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Down syndrome (DS): or trisomy 21: is the most common autosomal aneuploidy
and the leading genetic cause of intellectual disability. It is widely established
that mental retardation is primarily a consequence of brain functioning and
developmental abnormalities in neurogenesis. Some changes in the physical
structure of the dendrites are a major cause of impaired synaptic plasticity
of DS. The overexpression of the dual specificyty tyrsone phosphorylationregulated kinase 1A (DYRK1A): located on chromosome 21: is involved in
cellular plasticity and responsible for central nervous system disturbance in DS.
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Oleic acid is a neurotrophic factor that promotes neuronal differentiation and
increases the levels of choline acetyltransferase (ChAT). Furthermore: it has
recently been shown that it induces migration and formation of new synapses
in euploid cells. However: remarkably oleic acid fails to reproduce the same
effects in trisomic cells.
Here we review the hypothesis that oleic acid-dependent synaptic plasticity
may be dependent on the lipid environment. Thus: differences in membrane
composition may be essential to understand why oleic acid promotes higher
cell plasticity in euploid than in trisomic cells.
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Introduction
Down syndrome (DS) is characterized by the presence
of an extra copy of human chromosome 21 (HSA21).
DS is the most frequent genetic form of intellectual
disability affecting key brain regions involved in learning
and memory processes. These neurological alterations
could be the origin of the observed intellectual disability:
particularly during development and in adulthood1. In this
regard: individuals with DS have reduced brain volume:
fewer neurons and alterations in the dendritic tree: all
of which could partly explain the intellectual disability2.
Histological brain studies of people with DS showed an
abnormal formation of the cerebral cortex : produced in
part by a cellular alteration in the cortex layers II and III3.
Human cortical development appears normal until week
22 of gestation. However: lower lamination and pattern
of cortical maturation appears in week 40 and reflects
an abnormal dendritic arborization during the first year
of life3:4. Some authors previously described alterations
in neurotransmitter and its receptors as responsible for
distinctive phenotypic traits. in DS5.

Oleic acid as a Potential Neurotrophic Factor

Oleic acid is a fatty acid that acts a neurotrophic factor
during postnatal brain development. It is synthesized and
released by astrocytes6. Physical properties of oleic acid
are determined by the position of the double bond in the
chain. Oleic acid has profound effects on membrane fluidity
since phospholipids containing acyl chains of oleic acid
increase membrane fluidity7. Membrane fluidity is critical
for neurons and the incorporation of oleic acid-borne
phospholipids into a discrete area of the membrane could
substantially change membrane properties. In agreement
with this: oleic acid is preferentially incorporated into
neurite bases8: suggesting that increased fluidity is required
at the sites of newly emerging axons and/or dendrites. This
would facilitate the sprouting of the membrane during
neurite growth together with enhanced flexibility for axon
orientation9.
In addition: oleic acid increases in the brain of rat
fetuses between 15 and 17 days of gestation10: overlapping
with the maximum expansion of rat brain development.
In fact: it is precisely during this period that a delay in the
formation of the cortex in trisomic mice TS16 occurs11 [11]:
possibly due to an alteration in neurogenesis: migration
and cell differentiation12:13.

DYRK1A in Down Syndrome

Dyrk1A is a dual specificity protein kinase that is
regulated by autophosphorylation on Ser: Thr and Tyr
residues and also capable of phosphorylating proteins
at both Ser/Thr residues. Deregulation of Dyrk1A
expression produces a wide variety of phenotypic
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alterations during development and even in adult
stages14-16. This is due to its involvement in multiple
signaling pathways that makes DYRK1A a key player
in the regulation of different biological processes.
Dyrk1A is overexpressed in DS brains and is involved
in neurogenesis and learning/memory17. Transgenic
mice overexpressing DYRK1A (TgDyrk1A) exhibit DSlike features such as neurodevelopmental delay: motor
abnormalities and cognitive deficits14.

Highlighting the Potencial Role for Oleic Acid in the
Cholinergic System

Trisomic cell lines are useful tools to study DS. Cell lines
from the cerebral cortex of wild-type mouse fetuses (CNh)
and trisomic TS16 (CTb) are widely used in the literature.
These cell lines were developed at the laboratory of Dr.
Pablo Caviedes (University of Chile: contact: pcaviede@
med.uchile.cl) and are marketed through an agreement
with the University of South Florida). CNh and CTb cells
retain neuronal markers such as neuronal specific enolase
(NSE): choline acetyltransferase (ChAT): synaptophysin:
microtubule-associated protein 2 (MAP2) and a lack of
the glial markers (GFAP: galactocerebroside: S-100)18. CTb
cells overexpress DS-related genes (Dyrk1A: App: Sod1:
Cu/Zn superoxide dismutase) and show altered cholinergic
function: involving reduced choline uptake and ChAT
expression: together with a fractional acetylcholine release
after stimulation19.

By using these cell lines: we previously showed that
trisomic cells do not respond to the presence of oleic acid
as euploid cells. Unlike trisomic cells: euploid cells tend
to aggregate in response to oleic acid in a similar way as
neurons in primary culture20. These results suggest that
trisomic cells may have an alteration in oleic acid signal
transduction21:22. In the characterization of CTb cells: Allen
et al.23 reported that these cells show similar cholinergic
deficits to those presented in murine Ts16: an animal model
for Down syndrome. These alterations involve reduced
activities of ChAT and acetylcholinesterase (AChE)24:25:
which is accompanied by a reduced synthesis of the
neurotransmitter acetylcholine and a less choline uptake
into the brain26. To study the role of oleic acid in cholinergic
system: we analized ChAT expression in euploid and
trisomic cells. Our results indicated that oleic acid induced
the expression of ChAT in euploid cells: but not in trisomic
cells20. In agreement with this: neurochemical dissection
of synaptic pathology in the cerebral cortex of patients
with DS showed a significant reduction of the activity of
ChAT27: suggesting the existence of abnormalities in the
cholinergic system in DS models and changes in electrical
properties of cell membranes23. Some authors suggest that
basal forebrain cholinergic system is apparently normal in
fetuses and newborns with DS since the number of neurons
and ChAT activity remain unaltered28:29. Our recent data
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confirm that there are not differences in the number of
neurons expressing ChAT between euploid and trisomic
cells: although a decrease was observed in the intensity
of ChAT expression in trisomic cells compared to euploid
cells20. These results suggest that the presence of oleic acid
increases ChAT expression: confirming previous results
which highlighted the role of oleic acid in the cholinergic
system30.

DYRK1A overexpression Inhibits the Effect of Oleic
Acid in Down Syndrome

In order to study the possible connection between
overexpression of Dyrk1A and disregulation of the oleic
acid-promoted ChAT activity: we analysed the effects
of oleic acid in ChAT expression after downregulating
DYRK1A by siRNA in CNh and CTb cells. We found that
the downregulation of DYRK1A in CTb cells rescued the
phenotype of normal cells. Moreover: ChAT expression
increased in DYRK1A-silenced trisomic cells up to the same
levels found in normal cells. These results suggested that
the overexpression of DYRK1A prevented the induction of
ChAT promoted by oleic acid in CTb cells20.

To further evaluate the potential involvement of DYRK1A
in the regulation of ChAT expression promoted by oleic
acid: we analysed ChAT levels in primary neuronal cultures
from transgenic mice overexpressing DYRK1A (TgDyrk1A).
TgDyrk1A mice were previously generated at the
laboratory of Dr. Cristina Fillat and exhibit DS-like features:
such as neurodevelopmental delay: motor abnormalities
and cognitive deficits: as described in Altafaj et al.14.
Immunocytochemical and western blot analysis revealed
an increase in ChAT expression in wild-type neurons
caused by oleic acid. These results were in agreement with
previous data showing an increase in ChAT expression
due to the presence of fatty acids31:32. However: we did
not observe an increase in ChAT expression in neuronal
cultures from transgenic mice upon treatment with oleic
acid. In agreement with this: the presence of oleic acid did
not promote profound changes in the shape of the neurons
from TgDyrk1A mice: unlike the situation in wild-type cells.
Thus: whereas wild-type neurons exposed to oleic acid
tended to aggregate to form clusters and elongated axons
and dendrites: these morphological changes were not
observed in TgDyrk1A neurons: suggesting impairment in
neuronal differentiation in TgDyrk1A mice. In agreement
with this observation: the expression of GAP-43: a marker
of axonal growth: was also increased in the presence of oleic
acid in wild-type neurons: while it was almost unaltered
in TgDyrk1A cultures. Taken together these results: we
hypothesize that the overexpression of Dyrk1A acts a
negative regulator of cholinergic differentiation promoted
by oleic acid.
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Synthesis of Phosphatidylcholine is Restrained in
Down Syndrome Cells
Previous studies indicated that monounsaturated
fatty acid levels are lower in brains of DS patients33:34 and
presumably involve changes in the efficacy of synaptic
connections: a phenomenon present in these patients35.
Phosphatidylcholine (PC) analysis from euploid and
trisomic cells show that in the presence of oleic acid a
significant increase occurs in the amount of PC in euploid
cells: but not in trisomic cells36. However: this effect does
not occur when cells are incubated with other fatty acids:
such as palmitic acid or stearic acid. These results confirm
the specificity of oleic acid as neurotrophic factor37.
Confocal analysis revealed that oleic acid accumulated in
the plasma membrane and endoplasmic reticulum in both
cell lines. However: an abnormal distribution of oleic acid
in trisomic cell membranes was observed: with a markedly
disrupted fluorescence intensity along the membrane36.
Since previous studies have reported that oleic acid
is preferentially incorporated into PC in the neuronal
plasma membrane8: these findings are consistent with
the significant reduction in monounsaturated fatty acid
composition of phospholipids detected in the brains of
people with Down’s syndrome33. The incorporation of oleic
acid to membrane phospholipids may alter the biophysical
properties of the membrane and thereby regulate the
activity of integral or peripheral membrane proteins38.
Analysis of phospholipid synthesis in trisomic
and euploid cells showed that there was a deficit in
phospholipid synthesis in trisomic cells36. The expression
of enzymes regulating PC synthesis: choline kinase alpha
and CTP-choline cytidylyltransferase1 alpha (choline
cytidylyltransferase alpha): was decreased: while CDPcholine: 1:2-diacylglycerol choline phosphotransferase
were increased in trisomic cells compared to euploid cells36.
In addition to this pathway: PC can be synthesized through
an alternative route that uses phosphatidylethanolamine
and S-adenosylmethionine (methyl donor) as precursors
and phosphatidylethanolamine methyltransferase (PEMT)
and SAHH as catalytic enzymes. Activity of these enzymes
is critical to PC synthesis in certain circumstances39. We
showed that expression analysis of both genes revealed
that PEMT levels were upregulated while SAHH levels were
significantly downregulated in CTb cells36.

Role of Dyrk1A in PC Synthesis in Down Syndrome
Cells

Planque et al.40 previously reported that overexpression
of Dyrk1A affects the activity of S-adenosylhomocysteine
hydrolase: which would prevent the recycling of
S-adenosylhomocysteine
to
S-adenosylmethionine:
resulting in a decrease in PC synthesis. However: our data
reveals that the expression of those genes involved in
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Figure: Proposed model to summarize the cholinergic dysfunction in Down syndrome.

Kennedy pathway is not altered by overdose of Dyrk1A:
since downregulation of Dyrk1A by siRNA does not
produce any significant change in the expression of choline
kinase alpha and CTP-choline cytidylyltransferase1 alpha.
Interestingly: downregualtion of Dyrk1A significantly
altered both PEMT and SAHH levels in the opposite way.
This result suggests that Dyrk1A may be involved in the
regulation of the latter pathway: preventing recycling
SAH to SAMe40 and eventually resulting in the inhibition
of PC synthesis. Further studies of genes involved in the
conversion of phosphatidylethanolamine in PC will clarify
the role of Dyrk1A in the synthesis of PC in trisomic cells.

Taken together: we conclude that a deregulation of
PC biosynthetic pathways may occur in trisomic cells:
although its relationship with Dyrk1A activity remains to
be elucidated. Further experiments will be needed to get
inside the relationships between Dyrk1A activity and PC
biosynthesis in order to board the treatment of DS with
new Dyrk1A inhibitors (Figure 1).
Oleic acid increases PC levels and localizes into
the plasma membranes of euploid cells. However:
overexpression of Dyrk1A prevents a proper PC
incorporation into the plasma membrane of trisomic cells.
In addition: murine Ts16 showed a reduction in ChAT
expression: a significant decrease in choline uptake by the
high-affinity choline transporter: together with a decrease
in acetylcholine release.

Abbreviations

ACh: acetylcholine; AChE: acetylcholinesterase; CHT1:

high-affinity choline transporter; PC: phosphatidylcholine;
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tyrosine-phosphorylated and regulated kinase-1A; ChAT:
choline acetyltransferase; CK: choline kinase; CCT: choline
cytitylyltransferase; CPT: CDP-choline:1,2-diacylglycerol
phosphocholinetransferase; PEMT: phosphatidylethanolamine methyltransferase; SAM: S-adenosylmethionine;
SAH: S-adenosylhomocisteine; SAHH: S-adenosylhomocisteine hydrolase.
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