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ABSTRACT 
 

Transcriptional regulation of subcerebral cortical projection neurons at multiple 

steps of mammalian cortical development 

By 

Tracy Marie MacDonough 

 

 The highly complex and specialized functions of the mammalian cortex rely 

on precise temporal development and organization of the diverse neuronal cell types 

found within by multiple cellular processes. A complete understanding of the 

molecular mechanisms regulating these events remains elusive. Given that many 

genes and cellular processes are conserved from mouse to human, I utilize the 

mammalian cerebral cortex in Mus musculus, as a model system for studying cortical 

development. Here, I present results from a detailed characterization of the 

transcription factor Myocyte Enhancing Factor 2C (Mef2c) during postnatal mouse 

cortical development. Mef2c, considered an upper layer gene, is expressed in all 6 

layers of the cerebral cortex including a subpopulation of corticofugal projection 

neurons. Given its expression pattern in the cortex and previously identified functions 

in myocyte and CNS development, we hypothesized that Mef2c was a key regulator 

of neocortical development. Cell type specific and temporal expression analysis 

revealed that MEF2C is expressed in subcerebral projection neurons throughout 

corticogenesis. Using a conditional loss-of-function approach, we compared cortical 

development of control (Mef2ccontrol) and conditional knock out (Mef2ccKO) mice to 
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identify the role of Mef2c. Results revealed that MEF2C expression pattern is similar 

to that of SATB2 and is in part positively regulated by Satb2. We showed that 

MEF2C is expressed in subcerebral neurons and is partially required to promote and 

maintain the identity of these neurons into early postnatal ages. Furthermore, we 

showed that MEF2C is required for axonal outgrowth of subcerebral projection 

neurons, such that Mef2ccKO brains displayed a significant loss of axon projections to 

subcerebral targets compared to Mef2ccontrol. Additionally, callosal neuron distribution 

analysis suggested that MEF2C acts to inhibit a callosal cell identity in deep layer 

neurons. Together, these data indicate the broad yet critical roles for Mef2c during the 

organization and development of the mouse cerebral cortex. 
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CHAPTER 1 
 
Introduction 
 
1.1 Organization and development of the mammalian cerebral cortex 
 
 The mammalian central nervous system (CNS) includes the brain and the 

spinal cord and originates from the ectoderm layer of a developing embryo. Once 

gastrulation has occurred, neural induction of the embryo results in the formation of 

the neural plate, which are a subset of ectodermal cells that are specified for a neural 

lineage fate (Stern, 2005; Gilbert, 2010). The neural tube is then generated via 

invagination of the neural plate after formation by neural inducers and upon receiving 

signals from the notochord. The anterior region of the neural tube will give rise to the 

brain and the posterior region of the neural tube will give rise to the spinal cord 

(Karfunkel, 1974; Copp et al, 2003). The brain will then undergo sequential steps of 

differentiation wherein the rostral region generates the telencephalon while signals 

from different areas of the developing brain are responsible for ensuring proper 

specification and patterning of the cortex (Kudoh et al, 2002).  

The mammalian cerebral cortex develops as the result of a highly coordinated 

series of events during embryogenesis. However, the exact molecular mechanisms 

governing this process are only partially understood. The cerebral cortex is organized 

into layers that are generally composed of neural stem/progenitor cells, excitatory 

cortical projection neurons and inhibitory interneurons (Peters and Jones, 1984; 

Ramon y Cajal, 1995, Molyneaux et al, 2007). Together with glial cells, the cortex is 

responsible for our higher order functions including sensory perception, 
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consciousness and spatial awareness (Finlay and Darlington, 1995). The field of 

neuroscience has for over 100 years focused on categorizing the multiple different 

cell types found within the cerebral cortex, how each cell type is generated and how 

they function and interact with each other to form neural connections. 

Interneurons are produced in ventral regions and migrate into the cortex where 

they disperse (Wonders and Anderson, 2006). Many subclasses of neural stem cell 

and progenitor cells reside in the proliferative zone at the apical surface lining the 

lateral ventricle of the cerebral cortex (Heins et al, 2002; Pontious et al, 2008, Lui et 

al, 2011). The proliferative zone is composed of the ventricular zone (VZ) and the 

subventricular zone (SVZ) and is where excitatory projection neurons are born 

(McConnell, 1991; Caviness and Takahashi, 1995, Lui et al, 2011). Each subtype of 

cortical projection neuron share distinct molecular expression profiles, morphological 

characteristics, birthdays, functions and laminar positions (O’Leary and Koester, 

1993; McConnell, 1995). 

Cortical development occurs in sequentially overlapping waves wherein 

subtypes of cortical projection neurons are born in the proliferative zone and migrate 

radially into the cortical plate, with each subsequent subtype traversing past the 

previous born subtype. In this way, the cerebral cortex is generated in an inside-out 

fashion (Caviness, 1982; Molyneaux et al, 2007; Leone et al, 2008). Initially, the 

earliest born cortical neurons migrate up to form the preplate. Neural stem/progenitor 

cells then give rise to subsequent subtypes of cortical projection neurons, which 

results in the splitting of the preplate into the marginal zone and subplate 
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(Allendoerfer and Shatz, 1994). The marginal zone serves as the most superficial 

layer of the developing cerebral cortex and the place where Cajal-Retzius cells reside 

(Meyer et al, 1998; Hevner et al, 2001). The cortical plate will ultimately comprise 

six layers of distinct cortical projection neurons and begins to develop at embryonic 

day 11.5 (E11.5) in mice (Angevine and Sidman 1961). Early born neurons (E11.5-

E13.5) migrate up radial fibers into the cortical plate where they form the deep layers 

of the mature cortex, layers five and six. As generation of deep layer neurons 

concludes, the generation of later born neurons (E14.5-E16.5) begins. Late born 

cortical neurons will use the neural progenitor radial fiber as a scaffold to migrate 

past deep layer neurons to form more superficial layers, four, three and two (Rakic, 

1972; O’Leary and Koester, 1993; McConnell, 1995; Britanova et al, 2006).  

Temporal regulation of neurogenesis by neural stem/progenitor cells is crucial 

for proper formation of the cerebral cortex and for the generation of all neuronal 

subtypes found within the cortex. There are still many deficiencies in our 

understanding of just how molecular and temporal signals regulate the laminar 

composition of the cortex particularly the network of genes that are involved in this 

tight regulation. In chapter 2 of this thesis, I investigate a potential molecular 

regulator of cortical composition and development. 

 

1.2 Two classes of cortical projection neurons: Corticofugal and Corticocortical 

 Over 100 years ago, Santiago Ramon y Cajal discovered the vast diversity of 

neuronal subtypes in the human brain by performing Golgi staining and 
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morphological studies. He classified them based on cell morphology, laminar position 

within the cortex and by their axonal targets. He also compared cortical tissue 

between mouse and human and found similarities between the two species with 

respect to neuronal morphology and axonal targets. This suggested neuronal subtypes 

are well conserved across species (Ramon y Cajal, 1899). This extraordinary 

revolutionary finding helped establish the mouse as a model system for the study of 

CNS composition and function. 

Cortical projection neurons are defined as postmitotic cells produced by 

neural progenitors in the VZ and SVZ. Projection neurons then migrate into the 

cortical plate and begin extending processes, which will in turn mature into the 

neuron’s primary axon and dendrites. Excitatory projection neurons are 

distinguishable from all other neuronal subtypes in the cortex by their distinctive 

pyramidal shaped cell body that reside within the six-layered cortex. Their dendrites 

primarily make local connections with the superficial surface of the cortex while 

axons will make long distance connection with various regions of the brain including 

the other hemisphere of the cortex itself (Caviness and Takahashi, 1995; Leone et al, 

2008; Martynoga et al, 2012). 

Cortical projection neurons can be broadly classified into two classes: 

Corticocortical and Corticofugal. There is a very strong connection between these two 

broad classes and their axon targets, their laminar position within the cortex, 

molecular identities and birthdays as well as their morphological features 

(McConnell, 1995; Molyneaux, 2007; Franco et al, 2013). 
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Corticocortical projection neurons are defined by axonal connectivity between 

two regions of the cortex. They include intracortical and intercortical (callosal) 

projection neurons. Callosal projection neurons expressing transcription factors such 

as Satb2 and Bhlhb5 extend their primary axons contralaterally via the corpus 

callosum (McConnel, 1995; Britanova et al, 2006). The highest concentration of 

callosal projection neurons can be found in cortical layers two through four, however 

they are also present in lower concentrations in deeper layers five and six. The 

generation of callosal neurons begins as early as E13.5, but peaks at E15.5 and 

persists throughout the remainder of corticogenesis through E18.5 (McConnell, 1995; 

Molyneaux, 2007; Franco et al, 2013). 

Corticofugal projection neurons are usually located in the deeper layers of the 

cerebral cortex, layers five and six, and are characterized by the extension of axons 

out of the cortex to other regions of the brain and spinal cord. They are additionally 

classified as corticothalamic and subcerebral neurons. Corticothalamic neuron 

generation in mouse embryonic development begins at E11.5 and peaks at about 

E12.5 (Hevner et al, 2001). Corticothalamic cells primarily reside in cortical layer six 

and project axons to different thalamic nuclei. One marker for corticothalamic 

neurons is T-box brain 1 (Tbr1) and is specifically expressed in corticothalamic 

projections neurons in the cortex (Hevner et al, 2001, McKenna et al, 2011). 

Subcerebral neuron generation begins at E11.5 and peaks at E13.5. These neurons 

primarily reside in cortical layer five and project axons to the brain stem and spinal 

cord and express molecular markers such as Forebrain embryonic zinc finger-like 
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protein 2  (Fezf2) and COUP-TF-interacting protein 2 (Ctip2). The cell bodies of 

subcerebral neurons are the largest and are easily distinguishable in the deepest 

regions of the cortex (O’Leary and Koester, 1993; McConnell, 1995, Moleneaux et al, 

2007). 

It is clear that the specialized functions of the cerebral cortex are a direct 

result of the highly diverse populations of cortical projection neurons found within. 

Identifying molecular mechanisms that regulate the production of projection neurons 

is crucial to the understanding of cortical development. Transplantation studies using 

newly born neurons showed that they maintain the molecular identity needed for 

migration into the proper laminar position corresponding to its birthdate irrespective 

of the environment (McConnell and Kasnowski, 1991; Frantz and McConnell, 1996; 

Desai and McConnell, 2000). These pioneering studies raised the interesting notion 

that the molecular code is bestowed upon a cortical neuron at the level of neural stem 

and progenitor cells and is carried throughout the lifespan of the post-mitotic neuron. 

I address this question in Chapter 2 by using a loss-of-function approach and a 

transgenic mouse model. 

 
1.3 Subclasses of neural stem cells and progenitor cells 
  
 Three main subclasses of neural stem and progenitor cells are present during 

cortical development: neuroepithelial cells, radial glia cells and basal progenitors, 

also known as intermediate progenitors. Neural stem cells and progenitors share 

similar characteristics but are divided into subclasses based on unique features such 

as laminar position within the proliferative zone, molecular identity, morphology and 
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differentiation potential. They also differ in their temporal abundance and the type of 

cell division they undergo, symmetric or asymmetric (Noctor et al, 2004, 2007b; 

Pontius et al, 2008; Shitamukai et al, 2011; Wang et al, 2011a). 

Neural stem cells (NSC) have the ability to self-renew and the potential to 

differentiate into many different cell types via asymmetric division. Neuroepithelial 

cells were initially identified in the neural tube as a single sheet of stratified cells that 

line the ventricular lumen. They then undergo multiple rounds of symmetric division, 

which results in the expansion of the NSC pool. At embryonic days 9.5-11.5 (E9.5-

11.5) a small number of NSC will then undergo asymmetric division to generate both 

multipotent neural progenitors and the earliest born cortical projection neurons. This 

is also the time when neuroepithelial cells start to express molecular markers such as 

Vimentin and Nestin (Noctor et al, 2004). Once these markers are expressed, 

neuroepithelial cells begin their transformation into radial glial cells (McKay, 1997). 

Radial glial cells (RGC) are neural stem cells that undergo cell division in the 

ventricular zone of the cortex and can also be identified by unique molecular markers 

such as Paired box homeotic gene 6 (Pax6) and SRY-Box2 (Sox2). They were first 

identified in the late 20th century as being NSCs that are bipolar, and pseudostratified 

and divide at the cortical VZ (Bentivoglio and Mazzarello, 1999). They are most 

abundant between embryonic days 11.5-15.5 (E11.5-15.5), however they are present 

for the duration of cortical neurogenesis. Radial glial cells have an apical process that 

attaches to the ventricular surface and a basal process that extends all the way to the 

pial surface. Radial glial cells, like neuroepithelial cells, can undergo asymmetric 
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divisions that yield a RGC daughter cell and either a cortical neuron or a basal 

progenitor as well as symmetric divisions that results in self renewal and thus an 

expansion of the RGC pool (Kriegstein and Götz, 2003; Götz and Barde, 2005; 

Noctor et al, 2004, 2007b; Malatesta et al, 2008). Additionally, whereas 

neuroepithelial cells are thought to only produce the earliest born cortical neurons that 

will reside in the deepest layers of the cortex, RGCs have the potential to differentiate 

into all known cortical projection neuron subtypes (Götz and Barde, 2005; Guo et al, 

2013; Eckler et al, 2015). 

Although radial glial cells are restricted to the VZ of the cortex, their cell 

bodies exhibit movement along the apical-basal axis dependent upon the phase of the 

cell cycle. RGC bodies contact the ventricular surface during Mitosis (M-phase), and 

move upward toward the cortical plate during growth phase 1 (G1-phase). As it 

reaches the basal VZ, it begins DNA synthesis (S-phase) and finally heads back down 

toward the apical surface during growth phase 2 (G2-phase) (Noctor et al, 2004; Götz 

and Huttner, 2005; Taverna and Huttner, 2010). Radial glial cells also express 

specific molecular markers depending on the phase of the cell cycle. For instance, 

during Mitosis (M-phase) they are marked by the expression of cytoplasmic 

phosphorylated-vimentin and by nuclear phosphorylated-histone H3 (Götz et al, 

1998; Heins et al, 2002; Noctor et al, 2007b; Gomez-Lopez et al, 2011). 

Basal progenitors, also known as intermediate progenitors, were originally 

identified in the 20th century and considered neural progenitors that undergo cell 

division away from the ventricular surface (Bentivoglio and Massarello, 1999). 
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Recent studies have expanded this original observation including time-lapse imaging 

of slice cultures of the cortex using fluorescently labeled neural progenitors to reveal 

a subset of neural progenitors that appeared to divide in the basal ventricular zone and 

only produced cortical neurons, something radial glial cells are not limited to (Miyata 

et al, 2004; Noctor et al, 2004; Molyneaux et al, 2007). Basal progenitors are first 

present at the onset of neurogenesis and are generated by RGCs. They then move 

away from the ventricular surface to begin forming the Sub Ventricular Zone (SVZ). 

Unlike RGCs, basal progenitors are multipolar thus they lack an apical and basal 

process however similar to RGCs, basal progenitors exhibit M-phase molecular 

markers such as phosphorylated-vimentin and phosphorylated-histone H3 albeit in the 

SVZ. They also express unique molecular markers such as T-box brain 2 (Tbr2) and 

subventricular-tag 1 (Svet1) (Arnold et al, 2008; Sessa et al, 2008; Kowalczyk et al, 

2009). 

Cell division of basal progenitors is primarily symmetric, resulting in the 

production of two cortical neurons; however, a small fraction of cell divisions may 

yield two basal progenitor daughter cells (Haubensak et al, 2004; Noctor et al, 2004, 

2007b; Basak and Taylor, 2007; Farkas and Huttner 2008). Basal progenitors are 

most abundant during mid to late corticogenesis (E13.5-E15.5). Like RGCs, basal 

progenitor cells have the potential to generate all cortical neuron subtypes present in 

the mature cerebral cortex. Radial glial cells greatly outnumber basal progenitors 

during the early stages of corticogenesis, however most neurogenic divisions that 

result in the production of neurons are by basal progenitor cells, suggesting RGCs 
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mainly function to expand the progenitor pool, thereby expanding the number of 

basal progenitors thus vastly expanding the source of neuron producing progenitors 

via symmetric divisions (Tarabykin et al, 2001; Noctor et al, 2004, 2007b). 

 
1.4 The transcription factor code at multiple different stages of cortical 
development 
 
 Extensive work has gone into identifying the genes that are required for 

embryonic brain development. Patterning of the telencephalon, the earliest precursor 

of the mature brain, is tightly regulated by molecular cues such that transcription 

factors Neurogenin 1 and Neurogenin 2 (Ngn1 and Ngn2) mediate its specification 

into dorsal and ventral fates by suppression of Mash1, a ventralizing factor (Fode et 

al, 2000). The dorsal telencephalon is then further specified by LIM homeobox-2 

(Lhx2) into the cortical VZ and other early dorsal structures while bone morphogenic 

proteins (BMPs) mediate the expansion of the ventricular zone. Empty spiracles 

homeobox-1/2 (Emx1 and Emx2), Paired box homeotic gene 6 (Pax6), FOG family 

member-1 (Fog1) and T-cell leukemia homeobox-1 (Tlx1) are transcription factors 

critical for forebrain regionalization by promoting neural progenitor proliferation and 

suppressing differentiation. Loss of any one of these factors results in either 

ventralization of the telencephalon or the elimination of neural stem cells and 

progenitor cells (Monuki et al, 2001; Muzio et al, 2002). Other morphogenic 

pathways like Notch and Sonic Hedghog (SHH) also contribute to the early patterning 

of the telencephalon such that Notch relays signals that affect neuronal progenitor 

maintenance and Sonic Hedghog promotes the expression of transcription factors in 
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the Homeobox gene family along particular regions of the neural tube and further 

regulates neural progenitor proliferation (Echelard et al, 1993; Dahmane et al, 2001; 

Grandbarbe et al, 2003). The combination of expression of these genes as well as 

their temporal expression controls the regulation of downstream targets that are 

responsible for the cell fate of cortical projection neurons during corticogenesis. 

 Gene expression analysis and the creation of transgenic mouse lines have 

greatly contributed to the identification of neuronal subtype and laminar specific 

transcription factor markers in the developing cortex. The earliest born neurons in the 

developing cortex are Cajal-Retzius cells and are marked by the expression of Reelin 

and Tbr1 (Hevner et al, 2001, 2006; Molyneaux et al, 2007).  The expression of Tbr1 

also marks corticothalamic neurons in layer six of the cortex along with Forkhead box 

P2 (Foxp2) however, when the transcription factor Forkhead Box G1 (Foxg1) is 

mutated there is a resulting increase in Cajal-Retzius neurons and a loss of 

corticothalamic neurons, suggesting Foxg1 is required to promote the generation of 

corticothalamic neurons and to suppress Cajal-Retzius neuron specification 

(Hanashima et al, 2004; McKenna et al, 2011). B-cell CLL/lymphoma 11B (Ctip2) is 

expressed in the cortex in a spatially dependent manner with high expression levels 

marking layer five subcerebral neurons and low expression marking layer 6 

corticothalamic neurons (Arlotta et al, 2005; Chen et al, 2005; Chen et al, 2008). Ets 

variant 1 (Er81) is also expressed in a subpopulation of subcerebral neurons in layer 5 

along with neural progenitors suggesting a potential role as a fate determinant of 

subcerebral neurons. Cut-like homeobox 1/2 (Cux1/2), POU class 3 homeobox-3 1/2  
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(Brn 1/2) and Lhx2 are expressed in layers 2-4 and are implicated in neuronal 

differentiation and migration, with Brn1/2 knock out animals displaying a loss of 

upper layer neurons and defects in neuronal migration so as to be ectopically 

positioned inside the proliferative zone rather than the upper layers of the cortex. 

Cux1/2 is also expressed in a small portion of radial glial cells, suggesting that is 

plays a role in differentiation of Cux1/2 expressing upper layer neurons (Nieto et al, 

2004; Molyneaux et al, 2007; Leone et al, 2008).  

 Two important genes first identified as regulating a subcerebral projection 

neuron fate are FEZ family zinc finger 2 (Fezf2) and Ctip2. Both are preferentially 

expressed in subcerebral neurons that reside in layer 5 of the cortex with Fezf2 also 

expressed in RGCs that reside in the VZ. Loss of function studies reveal Ctip2 is 

required for the proper formation of the cortical spinal tract (CST) due to a loss of 

cortical spinal motor neurons in Ctip2 knock out mice. The CST is also completely 

lost in Fezf2 knock out mice, as well as expression of Ctip2 in many other deep layer 

specific cortical neuron markers, suggesting Fezf2 is upstream of Ctip2 in a genetic 

pathway that regulates CST formation and subcerebral fate specification. 

Interestingly, the callosal projection marker Satb2 is upregulated in Fezf2 deficient 

mice along with ectopic projection of axonal projections to alternate areas of the brain 

(Arlotta et al, 2005; Chen et al, 2005; Molyneaux et al, 2007; Chen et al, 2008; Guo 

et al, 2013). Overexpression of Fezf2 in wild type cortices at the developmental time 

when callosal neurons are produced results in a redirection of those axons toward 
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subcerebral targets, suggesting that Fezf2 is a fate determinant of subcerebral neurons 

(Chen et al, 2008). 

 The fates of cortical projection neurons are also regulated by other 

transcription factors including Special AT-rich sequence-binding protein 2 (Satb2) 

and Tbr1. Repression of Ctip2 by Satb2 promotes a callosal neuron identity, whereas 

ectopic expression of Satb2 in deep layer neurons results in a fate switch toward a 

callosal identity with axons redirected across the corpus callosum (Alcamo et al, 

2008; Britanova et al, 2008; Chen et al, 2008; McKenna et al, 2015). Tbr1 was also 

found to regulate the fate of cortical projection neurons, specifically the identity of 

corticothalamic projection neurons that reside in layer 6 (McKenna et al, 2011). 

  
1.5 Myocyte Enhancing Factor 2c (Mef2c) 

  First identified in the late 1980s as essential regulators of skeletal muscle 

transcription as well as muscle development in all muscle lineages including the 

heart, Myocyte Enhancing Factor 2 (MEF2) proteins have more recently been 

established as transcriptional regulators, possessing structural features that enable 

different modes of transcriptional modulation (McDermott et al, 1993; Martin et al, 

1994; Molkentin et al, 1996; Black and Olson, 1998). The MEF2 family consists of 

four genes, Mef2a, Mef2b, Mef2c and Mef2d, with most vertebrate genomes 

containing at least four MEF2-encoding genes, whereas simpler animals such as 

Drosophila melanogaster contain only a single Mef2 gene (Olson et al, 1995; 

Davidson, 2007). MEF2 family members are also highly expressed in neurons of the 

central nervous system. In vertebrates, each MEF2 protein exhibits a unique temporal 
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expression pattern in different regions of the brain (Leifer et al, 1993; McDermott et 

al, 1993; Leifer et al, 1994; Lyons et al, 1995; Ikeshima et al, 1995; Mao et al, 1999). 

The timing of MEF2 expression in neurons is consistent with a role in neuronal 

differentiation and maintenance. In the mouse brain, Mef2c transcripts are first 

detected in the telencephalon. This region of the brain is one of the first to begin 

differentiation thus, the timing of mRNA transcripts of Mef2 family members is 

consistent with neurons existing the cell cycle and entering differentiation (Lyons et 

al, 1995). Mef2 mRNA transcripts are present in overlapping regions of the neural 

tube with Mef2a highly expressed in the dorsal region, Mef2c highly expressed in the 

ventral region and Mef2d evenly distributed along the neural tube. As neurogenesis 

progresses, each Mef2 family member exhibits a dynamic expression pattern in the 

brain suggesting different Mef2 family members perform unique roles during 

different stages of neuronal maturation (Heidenreich and Linseman, 2004).  

  MEF2 transcription factors contain an N-terminal 56 amino acid MADS-box 

domain that serves as the minimal DNA binding domain. The MADS box is a highly 

conserved structural motif involved in the regulation of homeotic fate, growth, and 

differentiation in many organisms (Yu et al, 1992; Ng and Yanofsky, 2001; Moore et 

al, 2002; Yun and Wold, 1996). Adjacent to that is a 29 amino acid Mef2 domain that 

mediates high-affinity DNA binding and homo- and hetero-dimerization with other 

MEF2 proteins. MADS box proteins generally bind A/T rich DNA sequences and 

MEF2 proteins preferentially bind the consensus sequence CTA(A/T)4 TAG/A 

(Black and Olson, 1998). MADS box and MEF2 elements are broadly involved in 
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DNA binding, dimerization with other MEF2 proteins and basic helix-loop-helix 

(bHLH) transcription factors, and interaction with various co-activators and 

repressors. The C-terminal regions of Mef2 transcription factors are highly divergent 

and highly variable within a single gene as a result of alternative splicing events. 

Mef2 primary transcripts are subjected to alternative splicing, skip splicing and 

cryptic splice site selection, which generates a large number of potential MEF2 

isoforms (Black and Olson, 1998; Zhu and Gulick, 2004; Zhu et al., 2005). MEF2 

proteins are subject to post-translational modifications such as acetylation, 

sumoylation and phosphorylation. Modifications are made to the C-terminal end of 

the protein and tend to have mutually exclusive and opposing functions in promoting 

MEF2-dependent activation or repression (Zhao et al., 2005a; Gregoire et al., 2006; 

Shalizi et al., 2006; Stankovic- Valentin et al., 2007). 

 Mef2c maps to the long arm of chromosome 5 of the human genome 

(chromosome 13 of the mouse genome), contains 3 alternatively spliced exons 

resulting in 6 splice variants that have been identified to date (Sekiyama et al, 2012). 

The three variants most widely studied are: Isoform 1 represents the longest mRNA 

transcript (1.2kb) and encodes 5 exons, 429 amino acid MEF2C protein. Isoform 2 

encodes a protein of similar length (389 a.a.) and Isoform 3 that encodes an mRNA 

transcript of approximately 1.2kb contained within 5 exons. Other isoforms of 

MEF2C remain uncharacterized. 

Preliminary in situ hybridization analysis reveals a spatio and temporal 
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restricted pattern of expression within the cerebral cortex. Moderate levels of MEF2C 

expression are evident in the cortical plate and marginal zone of the early developing 

cortex (E13.5) and persist throughout cortical development with peak expression in 

the cortical plate and upper cortical layers at birth (P0) and into postnatal stages. It 

should be noted MEF2C expression is restricted to post-mitotic cells not merely in the 

cortex but throughout the brain. MEF2C is only found in differentiating cell fields 

and remarkably absent from the neuroepithelium of the ventricular zone suggesting a 

role for Mef2c in neuronal maturation and cell identity maintenance (Caviness, 1982; 

Gardette et al, 1982; Leifer et al, 1997). 

Since the early embryonic lethality (E9.5) of Mef2c prevents an examination 

of its role in the later stages of development, conditional Mef2cloxP/loxP mice were 

generated to allow for temporal and tissue-specific analyses. Using a conditional 

knock out (cKO) approach, Mef2c exon 2, which encodes amino acids 18-86 and is 

essential for DNA binding and dimerization, was flanked by LoxP sites to allow for 

Cre recombinase-mediated removal of exon 2 and thus tissue and temporal specific 

removal of functional MEF2C (Vong et al, 2005). In a comparison of Mef2cloxP/loxP; 

NestinCre/+ and control animals, where Mef2c was conditionally removed from neural 

progenitor cells, data revealed an abnormally compacted cortical plate, clustering of 

migrating neurons in the cortical plate at E18.5, an overall reduction of brain size in 

the cKO relative to control as well as a disorganization of the cortical plate as a whole. 

Behavioral studies revealed mutant mice exhibited anxiety-like behaviors, decreased 

cognitive function and marked stereotypical paw-wringing/clasping tremors (Li et al, 
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2008). Results from my investigation into the role Mef2c plays in neocortical 

development are presented in Chapter 2: MEF2C contributes to the regulation 

and maintenance of subcerebral projection neurons and axonal projections of 

this thesis. 

 
1.6 The role of Mef2c in human health and disease 

Large deletions in chromosome 5q14-q21 manifest in patients as intellectual 

and cognitive deficits that involve significant malformations of the brain (Stoll et al, 

1980; Silengo et al, 1981; Ohdo et al, 1982; Malan et al, 2006). Deletions of 

chromosomal region 5q14.3 have recently been recognized as a new microdeletion 

syndrome that falls on the Autism spectrum. Clinical features of this syndrome 

include severe intellectual deficits, stereotyped behavior, poor eye contact, absent 

speech and brain abnormalities. The commonly deleted region identified in patients 

with 5q14.3 syndrome includes the coding sequence of Mef2c (Cardoso et al, 2009; 

Zweier et al, 2010). De novo mutations in the coding sequence of Mef2c have been 

identified in patients with similar developmental deficits as in 5q14.3 microdeletion 

syndrome patients. Thus, Mef2c is currently recognized as the gene responsible for 

5q14.3 microdeletion syndrome (Zweier et al, 2010).  

Mef2c encodes a DNA binding protein that regulates gene expression at the 

transcriptional level via chromatin modification. It is required for proper structural 

development of the corpus callosum in human patients, and for development of the 

cerebral cortex and hippocampus in mice. Mef2c is also necessary for the maturation 
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of cortical neurons and sensorimotor function (Shimojima et al, 2012; Barbosa et al, 

2008; Li et al, 2008).  

The cellular and molecular mechanisms by which Mef2c deletions cause 

severe developmental deficits are currently unknown. The contribution of this 

research is to elucidate how Mef2c regulates the development of cortical projection 

neurons and provide insight into the mechanism of human cortical development and 

plasticity. These insights are significant because they will help to reveal the biological 

causes of 5q14.3 microdeletion syndrome and other Autism spectrum disorders. 

Understanding how Mef2c regulates the development of cortical neurons will not only 

provide deep insight into the mechanisms of human brain development, but also 

reveal the biological causes of the severe neurological defects caused by Mef2c 

mutations. Results from this study and others will be of fundamental importance in 

developmental and stem cell biology, will provide critical insight into the 

mechanisms of 5q14.3 microdeletion-related mental retardation, and will be crucial to 

developing novel therapies.  
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CHAPTER 2 
 
MEF2C contributes to the regulation and maintenance of subcerebral projection 
neurons and axonal projections 
 
2.1 Abstract 

The highly complex and specialized functions of the mammalian cortex rely 

on precise temporal development and organization of the diverse neuronal cell types 

found within by multiple cellular processes. A complete understanding of the 

molecular mechanisms regulating these events remains elusive. Given that many 

genes and cellular processes are conserved from mouse to human, I utilize the 

mammalian cerebral cortex in Mus musculus, as a model system for studying cortical 

development. Here, I present results from a detailed characterization of the 

transcription factor Myocyte Enhancing Factor 2C (Mef2c) during postnatal mouse 

cortical development. Mef2c, considered an upper layer gene, is expressed in all 6 

layers of the cerebral cortex including a subpopulation of corticofugal projection 

neurons. Given its expression pattern in the cortex and previously identified functions 

in myocyte and CNS development, we hypothesized that Mef2c was a key regulator 

of neocortical development. Cell type specific and temporal expression analysis 

revealed that MEF2C is expressed in subcerebral projection neurons throughout 

corticogenesis. Using a conditional loss-of-function approach, we compared cortical 

development of control (Mef2ccontrol) and conditional knock out (Mef2ccKO) mice to 

identify the role of Mef2c. Results revealed that MEF2C expression pattern is similar 

to that of SATB2 and is in part positively regulated by Satb2. We showed that 

MEF2C is expressed in subcerebral neurons and is partially required to promote and 
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maintain the identity of these neurons into early postnatal ages. Furthermore, we 

showed that MEF2C is required for axonal outgrowth of subcerebral projection 

neurons, such that Mef2ccKO brains displayed a significant loss of axon projections to 

subcerebral targets compared to Mef2ccontrol. Additionally, callosal neuron distribution 

analysis suggested that MEF2C acts to inhibit a callosal cell identity in deep layer 

neurons. Together, these data indicate the broad yet critical roles for Mef2c during the 

organization and development of the mouse cerebral cortex. 

 
 

2.2 Introduction 

 The mammalian cerebral cortex is a highly organized six-layered structure 

that is the seat of our highest cognitive functions. It is composed of multiple different 

neuronal subtypes that each display unique laminar positions within the cortex, 

molecular profiles, birthdates and axon targets. The cortex develops from the inside 

out such that early born neurons occupy the deepest layers of the cortex and later born 

neurons migrate above the deep layers (layers 5 and 6) to position themselves in 

upper layers (layers 2-4) (McConnell et al, 1995; Hevner et al, 2006; Molyneaux et 

al, 2007). 

 All cortical projection neurons are generated by neural stem/progenitors in the 

proliferative zone of the cortex (Haubensak et al. 2004; Farkas and Huttner, 2008). To 

date, there are two broad classes of cortical projection neurons: corticocortical and 

corticofugal projection neurons. Each have distinct roles during corticogenesis and 
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can be distinguished by characteristics including morphology, laminar position and 

gene expression profile (McConnell, 1995; Molyneaux, 2007; Franco et al, 2013). 

Callosal projection neurons express transcription factors such as Satb2 and 

Bhlhb5 and extend their primary axons contralaterally via the corpus callosum 

(McConnel, 1995; Britanova et al, 2006). The highest concentration of callosal 

projection neurons can be found in cortical layers 2-4, however they are also present 

in lower concentrations in deeper layers five and six. The generation of callosal 

neurons begins as early as E14.5, but peaks at E16.5 and persists throughout the 

remainder of corticogenesis through E18.5 (McConnell, 1995; Molyneaux, 2007; 

Franco et al, 2013). 

Corticofugal projection neurons are usually located in layers 5 and 6 of the 

cortex and are characterized by the extension of axons out of the cortex to other 

regions of the brain including the thalamus and spinal cord. They are additionally 

classified as corticothalamic or subcerebral neurons. Subcerebral neuron generation 

begins at E11.5 and peaks at E13.5. These neurons primarily reside in cortical layer 

five and project axons to the brain stem and spinal cord and express molecular 

markers such as Forebrain embryonic zinc finger-like protein 2  (Fezf2) and COUP-

TF-interacting protein 2 (Ctip2). The cell bodies of subcerebral neurons are the 

largest and are easily distinguishable in the deepest regions of the cortex (O’Leary 

and Koester, 1993; McConnell, 1995, Moleneaux et al, 2007).  

Despite the well-defined characteristics unique to cortical projection neuron 

subtypes, the molecular mechanisms that regulate their differentiation and final 
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identity remain undetermined. One genetic candidate that has been implicated in these 

processes is a member of the Myocyte Enhancing Factor (MEF2) family of 

transcription factors that are critical for multiple facets of CNS development and 

maintenance. Mef2ccKO mice have overall smaller brains, suffer from immature 

electrophysiological networks, and have decreased neuronal synapse, resulting in 

learning and memory deficits and exhibit severe behavioral deficits reminiscent of 

Autism related disorders (Li et al, 2008; Barbosa et al, 2008; Shimojima et al, 2012; 

Adachi et al, 2015). Mef2c is expressed in differentiating cell fields and remarkably 

absent from the cortical proliferative zone, suggesting a role for Mef2c in neuronal 

maturation and cell identity maintenance (Caviness, 1982; Gardette et al, 1982; Leifer 

et al, 1997); however, these roles have yet to be elucidated. 

In this study, we investigated the role of Mef2c in specifying a subcerebral 

neuronal cell fate in layer 5 of the developing cortex. We asked whether loss of Mef2c 

had an effect on the number and differentiation of subcerebral neurons and also 

whether Mef2c functions to inhibit a callosal identity while concurrently promoting a 

subcerebral identity. We also investigated a possible mechanism for how Mef2c acts 

to promote a subcerebral identity by assaying cell death in Mef2ccKO cortices. We 

observed defects in the number and differentiation of subcerebral neurons, as well as 

an increase in cell death and callosal projection neurons in layer 5 of Mef2ccKO mice. 

Our study begins to demonstrate the critical importance for MEF2C in the developing 

cerebral cortex as it likely plays key roles in the maintenance and differentiation of 

subcerebral projection neurons. 
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2.3 Results 

 
Expression of MEF2C is down regulated in Satb2-/- cortices 

 Mef2c, an upper-layer neuronal gene, was previously reported to be down 

regulated by 73.8% by RNA sequencing in Satb2-/- cortices at E18.5 compared to 

Satb2 +/+ cortices. Additionally, using Chromatin immunoprecipitation (ChIP) 

analysis, the Mef2c locus was reported by McKenna et al, 2015 to be bound by 

SATB2 at E15.5, the time during corticogenesis when callosal neurons are generated 

(McKenna et al., 2015). To qualitatively confirm these findings, we used specific 

antibodies on brain sections from Satb2+/+ and Satb2-/- animals at E18.5 to detect the 

presence of MEF2C and CTIP2 (a known subcerebral marker).  

Immunohistochemical analysis of this tissue reveals a previously reported 

phenotype of CTIP2 expression in Satb2-/- cortex, wherein CTIP2 is up-regulated in 

the absence of SATB2 (Figure 2.1C and G), suggesting SATB2 promotes the 

development of callosal neurons by repressing the expression of subcerebral markers 

like CTIP2 (Alcamo et al, 2008; Britanova et al, 2008; Srivatsa et al, 2014; McKenna 

et al, 2015; Srinivasan et al, 2015). Furthermore, this phenotype was used as an 

internal control to confirm proper genotypes were used in this experiment. 

We observed the expression of MEF2C to be reduced in Satb2-/- tissue as 

suggested by RNA sequencing data (McKenna et al, 2015). Furthermore, low levels 

of MEF2C remained in both upper and deep layers of the cortex suggesting SATB2 is 

partially required to promote the expression of MEF2C in both upper and deep layers 
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(Figure 2.1). Together, these data suggest a role for SATB2 promoting the expression 

of the upper layer gene, Mef2c.  

 

MEF2C expression in upper and deep layers of the cortex throughout cortical 

development 

 It was previously reported by in situ hybridization that Mef2c transcripts are 

expressed in the cortical plate and other brain regions starting at E13.5 and persists 

into postnatal ages. Furthermore, Mef2c was only found in differentiating cell fields 

and remarkably absent from the cortical proliferative zone, suggesting a role for 

Mef2c in neuronal maturation and cell identity maintenance (Caviness, 1982; 

Gardette et al, 1982; Leifer et al, 1997). 

 We set out to corroborate these findings using immunohistochemical analyses 

of wild type brains of various ages. We were able to detect low levels MEF2C as 

early as E15.5 at the cortical plate. Given Mef2c transcripts are detectable as early as 

E13.5 suggests it takes up to 2 days for detectable levels of MEF2C to be made from 

Mef2c transcripts (Figure 2.2A). By E16.5, levels of MEF2C are significantly 

increased and persist throughout the remainder of cortical development and into 

postnatal day 7. MEF2C is present in both upper and deep layers of the cortex and 

notably absent in the proliferative zone (Figure 2.2). Together, these data demonstrate 

that Mef2c is expressed early in corticogenesis and persists into early postnatal stages 

and in all layers of the cortex, suggesting a role for maintaining neuronal identity of 

both upper and deep layer neurons. 
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MEF2C is expressed in subcerebral projection neurons 

 MEF2C is expressed in both upper and deep layers of the developing and 

mature cortex, but its expression profile in individual subtypes of cortical neurons is 

not known. Interestingly, the Allen Brain Institute (Allen Brain Atlas) classifies 

Mef2c as an upper layer gene, suggesting it is only expressed in upper layer neurons. 

Given our findings in Figure 2.2, we set out to determine what function Mef2c has in 

deep layer neurons. To determine the corticofugal neuronal subtype Mef2c is 

expressed in, we employed immunohistochemistry at E18.5 to label subcerebral 

(CTIP2) neurons and asked if there was any co-labeling with MEF2C expressing 

neurons. We looked for co-labeling of CTIP2+ cells and MEF2C+ cells in layer 5 in 

different regions (anterior, middle and posterior) of the cortex along the rostral-caudal 

axis.  

As predicted, we observed co-labeling of CTIP2+ and MEF2C+ neurons in 

layer 5 (Figure 2.3). On average, up to 80% of CTIP2+ subcerebral neurons co-

expressed MEF2C (Figure 2.3F) with the least number of CTIP+ MEF2C+ neurons 

residing in the posterior cortex, suggesting MEF2C plays an important role in 

regulating a subcerebral neuronal identity (Figure 2.3). Furthermore, CTIP2 is also 

expressed in corticothalamic neurons at low levels and we observed some co-labeling 

of MEF2C with these cells, suggesting a role for Mef2c in corticothalamic identity 

(Figure 2.3D). Together, these data suggest a role for Mef2c in maintaining 

corticofugal neuron identity. 
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Mef2ccKO brains display a significant loss of subcerebral neurons during early 

postnatal ages  

 Given that we observed MEF2C expression in 80% of subcerebral neurons at 

E18.5, this suggested to us that Mef2c serves to regulate a subcerebral neuronal 

identity. We asked what effect the loss of MEF2C would have on the total number of 

CTIP2+ subcerebral cells at early postnatal ages. Using the Cre-LoxP system, we 

assayed the number of subcerebral cells labeled by CTIP2+ BHLHB5+ expression in 

Mef2c+/+; Emx1Cre/+ (Mef2ccontrol) and Mef2cflox/flox; Emx1Cre/+ (Mef2ccKO) pups at P0. 

To make sure we were counting only subcerebral neurons in layer 5 of the cortex, we 

co-stained for CTIP2, which is expressed in layers 5 and 6, and BHLHB5, which is 

expressed in layers 2-5 of the cortex (Arlotta et al, 2005; Joshi et al, 2008). We then 

counted the number of CTIP2+ BHLHB5+ cells in each animal in different regions 

(anterior, middle and posterior) of the cortex along the rostral-caudal axis. As 

expected, in Mef2ccontrol animals, we observed a typical expression pattern of 

CTIP2high in layer 5 and CTIP2low expression in layer 6 as well as BHLHB5 

expression in layers 2-5 (Figure 2.4 A-D). We observed a significant reduction in the 

total number of subcerebral neurons in Mef2ccKO mice across all regions of the cortex 

(Figure 2.4 I, J). In addition, we observed a severe defect in BHLHB5 expression in 

layer 4 (Figure 2.4 G). Taken together, these data suggest a role for Mef2c in 

contributing to the maintenance of a subcerebral identity.  



 27 

 To determine if MEF2C is required for the persistent maintenance of a 

subcerebral identity, we performed the same analysis at P7 when subcerebral neurons 

have completely differentiated and acquired their identity. We again observed a 

significant reduction of CTIP2+ cells in Mef2ccKO mice; however, the defect was most 

pronounced in the middle and posterior regions of the cortex (Figure 2.4 O, P). 

Collectively, these data suggest MEF2C is partially required for the maintenance of a 

subcerebral identity during early postnatal ages. 

To further analyze the levels of CTIP2 protein in Mef2ccontrol and Mef2ccKO 

cortices, we attempted to recapitulate this phenotype biochemically. We performed 

Western blot analysis on dissected cortices of Mef2ccontrol and Mef2ccKO animals at P0 

and P7, the exact ages analyzed in Figure 2.4. We quantified the relative amount of 

CTIP2 in Mef2ccKO tissue compared to Mef2ccontrol and normalized each sample to a 

GAPDH loading control. We observed similar levels of CTIP2 between Mef2ccontrol 

and Mef2ccKO cortices at each age analyzed (Supp. Figure 2.1). Given that CTIP2 

expression is also seen in corticofugal neurons in layer 6 and in what is believed to be 

interneurons that reside in layers 2-4 of the cortex (Figure 2.4 B,E,L,N), it is quite 

possible there is no difference in the total amount of CTIP2 found in Mef2ccontrol and 

Mef2ccKO cortices at P0 or P7. A corticofugal marker that labels only subcerebral 

neurons in layer 5 is needed if our immunohistochemical data is to be recapitulated. 

Alternatively, FACS sorting of CTIP2HIGH expressing cells in dissected Mef2ccontrol 

and Mef2ccKO cortices and subsequent Western bot analysis could also work. 
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Mef2ccKO mice display a significant reduction of subcerebral axonal projections  

 Considering that MEF2C is expressed in subcerebral neurons and that we 

observed a significant reduction of subcerebral neurons in Mef2ccKO cortices at P0 and 

P7, we asked whether MEF2C is required for proper differentiation of subcerebral 

neurons, specifically, for axon development. To answer this, we used transgenic 

methods to label and analyze axonal projections. Fezf2 (also known as Fezl, Zfp312 

and Znf312) is expressed in corticofugal projection neurons (Chen et al, 2005; Chen 

et al, 2008; Leone et al, 2008; McKenna et al, 2011). In the Fezf2 mouse, an ires-

PLAP (internal ribosomal entry site-PLacental Alkaline Phosphatase) was inserted 

into the Fezf2 open reading frame allowing cell bodies and axons of corticofugal 

neurons to be labeled by PLAP staining. Similarly, the RCEGFP transgenic mouse line 

directs expression of GFP in all cortical projection neurons derived from the dorsal 

telencephalon when combined with an Emx1Cre driver allowing direct observation of 

cell bodies and axons. 

 We analyzed corticospinal axons in Mef2ccontrol; RCEGFP and Mef2ccKO; 

RCEGFP mice at P0 by immunohistochemistry staining against GFP. As expected, in 

Mef2ccontrol; RCEGFP at P0, GFP+ axons were observed projecting through the cerebral 

peduncle (Figure 2.5A, arrow), through the pons (Figure 2.5B, arrow) and toward the 

pyramidal decussation (Figure 2.5C, arrow). There was a modest reduction of GFP+ 

corticospinal axons in Mef2ccKO; RCEGFP at the cerebral peduncle (Figure 2.5D, 

arrow) but a significant reduction of axons through the pons (Figure 2.5E, arrow) and 

a complete loss of detectable GFP+ axons at the pyramidal decussation (Figure 2.5F, 
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arrow). In addition, there were no ectopic axons observed. These results suggest that 

Mef2c contributes to the differentiation of subcerebral neurons and in the absence of 

MEF2C, subcerebral neurons fail to reach their subcerebral targets. 

 We next analyzed corticospinal axons in Mef2ccontrol; RCEGFP and Mef2ccKO; 

RCEGFP mice at P7 by immunohistochemistry staining against GFP. We wanted to 

know if the axon-targeting defect observed at P0 would be rescued by P7, suggesting 

a delay in subcerebral axons to make it to their intended target. Indeed, in the 

Mef2ccontrol; RCEGFP mice, we observed GFP+ labeled axons projecting through the 

cerebral peduncle (Figure 2.5G, arrow), through the pons (Figure 2.5H, arrow) and 

toward the pyramidal decussation where the axons cross the midline at the medulla 

(Figure 2.5I, arrow). There was a modest reduction of GFP+ axons in Mef2ccKO; 

RCEGFP at the cerebral peduncle (Figure 2.5J, arrow) and a significant reduction of 

axons through the pons (Figure 2.5K, arrow) and at the pyramidal decussation (Figure 

2.5L, arrow). The presence of GFP+ axons at the pyramidal decussation indicates that 

the axon-targeting defect observed at P0 in Mef2ccKO; RCEGFP animals is a delay in 

subcerebral axons in reaching their target.  

 We also analyzed PLAP labeled corticofugal axons in Mef2cControl; Fezf2PLAP/+ 

and Mef2ccKO; Fezf2PLAP/+ animals at P7. In Mef2ccontrol; Fezf2PLAP/+ animals, we 

observed PLAP+ axons projecting through the cerebral peduncle and the pons (Supp. 

Figure 2.2B, arrows) and into the pyramidal decussation (Supp. Figure 2.2C, arrow). 

We observed PLAP+ axons in projecting normally in Mef2ccKO; Fezf2PLAP/+ animals 

into the cerebral peduncle and pons (Supp. Figure 2.2E, arrows). However, we 
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observed a complete loss of PLAP+ axons projecting past the pons along the 

pyramidal tract and into the pyramidal decussation (Supp. Figure 2.2F, arrow). 

Because the axon projection phenotype is more severe in our Fezf2PLAP/+ mouse line 

than what we observed in our RCEGFP reporter line, we attribute this to a possible 

misregulation of Fezf2 by the loss of Mef2c. Together, these results suggest Mef2c 

contributes to the proper differentiation of subcerebral neurons and is required for 

subcerebral axons to reach their target in a timely manner.  

 

Number of apoptotic cells is increased in Mef2ccKO cortices at P0 

 We have shown that CTIP2+ subcerebral neurons in layer 5 of the cortex 

express Mef2c and they are significantly reduced in Mef2ccKO cortices. We wanted to 

investigate whether Mef2c is responsible for the maintenance of subcerebral neurons 

or if Mef2c directly regulates a CTIP2+ neuron identity. To explain the loss of CTIP2+ 

subcerebral neurons, we asked whether the absence of Mef2c resulted in an increase 

in apoptosis. We assayed the number of apoptotic cells in Mef2ccontrol and Mef2ccKO 

cortices by immunostaining with an antibody against activated caspase 3 (CC3) at P0 

(Figure 2.6). We observed a significant increase in the number of CC3+ cells in 

Mef2ccKO cortices (Figure 2.6Q) with the vast majority of them found in the posterior 

regions (Figure 2.6R). These data suggest that Mef2c is responsible for maintaining a 

subcerebral CTIP2+ cells such that in its absence, there is a marked decrease in 

CTIP2+ neurons and a concurrent increase in apoptosis within the cerebral cortex. 
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MEF2C functions to inhibit a callosal neuron identity 

 To determine whether Mef2c functions to promote a subcerebral identity or 

inhibit a callosal identity in the developing cerebral cortex, we compared the number 

and distribution of SATB2+ callosal neurons in Mef2ccontrol and Mef2ccKO mice at P0 

and P7 paying particular attention to the number of callosal neurons present in layer 

5. Using CTIP2 as marker, we divided the cortex into three bins such that layer 2-4 

was grouped into one bin, layer 5 was another bin and layer 6 was considered the last 

bin. We then counted the number of SATB2+ cells in each animal in different regions 

(anterior, middle and posterior) of the cortex along the rostral-caudal axis and across 

the three bins. To account for the decrease in layer 5 thickness seen in Mef2ccKO 

cortices (Figure 2.4), we divided the total number of cells found in each bin by the 

total area of each bin to normalize for the slight differences found between each 

cortical section analyzed.  

As expected, we observed more SATB2+ cells in layer 2-4 in both Mef2ccontrol 

and Mef2ccKO mice across all cortical regions (anterior, middle and posterior) and 

fewer SATB2+ cells in layers 5 and 6 (Figure 2.7 E-G, L-N). We observed no 

significant difference in the number of callosal neurons in either upper or deep layers 

of the cortex at P0 between Mef2ccontrol and Mef2ccKO mice although there was a 

significant decrease in callosal neurons in the posterior region of layer 6 of Mef2ccKO 

mice compared to control (Figure 2.7 G). These results suggest Mef2c does not 

function to regulate a callosal neuron identity. Next we compared the number of 

SATB2+ cells in each layer of the cortex in P7 mice and found a significant increase 
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in anterior sections (Figure 2.7 L) and an overall trend toward an increase in callosal 

neurons in layer 5 of Mef2ccKO mice suggesting MEF2C functions to inhibit a callosal 

identity in neurons that reside in layer 5 of the cortex. Taken together with the 

observed reduction in subcerebral neurons in Mef2ccKO mice, these results suggest 

MEF2C acts late in corticogenesis to promote a subcerebral identity and later in early 

postnatal ages to inhibit a callosal identity in neurons found in layer 5.  

 
 
2.4 Materials and Methods 
 
Generation of Mef2cloxp/loxp; Emx1 Cre/+; RCEGFP/+ and Mef2cloxp/loxp; Emx1 Cre/+; 
Fezf2PLAP/+ mice 
 
 The generation of the following mice were described previously: Mef2cloxp/+ 

(Vong et al, 2005), Fezf2PLAP/+ (Chen et al, 2005a), Emx1 IRES-Cre (Gorski et al, 2002) 

and RCEGFP-Loxp (Sousa et al, 2009). Mef2cloxp/+; Emx1Cre/+ males were time mated to 

Mef2cloxp/+; RCEGFP/GFP females to generate Mef2cloxp/loxp; Emx1Cre/+; 

RCEGFP/+conditional knock out (Mef2ccKO) animals and Mef2c+/+; Emx1Cre/+; 

RCEGFP/+ control (Mef2ccontrol) animals for GFP immunostaining of axonal 

projections and other cortical marker immunostaining including Ctip2+ cell 

quantifications. Mef2cloxp/+; Emx1Cre/+ females were mated to Fezf2PLAP/+ males to 

generate Mef2cloxp/+; Emx1Cre/+; Fezf2PLAP/+ males and Mef2cloxp/+; Fezf2PLAP/+ 

females which were then time mated together to generate Mef2cloxp/loxp; Emx1Cre/+; 

Fezf2PLAP/+ conditional knock out animals and Mef2c+/+;Emx1Cre/+; Fezf2PLAP/+ 

control animals for PLAP staining studies of axonal projections. To acquire timed-

pregnant mice, males and female mice were put together overnight. The following 
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morning, females were inspected for the presence of a vaginal plug. Observation of a 

plug was defined as embryonic day 0.5 (E0.5). Postnatal day (P0) was designated as 

the day of birth. Genders of experimental mice were not determined. All experimental 

animals were genotyped by PCR. All experiments and animal husbandry were 

executed in accordance with protocols approved by the Institutional Animal Care and 

Use Committee at University of California Santa Cruz and institutional and federal 

guidelines. 

 
Antibody Characterization 
 
 BHLHB5 (officially known as BHLHE22; also known as BETA3). The anti-

Bhlhb5 antibody specifically detects a band of 55 kDa on a western blot of rat lung 

and brain extracts (manufacturer’s information). In this study we used the anti-Bhlhb5 

antibody to label cortical projection neurons that reside in layers 2-5 of the cerebral 

cortex. BHLHB5 expression in Mef2cControl mice is consistent with that of previously 

published results (Joshi et al, 2008). 

Cleaved Caspase-3 (officially CASP3; also known as CC3). The anti-cleaved 

caspase-3 (Asp175) antibody specifically detects bands on a western blot of 17 or 19 

kDa of HeLa, NIH/3T3 and C6 cell extracts representing the large fragment of 

activated cleaved caspase-3. This results from cleavage of the protein adjacent to 

Asp175 (manufacturer’s information). Immunostaining with this antibody detects 

apoptotic cell death in vitro and in brain tissue. Staining was evident in HT-29 cells 

treated with Staurosporin, which will induce cell death (Cell Signaling #9953), but 

not in untreated cells (manufacturer’s information). In tissue of new born rats, the 
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antibody detects apoptotic cells in transient cerebral ischemic tissue versus control, in 

the vomeronasal organ of Fezf2-/- mice and in cortical tissue of embryonic Tra2ßcKO 

mice (Dr. Bingren Hu, University of Miami School of Medicine, Florida; Eckler et al, 

2011; Roberts et al, 2014). In this study we used the anti-CC3 antibody to detect and 

quantify apoptotic cells within the cortices of Mef2cControl and Mef2ccKO mice. 

CTIP2 (officially BCL11B); clone 25B6. The rat monoclonal anti-CTIP2 

antibody specifically detects a band about 95-100kDa on a western blot of Jurkat cells 

immunoprecipitated with anti-Sir2 antibody in mouse brain lysates. Specificity was 

confirmed by staining on mouse cortical, spinal cord and hippocampus tissue 

(manufacturer’s information). CTIP2 is expressed in post mitotic cortical projection 

neurons that reside in layers 5 and 6 of the mouse cortex and is critical for the 

development of the corticospinal motor neurons (Chen et al, 2005a, McKenna et al, 

2011). In this study, we use the anti-CTIP2 antibody to detect layer 5 and 6 neurons 

throughout cortical development. 

GFP. The anti-GFP antibody specificity was confirmed by western blot and 

immunohistochemistry (manufacture’s information) using transgenic mice expressing 

green fluorescent protein (GFP) protein. In this study, we use the anti-GFP antibody 

to detect the expression of GFP protein present in the axons of corticospinal motor 

neurons in Mef2cControl and Mef2ccKO brains. 

SATB2. The anti-SATB2 antibody detects a band approximately 85kDa on a 

western blot of mouse brain tissue lysate and immunocytochemistry staining revealed 

expression in human osteosarcoma 2 cell nuclei (manufacturer’s information). 
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SATB2 is a marker of postmitotic callosal projection neurons (Alcamo et al, 2008; 

Britanova et al, 2008; Chen et al 2008; McKenna et al, 2011). In this study, we use 

the anti-SATB2 antibody to identify neurons in layer 2-4 and to define upper cortical 

layers in Mef2cControl and Mef2ccKO mice. 

MEF2C. The antibody against MEF2C specifically detects a band of 66 kDa 

on western blots of SH-SY5Y whole cell lysates (manufacturer’s results). 

Immunostaining reveals nuclear staining in mesenchymal mesoderm tissue 

(manufacturer’s results). In this study, we use the anti-MEF2C antibody to identify 

MEF2C expression in cortical tissue of various ages and to analyze the identity of 

neurons in layer 5 of wild type brains. 

 
Immunohistochemistry 
 
 To obtain postnatal tissue, timed pregnant dams were monitored for day of 

birth; this was determined to be postnatal day 0 (P0) for the pups. P0 and P7 pups 

were then transcardially perfused with 1X Phosphate Buffered Saline (PBS) followed 

by 4% paraformaldehyde (PFA) in 1X PBS, brains were dissected out of cranium and 

drop fixed overnight in 4% PFA in 1X PBS at 4˚C. Embryonic tissue was obtained by 

sacrificing timed pregnant dams via cervical dislocation. Embryos were removed, 

transcardial perfused (E18.5) and drop fixed overnight in 4% PFA in 1X PBS at 4˚C. 

All brains were then cryoprotected in 30% sucrose in 1X PBS, embedded in Optimal 

Cutting Temperature (OCT) compound (Tissue-Tek) and sectioned either along the 

coronal or sagittal axis using a cryotome set to 18µm and collected onto Superfrost 

slides (Fisher Scientific). Sections were then stored at -80˚C until further use. 
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Immunofluorescence was performed as follows: sectioned tissue was 

rehydrated in 1X PBS at room temperature (RT) for 5 minutes, blocked in blocking 

buffer (5% horse serum and 0.1% Triton X-100 in 1X PBS) for 15 minutes at RT. 

Tissue was then incubated in blocking buffer with primary antibodies overnight at 

4˚C. The following day, tissue was washed 3 times with 0.1% Triton X-100 in 1X 

PBS at RT and incubated with Alexa Fluor-conjugated secondary antibodies (Jackson 

ImmunoResearch Laboratories, West Grove, PA) diluted in blocking buffer for 1 

hour at RT. Tissue was washed 3 times with 0.1% Triton X-100 in 1X PBS at RT 

before mounting a coverslip with Fluormount G (Southern Biotech).  

Nuclei were visualized using DAPI (4’,6-Diamidino-2 Phenylindo; at a 

dilution of 1:10,000, Molecular Probes). At least 3 brains/genotype were analyzed for 

all experiments. 

 
Detection of PLAP activity 
 
 Human placental alkaline phosphatase (PLAP) staining was performed as 

previously described (Chen et al, 2005a). Brain tissue was collected and sectioned to 

18µm on a cryotome, washed in 1X PBS and post fixed in 4% PFA in 1X PBS over 

night at 4˚C. Sections were then washed in 1X PBS and incubated at 70˚C for 1 hour 

in 1X PBS. Sections were then washed in 1X PBS and incubated with NBT/BCIP 

(1mg/ml nitroblue tetrazolium/0.1 mg/ml 5-bromo-4-chloro-3-indolyl phosphate in 

100mM Tris-HCl, pH 9.5/100mM NaCl) at 37˚C over night. Sections were then 

washed in 1X PBS and a coverslip was mounted with Fluoromount G. 
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Image acquisition and digital retouching 
 
 Images for quantitative analysis were captured on a Zeiss Axio Imager 

fluorescent microscope. The detector gain was set such that <1% of pixels were 

saturated. Additional fluorescent and bright field images were captured on an 

Olympus BX51 microscope with a Q-imaging Retiga camera. Adjustments of 

contrast and brightness and image cropping for presentation were done using Adobe 

Photoshop to the same degree on entire images of Mef2cControl and Mef2ccKO mice 

tissue. 

 
Quantitative analysis 
 
 For all measurements and cell counting, statistical analyses were performed 

using an unpaired two-tailed t-test; significance was defined as *p ≤ 0.05, **p ≤ 

0.005, ***p ≤ 0.0005; error bars represent standard error of means (SEM). At least 

nine matched sections/age from anterior, middle and posterior cortical regions from at 

least three mice/genotype were used in each quantitative comparison. Matched 

sections were defined as brain sections from approximately the same anterior-

posterior axis in littermates. Unless otherwise noted, data presented in figures are 

from sections midway along the anterior-posterior axis of the cortex. 

 
Cell counting analysis 
 
 Cell counts were performed on all cells focused upon on a single Z-plane 

within an 18µm thick section of tissue from Axio Imager fluorescence microscope 

images. For each brain analyzed, the cortex was divided into anterior, middle and 
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posterior regions. Cells within a 100µm wide section of the mediolateral axis of 

cortical sections expressing indicated markers were counted. 

 
Cortical Lysate Preparation and Quantitative Western Blot 
 

Cortices were stripped of meninges and dissected from P0 or P7 animals and 

snap frozen in liquid nitrogen. After genotyping, age-matched Mef2c control and 

cKO mutant cortices were processed in parallel.  Each cortex was resuspended in 

lysis buffer containing protease and phosphatase inhibitors (50mM NaF, 100mM ß-

Glycerophosphate, 5% ßME, 2mM PMSF) and transferred to a pre-cooled Dounce 

homogenizer and ground for 2 minutes.  The lysate was incubated for 30 minutes on 

ice and then spun at 4˚C for 10 min. at 15,000rcf.  The supernatant was collected and 

the protein concentration was determined using a Bradford Assay. 4x SDS-PAGE 

sample buffer (260mM Tris base pH 6.8, 12% SDS and 40% Glycerol) was added to 

each lysate and the samples were boiled for 5 min.  Lysates were loaded onto a 10% 

SDS-PAGE gels.  Gels were run at 20 mA or 100V until the dye front ran off.  The 

gels were equilibrated for 10 minutes in transfer buffer (200mM Tris, 150mM 

glycine, 20% methanol) and then transferred for 3 hours at 400 mA to an Immobilon-

FL (Millipore) PVDF membrane.  Membranes were blocked for 5 minutes at room 

temperature in Western wash buffer (1X PBS with 380mM NaCl and 0.1% Tween-

20) containing 3% non-fat dry milk. Membranes were probed in blocking solution 

overnight at 4˚C with rat anti-Ctip2 at 1:1,000 (same antibody as used in 

immunofluorescence) and mouse anti-GAPDH at 1:15,000 (Covance MMS-580S-

200). After three 5-minute washes in Western wash buffer membranes were probed at 
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room temperature for 1 hour with anti-rat and anti-mouse Alexa 647 (Invitrogen) used 

at 1:1000.  Membranes were then washed three times 5 minutes each with Western 

wash buffer and one time with 1X PBS.  Gels were scanned using a Typhoon 9410 

Variable Mode Imager (Amersham Biosciences).  The PMT was set to maximize 

signal capture without pixel saturation.  Scans were quantified using Image J.  Ratios 

for CTIP2 or GAPDH were calculated as the mutant band density divided by the 

wild-type band density.   

 
2.5 Discussion 

 By carefully analyzing MEF2C expression at embryonic stages and 

investigating defects in Mef2ccKO brains, our study revealed novel findings about how 

MEF2C functions in regulating subcerebral cortical neurons identity and maturation. 

Multiple steps are involved in generating projection neurons that constitute the 

cerebral cortex. First, radial glial cells (RGCs) expand the progenitor pool generating 

basal progenitor and cortical neurons. Next, newly generated neurons migrate to their 

final laminar position, project their primary axon and dendritic network to appropriate 

targets to form functional neural circuits, and finally differentiate into mature 

neurons. Specific genetic pathways and environmental factors regulate each of these 

processes. A comparison of Mef2ccontrol and Mef2ccKO mice throughout early postnatal 

development revealed defects in both cortical neurogenesis and neuronal 

differentiation. 

 We observed a significant reduction in overall expression of MEF2C in the 

developing cortex of Satb2-/- cortices, validating previous RNA-seq results and 
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placing Satb2 in a genetic pathway upstream of Mef2c (McKenna et al, 2015). These 

data suggest a role for SATB2 promoting the expression of the upper layer gene, 

Mef2c during cortical development. 

 Next, we performed a careful analysis of the molecular identity of neurons 

that reside in layer 5 with respect to Mef2c and Ctip2 (subcerebral marker). We found 

that around 80% of CTIP2+ subcerebral neurons also expressed MEF2C suggesting a 

role for Mef2c in conferring a subcerebral identity. 

In order to determine the precise role Mef2c plays in subcerebral neurons, we 

employed a loss of function coupled with a Cre-Lox approach to generate Mef2ccontrol 

and Mef2ccKO animals that have Mef2c conditionally and constitutively removed from 

all cortical neurons derived from the dorsal telencephalon. Using this approach, we 

assayed for defects in the number and differentiation of subcerebral neurons. Indeed, 

we observed a significant reduction in the number of subcerebral neurons present in 

layer 5, identified by the expression of CTIP2HIGH as well as a significant reduction in 

the number of corticospinal axons that made it to their subcerebral targets. 

Additionally, we investigated the number of apoptotic cells were present in Mef2ccKO 

cortices and found a significant increase cell death. Together, these data suggest a 

role for Mef2c in contributing to the differentiation and maintenance of subcerebral 

neurons in the postnatal cortex. 

We also investigated the role Mef2c played in callosal neurons given that it 

also expressed in upper layers and subsequently reduced in Satb2-/- mice. We 

counted the number and distribution of SATB2+ neurons in upper and deep layers of 
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the cortex in Mef2ccontrol and Mef2ccKO animals and observed an overall trend toward 

an increase in callosal neurons in layer 5 of Mef2ccKO mice suggesting MEF2C 

functions to inhibit a callosal identity in neurons that reside in layer 5 of the cortex. 

Taken together with the observed reduction in subcerebral neurons in Mef2ccKO mice, 

these results suggest MEF2C acts late in corticogenesis to promote a subcerebral 

identity and later in early postnatal ages to inhibit a callosal identity in neurons found 

in layer 5. Generation of a neuron specific Mef2c mutant mouse or selective 

interference of MEF2C function in corticofugal and callosal neurons will further our 

understanding of its role in regulating and maintaining a particular cortical neuron 

identity. 
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Figure 2.1. Expression of MEF2C is down regulated in Satb2-/- 
cortices.

Immunohistochemistry and fluorescence microscopy were used to compare the 
relative expression levels of MEF2C between Satb2+/+ and Satb2-/- brains. 
MEF2C expression is significantly reduced in Satb2-/- cortices. A-B and D 
Expression of MEF2C (magenta) in Satb2+/+ brains and E-F and H expression 
of MEF2C (magenta) in Sabt2-/- brains. A, C and D Expression of CTIP2 (green) 
in Satb2+/+ brains and E, G and H expression of CTIP2 (green) in Sabt2-/- brains. 
A and E Low magnification. B-D and F-H high magnification of boxed region 
shown in A and E, respectively. n=9 matched sections, 3 mice/genotype. 
Scale bars 500µm and 200µm.
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Figure 2.2. MEF2C expression in upper and deep layers of the 
cortex throughout cortical development.

MEF2C is expressed in upper and deep layers of the cortex during cortical 
development and into postnatal ages. Immunohistochemistry and fluorescence 
microscopy were used to detect MEF2C (magenta) in wild type brains of A E15.5, 
B E16.5, C E18.5, D P0 and E P7 animals. n=9 sections, 3 mice/age. Scale bars 
100µm and 200µm.
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Figure 2.3 MEF2C is expressed in subcerebral projection 
neurons.

Immunohistochemical and fluorescence microscopy of coronal brain sections 
were used to determine the identity of MEF2C+ neurons in deep layers of the 
cortex at E18.5. CTIP2 (green) was used as a subcerebral marker to define 
neurons that reside in layer 5. D-E’’’ CTIP2+ MEF2C+ (white) cells were 
counted as a function of CTIP2+ cells and then converted to a percentage (F). 
B-D shows boxed region in A. E-E’’’ shows boxed region in D. Error bars 
represent SEM; n=9 sections, 3 mice. Scale bars 500µm and 100µm.
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Figure 2.4. Mef2c cKO brains display a significant loss of 
subcerebral neurons during early postnatal ages 

Immunohistochemistry and fluorescence microscopy were used to compare 
CTIP2+ BHLHB5+ (A-H) and CTIP2+ (K-N) cells at P0 and P7, respectively. The 
total number of CTIP2 BHLHB5 expressing or CTIP2 expressing cells in a 100µm 
area were counted in layer 5 of each cortex analyzed. Dashed lines (B, D, F, H, L, N) 
indicate estimated boundaries between layer 5 and all other layers. Cells within 
dashed lines were counted. B-D, F-H, L, N show boxed regions in A, E, K and M, 
respectively. n=9 matched sections/age, 3 mice/genotype. error bars indicate SEM. 
I **p=0.0035, J *p=0.0185 to 0.0021, O *p=0.028, P *p=0.017 and 0.0032.
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Figure 2.5. Mef2c cKO mice display a significant 
reduction of subcerebral axonal projections. 

Immunohistochemistry and fluorescence microscopy were used 
to identify GFP-labeled (green) corticospinal axons in Mef2c 
control (A-C, G-I) and Mef2c cKO (D-F, J-L) brains at P0 (A-F) 
and P7 (G-L). Coronal sections through the A, D, G, J cerebral 
peduncle (cpd), B, E, H, K pons (po) and the C, F, I, L pyramidal 
decussation (pd). n=9 matched sections/age/brain region, 4 
mice/genotype. Scale bars 500µm and 200µm.

46



E

Mef2c cKO

CTIP2 CC3 F CC3 H Merge

A

Mef2c Control

CTIP2 CC3

100µm

B CC3 D Merge

20µm

C DAPI

G DAPI

I

Mef2c Control

CTIP2 CC3

100µm

M

Mef2c cKO

CTIP2 CC3

J CC3

N CC3

L Merge

20µm

P Merge

K DAPI

O DAPI

Q R

Figure 2.6. Number of apoptotic cells is increased in 
Mef2c cKO cortices at P0.

Immunohistochemistry and fluorescence microscopy were used to compare 
the number of CC3+ cells in Mef2c control and Mef2c cKO brains at P0. The 
total number (Q) and distribution (R) of CC3+ cells found within the cortex 
were counted and directly compared between each genotype. A-H show 
CC3+ cells found at the midline and I-P show CC3+ cells found in medial 
regions of the cortex in each genotype. B-D, F-H, J-L, N-P show boxed 
regions within A, E, I, M, respectively. B, F, J, N (arrows) point to each CC3+ 
cell (white). n=9 matched sections/genotype. 3 mice/genotype. Error bars 
indicate SEM. Q ***p=0.0003. R *p=0.0006.     

47



P0

Mef2c Control 500µm

A Satb2

5

2-4

6

100µm

B

Mef2c cKO

C

5

2-4

6

D

E

F

G

P7

Mef2c Control 500µm

H Satb2

5

2-4

6
100µm

I

Mef2c cKO

J

5

2-4

6

K

L

M

N

Figure 2.7. MEF2C functions to inhibit a callosal neuron identity

Immunohistochemistry and fluorescence microscopy were used to quantify the 
number of SATB2+ cells (red) in each region of the cortex as indicated by dashed 
lines (B, D, I, K) in Mef2c control and Mef2c cKO mice at P0 and P7. The total 
number of SATB2+ cells were normalized to a 100µm2 area in each bin (E-G, L-N). 
B, D, I, K show boxed regions in A, C, H, J, respectively. n=9 matched sections/age, 
3 mice/genotype. Error bars represent SEM. Scale bars 100µm and 500µm. 
G *p=0.0032 , L *p=0.0095 . 
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Supplemental Figure 2.1. CTIP2 levels are similar 
between Mef2c control and Mef2c cKO brains during 
early postnatal ages.

Western blot analysis was used to quantify total CTIP2 protein present in 
Mef2c control and Mef2c cKO whole cortical lysates at P0 and P7. CTIP2 
protein levels in Mef2c cKO were quantified relative to Mef2c control and 
then normalized to GAPDH in each genotype for each age (A,C). n=4 
mice/age/genotype. Error bars represent SEM. A p=0.607, C p=0.259. 
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Supplemental Figure 2.2. Mef2c cKO mice display 
a significant reduction of subcerebral axonal 
projections. 

PLAP staining and bright field microscopy were used to identify 
PLAP-labeled (black) corticospinal axons in Mef2c control (A-C) 
and Mef2c cKO (D-F) brains at P7. Sagittal sections with boxes 
areas showing the B, E cerebral peduncle (cpd) and pons (po) 
and the C, F pyramidal decussation (pd). n=3 matched sections/brain 
region, 1 mouse/genotype. Scale bars 1,000µm and 500µm.
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CHAPTER 3 
 

Conclusions and future directions 
 
3.1 Recapitulation of research presented 

 For many decades, the field of developmental neurobiology has focused on 

identifying the molecular mechanisms responsible for regulating the various cellular 

processes that are required for the proper development of the cerebral cortex. Many 

genes have been identified as markers for specific neuronal subtypes, far fewer genes 

have been identified as direct determinants of neuronal identity. Here, I presented 

evidence for a transcription factor, Mef2c, as a key regulator of cortical development 

such that it partially regulates the fate of neurons in a cortical layer specific manner. 

 
 

3.2 The role Mef2c plays in multiple neuronal subtypes 

We showed Mef2c to be expressed in cells that also expressed the subcerebral 

marker, CTIP2 (Figure 2.3) by immunohistochemistry. To confirm the expression 

profile of CTIP2+ subcerebral neurons, retrograde tracing of corticospinal axons with 

a fluorescent dye conjugated to Cholera toxin subunit ß (Ctß) will need to be 

performed. Subsequent immunohistochemistry analysis would confirm whether CTß+ 

cells also expressed MEF2C. Additionally, a FACS (fluorescence activated cell 

sorting) sort of CTIP2HIGH cells from wild type cortices and an accompanying qPCR 

for Mef2c transcripts would also be helpful in identifying the expression profile of 

subcerebral neurons. 
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Furthermore, the observed expression of Mef2c in all six layers of the cortex 

(Figure 2.2) suggests distinct, possibly overlapping, roles in multiple different 

neuronal subtypes. Given that the transcriptional networks regulating the fates of 

cortical projection neurons throughout corticogenesis are far from elucidated, further 

analysis is necessary to understand the distinct role Mef2c might play in the fate 

determination and maintenance of callosal and corticothalamic neurons. A 

comprehensive study (molecular identity, cortical organization and axonal projection 

analysis) of each neuronal subtype would shed light on the broad yet critical role 

Mef2c plays in cortical development. 

As shown in Figure 2.4 and Supplemental Figure 2.1, the number of CTIP2+ 

cells is significantly reduced in Mef2ccKO animals along with levels of CTIP2 protein 

during early postnatal ages. In order to gain a more comprehensive picture of the 

possible mechanism regulating this process, qPCR analysis of Ctip2 transcripts would 

need to be performed in Mef2cControl and Mef2ccKO cortices along with qualitative in 

situ hybridization. Taken together, these approaches would provide strong evidence 

of an upper layer gene playing multiple critical roles in specifying the identity of 

callosal and corticofugal projection neurons. 

 
 

3.3 Behavioral phenotype of Mef2ccKO animals 

 Animals with Mef2c conditionally knocked out of cortical neural 

stem/progenitor cells at E9.5 showed altered anxiety-like behavior as well as 

significant spatial cognitive deficits (Li et al, 2008). Interestingly, this pattern of 
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stereotyped behavior including hand wringing anxiety-like behavior is typical of 

mutations in Mecp2, which usually results in Rett syndrome (Chahrour and Zoghbi, 

2007). Additionally, the Mecp2 promoter contains multiple MEF2C binding sites 

suggesting Mef2c is and upstream regulator of MeCP2 expression and perhaps Rett 

syndrome (Chen et al, 2001). Given the significant reduction of CTIP2+ neurons in 

our Mef2ccKO animals (Figure 2.4) and the fact that Ctip2 is critical for the 

development of the corticospinal motor neurons, it would be interesting to investigate 

the fine motor skills of our Mef2ccKO animal to see whether we can recapitulate a Rett 

syndrome model in both a genetic and behavioral paradigm.  

 Additionally, the commonly deleted region in human patients with 5q14.3 

syndrome includes the coding region of Mef2c. Patients with this particular 

microdeletion syndrome fall on the Autism spectrum and exhibit severe intellectual 

deficits, stereotyped behavior, poor eye contact and absent speech (Cardoso et al, 

2009; Zweier et al, 2010). A thorough behavioral analysis of our Mef2ccKO animal 

will provide further insight into the genetic underpinnings of the 5q14.3 

microdeletion syndrome. Taken together, this approach would provide additional 

evidence for whether Mef2c plays a critical role in autism spectrum syndromes like 

Rett and 5q14.3 microdeletion. 

 
 

3.4 The Satb2-Mef2c-Ctip2 genetic network 

 As shown in Figure 2.1, there is a significant reduction of MEF2C expression 

in Satb2-/- tissue at E18.5 suggesting, by immunohistochemistry, a role for SATB2 to 
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promote the expression of the upper layer gene, Mef2c. To further confirm these 

findings and to determine at what level Satb2 acts to promote Mef2c expression, in 

situ hybridization analysis of Mef2c transcripts would need to be performed on 

Satb2+/+ and Satb2-/- tissue at E18.5. This approach would provide strong evidence 

that Satb2 partially regulates Mef2c and would further confirm the RNA-seq analysis 

performed by McKenna et al, 2015. 

 Transcription factors are known to work in complexes together with histone 

modifiers to regulate the expression of particular loci in a temporal and cell specific 

manner. SATB2 is known to complex with transcription factors SKI and MTA along 

with the histone modifier HDAC1 to inhibit the transcription of the subcerebral gene, 

Ctip2, in turn promoting a callosal cell identity (Baranek et al, 2012). Given that we 

see a significant reduction in CTIP2+ neurons and a significant increase in SATB2+ 

neurons in layer 5 in Mef2ccKO animals, this suggests MEF2C acts in a complex, 

perhaps with FEZF2, to promote a subcerebral identity and inhibit a callosal identity. 

Co-immunoprecipitations and chromatin IP (ChIP) studies would be needed to 

identify the specific proteins that interact with MEF2C.  

 In addition to chromatin studies, we would also like to order the genetic 

network that includes Satb2, Mef2c and Ctip2. Given that we see a significant 

reduction of CTIP2+ neurons in Mef2ccKO animals, suggesting Mef2c acts upstream of 

Ctip2, and a significant decrease in MEF2C expression in Satb2-/- animals, suggesting 

Satb2 acts upstream of Mef2c, we would like to know what would happen to 

subcerebral neurons and subsequent axonal projections in a Satb2-/- ; Mef2ccKO 
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mutant. More specifically, we want to assay whether SATB2 regulates a dose-

dependent transcriptional program to control a subcerebral neuronal identity. Due to 

the fact that Satb2-/- animals die at birth due to craniofacial deformities, we would 

only be able to assay Satb2+/- animals in this paradigm. We would introduce Satb2+/- 

animals into our Mef2ccKO background and assay CTIP2+ subcerebral neurons and 

corticofugal axonal projections. Together, these approaches would shed light on the 

transcriptional network that acts to regulate a subcerebral neuronal identity in the 

developing cortex. 

 
 

3.5 Identifying the functional roles of MEF2C based on protein structure 

 To date, there are 6 known isoforms of MEF2C protein that are generated as 

the result of alternative splicing (Sekiyama et al, 2012), but whether each isoform has 

any unique functions in vivo remains unknown. Differences in splice variants cause 

changes to critical regions of the MEF2C protein including the skipping of the 

transactivation domain (TAD). Additionally, changes in the length at the N-terminal 

region of the protein may result in alternative DNA binding and dimerization 

properties which may in turn result in altered efficacy or mode of transcriptional 

regulation. Sites for potential posttranslational modifications have been identified in 

each isoform (Sekiyama et al, 2012) and this too may have implications in protein 

function. Given that MEF2C may be critical for a broad range of functions during 

cortical development and that many known proteins function as distinct isoforms in a 

tissue specific manner, it is possible that MEF2C functions in an isoform-dependent 
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manner within the cortex. To investigate this possibility, expression analysis would 

be performed for each isoform found within the cortex with isoform specific 

antibodies, if available. Depending on results from this analysis, it would be 

interesting to test whether over expression of individual isoforms could rescue some 

of the phenotypes we have observed. Additionally, transgenic mouse lines could be 

created in order to investigate how the loss of a specific isoform affects cortical 

development. 

To gain additional understanding of how MEF2C serves to broadly regulate 

neuronal development, the potential effects of posttranslational modifications must be 

further scrutinized. Studies revealed multiples sites for acetylation, sumoylation and 

phosphorylation at the C-terminal end of MEF2C resulting in mutually exclusive and 

opposing functions in MEF2C-dependent activation or repression (Zhao et al., 2005a; 

Gregoire et al., 2006; Shalizi et al., 2006; Stankovic- Valentin et al., 2007). It has 

long been established that phosphorylation can impact protein function and there is 

evidence supporting the importance for phosphorylation during brain development. 

Mutation in tyrosine residue phosphorylation sites of the Reelin adaptor protein 

DAB1 results in defects in cortical lamination and the migration of neurons therein 

(Howell et al, 2000; Ballif et al, 2004). Phosphorylation is also critical to many 

protein involved in cell cycle regulation (Fisher et al, 2012). Because individual 

isoforms contain unique phosphorylation sites, it is likely that phosphorylation is 

required for proper regulation of MEF2C function. By creating and using site-directed 

mutagenesis to generate Mef2c constructs containing a serine to alanine switch at 
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multiple different phosphorylation sites, we can then ectopically express these 

constructs in Mef2c mutant neurons in vitro. We can then assay cell viability, 

molecular identity and maintenance amongst all the constructs in order to identify 

which phosphorylation site are required for the function of MEF2C in mature 

projection neurons. If any mutants are identified as being able to rescue the function 

of Mef2c mutant neurons in vitro, we can then use these constructs in an in vivo 

rescue experiment by performing in utero injections into the developing cortices of 

Mef2ccontrol and Mef2ccKO embryos. Taken together, these approaches would provide 

additional insight into the multiple different functions of Mef2c. Clearly much work is 

needed in order to fully understand the specific roles for MEF2C in individual 

populations of cortical projection neurons in the developing cortex. 
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