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Investigating Basic Mechanisms in Early Brain 
Development to Discover New Treatment Avenues
by Stacey Aggarwal

Kathleen Millen is interested in 
the genetic basis of early brain 
development, with particular focus 
on the developing cerebellum. 
Her lab uses the synergy of both 
human and mouse genetics to 
identify genes causing cerebellar 
malformations and define the 
underlying developmental 
processes necessary for normal 
development.  

Developmental pathways give us insight into the etiology and mechanisms 
underlying disorders. A better understanding of early brain development and the 
fundamental mechanisms that result in brain malformation and neurodevelopmental 
disorders will help us provide appropriate interventions and improve the quality of life 
of those affected. Kathleen Millen, PhD, professor of pediatrics, associate director 
for the Center for Integrative Brain Research, and CHDD research affiliate hopes her 
work will do just that. In two complementary research projects, Millen plans to study 
the molecular changes that occur in the human brain during early development. She 
hopes that “by studying structural brain malformations in humans, we can generalize 
fundamental, basic biological principles that are applicable to a much broader range 
of neurodevelopmental disorders.” These projects build upon previous work carried 
out with collaborators William B. Dobyns, MD, and Ghayda “Rayda” Mirzaa, MD, 
both CHDD affiliates, who made crucial discoveries on the genetics of human brain 
malformations. She also credits the talented group of scientists in her lab including 
Parthiv Haldipur, PhD, Kimberly Aldinger, PhD, and Achira Roy, PhD who lead these 
projects.

Defining Human Brain Development with Single-Cell 
Transcriptomics

With these ambitious projects, Millen and her team hope to pave the way for a 
better understanding of the molecular changes that occur during normal human brain 
development. Right now, “we don’t know what normal [development] looks like,” says 
Millen, discussing why these studies are important. To achieve this, she is taking a 
stepwise approach to look at both morphology and gene expression of the developing 
cerebellum, a region of the brain located at the back of the skull important in regulating 
coordinated motor and cognitive functions. First, Millen and her team are rigorously characterizing the morphological events that 
occur in human cerebellar development. This will provide a first-ever insight into when and where these brain cells are generated 
and how they mature. Ultimately, these findings will define how and when the human cerebellum achieves its structure and 
shape.

Next, Millen plans to capture molecular snapshots of important developmental genes over time using single-cell 
transcriptomics, a high-throughput technique that can identify and quantify thousands of transcribed genes (mRNA) in a single 
cell. This work will be done in collaboration with Georg Seelig, PhD, associate professor of electrical and computer engineering. 
Single-cell analysis will generate a rich set of data that will allow Millen to map gene expression changes to specific cerebellar 
regions over time. Finally, both morphological and transcriptomic findings will be related to cerebellar malformations observed 
clinically in children. The group has already identified several human-specific features of cerebellar development, sparking a 
reassessment of currently held theories on the causes of cerebellar related disorders. Millen hopes that this detailed roadmap  
 of brain development will uncover new treatments and interventions for those affected by developmental disorders.



Genetics Reveal New Avenues for Epilepsy Treatment
As part of the collaboration with Drs. Dobyns and Mirzaa mentioned above, the Millen group generated mice with disease-

causing mutations in PIK3CA, the gene that encodes PI3K. PI3K is a kinase important for signaling pathways related to cell 
growth. Overactivity of this protein during development causes human brain overgrowth syndromes such as focal cortical 
dysplasia, the most common cause of drug treatment-resistant epilepsy in children. These PIK3CA mutant mice developed by  
the Millen group have epilepsy and other clinically relevant phenotypes. Importantly, Millen determined that seizures were 
reduced with treatment of PI3K inhibitors, a class of drugs not previously considered for epilepsy therapeutics. The group is now 
delving deeper into PI3K-dependent epilepsy to define the mechanisms driving seizures and to identify the most appropriate 
drugs to treat them.

The Millen group will use electrophysiology to identify ion channels that may be involved in epilepsy using cells in culture and 
brain slices of the PIK3CA mutant mice. Electrophysiology recordings and analysis will be done in collaboration with Jan-Marino 
“Nino” Ramirez, PhD, professor of neurological surgery, director for the Center for Integrative Brain Research, and CHDD 
research affiliate. Millen will also work with Franck Kalume, PhD, associate professor of pediatrics, principal investigator at the 
Center for Integrative Brain Research, and CHDD research affiliate to fully define the etiology of seizures observed in post-natal 
PIK3CA mutant mice. 

Millen hopes that this collaborative and multi-disciplinary approach to characterizing mouse PI3K-related seizures will 
translate to the clinic. She notes that a multitude of PI3K inhibitors have been independently developed as anticancer drugs. 
The Millen group is working hard to repurpose these drugs to treat epilepsy. “If the seizures in mice are related to the intractable 
seizures observed in humans, these inhibitors could provide a simple and accessible treatment option for individuals with these 
clinically important genetic disorders,” Millen says.

Unexpected Successes: Hydrocephalus
The Millen lab’s work on the PIK3CA mutant mice has unexpectedly led to a potential new treatment for hydrocephalus. 

Hydrocephalus is an abnormal accumulation of cerebrospinal fluid within the cavities or ventricles of the brain. The accumulated 
fluid puts pressure on the brain and can cause significant brain damage if untreated. Hydrocephalus treatment usually involves 
the surgical placement of a shunt to reduce fluid pressure. Unfortunately, shunts are prone to a high failure rate (up to 50% in the 
first year), often necessitating a lifetime of shunt revision surgeries. New therapeutic strategies are urgently needed. 

Hydrocephalus due to abnormal brain development is seen in children with PI3K disorders. The Millen lab recently found 
that a developmental defect of the ventricle linings leads to hydrocephalus in their PIK3CA mice. This defect could be treated 

with yet another class of repurposed drugs. Premature 
children without these genetic disorders can also develop 
hydrocephalus related to brain bleeds. Millen notes, “In 
our mouse model of this PI3KCA genetic disorder, we’ve 
found a molecular pathway that causes hydrocephalus 
and a therapeutic that diminishes hydrocephalus. We think 
that that exact same mechanism causes hydrocephalus 
after brain bleeds associated with premature birth. This 
same drug might be effective for this condition as well.” 
Last year, Millen received the “Hydrocephalus Association: 
2018 Innovator Award” for her work to test this connection 
and is eager to generate preclinical data for eventual 
clinical trials.
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CHDD is an interdisciplinary center dedicated to the prevention and amelioration of developmental disabilities through research, training, 
clinical service, and community outreach. CHDD includes the University Center of Excellence in Developmental Disabilities and the Eunice 
Kennedy Shriver Intellectual and Developmental Disabilities Research Center. 
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