motor dysfunction or movement disorders, 
ataxia, cognitive impairment, and early onset neurologi-
cal disorders (Figure  7B). Significant beneficial effects 
with disease diet are not found for spatial memory im-
pairment or cell death of cortical neurons disrupted by 
genotype (Figure 7A). Neurodegeneration is lowered in 
the disease diet comparison (e.g., Ts+ vs. Ts) but does 
not reach significance by genotype (e.g., Ts vs. 2N). In 
the motor dysfunction or movement disorder category, 
of the >300 curated genes, only 132 have known func-
tional changes, with 30 trisomic DEGs reversed in dis-
ease diet and 1 gene showing additive effects (Figure 7C, 
Table 3). Similarly, in the Ataxia category, of the >75 cu-
rated genes, 61 have known functional changes, with 14 
trisomic DEGs reversed in disease diet and 2 gene show-
ing additive effects and in the Cognitive impairment 
category, of the >250 curated genes, 30 have known 
functional changes, with 7 trisomic DEGs rescued in 
disease diet (Figure 7C, Table 3). Together, these find-
ings suggest MCS rescues some, but not all, circuits or 
interactomes involved in memory retention in the Ts+ 
BFCNs.

3.7  |  Validation of MCS responsiveness of 
select DEGs by qRT-PCR

qRT-PCR shows positive correlations with genes vali-
dated previously to be dysregulated by genotype. When 
re-examined in Ts and Ts+ MSN neurons, the Ts versus 
2N DEGs correlate to RNA-seq gene expression LFCs 
(R2 = .8673) (Figure 8A). Moreover, the disease diet com-
parison revealed an extremely high correlation for MCS-
responsive DEGs (R2 = .9363, Figure 8A). For example, 
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10 of 23  |      ALLDRED et al.

Chrm2 and Mapk8 were significantly downregulated 
by genotype (e.g., Ts vs. 2N) using the Dream pipeline 
and correlate with qPCR results, while these genes were 
positively upregulated by disease diet (e.g., Ts+ vs. to 
Ts) MSNs, which also correlate with qRT-PCR results 
(Figure 8A,B). Similarly, Grin2a and Camk2a were sig-
nificantly upregulated by RNA-seq by genotype and 
significantly downregulated in disease diet, which also 
correlated with qPCR (Figure 8A,B). Furthermore, Ngfr 
was trend level upregulated by Dream pipeline analy-
sis by genotype (p = .08), correlated with qPCR, and was 
significantly downregulated by disease diet which also 
correlated with qPCR product synthesis (Figure 8A,B).

4   |   DISCUSSION

Gene expression profiles and pathway analyses were gen-
erated using MSN BFCNs in 6 MO mice testing whether 
early choline delivery beneficially impacted the vulnerable 
molecular fingerprint of these septohippocampal circuit 
neurons. Utilizing LCM, we were able to specifically iden-
tify and microisolate individual ChAT-ir neurons within 
the MSN, generating a specific transcriptomic profile of 
these BFCNs without confounding signals from glial or 
other neuronal populations. Previous studies showed 
BFCN degeneration in Ts65Dn mice initiates approxi-
mately at 6 MO.29,38,40,51,109 Relatively few genes from the 
‘DS critical region’ are actually triplicated by expression 
level in trisomic BFCNs, indicating cell-type specificity for 
overexpression of triplicated genes. The Dream pipeline 
identified seven additional significantly upregulated tripli-
cated genes, while three previously identified upregulated 
triplicated transcripts failed to reach statistical signifi-
cance (Figure 4A).52 Interestingly, two DEGs, Kcnj6 (aka 
Kir3.2) and Slc5a3, from the DS critical region which have 
been identified as disease diet dependent, are involved 
potassium channel signaling,110 with Kcnj6 thought to 
be expressed and involved at the cholinergic postsyn-
aptic membrane.111 Slc5a3 (encoding SMIT1) increases 
sensitivity of Kv7.2 and Kv7.3 potassium channels and is 
inversely affected by cholinergic M1 receptor firing.110 

Overall, MCS had a profound beneficial effect on amelio-
rating triplicated gene expression, including a trend level 
attenuation of Dyrk1a, known to be critically important 
for normal cognitive development, and altered in DS and 
AD112,113 and full reversals of Dnajc28, a part of the DnaJ 
family of heat shock proteins involved in protein folding 
and molecular chaperones,114 Brwd1, recently shown to be 
an epigenomic mediator in the Ts mouse model,115 Ets2, 
an apoptosis pathway mediator,116 and Itsn1, involved in 
synaptic vesicle recycling.117 Importantly, rescue of gene 
expression includes but is not limited to the DS critical re-
gion, indicating MCS results in significant modifications 
within this vulnerable cell type during this key timepoint 
of cholinergic degeneration onset. We identified numer-
ous DEGs and rescue of aberrant gene expression by MCS 
(disease diet) to canonical pathways via bioinformatic in-
quiry and validated several DEGs by qPCR.

Pathway analysis resulted in several key findings for 
receptor signaling that are MCS responsive in circuits crit-
ical for memory and attention. In the cholinergic system 
several key gene expression level changes are ameliorated 
in disease diet, including Chrm2, which is dysregulated 
in AD.118,119 The potassium voltage-gated channels Kir2.3, 
Kir3.2, and Kv7.5 were impacted by genotype and disease 
diet, which are thought to enable synaptic plasticity at the 
postsynaptic membrane.111 Additionally, decreased ex-
pression of VAChT is modulated in disease diet BFCNs. 
Loss of VAChT in mouse models and postmortem human 
AD has been linked to AD pathology, including increased 
amyloid-beta (Aβ) peptides and tau phosphorylation.120 
STRING analysis identified numerous direct interacting 
partners of Chrm2 that were dysregulated in trisomic 
mice and rescued or partially rescued by diet, further indi-
cating that early choline delivery has a profound effect on 
normalizing the dysregulation seen in cholinergic synap-
tic activity at the initiation of BFCN degeneration. While 
current FDA-approved AD therapeutics modulate cho-
linergic function through inhibiting acetylcholinesterase 
(AchE), specific targeting of individual receptors for mod-
ulation has been difficult.121 Recently, the cholinergic M1 
receptor has been examined for therapeutic intervention 
in schizophrenia122 and has shown to be dysregulated at 

F I G U R E  5   Bioinformatic assessment of vulnerable pathways in trisomic BFCNs by IPA and KEGG. (A) Bar charts show select 
pathways identified by IPA dysregulated by genotype and treatment, with LFC represented by each bar (2 N vs. Ts white; Ts vs. Ts+ dots), 
with z-score reflected in coloring (pink upregulated, green downregulated). (B) Pathways uniquely identified by KEGG analysis are shown. 
(C) Bar graph showing percent gene expression changes within pathways affected by genotype and diet; red = gene changes unique to 
genotype, purple = gene changes affected by genotype and diet, blue = genes modified by diet in disease. (D) Bar graph shows the number of 
genes are affected by genotype, diet, or both. (E) Cholinergic pathway is dysregulated by genotype and partially rescued by diet, highlighting 
specific cholinergic receptor subunits and associated proteins. (F) Glutamate receptor signaling is dysregulated by genotype and partially 
rescued by disease diet, with NMDA, AMPA, kainite, and metabotropic receptors showing individual subunit gene expression changes. (G) 
GABA receptor signaling is dysregulated by genotype and modulated by MCS. (C–G, colored red for genotype, blue for MCS, and purple for 
genes impacted by both genotype and diet).
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      |  11 of 23ALLDRED et al.

the protein level in AD.123 However, the M2 receptor and 
VAChT have not been targeted for therapeutic interven-
tion, although recent evidence is supportive. Specifically, 

in a mouse model of AD, chemogenetic-induced increases 
in Chrm2 and VAChT in the septohippocampal circuit 
rescued memory impairment.124
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Dysregulation of glutamate receptor signaling has 
been shown in DS mouse models, with most studies con-
centrated on hippocampal dysfunction.125-127 We show 
BFCN dysregulation of glutamate receptor signaling is 
rescued or partially rescued in disease diet. Upregulation 
of NMDA receptor subunits Grin2a and Grin2b is found 
in trisomic mice with Grin2a significantly reduced in 
disease diet, which was corroborated by qRT-PCR, and 
Grin2b partially attenuated. A recent study showed 
Grin2A protein expression significantly decreases in the 
absence of choline, which is further exacerbated in an 
AD mouse model, suggesting this defect is due to alter-
ations of postsynaptic protein concentrations secondary 
to insufficient choline.128 Previous studies have shown 
differential synaptic and peri- or extra-synaptic localiza-
tion of these subunits, which can be exchanged by lateral 

diffusion to finely modulate synaptic strength.129 Perhaps 
even more intriguing, ratio imbalances between Grin2a 
and Grin2b increased cognitive decline and activation of 
Grin2b containing receptors has been linked to AD due 
to glutamate excitotoxicity.130 AMPA receptor subunits 
also show differential expression in trisomic mice for glu-
tamate ionotropic receptor AMPA type subunits (Gria1, 
Gria3, and Gria4) that are essentially not MCS responsive, 
indicating differential effects of MCS on select NMDA and 
AMPA subunits, which may partially explain the amelio-
ration of some but not all memory circuits by this dietary 
intervention. However, MCS does significantly decrease 
Gria2 expression independent of genotype, which may be 
relevant to AD pathobiology as postmortem human hip-
pocampal neuron studies indicate upregulation of Gria2 
in AD and pre-pathology ApoE4 carriers.131,132 Moreover, 

T A B L E  1   Significant IPA canonical pathways identified by DEGs at (p < .05).

IPA canonical pathway

Modulated 
by genotype 
alone

Genotype and 
disese diet 
modulated

Modulated in 
disease diet 
alone

% Modulated in 
genotype reversed 
in disease diet

Mitochondrial dysfunction 22 21 17 100.0

Oxidative phosphorylation 18 14 7 100.0

Protein kinase A signaling 51 18 37 94.4

Sirtuin signaling pathway 33 20 20 90.0

TCA cycle II (Eukaryotic) 7 3 3 100.0

Synaptogenesis signaling pathway 29 23 37 100.0

Calcium signaling 27 12 23 100.0

cAMP-mediated signaling 27 13 23 100.0

Synaptic long term potentiation 17 8 18 100.0

14-3-3-mediated Signaling 16 8 15 100.0

Glutamate receptor signaling 11 4 8 100.0

GABA receptor signaling 16 8 11 100.0

G-protein coupled receptor signaling 40 29 52 86.2

Endocannabinoid neuronal synapse pathway 17 9 17 100.0

Insulin secretion signaling pathway 24 16 31 93.8

ERK/MAPK signaling 22 9 20 100.0

Superpathway of cholesterol biosynthesis 4 3 5 66.7

CREB signaling in neurons 51 24 54 92.0

Synaptic long term depression 22 6 21 100.0

Type II diabetes mellitus signaling 16 6 17 100.0

F I G U R E  6   STRING analysis of select DEGs in Cytoscape. (A) Chrm2 was selected from the Cholinergic pathway to identify genotype 
DEGs within the interactome, with 26 DEGs directly linked the Chmr2 interactome. (B) A total of 9 trisomic interactome genes are 
significantly modulated with 18 DEGs within the interactome not significantly modulated in disease diet. (C) Grin2A was selected from the 
glutamatergic neurotransmission pathway to identify genotype DEGs within the interactome. (D) A total of 25 trisomic interactome genes 
are significantly rescued by disease diet and 42 (of 67) genes were not significantly attenuated by disease diet in the Grin2A glutamatergic 
interactome. (E) From the GABAergic pathway, the Gabrg2 interactome contains 54 DEGs. (F) A total of 20 trisomic interactome genes are 
rescued by MCS in Ts BFCNs and 34 of the DEGs within the Gabrg2 interactome are not significantly attenuated following MCS exposure. 
Key: pink DEGs, upregulated; green DEGs, downregulated.

 15306860, 2023, 6, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202202111R

R
 by N

ew
 Y

ork U
niversity, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  13 of 23ALLDRED et al.

 15306860, 2023, 6, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202202111R

R
 by N

ew
 Y

ork U
niversity, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14 of 23  |      ALLDRED et al.

gene expression for discs large MAGUK scaffold protein 
4 (Dlg4 encoding PSD-95) and discs large MAGUK scaf-
fold protein 3 (Dlg3 encoding SAP-102) were upregulated 
in trisomic BFCNs and significantly decreased in disease 
diet. Both of these postsynaptic binding proteins have 
been implicated in NMDA and AMPA synaptic scaffold-
ing, trafficking, and re-localizing for internalization.133 
Additionally, attenuation of aberrant gene expression 
was seen in a multitude of glutamatergic scaffolding pro-
teins (Figure  6C), including Shank1/2/3, Dlgap3, and 
Sacm1l.134 The glutamate metabotropic receptor 5 (Grm5) 
is upregulated in trisomic BFCNs and downregulated by 
MCS (Figure  5F), paralleling observations of increased 
Grm5 in individuals with DS.135 This finding may have 
translational implications as reduction in GRM5 protein 
levels induces normal protein synthesis and re-establishes 
correct levels of LTD, ameliorating learning deficits in a 
Fragile X mouse model.136 Taken together, these data sug-
gest MCS has a beneficial effect on glutamatergic trans-
mission. We postulate that early choline delivery may 
exert these effects by protecting against excitotoxicity and 
rebalancing overall glutamatergic signaling during the 
onset of BFCN degeneration.

GABA-mediated over inhibition has also been ob-
served in DS, in mouse models, and postmortem human 
brain137-139 with modulation of GABA receptor subunits 
proposed for clinical treatment of DS.140 We demonstrate 
the GABA receptor signaling pathway is vulnerable in 
trisomic mice and impacted by maternal diet in BFCNs. 
Previous work has shown choline in the diet is critical for 
GABAergic transmission with choline supplementation 

increasing the density of benzodiazepine receptor sites, 
with a mechanism of action likely involving membrane 
phospholipids.141 Importantly, we found MCS is beneficial 
for select GABAA receptor subunits dysregulated in the 
context of DS. Either full or partial rescue was found for 
several key GABAA receptor subunits, specifically those 
known to affect subcellular localization and function. The 
gamma 2 subunit is critical for postsynaptic localization of 
GABAA receptors142,143 and was significantly downregu-
lated in trisomic BFCNs and significantly upregulated by 
MCS, suggesting higher concentrations of synaptic GABAA 
receptors. The postsynaptic clustering protein gephyrin 
(Gphn) was also partially rescued in trisomic BFCNs by 
MCS. Gphn is the main scaffolding protein at GABAergic 
postsynaptic sites.144 Concomitantly, a significant decrease 
in the GABAA delta subunit was seen in the disease diet 
comparison. GABAA delta subunits are localized to extra-
synaptic clusters, mediating tonic inhibition.137,145 These 
concurrent changes likely have a significant beneficial 
effect on the input–output relationship within these vul-
nerable BFCNs, essentially increasing the ability of the 
GABAA receptors to facilitate an action potential threshold 
of synchronized inputs (phasic inhibition) and decreasing 
the tonic inhibition, which reduces the magnitude duration 
and propagation of excitatory post-synaptic potentials.35

A comprehensive strategy for treatment of cognitive 
decline in DS through targeting multiple neurotrans-
mitter systems has been proposed.146 In support of this 
moderating multiple transmitter systems approach, we 
show MCS modulates BFCN gene expression not only for 
specific transcripts but beneficially impacts cholinergic, 

T A B L E  2   Significant biological processes linked to DEGs (p < .05) in GO filtered by keywords.

Filter term

Ts versus 2N 
unique processes 
regulated

Ts versus 2N 
overlapping 
processes regulated

Ts+ versus Ts 
unique processes 
regulated

Ts+versus Ts 
overlapping 
processes 
regulated

RNA 15 (44%) 19 (56%) 29 (60%) 19 (40%)

Protein posttranslational modifications 12 (36%) 21 (64%) 17 (45%) 21 (55%)

Protein localization and transport 24 (46%) 28 (54%) 16 (36%) 28 (64%)

Signaling pathways 23 (49%) 24 (51%) 33 (58%) 24 (42%)

Signal transduction 7 (41%) 10 (59%) 7 (41%) 10 (59%)

Receptor signaling, activity and localization 15 (38%) 25 (63%) 37 (60%) 25 (40%)

Dendritic processes 10 (53%) 9 (47%) 1 (10%) 9 (90%)

Axonal processes 4 (21%) 15 (79%) 4 (21%) 15 (79%)

Endo- and exocytosis processes 5 (29%) 12 (71%) 5 (29%) 12 (71%)

Neurodevelopmental processes 8 (26%) 23 (74%) 7 (23%) 23 (77%)

Neurotransmitter processes 15 (65%) 8 (35%) 1 (11%) 8 (89%)

Synaptic transmission and function 10 (34%) 19 (66%) 20 (51%) 19 (49%)

Synaptic vesicle processes 19 (54%) 16 (46%) 5 (24%) 16 (76%)

Synaptic localization and transport 0 (0%) 10 (100%) 11 (52%) 10 (48%)
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glutamatergic, and GABAergic pathways. Specifically, 
we identified and examined three potential receptor-
mediated targets for intervention within these pathways, 
Chrm2, Grin2a, and Gabrg2. These key targets are mod-
ulated by MCS and may also reflect the central modera-
tors of an excitatory/inhibitory (E/I) ratio imbalance that 
has been postulated to underlie BFCN degeneration and 
has been found in Ts65Dn mice within multiple brain 
regions.27,28,147,148 We postulate that MCS, previously 
shown to modulate the PEMT pathway and increase 

phosphocholine metabolites,66 normalizes expression of 
these phospholipids in trisomic BFCNs, and may stabilize 
the postsynaptic membrane for proper synaptic function 
and expression of both excitatory and inhibitory recep-
tors. We show MCS beneficially impacts these multiple 
synaptic and neurotransmitter pathways. Notably, multi-
ple markers of synaptic LTP and LTD are normalized in 
the disease diet comparison, suggesting MCS rebalances 
the E/I ratio within trisomic BFCNs, which in turn may 
protect the septohippocampal circuit.

F I G U R E  7   DEGs by genotype and diet were interrogated in IPA for disease and functional correlations. (A) Bar chart identifies key 
disease and behavioral functions that have underlying molecular changes due to genotype (no pattern) or disease diet (striped pattern). 
Z-scores of changes for genotype and disease diet are colored with green indicating downregulation and pink representing upregulation. 
(B) Violin plots show LFC of DEGs unique to genotype (* red), genotype changes that overlap with disease diet (genotype** purple), disease 
diet that overlap with genotype (disease diet** purple), and unique to disease diet (* blue) in four representative pathways of neurological 
function. (C) Venn diagrams illustrate within motor dysfunction and movement disorders, cognitive impairment, and ataxia neurological 
functions for DEGs upregulated or downregulated (up arrow or down arrow) by disease in genotype (red) which are modulated by MCS 
(purple) and those that are only MCS responsive (blue).
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T A B L E  3   DEGs in select disease and functions (IPA) that were modulated by MCS.

Select disease and functions 
significantly changed in disease and 
diet

p-value Ts 
versus 2N

Activation 
z-score: Ts 
versus 2N

# Molecules 
Ts versus 2N

p-value Ts+ 
versus Ts

Activation 
z-score Ts+ 
versus Ts

# Molecules 
Ts+ versus Ts

Abnormal morphology of neurons 2.54E−18 155 3.84E−14 127

Abnormality of cerebral cortex 1.2E−07 1.663 66 1.92E−07 −1.39 58

Apoptosis of neurons 1.89E−10 2.561 116 2.91E−07 0.908 92

Ataxia 1.56E−09 2.921 85 2.65E−08 −1.568 72

Cellular homeostasis 9.65E−09 −3.875 370 6.7E−12 1.552 336

Cognitive impairment 1.88E−22 −0.232 263 2.28E−26 −0.758 243

Congenital neurological disorder 5.3E−13 0.928 219 1.13E−15 −0.447 201

Dementia 2.42E−08 158 5.82E−07 132

Disorder of basal ganglia 5.81E−31 1.165 283 3.58E−19 −0.482 219

Dominant mental retardation 1.38E−09 51 7.64E−16 57

Dyskinesia 6.88E−26 230 6.95E−18 183

Early-onset neurological disorder 5.86E−09 75 2.86E−07 62

Epilepsy or neurodevelopmental 
disorder

2.01E−16 1.212 208 4.38E−20 0.377 194

Excitatory postsynaptic potential 3.76E−12 2.268 52 1.72E−11 −0.793 46

Exocytosis 9.86E−08 −1.133 53 1.31E−07 0.268 47

Familial mental retardation 6.73E−12 115 2.03E−15 111

Long-term potentiation 2.64E−15 −0.055 87 1.11E−14 −1.031 77

Mental retardation 2.79E−14 183 1.21E−18 174

Morphogenesis of neurons 2.38E−25 −0.009 204 7.4E−30 −2.774 192

Motor dysfunction or movement 
disorder

3.82E−36 2.91 390 2.14E−26 −0.849 317

Movement Disorders 1.39E−35 2.53 385 5.18E−26 −0.869 313

Neurodevelopmental disorder 4.31E−15 139 1.69E−16 127

Neurological signs 7.58E−32 1.727 275 2.71E−21 −1.083 217

Neuronal cell death 3.33E−15 1.273 202 1.42E−12 0.693 169

Neurotransmission 7.25E−21 0.603 138 4.96E−21 −0.936 124

Plasticity of synapse 1.64E−12 −0.767 50 3.03E−12 −0.58 45

Potentiation of synapse 1.49E−15 −0.121 88 1.81E−15 −0.885 79

Seizures 1.98E-14 3.084 147 2.68E−12 0.038 124

Synaptic depression 2.42E−09 −0.292 46 2.01E−12 −0.882 47

Synaptic transmission 8.89E−18 1.2 112 1.6E−21 −1.362 108

Cell death of cerebral cortex cells 6.36E−08 1.738 62 ns

Size of cells 1.06E−07 135 ns

Action potential of neurons 1.99E−08 −0.636 43 ns

Excitatory postsynaptic potential of 
neurons

1.63E−10 28 ns

Endocytosis 3.41E−09 −3.104 140 ns

Memory deficits 6.08E−08 0.88 37 ns

Progressive neurological disorder 6.98E−10 1.219 263 ns

Spatial memory impairment 7.99E−09 28 ns

Alzheimer disease or frontotemporal 
dementia

3.59E−07 140 ns

Degenerative dementia 3.12E−07 141 ns
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GO analysis identified key biological processes in-
volved in neurodevelopment, synaptic localization and 
transport, protein post-translational modification and 
receptor signaling, activity and localization. IPA analysis 
identified neurological disease and function changes in-
cluding motor dysfunction and memory deficits, cognitive 
impairment and ataxia all of which showed lifelong (e.g., 
up to 6 MO) modulation by MCS. These disease and func-
tions are also implicated the Chrm2, Grin2a, and Gabrg2 
subunits and their interactomes (Figs, 6, 7). Therefore, 
benefits conferred by MCS may underlie well-established 
spatial and attentional behaviors seen in Ts65Dn off-
spring.41,43,46,59,67,75 Aggregating pathway findings mecha-
nistically, these data suggest MCS provides organizational 
changes that positively benefit attention, spatial mem-
ory, and both short and long-term recognition memory 
improvements in this DS mouse model which has been 
corroborated through previous behavioral studies by our 
collaborative group.41,42,43,46,70 By identifying and tar-
geting select gene expression and pathway changes, we 
may isolate novel targets for therapeutic intervention and 
modulation for translation to DS and possibly AD.

While we strive to eliminate extraneous variables in 
the data, there remain limitations that may affect out-
comes. These include variability in RNA quality, although 
differences due to genotype are unlikely75,76,78,79 and RNA 
quantity was normalized during bioinformatic analysis. 
It is possible that choline supplementation may also have 
unintended negative effects on developing pups or on 
gene expression within the brain, although we find this 
unlikely as multiple studies from our lab and other inde-
pendent groups demonstrated the benefits of MCS using 
a variety of paradigms including RNA-seq, qRT-PCR, im-
munocytochemistry, and behavioral testing.45,59,62,67,75,76 

Additionally, choline is a water soluble, essential nutri-
ent, meaning it is unlikely to lead to toxic levels within 
the body.45,67,149 We limited this study to male mice, and 
there may exist sex differences in BFCN degenerative 
programs.30 BFCN transcriptomic analyses in female tri-
somic mice are in progress. However, mixed sex studies 
have not previously revealed significant differences in 
gene expression or MCS effects within hippocampal CA1 
pyramidal neuron studies.75,76,78 In terms of IPA analysis 
of canonical pathways and neurological disease and mem-
ory circuit changes, not all of the DEGs identified can be 
classified as upregulated or downregulated, due to a lack 
of, or confounding evidence, in the literature.150 However, 
we found BFCN gene expression level changes showed a 
direct correlation between the degenerating septohippo-
campal circuit and behavioral perturbations in the same 
trisomic animal model.41,42,45,46,74 While we utilized the 
Ts65Dn mouse model, as previously done in MCS behav-
ioral studies,41,42,43,45,70 several additional DS mouse mod-
els exist that may reflect differences in gene expression or 
effects of MCS, as they vary in the numbers of triplicated 
HSA21 orthologs.151-155 We will consider evaluating MCS 
in the context of septohippocampal circuit neuroprotec-
tion utilizing alternative models of DS and AD pathobiol-
ogy as part of future studies.

Future assessments will also include comparing 
gene and pathway changes due to MCS on the entire 
septohippocampal connectome, including GABAergic 
projection neurons within the MSN that project to hippo-
campus155,156 and CA1 hippocampal neurons in the same 
animals. Interrogation of astrocyte, oligodendrocyte, and 
microglial populations is beyond the scope of this work, 
but may show significant effects, as seen in an AD mouse 
model following early choline delivery.74

Select disease and functions 
significantly changed in disease and 
diet

p-value Ts 
versus 2N

Activation 
z-score: Ts 
versus 2N

# Molecules 
Ts versus 2N

p-value Ts+ 
versus Ts

Activation 
z-score Ts+ 
versus Ts

# Molecules 
Ts+ versus Ts

Tauopathy 2.67E−07 146 ns

Autophagy ns 1.23E−07 1.005 122

Cell viability of nervous tissue cell lines ns 6.3E−08 2.773 30

Long-term synaptic depression of 
neurons

ns 1.38E−07 −1.917 27

Long-term potentiation of hippocampus ns 8.1E−09 0.403 35

Miniature excitatory postsynaptic 
currents

ns 2.04E−07 21

Neurodegeneration ns 4.69E−07 −1.338 72

Polarity of cells ns 1.54E−07 −1.036 23

Size of neurons ns 1.34E−07 30

Transport of vesicles ns 1.52E−07 0.209 35

Abbreviation: ns, not significant.

T A B L E  3   (Continued)
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5   |   CONCLUSIONS

Through single population RNA-seq we have gene 
and pathway evidence for concomitant cholinergic, 
glutamatergic, and GABAergic dysfunction within 
trisomic MSN BFCNs at the onset of degeneration. We 
demonstrate dysregulation of a complex interconnected 

signaling relationship between cholinergic, glutamatergic, 
and GABAergic signaling that is rescued or partially 
rescued by MCS in trisomic mice. We also identify novel 
gene expression changes within vulnerable BFCNs that 
could be used for therapeutic intervention and modulation 
for DS and AD pathology within the septohippocampal 
circuit that may have organizational neuroprotective 
effects on the brain in both neurodevelopmental and 
neurodegenerative contexts.
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