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Summary: 

White matter is composed of nerve fibers covered by a specialized cell membrane called myelin that is produced by cells
called oligodendrocytes. The myelin acts as an electrical insulator and speeds communication between neurons. Several
changes in white matter have been described in people with Down syndrome including delayed onset and decreased
density of the myelin. These changes are thought to contribute to the intellectual disability in Down syndrome. To understand
the cause of the decrease in white matter, oligodendrocytes were made from induced pluripotent stem cells derived from
people with Down syndrome. It appears that a maturation deficit in the oligodendrocytes may be driving the decreased
myelin formation.

 
Introduction:
Down syndrome is caused by triplication of chromosome 21 and results in a well described intellectual
disability. Over the years, there has been a lot of research to characterize and understand the changes in brain
structure and function that cause the intellectual disability. It is thought that if the changes were understood, it
could be possible to develop treatments that would increase the independence and quality of life of people
with Down syndrome. Many of the studies have focused on understanding the changes in gray matter in the
brain – i.e. changes in the number and function of the neurons. However, equally important in understanding
the causes of the intellectual disability are the changes in the white matter of the brain that occur in Down
syndrome.
 
What is white matter?
White matter is made up of nerve fibers covered by a sheath called myelin. Myelin is made from tightly
wrapped layers of a specialized cell membrane produced by cells called oligodendrocytes, (Figure 1). Unlike
the generation of neurons which happens during early fetal development, myelination, or the process of
forming the myelin, begins in the third trimester and continues to early adulthood. Myelin has a high fat to
protein concentration resulting in a high electrical resistance allowing it to act as insulation. This insulation
speeds electrical communication to allow information to travel rapidly from neuron to neuron throughout the
brain. Any disruption in myelination disrupts this electrical communication and can contribute to intellectual
disability. 
 
How is white matter changed in Down syndrome?
Numerous studies have identified changes in white matter in people with Down syndrome. A delay in the onset
of myelination that averaged 12 months behind typically developing individuals was identified in children with
Down syndrome (Wisniewski and Schmidt-Sidor, 1989). In addition to the developmental delay, the density of
the final myelinated axons is decreased in DS (Ábrahám et al., 2012; Olmos-Serrano et al., 2016). This
indicates that there is less insulation which can slow neuronal communication. While the decrease in final
white matter is clear, there have been conflicting reports about changes in the number of oligodendrocytes
(Kanaumi et al., 2013) leaving the cause of the decreased white matter in Down syndrome still unclear. 
 
How do we study the white matter changes?
It is clear from human studies that there is a deficit in white matter in people with Down syndrome but it is not
clear how it occurs. Work in a mouse model of Down syndrome suggests that the issue is an oligodendrocyte
maturation deficit (Olmos-Serrano et al., 2016). Together, tissue studies are informative, and mouse models
can give good insight into potential mechanisms driving the changes, but both systems are limited if the goal is
to understand the cellular and molecular changes that drive alterations in humans with Down syndrome. To get
around these limitations, induced pluripotent stem cells (iPSCs) can be used. iPSCs are cells that originate
from a living individual and are reprogrammed to a stem cell state which allows them to make any type of cell
in the body. They are a powerful model system as they can be experimentally manipulated like mouse models
but have the same genetics as humans. For the following work, I differentiated iPSCs with and without trisomy
21 into oligodendrocytes and allowed them to mature. This allowed me to assess changes in development at
several different timepoints to study potential cellular causes of the white matter deficit in Down syndrome.
 
Changes in oligodendrocyte production in Down syndrome
Oligodendrocytes are produced by neural progenitor cells. The neural progenitor cells are activated by a
signaling molecule called Sonic hedgehog (SHH) which allows the expression of two important genes: OLIG2
and NKX2.2 (Lu et al., 2000). On their own, OLIG2 and NKX2.2 are important patterning genes for making
different types of neurons, but the co-expression of OLIG2 and NKX2.2 in the same cell is necessary for the
differentiation of oligodendrocytes from neural progenitor cells (Zhou et al., 2001). A strong cellular response to
the initial SHH signal is what allows the co-expression of both genes (Danesin et al., 2006). 
In our experimental system, when the neural progenitor cells made from iPSCs were activated by SHH, the
cells with trisomy 21 expressed more OLIG2 and less NKX2.2 than the control cells (Klein et al., 2022). OLIG2
is located on chromosome 21 which might be the cause of the increased OLIG2 expression. However, it has
also previously been reported that trisomic cells are less responsive to SHH signaling (Roper et al., 2006).
Indeed, when we increased the strength of the SHH signal in our cell culture, the amount of OLIG2 and
NKX2.2 expression was the same between the trisomic and control cells even though OLIG2 was still
triplicated (Klein et al., 2022). This initial change in expression of two important genes may alter the proportion
of different cells in the brains of people with Down syndrome. It has previously been reported that there are
more inhibitory neurons in the brains of people with Down syndrome which might be driven by the prolonged
independent expression of OLIG2 and NKX2.2 It is also possible that there is a delay in oligodendrocyte
production as there needs to be a stronger response to the SHH signal before they are made. Together these
early changes may start the alterations in cell proportion that contribute to the intellectual disability. 
 
Changes in oligodendrocyte maturation in Down syndrome 
While oligodendrocyte development begins by responding to a SHH signal, full production and maturation of
the cells is a long process. When we assessed the number of oligodendrocytes produced by the end of the
differentiation process, there was no change in the final number produced between our cells with and without
trisomy 21. However, after we allowed them to mature, we did find a significant decrease in the number of
mature oligodendrocytes in the cells with trisomy 21 (Figure 2). This is important as only fully mature
oligodendrocytes will produce the myelin needed to insulate the neurons. If the cells with trisomy 21 are not
able to mature correctly to produce myelin, this might be the ultimate cause of the decreased white matter in
the brains of people with Down syndrome. More work is needed to understand what is driving the maturation
changes, but it is an exciting direction of study.  
 
Take home messages:

Myelin, the electrical insulator of nerve fibers in the brain, is decreased in Down syndrome and may
contribute to the intellectual disability.
The decrease in white matter might be caused by a maturation deficit in oligodendrocytes, the cells that
make white matter
The formation of white matter is a process that occurs throughout childhood and adolescence making it
a viable therapeutic target. There are several FDA approved drugs that are in clinical trials to test if they
increase white matter in Multiple Sclerosis.
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- Scientific review looking at the contribution of white matter to Alzheimer’s Disease.
 

Figure 1 – Myelin is the electrical insulator of nerve fibers in the brain
Oligodendrocytes (purple) produce a special cell membrane that tightly wraps around neurons (yellow) called
myelin. This combination of neurons and myelin is called white matter. Myelin acts as an electrical insulator
and speeds electrical communication between neurons. (Figure produced in BioRender: CB27GW63OL)

 
Figure 2 – Decreased maturation of oligodendrocytes with trisomy 21
The euploid oligodendrocytes (left) show an increased amount of O4 staining compared to oligodendrocytes
with trisomy 21 (right). O4 is a marker of maturing oligodendrocytes.
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