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Abstract
The development of the skull, meninges, and brain are highly integrated and
regulated by signaling pathways that crosstalk with surrounding tissues.
Twist1 is a transcription factor that is involved in the development of cells
that give rise to bone and other craniofacial tissues. Mutations in Twist1 have
been noted in some patients with craniosynostosis, a disorder that causes
skull dysplasia due to premature fusion of cranial sutures. Some patients have
brain malformations, although it is not clear how these occur because Twist1
is not expressed in the developing brain. In Twist1 craniosynostosis disease
models, we noticed that the leptomeninges were strikingly hypoplastic. The
leptomeninges secrete basement membrane proteins that are critical for
radial glia attachment and cortical neuron migration, we hypothesized that
loss of Twist1 would cause defects to pial basement membrane development
and abnormal migration of neurons. To evaluate the extent of pial basement
membrane defects, immunohistochemistry was performed on brain tissue
sections to visualize extracellular matrix (ECM) proteins. Immunostaining for
the ECM protein Laminin-a1 showed significant pial basement membrane
breaks in mutants. Additionally, immuno-histochemistry was performed to
examine the cortical layers and look at cell migration. Staining for Reelin and
CTIP2 showed inconsistent cortical layering in Twist1 mutant mice and the
over-migration of deep-layer neurons into superficial layers. Our results
suggest Twist1 is required for proper development of the leptomeninges and
cortex in addition to its classical role for skull development.

Background
• Craniosynostosis is a birth defect, in which the bones of the skull in an 

infant join too early, resulting in a malformed skull and elevated 
intracranial pressure. It is estimated to occur in about 1 in every 2,500 
babies born.

• Some craniosynostosis patients have been noted to have a mutation in the 
Twist1 gene.

• The Twist1 gene codes for a transcription factor that is significant for early 
development. Twist1 proteins are essential for the formation of cells that 
differentiate into bone, muscle, and other craniofacial tissues. Prior 
research has shown severe craniofacial malformations in mice with Twist1 
mutations.

• There are three layers of meninges 
covering the brain: the dura mater, 
the arachnoid mater, and the pia mater. 

• The pial basement membrane is where 
radial glial cells attach to guide neuron 
migration during early development. 
In our conditional Twist1 Sma22-Cre mutants we have seen signs of 
meningeal hypoplasia, leading us to ask if the pial basement is properly 
formed and if this affects neural migration. 

Future Direction
• We will use the application “ImageJ” to quantify the extent of neuron over-migration that was observed in our 

immunostaining of CTIP2 layer V neurons. Our hypothesis that neuron migration was disrupted due to Twist1 
mutations was confirmed by immunostaining for deep layer neurons. We noted that these deep layer neurons 
migrated to more superficial layers in Twist1 mutants and hope to quantify the extent of over-migration.

• We hope to immunostain for markers for layers II-IV and VI of the cortex in order to understand the extent of 
abnormal neural migration. We also plan to assess whether there are any changes in cortical neuron proliferation. 

• We also plan to evaluate whether there are region-specific changes, or if these abnormalities are generalized 
throughout the cortex.

• Additionally, we plan to continue working on characterizing Twist1 expression in developing cranial mesenchyme and 
meningeal malformations in Twist1: Sm22a-Cre mutants. We hope to define the developmental stages during which 
Twist1 signals to regulate meningeal development so we can better understand signaling interactions between the 
meninges and brain.
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Results
Twist1 mutations are associated with pial basement membrane breaks and the over-migration of deep-layer neurons

Figure 1. (A) Laminin–a1(red) immunostaining of the pial basement membrane of Twist1 CKO/WT mouse. (B) Laminin-a1 
immunostaining of the pial basement membrane of Twist1 CKO/CKO; Sma22-Cre mouse.  (C)  Reelin (green) and CTIP2 
(red) immunostaining on Twist1 CKO/WT mouse. (D) Reelin and CTIP2 immunostaining on Twist1 CKO/CKO; Sma22-Cre 

mouse

Methods and Materials
• Mice Crosses: We were able to target and knock out Twist1 in mice by 

using Sma22-Cre, which is active in the leptomeninges and in bone. We 
took mice in which the Twist1 coding exon was flanked by loxP sites 
(Twist1 CKO/CKO) and crossed them with Sma22-Cre, allowing us to 
effectively delete Twist1 (Twist1 CKO/CKO: Sm22a-Cre) in the 
leptomeninges and bone. By doing so, we were able to evaluate 
whether loss of Twist1 in the leptomeninges caused secondary changes 
to brain development.

• Sectioning: In order to section E18.5 embryos, they were embedded in 
paraffin and sectioned at 20  microns in on a microtome.

• Immunohistochemistry: IHC was performed using primary and 
secondary antibodies in order to label neurons and extracellular matrix 
proteins. Laminin, an extracellular matrix protein, was stained for to 
observe any defects in the pial basement membrane. Reelin is also an
secreted protein that is associated with neuron migration. It marks 
Cajal-Retzius cells in Layer I. CTIP2 is a marker for layer V neurons in the 
cortex and was stained for to observe any migration defects. 

• Mounting and Imaging: Confocal microscopy was used to image brain 
sections at an objective of 20x.
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