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Although Down syndrome (DS) can be diagnosed prenatally, currently there are no effective
treatments to lessen the intellectual disability (ID) which is a hallmark of this disorder.
Furthermore, starting as early as the third decade of life, DS individuals exhibit the
neuropathological hallmarks of Alzheimer’s disease (AD) with subsequent dementia, adding
substantial emotional and financial burden to their families and society at large. A potential
therapeutic strategy emerging from the study of trisomic mouse models of DS is to supplement the
maternal diet with additional choline during pregnancy and lactation. Studies demonstrate that
maternal choline supplementation (MCS) markedly improves spatial cognition and attentional
function, as well as normalizes adult hippocampal neurogenesis and offers protection to basal
forebrain cholinergic neurons (BFCNs) in the Ts65Dn mouse model of DS. These effects on
neurogenesis and BFCNs correlate significantly with spatial cognition, suggesting functional
relationships. In this review, we highlight some of these provocative findings, which suggest that
supplementing the maternal diet with additional choline may serve as an effective and safe
prenatal strategy for improving cognitive, affective, and neural functioning in DS. In light of
growing evidence that all pregnancies would benefit from increased maternal choline intake, this
type of recommendation could be given to all pregnant women, thereby providing a very early
intervention for DS fetuses, and include babies born to mothers unaware that they are carrying a
DS fetus.
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Down syndrome (DS) is estimated to affect ~350,000 – 400,000 people in the USA, with
~5,000 infants born each year with the disorder [1–5]. DS is caused by the triplication of
human chromosome 21 (HSA21) and is the primary genetic cause of intellectual disability
(ID) [4, 6–8]. DS has increased in prevalence in the last 40 years, from ~1:1,100 in the
1970s to ~1:650 by 2006 [4, 9]. The life expectancy of individuals with DS has also
increased substantially in recent years, from ~12 years of age in the 1940s, to the sixth and
seventh decade of life currently [10, 11]. Individuals with DS generally exhibit significant
intellectual difficulty with the most pronounced dysfunction in hippocampal-dependent
learning and memory, attentional function, and language and communication skills [12, 13]
(see Marwan and Edgin, article in this issue). The phenotype is presumed to be caused by
overexpression of >550 genes and putative protein-encoding gene transcripts, including
>160 known protein encoding transcripts termed the ‘DS critical region’ [14]. In addition to
impaired central nervous system (CNS) function during development and adult life,
individuals with DS develop Alzheimer’s disease (AD) pathology in early middle age
(frequently by the third decade of life), including amyloid-beta (Aβ) plaques, neurofibrillary
tangles (NFTs), degeneration of cholinergic basal forebrain (CBF) neurons, and early
endosomal abnormalities [15–22]. Consistent with these neurodegenerative changes, it is
estimated that 50%–70% of DS individuals over the age of fifty display clinical dementia [5,
8, 17], although these may be underestimates due to the difficulty in diagnosing dementia in
people with ID [23]. Currently, there are no therapeutic interventions that prevent or reverse
ID, age-related cognitive impairment, or brain pathology in DS.

Murine trisomic models
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Animal models of DS provide an opportunity to elucidate neural mechanisms underlying the
cognitive and neuropathological deficits in DS and provide experimental paradigms for
testing novel therapies (see Granholm et al., article in this issue). A variety of mouse models
have been engineered that recapitulate aspects of DS and AD neuropathology [24–27]. The
Ts65Dn trisomic mouse model is one of the most widely utilized models of both DS and
AD-like pathology. Ts65Dn are trisomic for a segment of mouse chromosome 16 (MMU16)
and mouse chromosome 17 (MMU17) orthologous to HSA21. Notably, the distal end of
MMU16 is translocated to <10% of the centromeric end of MMU17, creating a small
translocation chromosome [28–31]. This segmental region includes genomic information
proximal to amyloid-beta precursor protein (App) extending to Myxovirus (influenza virus)
resistance 1, interferon-inducible protein p78 (mouse) (Mx1) and exhibits ~55% gene
conservation of known protein coding genes between MMU16 and HSA21 [14, 30–32].
Importantly, these mice survive into adulthood and exhibit key morphological, biochemical,
and transcriptional changes similar to that seen in human DS and AD [27, 29–31, 33, 34].
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Like humans with DS, these mice are born with intact basal forebrain cholinergic neurons
(BFCNs) [29, 35, 36], but these neurons atrophy by 6 months of age, accompanied by
astrocytic hypertrophy and microglial activation [29, 36–38]. The cholinergic
septohippocampal circuit is particularly vulnerable in both DS and AD [29, 36, 39–42] (see
Kelley et al., article in this issue).
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Consistent with these neurodegenerative changes, the most pronounced cognitive deficits in
humans with DS and Ts65Dn mice pertain to functions modulated by the two major
cholinergic basal forebrain projection systems: (a) explicit memory function, modulated by
projections arising from the cholinergic neurons of the medial septal nucleus/vertical limb of
the diagonal band (MSN/VDB) which innervate the hippocampus [36, 43–45], and (b)
attention and working memory, modulated by projections arising from the cholinergic
neurons located within the nucleus basalis of Meynert (NBM)/substantia innominata
(NBM/SI) which project to the frontal cortex [46–48]. As in humans with DS, cognitive
functioning in Ts65Dn mice declines during adulthood, coincident with the loss of the
BFCN phenotype [36, 45, 49]. Using the Ts65Dn mouse model of DS/AD, our group has
identified a putative novel therapeutic intervention that holds great promise for improving
cognitive outcome and offering neuroprotection to the cholinergic projection system in DS;
namely, supplementing the maternal diet with additional choline during pregnancy and
lactation.

Beneficial effects of increased dietary maternal choline intake
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Choline is a molecule composed of three methyl groups covalently attached to the nitrogen
atom of ethanolamine, which serves as the precursor molecule of several metabolites [50,
51]. Choline is classified as an essential nutrient, meaning that dietary intake of this nutrient
is required for proper health, although it is produced to some degree by the body [52, 53].
Choline is widely distributed in the food chain but animal products are generally a more
concentrated source than plants.
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The demand for choline is extremely high during prenatal development. Choline supply is of
particular importance for the developing brain because it is required for the biosynthesis of
acetylcholine (Ach), a key neurotransmitter for multiple brain functions, including
regulation of neuronal proliferation, differentiation, migration, maturation, plasticity,
survival, and synapse formation [54–56]. Additionally, choline provides a substrate for the
formation of phosphatidylcholine and sphingomyelin, key elements of neuronal membranes
[50, 57, 58]. Choline is also the principal dietary source of methyl groups. As a methyl
donor, choline plays a significant role in the regulation of gene expression through
epigenetic mechanisms [56, 59–62].
Dietary recommendations for choline were first published in 1998 by the Institute of
Medicine [63]. The recommended intake level for adults, 425 and 550 mg/day for women
and men, respectively, was based on the estimated level of choline intake required to prevent
liver damage [63]. For pregnant women, the adequate choline intake recommendation was
increased to 450 mg/day; the 25 mg/day increase during pregnancy was based on fetal and
placental accumulation of choline derived primarily from animal models [63]. Several lines
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of evidence indicate that these current recommendations may not be sufficient to meet the
high demands of pregnancy. For example, during pregnancy, maternal choline stores in
rodents consuming a normal chow diet become depleted as choline is transported across the
placenta to the fetus [64–68]. Moreover, pregnant women consuming choline at a level
slightly above current intake recommendations (480 mg/d) have diminished circulating
concentrations of several choline metabolites relative to non-pregnant women [69].
Increasing maternal choline intake during pregnancy to 930 mg/d increases biomarkers of
choline metabolism but fails to achieve levels seen in non-pregnant women [69].
Furthermore, increased maternal choline intake (480 to 930 mg/d) does not increase the
urinary excretion of choline, a water-soluble biomolecule, indicating that higher intake
levels do not exceed metabolic requirements [69]. By comparison, folate status biomarkers
in this same study did not differ between pregnant and non-pregnant participants, and
pregnant women excreted a substantial amount of their total folate intake in urine [70].
Thus, the demand for choline during pregnancy appears to be extremely high and likely
exceeds current choline intake recommendations [58].
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The most powerful functional evidence that current recommendations for choline intake may
not be sufficient for optimal fetal development and lifelong cognitive functioning of
offspring is derived from studies using animal models. Numerous studies using rodents
demonstrate lasting beneficial effects of increased maternal choline intake during pregnancy
on various indices of offspring brain function [71–80]. Specifically, supplementing the
maternal diet with additional choline (~4 times higher than found in normal lab chow)
enhances memory and spatial cognition in offspring, a benefit that becomes more
pronounced with aging [81, 82]. The improved spatial learning/memory in the offspring of
choline-supplemented dams likely stems from concomitant changes in septohippocampal
circuitry, including (i) the size and shape of MSN/VDB neurons, which correlate with
memory function [83, 84]; (ii) altered Ach turnover and choline transporter expression in the
septohippocampal circuit [85, 86]; (iii) changes in hippocampal neurogenesis, migration,
gene expression, and neurotrophin levels [76, 87–90]; (iv) changes in dendritic fields and
spine density in the dentate gyrus and CA1 region of the hippocampus [91]; (v) a lowered
threshold for eliciting hippocampal long-term potentiation, a putative change underlying
memory formation [92, 93]; (vi) alterations in Ach metabolizing enzymes [71, 94]; (vii)
increased hippocampal responsiveness to cholinergic stimulation [94, 95]; and (viii)
increased hippocampal progenitor cell proliferation and decreased apoptosis in these cells
[55, 77, 87]. In sum, supplementing the maternal diet with additional choline during prenatal
development produces lasting, organizational changes in structure and function of the
septohippocampal system in ways consistent with the aforementioned improvement in
memory function also produced by this early dietary manipulation.
Reports also indicate that supplementing the maternal diet with additional choline during
pregnancy of normal rats and mice leads to lasting improvements in attentional function of
the offspring [75, 96]. In a signal detection task, which tests focused attention or vigilance,
offspring of choline-supplemented dams made significantly more correct responses to the
signal trials (Hits) than did control mice (born to dams on a control diet) [96]. Converging
evidence for an effect of MCS on attention was also provided using a 5-choice serial
reaction time task (5-CSRTT) [75]. In this task, one of five ports is briefly illuminated after
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Strupp et al.

Page 5

Author Manuscript

a variable delay, and the mouse is rewarded for making a nose-poke into the illuminated
port. The unpredictability of the location and time of cue presentation places substantial
demands on focused attention and impulse control. Mice born to choline-supplemented
dams were significantly faster than controls to master the first attention task, which entailed
variable pre-cue delays [75] (Fig. 1A). Taken together, these results suggest a benefit of
MCS on attentional function. Although little is known about the neurobiological substrates
underlying the improvements in attention seen in offspring of dams supplemented with
choline during pregnancy and/or lactation, a plausible mechanism is that MCS improves
functioning and/or efficiency of BFCNs located within the NBM/SI that project to the
neocortex (e.g., frontal and parietal cortex).

Effects of MCS on spatial cognition, hippocampal neurogenesis, and
Author Manuscript

BFCNs
In addition to the beneficial cognitive effects of MCS in normal rats and mice, this early
dietary intervention provides lasting neuroprotective effects and attenuates cognitive
impairment in a wide variety of rodent disease models including aging [73, 82, 97–99],
prenatal alcohol exposure [100–102], epilepsy [103–105], excitotoxicity [106, 107], Rett
syndrome [108–111], and notably, DS [74–76, 112].
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To test the hypothesis that MCS would improve spatial learning and memory in DS, we
trained Ts65Dn and normal disomic (2N) littermates in a radial arm water maze (RAWM)
containing 6 arms radiating from a center choice area. In this task, the animals must use
extra-maze cues to locate a hidden escape platform at the end of one of the arms. Ts65Dn
mice born to choline-supplemented dams exhibited lifelong improvements in spatial
learning, performing nearly as well as their 2N littermates [74, 76] (Fig. 2A, B). In addition,
MCS partially normalized adult hippocampal neurogenesis [76], evidenced by an increased
number of doublecortin (DCX) containing cells, a marker for newly born neurons, within the
dentate gyrus (Fig. 2C, D). MCS also offered protection to BFCNs in the medial septal
nucleus (MSN) [74], which typically exhibits atrophic changes by ~6 months of age [29, 36,
41, 113, 114]. Specifically, choline acetyltransferase-immunoreactive (ChAT-ir) BFCN
number and density within the MSN was increased in Ts65Dn offspring born to cholinesupplemented dams relative to those born to dams on a control diet [74] (Fig. 2E).
Importantly, adult hippocampal neurogenesis and density of BFCNs each correlated
significantly with indices of spatial cognition (Fig. 2D, F), supporting the concept that
improved spatial cognition produced by maternal choline supplementation may be due to
normalization of BFCNs and hippocampal structure and function [74, 76].
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Neuroprotection of BFCNs and restoration of adult hippocampal neurogenesis seen in
Ts65Dn mice born to choline-supplemented dams may be mediated partially by
neurotrophins. Specifically, phenotypic restoration of BFCNs may reflect increased
neurotrophin support for these neurons, which atrophy in trisomic mice, at least in part, due
to impaired retrograde transport of nerve growth factor (NGF) [29, 36–38, 115].
Interestingly, normal adult rat offspring of choline-supplemented dams exhibit increased
brain levels of NGF and brain-derived neurotrophic factor (BDNF) relative to those born to
unsupplemented dams [77, 116]. Moreover, intracerebroventricular administration of NGF
Curr Alzheimer Res. Author manuscript; available in PMC 2017 January 01.

Strupp et al.

Page 6

Author Manuscript

reverses atrophy of BFCNs in Ts65Dn mice [38]. Collectively, these data suggest that MCS
enhances target-derived neuroprotection of Ts65Dn BFCNs, resulting in a restoration of the
functions dependent on these neurons and their projections to the hippocampus and frontal
cortex. The normalization of hippocampal neurogenesis in Ts65Dn mice produced by
maternal choline supplementation [76] (Fig. 2C, D), may reflect elevated levels of BDNF
within the hippocampal formation. BDNF, which has been shown to increase in response to
maternal choline supplementation in normal rodents [117], increases survival of newly
proliferated neurons [118, 119] and plays an important role in spatial learning and memory
[120] (see Iluta and Cuello article in this issue).
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These beneficial effects of MCS may be due to organizational brain changes, secondary to
choline’s role as the precursor to phosphatidylcholine, a major constituent of cellular
membranes, and its role as the precursor of Ach, an important ontogenetic signal [71, 79,
94]. Beneficial MCS effects may also be related to epigenetic modifications with lasting
effects on gene expression, secondary to choline’s role as a methyl donor [121–124]. As
noted above, choline has a primary role as a methyl donor through the betaine-methionine
pathway [50], and alterations in dietary levels of choline during early development can
produce lifelong effects on gene expression through DNA methylation and histone
modifications [62, 125]. This type of effect has been described in the Latent Early-life
Associated Regulation (LEARn) model, which suggests that nutritional and maternal care
interventions early in life can modify disease-related and/or disease-causing genes later in
life via epigenetic mechanisms [126, 127]. In sum, by playing key roles in several
fundamental epigenetic and non-genetic processes, choline availability during prenatal life
can exert lifelong effects on brain structure and function.
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A question may arise as to whether choline supplementation would have functional effects
in the face of widespread fortification of foods with folate, another methyl-nutrient which
can also donate methyl groups for DNA methylation. However, it is important to note that
folate is only a carrier of methyl groups whereas choline is a source [128]. In a recent
choline intervention study involving pregnant women, choline-derived methyl donors were
depleted even under conditions of excess folate intake [69, 70]. Although folate and choline
can both modulate DNA methylation, folate cannot replace choline as a source of methyl
groups during pregnancy, nor can it serve as a substrate for phospholipid and acetylcholine
biosynthesis.

Effects of MCS on attention and emotional reactivity
Author Manuscript

Studies of children with DS reveal deficits in selective and sustained attention, which
progressively worsen through adolescence and adulthood [129, 130]. Consistent with human
DS research, our studies revealed attentional dysfunction in Ts65Dn mice using the 5CSRTT task series [47, 75]. Ts65Dn mice committed a high proportion of omission errors
(instances of missing the brief visual cue), and were typically off-task (not attending to the
ports) during the delay period prior to cue presentation [47, 75].
Subsequent studies by our group demonstrated that supplementing the maternal diet with
additional choline substantially improved attention in the Ts65Dn offspring. On the 5-
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CSRTT attention task series, the performance of the trisomic offspring of cholinesupplemented dams was markedly superior to their counterparts born to dams on a control
diet [75] (Fig 1 A, B). Notably, the largest improvement was seen for the accuracy of
responding, particularly on tasks with relatively brief cues, which place significant demands
on focused attention [75]. These tasks also revealed interesting effects of maternal choline
supplementation on emotional reactivity of the Ts65Dn offspring. On these tasks, rats and
mice generally commit more errors and exhibit longer response latencies on trials, which
follow an error than on trials following a correct response. These effects are exacerbated in
Ts65Dn mice relative to 2N littermates [47, 75], demonstrating a heightened reaction to the
frustration of committing an error and/or not receiving an expected reward. Importantly,
maternal choline supplementation significantly reduced the hesitancy of Ts65Dn mice to
initiate the next trial following an error [75], indicative of improved regulation of emotion
and/or negative affect (Fig. 1C). Little is known about the neural basis of the attentional or
affective dysfunction in Ts65Dn mice or the basis of the MCS normalization of these
behaviors. It is possible that the reduced density of ChAT-ir and/or pan-neurotrophin
receptor p75NTR-ir BFCNs in the NBM/SI seen in these mice [74] plays a role in their
attentional dysfunction, based on the evidence that these indices are correlated with
attentional performance (unpublished observations). We also found that ChAT-ir neurons
within the NBM/SI were significantly larger in older Ts65Dn mice compared to agematched 2N mice. Interestingly, ChAT-ir neuron size within the NBM/SI neuron was
inversely correlated with attentional performance in both 2N and trisomic mice, suggesting
that increased size of these neurons is a cholinergic neuroplasticity response associated with
attentional dysfunction (see Kelley et al., article in this issue). Collectively, these findings
suggest that abnormalities in the basocortical cholinergic system may at least in part underlie
the attentional dysfunction of Ts65Dn mice.
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Effects of MCS on choline metabolism
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To gain further insight into the mechanism(s) underlying the benefits of maternal choline
supplementation, we tested the hypotheses that choline metabolism differs between Ts65Dn
mice and their 2N littermates, and that MCS exerts lasting effects on choline metabolism in
both Ts65Dn and 2N offspring. Isotopically labeled choline (methyl-d9-choline) was
administered in the drinking water of 16-month old adult female trisomic offspring and their
2N littermates born to dams that consumed either a control or choline supplemented diet
[57]. Enrichments of d9-choline metabolites derived from intact choline and d3+d6-choline
metabolites (Fig. 3A), which are produced when choline-derived methyl groups are used by
phosphatidylethanolamine N-methyltransferase (PEMT), were measured in liver, plasma,
and in the frontal cortex, hippocampus, cerebellum, and basal forebrain [57]. Both Ts65Dn
and 2N adult offspring of choline-supplemented versus choline-unsupplemented dams
exhibited 60% greater activity of hepatic PEMT, which functions in de novo choline
synthesis and produces phosphatidylcholine (PC) enriched in docosahexaenoic acid (DHA)
[57]. Significantly greater enrichment of PEMT-derived d3+d6-metabolites was detected in
liver, plasma, and select brain regions including basal forebrain, hippocampus, neocortex,
and cerebellum in both genotypes, but to a greater extent in the Ts65Dn adult offspring [57]
(Fig. 3B). The offspring of choline-supplemented dams also exhibited higher d9-metabolite
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enrichments in liver, plasma, and brain regions including hippocampus, neocortex, and
cerebellum (Fig. 3C). MCS exerts lasting effects on offspring choline metabolism, including
upregulation of the hepatic PEMT pathway and enhanced access of choline and PEMT-PC
to brain [57]. These findings indicate that choline metabolism is permanently altered by
MCS in trisomic offspring with evidence of preferential partitioning of choline towards
brain. Thus, it appears that increasing choline intake by pregnant dams with a trisomic fetus
may help normalize their aberrant choline metabolism, which in turn, may contribute to
improvement in cognitive function produced by MCS. Organizational effects of MCS may
reflect a higher demand for PEMT products (e.g., choline and DHA) among adult Ts65Dn
offspring, which is consistent with a higher choline requirement [58, 69]. In summary,
increased hepatic supply of PEMT-PC and its associated fatty acids to the brain may be a
mechanism whereby maternal choline supplementation induces lifelong cognitive benefits in
the Ts65Dn mouse model of DS and AD, as well as in normal offspring. These data
generated using the Ts65Dn mice may have a direct translational effect for pregnant women,
especially those carrying a DS fetus.

Future directions
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These findings provide encouragement that maternal choline supplementation may hold
significant promise as a prenatal treatment for DS. One caveat to translational inferences,
however, is that the Ts65Dn murine model is only trisomic for approximately 88/161
orthologs on HSA21, and also includes approximately 50 triplicated encoded genes that are
not triplicated in HSA21 [14]. Although select cognitive and morphological changes seen in
Ts65Dn mice are similar to that found in human DS, future MCS investigations are
warranted employing newly generated trisomic models, including the Dp16 and Dp16/Dp17/
Dp10 mouse lines [25, 131, 132]. Each of these trisomic models has its own limitations, but
together they will likely shed greater insight into the potential of MCS as a therapy for DS.
Additional molecular and cellular studies are necessary to delineate the mechanistic basis of
the beneficial effects of MCS. For example, microarray or RNA-sequencing studies of
BFCNs within the discrete cholinergic neuron subfields may be employed to determine the
effect of MCS on select classes of transcripts and/or noncoding RNAs related to cell
survival and neuroplasticity. Future studies will likely identify specific genes that exhibit
epigenomic marks (DNA and histone methylation) as well as transcripts that display lasting
changes in gene expression following choline supplementation. These molecular and cellular
data should be correlated with behavioral measures including cognitive endpoints to
establish functional links.
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Conclusions
In summary, the data reviewed here demonstrate that perinatal choline supplementation
attenuates several of the cognitive, affective, and neurochemical alterations seen in Ts65Dn
mice, suggesting that MCS deserves consideration as a potential therapy that could reduce
the severity of dysfunction in human DS. Although clinical trials are needed to determine
whether similar effects are seen in humans with DS, a few anecdotal reports of women
increasing their choline intake during pregnancy with a DS fetus are highly encouraging.
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These reports suggest that these infants reach milestones more similar to normal babies than
DS infants without choline supplementation (http://www.delaneyskye.com). In light of
growing evidence that all pregnancies would benefit from increased maternal choline intake,
this type of recommendation could be given to all pregnant women, thereby providing a very
early intervention for DS fetuses, which could also include babies born to mothers who are
unaware that they are carrying a DS fetus.
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Figure 1.
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Effects of MCS on attentional function and emotional reactivity. A: Mean (+/−SE)
percentage of correct responses, as a function of the four session blocks (five sessions/block)
on the first attention task in which a variable delay was imposed before cue presentation.
Although the four groups did not differ in the first session block, differences emerged during
the last three session blocks. During these latter 15 sessions, the unsupplemented Ts65Dn
mice performed significantly worse than both groups of 2N mice. In contrast, the cholinesupplemented Ts65Dn mice did not differ from the unsupplemented 2N mice for any
session-block, and performed better than their unsupplemented counterpart mice for Session
Blocks 2 and 3. The choline-supplemented 2N mice performed significantly better than their
unsupplemented counterparts during Session Block 2. B: Mean (+/−SE) percentage of
correct responses as a function of the pre-cue delay, in a task in which both cue duration and
pre-cue delay varied across trials. The unsupplemented Ts65Dn mice performed
significantly worse than the unsupplemented 2N controls at all delays. In contrast, the
choline-supplemented Ts65Dn mice performed significantly better than their
unsupplemented counterparts for trials with a 0-s (p < 0.002) or 4-s (p < 0.02) pre-cue delay,
and did not differ significantly from the 2N mice for any delay. C: Mean (+/−SE) percentage
of trials on which the mice exhibited a long latency (≥ 5 s) to initiate the next trial, referred
to as alcove latency (AL), as a function of the outcome of the previous trial (correct or
incorrect). No group differences were seen for trials that followed a correct response (PREV
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CORRECT). However, for trials that followed an error (PREV ERROR), the incidence of
trials with a long initiation latency was significantly greater for the unsupplemented trisomic
mice than for the two groups of 2N mice and the supplemented trisomic mice. *, p < 0.05,
compared with the unsupplemented Ts65Dn mice. Adapted from Moon et al., 2010 [75], and
revised images used with permission
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Figure 2.
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MCS effects on spatial cognition, hippocampal neurogenesis, and BFCN density. A:
Average errors per trial (collapsed across sessions) in the Hidden Platform (HP) task of the
radial arm water maze (RAWM), a task which requires spatial mapping. Mean errors per
trial were significantly higher for the unsupplemented Ts65Dn mice than their 2N
counterparts. MCS significantly improved performance for Ts65Dn (p = 0.011). B: Mean
errors per trial in the HP task, shown as a function of session-block (3 sessions/block). C:
Mean (±SE) number of DCX-positive cells in the dentate gyrus. Unsupplemented Ts65Dn
mice displayed significantly fewer DCX-positive cells than 2N mice (p<0.0001). MCS
significantly increased the number of DCX-positive cells in Ts65Dn mice (p<0.001). D: The
number of DCX-positive cells in the dentate gyrus of the hippocampus was a significant
predictor of performance in the HP task, an index of spatial learning/memory. E: Ts65Dn
mice showed a significantly lower ChAT-ir density relative to 2N mice (p = 0.008). MCS
significantly increased the density of ChAT-ir neurons in Ts65Dn mice (p = 0.036). F:
Density of ChAT-ir neurons in the MSN was a significant predictor of performance in the
HP task. Adapted from Ash et al., 2014 and Velazquez et al., 2013 [74, 76], and revised
images used with permission.
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Effects of MCS on choline metabolites in Ts65Dn mice and 2N littermates. A: Schematic of
the metabolism of the orally consumed d9-choline tracer. Intact d9-choline can be used to
produce these d9-choline metabolites: d9-acetylcholine (d9-ACho), d9-betaine (d9-Bet), d9phosphocholine (d9-PCho), d9-glycerophosphocholine (d9-GPC) and d9phosphatidylcholine (d9-PC). Alternatively, the d9-choline tracer can be oxidized to d9betaine and one of its three methyl groups can be donated to homocysteine (Hcy) forming
d3-methionine (d3-Met) and subsequently d3-S-adenosylmethionine (d3-SAM). A main
consumer of SAM is the phosphatidylethanolamine N-methyltransferase (PEMT) pathway
which mediates the sequential methylation of phosphatidylethanolamine (PE) to PC
(phosphatidylcholine). Under the current labeling strategy, the PEMT pathway generated
d3-PC and d6-PC. These PEMT-PC labeled metabolites can then undergo hydrolysis to
synthesize other metabolites including d3-ACho, d3-Bet, d3-PCho, and d3-GPC). B: Effects
of MCS on overall d3+d6-enrichment in liver, plasma, and brain regions including basal
forebrain, hippocampus, neocortex, and cerebellum of adult Ts65Dn and 2N offspring born
to unsupplemented (C) versus supplemented (MCS) dams. C: Effects of MCS on overall d9enrichment in liver, plasma, and brain regions including hippocampus, neocortex, and
cerebellum of adult Ts65Dn and 2N offspring born to choline unsupplemented as compared
to choline supplemented dams. Key, B, C: *= p≤ 0.05, **= p≤ 0.01, and ***= p≤ 0.001.
Adapted from Yan et al., 2014 [57], and revised images used with permission.
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