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EVALUATING GENES AND ASSOCIATED PROTEIN EXPRESSION OF 
CHOLINE-RELATED MOLECULES IN BXD MICE TO IDENTIFY 
CANDIDATES THAT MODULATE DIFFERENTIAL EFFICACY OF 

CHOLINE IN AMELIORATING ETHANOL-INDUCED CELL DEATH IN 
THE NEURAL TUBE



IMPORTANCE  OF EXAMINING THE EFFECTS OF CHOLINE AS A 

THERAPEUTIC IN AMELIORATING SOME OF THE EFFECTS OF 

FASD

From: Atkinson et al., 2018



HYPOTHESIS: GENETICS OF THE MOTHER AFFECTS 

CHOLINE’S EFFICACY AS A THERAPEUTIC TO AMELIORATE 

CELL DEATH IN THE NEURAL TUBE

GOAL: TO EXAMINE FACTORS THAT CONTRIBUTE TO 

CHOLINE’S EFFICACY



EVIDENCE THAT GENETICS AFFECTS CHOLINE METABOLISM

Genetic polymorphisms in methyl-group metabolism and epigenetics: lessons from humans and 
mouse models.Zeisel SH.Brain Res. 2008 Oct 27;1237:5-11

Identification of new genetic polymorphisms that alter the dietary requirementfor choline and 
vary in their distribution across ethnic and racial groups.da Costa KA, Corbin KD, Niculescu MD, 
Galanko JA, Zeisel SH.FASEB J. 2014 Jul;28(7):2970-

https://pubmed.ncbi.nlm.nih.gov/18789905/
https://pubmed.ncbi.nlm.nih.gov/18789905/
https://pubmed.ncbi.nlm.nih.gov/24671709/
https://pubmed.ncbi.nlm.nih.gov/24671709/




SPECIES HUMAN MOUSE RAT

20 9 10.5

22 9.5 11

24 10 11.5

28 10.5 12

30 11 12.5

33 11.5 13

36 12 13.5

40 12.5 14

42 13 14.5

44 13.5 15

48 14 15.5

52 14.5 16

54 15 16.5

55 15.5 17

58 16 17.5

-Examination of 

effects early in 

development (around

time of neural tube 

closure)

-Often before women 

know they’re 

pregnant

-Liver of embryo not 

functioning yet

COMPARISON ACROSS SPECIES
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HOW TO STUDY GENETICS USING MICE

-Use Genetic Reference 

Population (BXD mice)

-Basically the genome is 

scrambled so each strain 

has different 

combinations of the 

starting genomes

-Number of advantages 

(genome sequenced, 

many phenotypes 

available)



EXPERIMENTAL DESIGN

❖Embryonic day 9.5-from timed 4-hour matings

❖Intragastric gavage twice with either ethanol (2.9 g/kg; 
20% v/v) or isocaloric maltose-dextrin (Sulik et al.)

❖Non-handled controls

❖Embryo dissection 7 hours after 1st exposure

❖Embedded, sectioned, stained with TUNEL and 
counterstained with methyl green

❖TUNEL-positive cells quantified

❖Multiple embryos from each litter examined and 3-8 
litters/ strain examined



CELL DEATH ACROSS BXD STRAINS IN THE 
BRAIN STEM
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Théberge  et al., Alcohol Clin Exp Res.: 43: 429, 2019



EXPERIMENTAL DESIGN

❖Embryonic day 9.5-from timed 4-hour matings

❖Intragastric gavage twice with either ethanol (2.9 g/kg; 
20% v/v) or isocaloric maltose-dextrin

❖ Some groups had choline added in with the ethanol or 
maltose/dextrin at a dose of either 100 mg/kg (Low) or 
250 mg/kg (Moderate)

❖Embryo dissection 7 hours after 1st exposure

❖Embedded, sectioned, stained with TUNEL and 
counterstained with methyl green

❖TUNEL-positive cells quantified

❖Multiple embryos from each litter examined and 3-8 
litters/ strain examined



GENETICS IMPACTS CHOLINE’S EFFICACY TO 
AMELIORATE ETHANOL-INDUCED CELL DEATH

-Strain differences at 

the Moderate dose 

but not at the Low 

dose

Xu et al., Front Neurosci.  17:1203597, 2023



BIOINFORMATIC ANALYSES: SEQUENTIAL STEPS

-Focus on downstream 

choline metabolism

-Examine metabolism 

in the Mother as the 

fetus has minimal 

metabolic capabilities 

at this age

-Don’t evaluate 

Acetylcholine



BIOINFORMATIC ANALYSES: SEQUENTIAL STEPS

-Identify candidates 

and eliminate ones 

that don’t meet 

criteria at each step

-Use GeneNetwork.org

A database that has 

significant information 

on BXD mice



-Evaluating whether 

the region of interest 

is homologous with the 

B6 or D2 parental 

strains

-Eliminate every strain 

with no variance

HAPLOTYPE ANALYSIS



LIVER PROTEIN EXPRESSION

-Focused on protein as 

the effector molecules

-Expression values in a 

log scale

-Were conservative to 

keep anything with 

minimal differences



BIOINFORMATIC ANALYSES: SEQUENTIAL STEPS



CORRELATIONAL ANALYSIS

LOW CORRELATION      HIGH CORRELATION





FUNCTIONAL ANALYSIS 

-Purpose: to identify whether these genes have been linked to 

relevant phenotypes

-Used several catalogs of human GWAS studies: NHGRI-EBI Catalog 

(https://www.ebi.ac.uk/gwas/), 

GeneAtlas from the University of Edinburgh 

(http://geneatlas.roslin.ed.ac.uk/), 

the GWAS Atlas from the Department of Complex Trait Genetics at VU 

University Amsterdam (https://atlas.ctglab.nl/), and 

BioBank Japan PheWeb (https://pheweb.jp/). 





FUNCTIONAL ANALYSIS: Slca44a 

-Polymorphisms in the choline transporter SLC44A1 are associated with reduced 

cognitive performance in normotypic but not prenatal alcohol-exposed children. 

Smith SM, Weathers TD, Virdee MS, Schwantes-An TH, Voruganti VS, Mattson SN, 

Coles CD, Kable JA, Sowell E, Wozniak JR, Wetherill L; Collaborative Initiative 

on Fetal Alcohol Spectrum Disorders (CIFASD) Consortium. Am J Clin Nutr. 2024 

Jan;119(1):117-126.

-Polymorphisms in SLC44A1 are associated with cognitive improvement in 

children diagnosed with fetal alcohol spectrum disorder: an exploratory study of 

oral choline supplementation.Smith SM, Virdee MS, Eckerle JK, Sandness KE, 

Georgieff MK, Boys CJ, Zeisel SH, Wozniak JR.Am J Clin Nutr. 2021 Aug 

2;114(2):617-627.

-See concordance between mouse and human experiments

https://pubmed.ncbi.nlm.nih.gov/38176775/
https://pubmed.ncbi.nlm.nih.gov/38176775/
https://pubmed.ncbi.nlm.nih.gov/33876196/
https://pubmed.ncbi.nlm.nih.gov/33876196/
https://pubmed.ncbi.nlm.nih.gov/33876196/


SUMMARY & FUTURE DIRECTIONS

-Bioinformatic analysis can be used to provide candidate genes that 

modulate differences in response to choline.

-Four candidate genes were identified including slc44a, which was 

identified in human studies as contributing to choline’s efficacy. 

-Candidate genes from the liver of the dam can be identified providing 

evidence that supports the hypothesis that choline metabolism in the 

mother can be an important consideration in efficacy of choline as an 

intervention for ethanol’s teratogenic actions, especially early in embryonic 

development.

-Future directions include looking at other organs that are involved in 

choline metabolism and examining altering the expression (CRISPR 

technology).
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