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ABSTRACT 
 

The cerebral cortex consists of complex circuitry that directs diverse functions. 

Development of the cortex relies upon precise coordination between inherent genetic 

programs and environmental signals to create distinct cell populations with unique 

functions and connections. A defining aspect of neuronal identity is the size and shape of 

dendrites, the part of a neuron that receives input, including excitatory signals onto 

thousands of small protrusions, called dendritic spines. Information conveyed through 

dendritic arbors and spines impacts neuronal physiology and abnormal development of 

either structure is associated with neurodevelopmental disorders. Therefore, it is critical 

to understand molecules responsible for proper dendritic patterning. 

This dissertation describes diverse roles for EphA7, an intercellular signaling 

molecule, in cortical dendritic development. Eph receptors interact with ephrin ligands on 

adjacent cells to induce changes in neuronal shape and connections. The first part of this 

work revealed that dendritic avoidance of the ligand ephrin-A5 occurs via EphA7, acting 

through the Tsc1 and Src signaling pathways. A series of loss- and gain-of-function 

studies demonstrated that EphA7 controls the overall shape of cortical dendrites by 

restricting length and branching, while in more mature neurons, EphA7 is required for the 

formation of functional dendritic spines. Thus, consequences of EphA7 signaling in 

dendrites shift over time from restricting growth to promoting intercellular contact.  
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 The second part of this work examines the molecular basis for the developmental 

shift in EphA7 function. In vivo studies demonstrate that dendritic elaboration, but not 

dendritic spine formation is controlled by EphA7 inhibition of the mTOR growth 

pathway. We hypothesized that two EphA7 isoforms in cortex might mediate the change 

in downstream signaling. Expression studies revealed the full-length, kinase-active 

receptor (FL) is most highly expressed during cortical dendritic elaboration, while a 

truncated, enzymatically inactive receptor (T1) is expressed highly during dendritic spine 

formation. Overexpression of FL or T1 results in contrasting effects on dendrite 

maturation in vitro. Finally, FL and T1 directly interact to modulate downstream 

signaling. Our results indicate the presence of T1 can modulate FL EphA7 signaling 

during cortical development, highlighting the importance of structural diversity in Eph 

receptor signaling during neuronal maturation. 
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PREFACE 
 

 
This dissertation is a collection of published and unpublished work performed between 
July 2011 and August 2017 in Maria Donoghue’s lab the Biology Department at 
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Chapter I is an introduction to cortical development, with an emphasis on the processes 
and molecules that regulate neuronal elaboration and maturation, including the Eph 
family of intercellular signaling receptors.  
 
Chapter II was published in PNAS in April 2014 in Volume 111 No. 13. Many people 
contributed to this work in valuable ways. Meredith Clifford conducted and analyzed in 
vitro patterned substrate assays and staining for synaptic markers in Figures 2.3, 2.4, and 
2.7, and helped to organize and write the paper. Paul Sampognaro helped to develop the 
patterned substrate assay. Wardah Athar and Alexandra Russo conducted and analyzed in 
vivo dendritic spine analyses with Golgi staining in Figure 2.6. Marie-Sophie Van der 
Goes, Rupa Lalchandani, and Stefano Vicini conducted and analyzed 
electrophysiological recordings in Figure 2.8. Xiumei Zhao provided invaluable 
assistance, discussion, and maintenance of the animal colonies. Maria Donoghue 
contributed significantly by overseeing experimental design, data analysis and 
interpretation, and writing of the manuscript. Carrie Leonard produced, analyzed, and 
organized immunohistochemical and in situ data in Figures 2.1 and 2.2; planned, 
produced, analyzed, and supervised dendrite morphology experiments in Figures 2.5 and 
2.6; contributed discussion and writing, and helped to significantly restructure the 
manuscript for resubmission. 
 
Chapter III is in preparation for publication. To this work, many people have contributed 
also. Denver Burton conducting Golgi staining and analyses of WT and Tsc1 or EphA7 
mutant animals in Figure 3.2. Juliet Mejia was invaluable. She maintained the animal 
colonies and performed rapamycin treatments for Golgi staining in Figures 3.1 and 3.2. 
Maryna Baydyuk performed and analyzed fluorescent ISH experiments in Figures 3.3 
and 3.4 and provided valuable input on writing. Marissa Stepler helped to validate 
expression constructs and performed ephrin-A5 treatments and phosphatase treatments in 
Figure 3.7. Collaborators contributed mutant mice and expression plasmids, which were 
used for the base of our cloning. Maria Donoghue contributed significantly through 
experimental design, data analysis, interpretation, and the writing of the manuscript. 
Carrie Leonard conceived of and planned each experiment in this chapter; designed, 
conducted and analyzed in vivo mTOR experiments in Figures 3.1 and 3.2, and sq-PCR 
experiments in Figure 3.3; designed, created, and tested the expression vectors described 
in Figures 3.5, 3.6, and 3.7 and performed and analyzed all neuronal cultures and 
transfections in Figure 3.6; performed and analyzed immunoprecipitation and synaptic 
fractionation and immunoprecipitation experiments in Figure 3.7; and finally, created 
each figure and wrote the manuscript to be submitted for publication. 



 1 

Chapter I: Introduction 

 

Overview of Cortical Development 

The cerebral cortex is the most complex division of the mammalian brain.  With 

diverse functions that include integration of sensory stimuli, motor planning and output, 

decision-making, and memory formation, the cortex involves considerable computational 

power that is served by complex circuitry (Pasko Rakic 1974; Sidman & Rakic 1982; 

McConnell 1995). Indeed, functionally distinct areas of the cortex were historically 

identified by distinct cytoarchitecture and unique layering, known as lamination 

(Brodmann 1909; Molyneaux et al. 2007). The development of the cerebral cortex relies 

upon precisely coordinated cellular events, with both inherent genetic programs and 

environmental signals contributing to eventual cell identity and connections.  

 The central nervous system is crafted embryonically, with the closing of the 

neural tube, followed by the establishment of region-specific differences along the 

anteroposterior and dorsoventral axes (Smith & Schoenwolf 2017). The anterior-most 

portion of the neural tube, the telencephalon, gives rise to the cerebral cortex and other 

forebrain structures (Rubenstein et al. 1994). In the forming cerebral cortex, the majority 

of neurons (~70%) are excitatory projection neurons that originate in proliferative niches 

close to the forebrain’s lateral ventricles (Angevine & Sidman 1961; Anthony et al. 2004; 

Molyneaux et al. 2007; Rakic 2009).  

The initial progenitors for excitatory neurons are radial glial cells (RGCs), bipolar 

neuroepithelial cells with processes spanning from the deep ventricular surface to the 

superficial pial surface. In addition to producing new cells, RGC processes serve as a 
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scaffold for migrating cells to populate the cortical plate (Anton et al. 1996; Malatesta et 

al. 2000; Miyata et al. 2001; Noctor et al. 2004). RGCs reside immediately adjacent to 

the lateral ventricles in the ventricular zone (VZ). Cell division is initially symmetric 

within the VZ, generating more progenitors. As development proceeds, asymmetric 

divisions produce intermediate progenitor cells (IPCs) and neurons. IPCs are “transient 

amplifying cells” that further divide just superficial to the VZ, in the subventricular zone 

(SVZ), and exclusively produce neurons (Hartfuss et al. 2001; Anthony et al. 2004; 

Noctor et al. 2004). The identity of a neuron within the cortex corresponds to its timing of 

birth; neurons destined for the deepest cortical layers are born first while those destined 

for upper layers are born last (Angevine & Sidman 1961; P Rakic 1974) (Figure 1.1). 

Once a newly born neuron enters the post-mitotic state, it will take on type-specific 

molecular, morphological, and physiological characteristics as it matures (Molyneaux et 

al. 2007). 

When a cell differentiates into a neuron, initial cell shape is multipolar; a bipolar 

morphology is then adopted as the neuron migrates along a RGC process. A leading 

process draws the neuron toward the pial surface, pulling the cell body toward the 

cortical plate (CP) while a trailing process extends toward the ventricle (Anton et al. 

1996; Noctor et al. 2004). Migration is halted when the neuron receives a “stop” signal 

from Reelin-secreting Cajal-Retzius cells in the Marginal Zone (MZ), the cortex’s most 

superficial layer (Anton et al. 1996; Tissir & Goffinet 2003). This phenomenon leads to 

the “inside-out” emergence of cortical layers, where early born neurons comprise deep 

layers and later born neurons comprise upper layers (Pasko Rakic 1974; Angevine & 

Sidman 1961; Caviness et al. 2008)(Figure 1.1). Neurons within a particular layer share  
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Figure 1.1. Developmental origin and distribution in the neocortex of projection 
neuron and interneuron subtypes. Excitatory neurons originate from progenitors in 
the dorsal telencephalon, and cortical inhibitory INs derive from progenitors in the 
ventral telencephalon [mainly the medial ganglionic eminence (MGE), the caudal 
ganglionic eminence (CGE), and the preoptic area (POA)]. Over time, these germinal 
zones give rise to a diversity of neuronal subtypes, both projection neurons (PNs) and 
interneurons (INs), that acquire distinct laminar addresses in the neocortex. After 
reaching the cortex, INs migrate tangentially in streams located above [marginal zone 
(MZ)] and below [subventricular zone (SVZ)] the cortical plate (CP), before switching 
to a mode of radial migration to invade the CP. By the end of neurogenesis, PN and IN 
classes coexist at specific locations in the cortical layers and begin to wire into the 
local cortical microcircuits. Roman numerals refer to the six cortical layers. 
Abbreviations: CPN, callosal projection neuron; CSMN, corticospinal motor neuron; 
CThPN, corticothalamic projection neuron; E, embryonic; IPC, intermediate precursor 
cell; IZ, intermediate zone; P, postnatal; RGC, radial glial cell; SAP, subapical 
progenitor; SP, subplate; VZ, ventricular zone (modified from Lodato & Arlotta 
2015). 
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similar molecular expression profiles that, together with external cues from the 

environment, govern neuronal elaboration and maturation (Molyneaux et al. 2007).  

Even as a neuron is migrating, the trailing process begins to take on axonal 

characteristics and, guided by diffusible and contact-mediated cues that can either be 

attractive or repulsive, starts to grow toward its specific target area, (Polleux et al. 1998; 

Polleux et al. 2000; Noctor et al. 2004). After migration and axon-specification, the 

leading process develops into an apical dendrite and additional basal dendrites begin to 

extend from the cell soma. Dendrites grow and can become highly branched in patterns 

that are specific to their functional identity (Katz 1987; Ledda & Paratcha 2017). Finally, 

as connections between neurons are made, actin-rich protrusions from the dendritic shaft 

become prominent; these dendritic spines become the postsynaptic sites for excitatory 

synapses in the cortex (Calabrese et al. 2006; Sala et al. 2008).  

While heterogeneity exists, neurons within a cortical layer tend to share the same 

basic morphology and cellular function. In the mature cortex, superficial Layer I 

(previously MZ) is mostly devoid of neuronal cell bodies and is composed of dendritic 

tufts and axons from neurons of other layers. Layers II/III contain small or medium-sized 

pyramidal neurons, which communicate with other cortical areas, while Layer IV is 

composed mostly of spiny, stellate neurons that receive input from the thalamus. Deep 

Layers V and VI contain large pyramidal neurons that communicate with subcortical 

structures, particularly the thalamus. In primary motor cortex, Layer V houses Betz cells, 

which are large pyramidal neurons that project to the spinal cord to control motor output 

(Katz 1987; Marin-Padilla 1992; Whitford et al. 2002) (Figures 1.1 and 1.2). 
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Finally, additional cell types populate the cortical plate. After excitatory 

projection neurons have formed specific layers of the cortex, inhibitory interneurons and 

glia begin to infiltrate (Anderson et al. 1997; Anderson et al. 1999; Mehler 2002; Butt et 

al. 2005). In summary, corticogenesis is highly stereotyped, resulting in specific 

subpopulations of cells arranged in precise manners to facilitate unique functions 

throughout the lifetime.  

Figure 1.2. Heterogeneity of neuronal morphology in cerebral cortex. Composite 
figure of camera lucida drawings from rapid Golgi preparations illustrating (A) the 
newborn infant motor cortex overall neuronal composition and lamina, distinguished 
by distinct cell morphologies and (B) an original Cajal drawing illustrating the 
cerebral cortex, with pyramidal neurons in various cortical layers, with dendritic 
spines. (From Marín-Padilla 2014). 
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Neuronal Elaboration and Maturation 

The proper function of the cerebral cortex depends upon organized neuronal 

circuits and a neuron’s computational characteristics are directly impacted by its 

morphology (Häusser et al. 2000; Custo Greig et al. 2013). Guidance of the axon to 

proper targets affects signal output, while the dendritic arbor controls the receptive field 

and integration of signals from other cells. Formation of the axon and dendrites is 

developmentally regulated, and follows a similar pattern in all cortical projection 

neurons.  

In vivo, axon-dendrite polarity is already morphologically apparent during 

migration, with the extension of a thin trailing process toward the ventricle (Anton et al. 

1996; Noctor et al. 2004). In vitro studies reveal that axonal specification is dependent 

upon actin instability and movement of intracellular components such as mitochondria 

into one neurite, which will induce formation of a growth cone (Bradke & Dotti 1997; 

Bradke & Dotti 1999). Growth cones are highly dynamic structures at the end of a 

growing axon that interact with the surrounding environment to facilitate growth toward, 

or retraction from guidance cues (Guan & Rao 2003). Formation of a single axon is 

typical, with characteristics such as phosphorylated neurofilament, and construction of 

unidirectional microtubules as the core cytoskeleton (Dotti & Banker 1987; Dotti et al. 

1988; Morita & Sobue 2009). Once the axon is established, remaining neurites take on 

dendritic characteristics, including expression of MAP2 and construction of bidirectional 

microtubules as the core cytoskeleton (Dotti & Banker 1987; Bradke & Dotti 1997; 

Whitford et al. 2002). 
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In vivo, the leading process of a migrating neuron becomes a prominent, apical 

dendrite that extends toward the pial surface and will either persist or retract, depending 

upon neuronal subtype (Marin-Padilla 1992; Vercelli et al. 1992; Koester & O’Leary 

1992). The apical dendrite may form oblique secondary branches, while additional 

branched dendrites will extend basally from the soma (Miller 1981; Marin-Padilla 

1992)(Figure 1.3). While dendritic shape has a genetic component, dendrites also grow 

and branch depending on interactions with their environment. Selective pruning occurs 

simultaneously with new growth so that only certain branches receiving sufficient inputs 

are maintained (Wong & Ghosh 2002). A dendritic arbor must meet the following criteria 

to be functionally efficient: 1) establishment of a receptive field that is sufficient to 

receive inputs from the intended presynaptic cells; 2) avoidance of redundant receptive 

fields by repelling dendrites of the same neuron or neuronal subtype (self-avoidance), and 

by avoiding dendritic fields of neighboring neurons (tiling); 3) scaling to maintain a 

physically larger receptive field as the brain expands throughout development (Dong et 

al. 2014). As axons and dendrites successfully make contact, small actin-rich protrusions 

called dendritic spines emerge from the dendritic shaft to become the primary 

postsynaptic location of excitatory synapses in the cortex (Harris 1999)(Figure 1.2B and 

Figure 1.3). 

Mature spines are heterogeneous in shape and size, but generally have a narrow 

neck extending from the dendritic shaft, with an enlarged head apposed to presynaptic 

terminals (Peters & Kaiserman-Abramof 1970; Miller & Peters 1981). Interestingly, 

dendritic spines are absent from neurons in evolutionarily more simple organisms, such 

as C. elegans and Drosophila, indicating a selective advantage for dendritic spines in  
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more complex nervous systems (Sala et al. 2008). Spines appear to compartmentalize 

postsynaptic electrophysiological and biochemical responses, such that synapses may be 

individually modulated (Muller & Connor 1992; Noguchi et al. 2005; Grunditz et al. 

2008). Consistent with this function, mature spines contain complex molecular machinery 

including a dynamic actin cytoskeleton and the post-synaptic density (PSD), comprised 

of hundreds of different types of proteins including receptors for neurotransmitters, 

adhesion molecules, scaffold proteins, and calcium-responsive signaling elements 

(Mulkey et al. 1994; Barria et al. 1997; Hering & Sheng 2001; Lisman et al. 2002). 

Activity-dependent signaling regulates dendritic spine shape and size (Holtmaat & 

Figure 1.3. Dendritic morphology of cortical projection neurons. Isolated 
pyramidal cells of human cerebral cortex with distinct, projecting axons and extensive 
dendritic arbors, with prominent apical dendrite, apical oblique branches, and basal 
dendrites. (A) Drawing by Golgi of pyramidal cell of the human motor cortex stained 
with the Golgi method. The axon appears in red. Golgi (1882–1883). (B) Drawing by 
Cajal of pyramidal cell of the human motor cortex. Cajal (1899). (C) Drawing by 
Cajal to illustrate dendritic spines of pyramidal cells (cerebral cortex of a 2-mo old 
child). Cajal (1933). (Taken from DeFelipe 2015).  
 



 9 

Svoboda 2009; Yoshihara et al. 2009). Larger, more mature spines are correlated with 

stronger synapses, marked by larger PSDs, increased surface expression of glutamate 

receptors, and more docked vesicles in the adjacent presynaptic terminal (Murthy & 

Sejnowski 1997; Schikorski & Stevens 1997; Nusser et al. 1998; Racca et al. 2000). 

Interestingly, while the maturation (shape, size) and number of dendritic spines changes 

as a result of external stimuli, the initial formation of dendritic spines occurs independent 

of synaptic activity. Thus, identifying an intrinsic, developmentally regulated program for 

dendritic spinogenesis that could be controlled by contact-mediated mechanisms 

(Verhage et al. 2000; Varoqueaux et al. 2002; Sigler et al. 2017).  

In immature neurons, transient, finger-like protrusions, termed filopodia, extend 

from dendritic shafts (Miller & Peters 1981). Filopodia are highly motile structures, 

thought to survey the environment and increase the probability that a dendrite will make 

contact with a nearby axon (Calabrese et al. 2006). Contact between filopodium and 

axon, in many cases, induces formation of a spine, evidenced by shortening of the neck 

and widening of the head. However, not all filopodia become dendritic spines, and some 

dendritic spines form independent from filopodia, after direct contact between axon and 

dendritic shaft (Ziv & Smith 1996; Fiala et al. 1998; Goda & Davis 2003).  

As neurons mature, dendritic spine number increases rapidly, peaking postnatally 

between two and three weeks in rodents, and between six months and three years in 

humans (Marin‐Padilla 1967; Miller 1981; Miller & Peters 1981). Following peak 

synaptogenesis, activity-dependent pruning results in elimination of weak synapses and 

immature spines, and the strengthening of efficient synapses and concurrent maturation 

of remaining spines (Marin‐Padilla 1967; Huttenlocher 1979; Miller 1981; Rakic et al. 
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1986; Galofre & Ferrer 1987; Galvez & Greenough 2005; Holtmaat et al. 2005; Zuo et al. 

2005) . In the adult brain, dendritic spines are still dynamic and responsive to changes in 

activity, but the rate of spine turnover is substantially lower, resulting in net stability of 

dendritic spine numbers (Aakalu et al. 2001; Grutzendler et al. 2002; Mataga et al. 2004; 

Zuo et al. 2005). Altogether, the process of neuronal elaboration and maturation is 

developmentally regulated, governed by a combination of intrinsic cellular programs and 

extrinsic cues. 

 

Mechanisms of Dendritic Elaboration and Dendritic Spine Formation 

 While aspects of cell type-specific dendrite development remain obscure, 

researchers are beginning to appreciate some of the cellular and molecular mechanisms 

that govern dendrite elaboration and maturation. Dendritic development is coordinated by 

a combination of cell-autonomous, intrinsic programs and environmentally-based, 

extrinsic instruction; each is important for the formation of functional, efficient neuronal 

networks (Dong et al. 2014).   

 

Intrinsic Factors Regulating Dendritic Morphogenesis 

 A host of intrinsic factors can regulate dendritic growth and maturation. Indeed, 

cell type-specific transcriptional profiles appear to provide a genetic basis for dendrite 

patterning. For example, mammalian retinal ganglion cells (RGCs), display at least 20 

different subtypes of dendritic morphology, with dendritic arbors in culture that are 

morphologically similar to those in vivo, even in the absence of normal environmental 

signals (Montague & Friedlander 1989; Montague & Friedlander 1991). Moreover, 



 11 

dissociated cortical progenitors in culture produce heterogeneous cell populations, with 

conservation of layer-specific molecular markers and morphologies (Kriegstein & 

Dichter 1983; Hack et al. 2004; Shen et al. 2006). Lastly, in Drosophila, the 

misexpression of a single transcription factor, Hamlet, is sufficient to change a neuron 

from a multi-dendritic to mono-dendritic phenotype, drastically altering its morphological 

and functional identity (Moore et al. 2002). Thus, some aspects of dendritic shape are 

genetically hardwired. 

 In addition to genetic identity, protein synthesis and trafficking are essential for 

dendritic elaboration and synaptic plasticity (Whitford et al. 2002; Puram & Bonni 2013). 

Unlike axons, dendrites contain many cellular components that are also found in the cell 

soma. In particular, endoplasmic reticulum (ER) and polyribosomes are found throughout 

dendritic shafts and near synapses, thus facilitating local synthesis, modification, and 

localization of dendritic proteins and lipids (Steward & Levy 1982; Crino & Eberwine 

1996; Spacek & Harris 1997). Indeed, transcripts encoding dendritic and synaptic 

proteins can be localized to dendritic shafts, growth cones, and spines (Crino & Eberwine 

1996; Aakalu et al. 2001; Martin & Zukin 2006; Bramham & Wells 2007). Inhibition of 

local translation or protein trafficking can lead to defective dendritic branching and 

impaired synaptic plasticity (Kang & Schuman 1996; Huber et al. 2000; Bradshaw et al. 

2003; Chihara et al. 2007). Furthermore, to facilitate the addition of plasma membrane to 

growing dendrites, specialized Golgi “outposts” are present at branch points of dendrites 

(Horton & Ehlers 2004) and mislocalization of these Golgi results in the loss of dendritic 

polarity and complexity (Horton et al. 2005). Finally, targeting of mRNAs and vesicles to 

distal regions requires bidirectional transport along microtubules (Baas et al. 1988; Baas 
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et al. 1989). Consequently, deletion of individual motor proteins leads to decreased 

dendritic complexity and plasticity (Puram & Bonni 2013). Together, these results 

implicate the importance for protein synthesis and trafficking in dendritic development.  

 In addition to trafficking along the microtubule cytoskeleton, actin polymerization 

or depolymerization determines immediately whether developing dendrites and spines 

will grow or retract, respectively (Puram & Bonni 2013). Therefore, regulators of actin 

dynamics have important roles in the growth and stability of dendrites and spines. The 

Rho family of GTPases, a subgroup of the Ras superfamily, is especially important in 

regulating dendritic elaboration and dendritic spine dynamics by modulating actin (Puram 

& Bonni 2013). Specifically, Rac1, Cdc42, and RhoA have balanced effects on dendritic 

morphology. Rac1 and Cdc42 promote dendritic growth, branching, and dendritic spine 

formation. Indeed, deletion of Rac1 or Cdc42 results in decreased dendritic complexity 

and spine density, while Rac1 and Cdc42 activity is required for proper dendritic 

morphogenesis (A. Y. Nakayama et al. 2000; Scott et al. 2003; Tolias et al. 2007). In 

contrast, RhoA signaling limits dendritic arborization and dendritic spine development. 

While deletion of RhoA results in excessive dendritic branching, overexpression of 

constitutively active RhoA results in decreased dendritic complexity (Li et al. 2000; A. Y. 

Nakayama et al. 2000; Wong et al. 2000). Moreover, RhoA overexpression causes a 

reduction in dendritic spine density, and many negative regulators of dendritic spine 

formation function through downstream activation of RhoA (A. Y. Nakayama et al. 2000; 

Tolias et al. 2007). Thus, regulation of cytoskeletal dynamics via small GTPases has 

profound effects on dendritic morphology and function.  
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 Rho-associated kinase (ROCK) is a downstream mediator of RhoA that affects 

actin reorganization while also regulating cell growth and protein synthesis through 

modulation of the PI3K-Akt-mTOR kinase pathway (Nakayama et al. 2000; Yan et al. 

2012; Gordon et al. 2014). In mammalian neurons, the PI3K-Akt-mTOR pathway 

positively regulates dendritic arborization. Constitutively active mTOR increases length 

and complexity of dendrites, while inhibition of mTOR via rapamycin drastically reduces 

dendritic extent (Kumar et al. 2005). Furthermore, deletion of mTOR repressors Tsc1 or 

Tsc2 results in excessive dendritic branching with altered spine density and morphology 

(Inoki et al. 2002; Tavazoie et al. 2005; Tang et al. 2014). Thus, neuronal identity, 

protein and cytoskeletal regulation, and intracellular kinase pathways are essential 

mechanisms in dendritic elaboration and maturation. 

  

Extrinsic Factors Regulating Dendritic Morphogenesis 

While processes within a neuron can act cell-autonomously to specify cellular 

morphology, environmental factors act on cells to refine those programs. External signals 

that influence dendritic growth and maturation include secreted factors, proteins 

mediating cell-cell contact, and neuronal activity.  

Diffusible molecules influence initial elaboration of axons and dendrites in 

specific manners. For example, MZ cells secrete Semaphorin3A (Sema3A), which repels 

the axon toward the ventricle, while attracting the apical dendrite toward the pial surface, 

thus establishing the dorsoventral polarity of a neuron (Polleux et al. 1998; Polleux et al. 

2000). The duality of Sema3A signaling- repulsive to the ventral axon and adhesive to 

the dorsal dendrites- is achieved by polarized localization of intracellular mediators 
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(Song et al. 1998; Polleux et al. 2000). Preferential trafficking of signaling molecules is a 

common theme in neuronal development, such that responses to extracellular cues can 

change depending on the intracellular effectors (Chenn & Mcconnell 1995; Chenn et al. 

1998; Zhong et al. 1997). 

Following initial neurite extension, secreted neurotrophins (NTs) are another 

family of soluble signals that influence dendritic morphology in complex ways. As a rule, 

NTs positively regulate dendritic growth, branching, and spine formation; however, NT 

sensitivity depends on the specific NT(s), on cellular identity, and on apical versus basal 

dendrite polarity (Whitford et al. 2002). One extensively studied NT, brain-derived 

neurotrophic factor (BDNF), promotes dendritic morphogenesis through its receptor 

TrkB. Several studies have characterized BDNF’s ability to promote dendritic growth and 

branching, as well as dendritic spine formation, activity-dependent pruning, and long-

term plasticity through modulation of cellular programs like Rho GTPases, local protein 

synthesis, mTOR signaling, and more. (Dijkhuizen & Ghosh 2005; Cheung et al. 2007; 

Gorski et al. 2003; Aakalu et al. 2001; Kumar et al. 2005; Orefice et al. 2013). 

Intercellular contact-mediated signaling also regulates dendritic morphogenesis. 

Some intercellular adhesions promote synaptogenesis. For instance, engagement of 

Neurexins and Neuroligins on adjacent cells induces pre- and postsynaptic specialization 

in the respective cells, including recruitment of vesicles and PSD proteins to the site of 

contact (Song et al. 1999; Scheiffele et al. 2000; Fu et al. 2003). Membrane-bound 

cadherins and protocadherins exist in many isoforms of proteins that are preferentially 

expressed in discrete neuronal populations (Obata et al. 1998; Phillips et al. 2003). 

Homophilic cadherin binding regulates dendritic self-avoidance and synapse formation 
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(Ledda & Paratcha 2017). For example, deletion of the entire gamma-protocadherin 

cluster results in abnormal dendritic overlap, and fewer synapses (Weiner et al. 2005; 

Lefebvre et al. 2012). Interestingly, these deficits can be rescued with the re-expression 

of just a single gamma-protocadherin to restore self-recognition (Lefebvre et al. 2012). 

Another intercellular signaling molecule, Notch, interacts with ligands Delta or Jagged on 

adjacent cells to promote dendritic branching at the expense of overall growth 

(Berezovska et al. 1999; Sestan et al. 1999; Redmond et al. 2000). Thus, intercellular 

contacts can regulate dendritic branching and maturation. 

As cellular contacts are initiated and synapses are formed, neuronal activity 

refines circuits and dendritic morphology, acting to eliminate inefficient connections and 

strengthen efficient ones. When afferent activity is disturbed in rodent sensory or visual 

cortex, dendritic arborization is perturbed and fewer dendritic spines form (Valverde 

1967; Riccio & Matthews 1985; Vees et al. 1998; Lendvai et al. 2000). Mechanistically, 

activity-induced calcium influx induces activity of transcription factors like CREB and 

CREST that promote dendritic growth and maturation by increasing expression of factors 

such as BDNF (Shieh et al. 1998; Hiroyuki et al. 2004). Neuronal activity also acts to 

affect local protein synthesis, small GTPases, neurotrophin release, and surface 

expression of postsynaptic proteins, thus playing an important role in refining dendrite 

morphology and function (Wong & Ghosh 2002; Dong et al. 2014).  

Altogether, dendritic development is controlled by a concert of signals, both 

intrinsic and extrinsic. This dissertation focuses, specifically, on intercellular, contact-

based signaling via the receptor EphA7 and its interaction with intrinsic pathways in 

controlling the elaboration and functional maturity of cortical dendrites.  
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Eph Receptors and Ephrin Ligands: Cell-Specific Intercellular Signaling Molecules 

 Eph receptors, the largest family of receptor tyrosine kinases (RTK), and their 

ligands, ephrins, are membrane bound proteins that mediate communication between 

adjacent cells. Initially discovered in an erythropoietin-producing hepatocellular 

carcinoma cell line, Eph receptors and ephrins translate intercellular signals to 

intracellular responses by influencing intrinsic neuronal pathways (Hirai et al. 1987; 

Pasquale 2005). Eph receptors have diverse functions in many organ systems in both 

development and maturity, and have been implicated in disease (Pasquale 2008). In the 

cerebral cortex, Eph receptors play roles in proliferation, cell migration, apoptosis, 

neurite outgrowth, and synapse formation (North et al. 2013). Clinically, Eph receptors 

are increasingly discussed as therapeutic targets, thus creating an imperative to 

understand normal and abnormal consequences of Eph-ephrin signaling (Pasquale 2010; 

Day et al. 2014). 

 The protein structure of Eph receptors is highly conserved among family 

members. The extracellular portions of Eph receptors, the ectodomains, include an N-

terminal ephrin ligand-binding domain (LBD), a cysteine-rich region that includes an 

epidermal growth factor-like motif, and fibronectin type-III repeats. There is a single-

pass transmembrane region, and intracellular domains, which include a highly conserved 

tyrosine kinase domain, a sterile alpha-motif, and a PDZ-binding domain (Hirai et al. 

1987). The family is subdivided into two main groups based on extracellular sequence 

similarity and affinity for ligands: EphAs preferentially bind to 

glycosylphosphatidylinositol (GPI)-linked ephrin-A ligands, while EphBs bind to 

transmembrane ephrin-B ligands (Gale et al. 1996). While receptor-ligand interactions 
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were originally believed to occur exclusively within an A or B class, some promiscuity 

has been reported (Kullander et al. 2003; Himanen et al. 2004; North et al. 2009).  

 Eph receptors are a unique RTK family. While many RTKs respond to diffusible 

signals, Eph receptor activation requires interaction with membrane-bound (or artificially 

clustered) ephrins (Davis et al. 1994; Holland et al. 1996). Therefore, with few 

exceptions, Eph receptors generally mediate contact-dependent communication between 

cells. In canonical Eph signaling, engagement with ephrins on an adjacent cell leads to 

Eph-receptor/ephrin ligand clusters. Subsequent auto-phosphorylation of the Eph kinase 

domain and additional phosphorylation by Src family kinases allows substrate binding 

and activation of downstream targets, which ultimately influence the actin cytoskeleton 

and cell shape (Knöll & Drescher 2004). Interestingly, depending upon the identity of the 

participating cells and the receptors and ligands involved, signaling can involve only the 

receptor-containing cell (forward signaling), only the ligand-containing cell (reverse 

signaling), or both cells (bidirectional signaling) (Holland et al. 1996; Noren & Pasquale 

2004; Davy et al. 1999; Murai & Pasquale 2011; Filosa et al. 2009). Thus, Eph receptor 

signaling is diverse and context-dependent. 

It has been speculated that the existence of such diverse Eph receptor expression 

and signaling provides an evolutionary advantage to refine spatial organization in 

increasingly complex vertebrate embryos (Zisch & Pasquale 1997).  Indeed, this 

hypothesis is supported in the developing mammalian cerebral cortex, where multiple 

Eph family members are expressed in distinct spatial and temporal patterns and have 

been reported to control such functions as proliferation, apoptosis, compartmentalization, 

axon path finding, dendrite morphogenesis, and synaptogenesis (Šestan et al. 2001; North 
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et al. 2009; Yun et al. 2003; Miller et al. 2006; Lehigh et al. 2013; reviewed in Pasquale 

2005, and North et al. 2013). 

 

Eph Receptors as Regulators of Dendritic Elaboration and Maturation  

 As intercellular signaling molecules, Eph receptors play critical roles in mediating 

neuron-neuron and neuron-glial interactions, thus guiding proper elaboration and 

maturation. Actions of Eph receptors have been well-characterized in axon guidance 

(Torii & Levitt 2005; Hansen et al. 2004; Dufour et al. 2003; Drescher et al. 1995; Frisen 

et al. 1998), but characterization of Eph receptor function in dendrite development is in 

its infancy.  

 Within the Eph family, EphB’s have well-recognized roles in synaptogenesis and 

dendritic spine formation. Mice lacking EphB receptors have decreased dendritic spine 

numbers compared to wildtype animals, whereas treatment of neurons with ephrinBs 

induced rapid mature dendritic spine growth (Irie & Yamaguchi 2002; Henkemeyer et al. 

2003; Tolias et al. 2007). EphBs have been shown to promote synapse stability through 

interactions with AMPA receptors and postsynaptic scaffold proteins (Kayser et al. 

2006). Moreover, EphBs modulate calcium signaling and increase filopodial motility via 

direct interactions with NMDA receptors (Dalva et al. 2000; Kayser et al. 2008; Nolt et 

al. 2011). EphB mutant mice also have shorter, less complex dendrites compared to 

control mice: perhaps a result of losing EphB positive regulation of the Rac1 GTPase, 

which also plays a role in EphB-mediated dendritic spine formation (Tolias et al. 2007). 

EphB modulation of Rho GTPases occurs through the guanine nucleotide exchange 
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factors (GEFs), Ephexins. Interestingly, Ephexin must be degraded to allow for EphB-

mediated dendritic spine and synapse formation (Margolis & Salogiannis 2010).  

 While EphBs have been most well-characterized in postsynaptic development and 

maintenance, EphAs and ephrinAs also participate. Indeed, postsynaptic EphA4 controls 

dendritic spine maturation and elimination. Upon interaction with astrocytic ephrin-A3, 

EphA4-Ephexin signaling induces RhoA- and phospholipase Cγ1-mediated dendritic 

spine retraction (Filosa et al. 2009; Murai & Pasquale 2011). However, regulation of 

EphA4 signaling through proteolytic cleavage releases an intracellular, cytosolic 

fragment that activates Rac1, in turn promoting the formation and maintenance of spines 

(Inoue et al. 2009; Clifford et al. 2011). In addition, in hippocampal neurons, EphA5 has 

been shown to promote early synaptogenesis. Early postnatal EphA5-deficient 

hippocampal slices failed to develop NMDAR currents. In contrast, ephrin-A5-induced 

EphA5 activation modulated voltage-gated calcium channel responses, leading to PKA-

mediated expression of NMDARs and PSD-95, essential postsynaptic proteins (Akaneya 

et al. 2010). Therefore, complex roles for EphA receptors are apparent for dendritic spine 

dynamics.  

Ephrin-A-based reverse signaling has also been implicated in dendritic 

morphogenesis. For example, glial ephrin-A3 reverse signaling, induced by postsynaptic 

EphA4, modulates long-term potentiation (LTP) through regulation of glutamate 

transporter expression (Filosa et al. 2009). Finally, Ephrin-A5 can directly interact with 

TrkB, which has diverse roles in dendritic morphogenesis (Marler et al. 2008). Therefore, 

the question remains as to whether ephrin-As can affect dendritic morphogenesis via 

interactions with NT signaling or other mechanisms.  
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 In summary, Eph receptors are a large and diverse family of receptor tyrosine 

kinases that serve as contact-dependent guidance molecules between cells, ultimately 

controlling cell shape and movement through changes in the actin cytoskeleton. Members 

of the Eph receptor family are selectively expressed in discrete populations within the 

developing nervous system, making them excellent candidates for mediators of cell-

specific elaboration and maturation.  

 

Investigating the Role of EphA7 in Cortical Dendritic Elaboration and Maturation 

The work in this dissertation focuses on the role of EphA7 in cortical dendrite 

development. While multiple Eph receptors and ephrin ligands are expressed during 

cerebral cortical development in discrete patterns (Yun et al. 2003; Mackarehtschian et al. 

1999; Šestan et al. 2001), EphA7, in particular, is expressed in differentiated neurons 

within the cortical plate, where neuronal elaboration and maturation occur (Miller et al. 

2006). Similar to many Eph receptors, EphA7 is most highly expressed embryonically, 

with levels tapering in the mature brain. Nonetheless, electron microscopy and proteomic 

studies in adults reveal EphA7 is localized to postsynaptic densities (Sialana et al. 2016; 

Amegandjin et al. 2016). Moreover, yeast two-hybrid screens and co-

immunoprecipitation of the EphA7 C-terminal PDZ-binding domain suggest potential 

interactions between EphA7 and the postsynaptic proteins GRIP, PICK1, and syntenin 

(Torres et al. 1998). As described previously, EphA7’s highest-affinity ligand, ephrin-A5, 

has also been implicated in regulation of dendritic development. While these results hint 

at a role in dendritic maturation, little else is known about the function of EphA7 in 

cortical neuronal differentiation.  
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Chapter II: EphA7 Signaling Guides Cortical Dendritic Development and  

Spine Maturation 

 

Introduction 

The development of the cerebral cortex requires considerable cellular and 

molecular orchestration to lay the foundation for a mature neural network capable of 

processing sensory input, coordinating motor output, and producing thought, memory, 

and perception (Rakic 1974; Sidman & Rakic 1982; McConnell 1995). Excitatory 

cortical neurons originate in the cortical ventricular zone as progenitors shift to a 

postmitotic state and genetic programs that promote neuronal differentiation are initiated. 

Newly differentiating neurons migrate radially from the germinal zone to occupy a more 

superficial position in the developing cortical plate (CP) in the vertical dimension and 

cortical area in the horizontal axis. Neurons then initiate axon and dendrite extension, 

eventually creating connections with pre- and postsynaptic partners (Kriegstein & Noctor 

2004). In parallel, inhibitory interneurons are generated in the ventral ganglionic 

eminences and migrate tangentially into the forming CP (Anderson et al. 1997). Neuronal 

differentiation is coordinated by an array of molecules, some of which act at multiple 

points to modulate the shape and connectivity of neurons (Polleux et al. 2000; Arlotta et 

al. 2005; Shelly et al. 2010). Defects in one or more of these cellular and molecular steps 

are likely to contribute to neurodevelopmental disorders (Insel 2010; Auerbach et al. 

2011; Krueger & Bear 2011; Paluszkiewicz et al. 2011). 

Members of the Eph receptor tyrosine kinase and ephrin ligand family mediate 

intercellular communication at discrete times in neuronal development (Pasquale 2005). 
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Eph receptors embedded in the membrane of a cell engage surface-bound ephrin ligands 

on neighboring neurons or glia (Filosa et al. 2009; Gale et al. 1996). Signaling is 

activated in the receptor- or ligand-expressing cell or in both cells (Holland et al. 1996). 

Eph/ephrin engagement ultimately can alter the cytoskeleton within a neuron, thus 

influencing both neuronal shape and contacts (Noren & Pasquale 2004; Pasquale 2005). 

How particular Eph receptors or ephrin ligands act during the sequential steps of cerebral 

cortical neuronal differentiation is unknown. 

Multiple Ephs and ephrins are expressed throughout the neocortex as neurons are 

maturing (Mackarehtschian et al. 1999; Yun et al. 2003). One receptor, EphA7, is 

uniquely and dynamically expressed during corticogenesis. Not expressed in the dividing 

cells of the dorsal telencephalon, EphA7 is present in differentiating neurons of the 

forming CP (Yun et al. 2003; Miller et al. 2006). EphA7 binds ephrin-A ligands, 

particularly ephrin-A5, with high affinity (Gale et al. 1996; Himanen et al. 2004). 

Broadly expressed in development, EphA7 is present in anterior and posterior domains, 

whereas ephrin-A5 is restricted to a middle portion of the CP at birth (Mackarehtschian et 

al. 1999; Dufour et al. 2003; Miller et al. 2006). Although Ephs and ephrins modulate cell 

shape, influence areal parcellation, guide axonal targeting, direct dendritic elaboration, 

and affect synaptogenesis in discrete parts of the brain, EphA7’s role in cortical neuronal 

differentiation has not been studied (North et al. 2013). 

Here, we demonstrate that EphA7 directs several discrete aspects of cortical 

neuronal maturation. First, EphA7 mediates dendritic avoidance of ephrin-A5 domains 

and inhibits dendritic growth and complexity in cortical neurons. Second, EphA7 limits 

protrusions from dendritic shafts early in postnatal life. Third, EphA7 promotes dendritic 



 23 

spine formation later in development. Finally, EphA7 promotes excitatory synaptic 

maturation. Thus, EphA7 is an active and complex mediator of cortical neuronal 

maturation and function. 

 

Methods 

Animal Husbandry and Tissue Preparation  

All animal use and care was in accordance with institutional, Georgetown’s 

GUACUC protocols #09-020 (mice) and #10-044 (rats), and federal guidelines. Control 

mice, either CD-1 or C57Bl/6, and rats, Sprague Dawley, were purchased from 

Charles River. Mice mutant for EphA7 were provided by U. Drescher (King’s 

College, London, UK), were backcrossed onto the C57Bl/6 strain (5-15 

generations), and bred as homozygotes as previously described (20, 24). Body sizes 

of wild type (WT) and EphA7-/- were similar on the days of analyses. The day of 

the vaginal plug was considered embryonic day 0.5 (E0.5) and the day of birth, 

postnatal day 0 (P0).  Timed pregnant females were euthanized, brains of pups were 

dissected and either dissociated for cell culture or fixed, frozen, and sectioned for 

processing. Postnatal animals were euthanized and brains were dissected, fixed, frozen, 

and sectioned or were subjected to Golgi staining. 

 

In Situ Hybridization  

Embryonic day (E)17.5 mouse embryos were collected and in situ 

hybridization was performed as previously described (18). Briefly, brains were 

isolated, fixed, dehydrated, embedded in paraffin, and sectioned sagittally at 10-15 
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µm for analysis of gene expression. In situ hybridizations were performed with 33P 

labeled antisense probes to EphA7, ephrin-A5, or Tbr-1. Following hybridization 

and exposure to film, slides were dipped in autoradiographic emulsion, exposed for 2 

weeks, and developed. Images of silver grains were obtained using darkfield 

optics and pseudocolored in Adobe Photoshop to assess overlap.  

 

Immunohistology  

Tissue sections on microscope slides or neurons on coverslips were incubated 

with blocking solution (BB+: 2.5% goat serum, 2.5% donkey serum, 1% BSA, 1% 

glycine, 0.1% lysine, 0.4% Triton X-100 in PBS), for one hour at room temperature and 

then with primary antibody, diluted in BB+, at 4°C overnight. Antibodies and dilutions 

used include: goat anti-EphA7 (1:500, R&D), mouse anti-Map2 (1:1000-2000; Sigma); 

rabbit anti-GFP (1:3000; Invitrogen); mouse anti-PSD-95 clone K28/43 (1:1000; UC 

Davis/NIH NeuroMab Facility). For surface HA and GluA2 staining, BB+ lacking 

detergent was used and mouse anti-HA  (1:3000; Sigma), or mouse anti-GluR2  (1:200; 

Chemicon) were incubated before cells were permeabilized with BB+ for detection of 

GFP. Coverslips were incubated in Alexa-conjugated secondary antibodies (Invitrogen) 

diluted 1:800 in BB+ for 1 hour at room temperature. Following washes, slides and 

coverslips were mounted using Prolong mounting media (Invitrogen). 

 

Neuronal Cultures  

Timed pregnant mothers were euthanized at E15.5 (mouse) or E18.5 (rat) and 

embryos were isolated. In some experiments, cortical neurons were transfected. For 
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experiments with mouse neurons, ex utero electroporation (EUE) was performed as 

previously described (25). Briefly, 1µg/µl total DNA (75% control plasmid, 12.5% CMV-

EGFP, and 12.5% actin-GFP) was suspended in 5% fast green in Tris buffer.  

Approximately 2 µl of the DNA solution was microinjected into the lateral ventricles 

using a picospritzer. Current pulses were applied across the head using tweezerodes 

(BTX) to direct DNA into the cells lining each ventricle. Cortices were dissected in a 

solution of HBSS supplemented with 0.5% D-glucose and 2.5% HEPES (Invitrogen). 

Cells were dissociated and plated onto coverslips that had been previously incubated with 

Poly-D-Lysine (5µg/ml; Sigma) for 1hr at 37°C and laminin (4µg/ml; Invitrogen) 

overnight at 37°C at a density of 80,000 cells per well of a 24 well dish. Cortical neurons 

were grown in 5% CO2 at 37°C for 14, 18 or 21 days in vitro (DIV), with fresh media 

added twice a week. Upon harvesting, neurons were fixed in 4% PFA for subsequent 

immunocytochemistry. For experiments with rat neurons, hippocampi were dissected and 

digested with 0.025% trypsin in HBSS for 15 min. at 37°C. Dissociated cells were plated 

at 180,000 cells/well of a 12-well dish, on coverslips coated with poly-D-lysine 

(37.5mg/ml) and laminin (2.5mg/ml) in Neurobasal media plus 2% B27, 0.5mM L-

glutamine, 0.125mM glutamate, 1% penicillin/streptomycin. Cells were transfected at 

DIV16 using Lipofectamine 2000 (Invitrogen) at 2uL transfection reagent to 0.4mg/kb 

plasmid DNA per well. Culture media was replaced with conditioned media 3h post-

transfection.  Coverslips were fixed with 4% PFA, 4% sucrose at DIV18 for 

immunocytochemistry. 

 

 



 26 

Patterned Substrate Assay 

Production of patterned coverslips: Patterned substrates were generated as 

previously described (Drescher et al. 1995). Briefly, silicone matrices, purchased from 

the Bastmeyer lab (Karlsruhe, Germany) were used to generate alternating stripes of 

protein, 150µm wide and zig-zagged in appearance; acid-washed coverslips (25mm 

circular) were flame dried and the silicone matrices were pressed tightly on top. All 

solutions were made in sterile HBSS (Invitrogen). 100µl of labeled control or ephrin-A5 

protein (10µg/ml) was added to the matrix’s reservoir and vacuum was applied in order 

to fill the lanes of the matrix. The coverslips were then incubated at 37°C for 30 minutes. 

500µl of HBSS was added to the reservoir and pulled through the apparatus with vacuum 

to wash the matrix. Coverslips were then placed in 6 well dishes and incubated with 

unlabeled protein solution (10µg/ml goat-Anti human Fc, Jackson Immunoresearch) for 

30 minutes. The protein solution was removed and a solution of 5µg/ml poly-D-lysine 

(PDL) (Sigma) was added for one hour at 37°C. Finally, the PDL solution was removed 

and culture media was added to each well. Labeled control stripes contained goat-Anti 

human Fc Alexa 555 (Invitrogen), while labeled test stripes contained ephrin-A5 (R&L) 

that had been preclustered with the same fluorescent antibody for 1 hour at room 

temperature.  

Primary cortical neurons on patterned substrates: Timed pregnant mothers were 

euthanized at E15.5 and embryonic brains isolated. Cortices were dissected and cells 

were dissociated and plated on striped coverslips at a density of 200,000 cells per well of 

a 6 well dish. Cells were grown Neurobasal media (Invitrogen) supplemented with 1% 

Penicillin/Streptomycin, 1% Sodium Pyruvate, 1% L-Glutamine, and 2% B27 in 5% CO2 
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at 37°C.  In experiments examining Src function, 5µM of PP2 or PP3 (Calbiochem) was 

added 1 hour after plating. In all cases, cells were grown for 3 DIV (DIV) then fixed in 

4% paraformaldehyde (PFA), and immunocytochemistry performed (see below).  

Analysis of neurons on patterned substrates: Images of 10 fields per coverslip were 

acquired at 20x magnification on a Zeiss Axioplan epifluorescent microscope. Images 

were converted to greyscale in Photoshop™ and imported into NeuronJ (Meijering et al. 

2004). The length of all dendrites in the field was traced and categorized as being in the 

unlabeled or labeled stripe. Total neurite length in each stripe was calculated for each 

image. The area of each stripe was also determined using ImageJ (NIH). A preference 

score [(length labeled stripe/area labeled stripe) / (length unlabled stripe/area unlabeled 

stripe)] was calculated. All experiments were performed at least three times, using 

neurons derived from at least three individuals. Values from control and test groups were 

compared using one-way ANOVA. 

 

Analysis of Dendritic Extent, In Vitro Gain-of-Function (GOF) Paradigm  

Embryonic day (E) 15.5 cortical neurons were transfected via ex utero 

electroporation with CMV-YFP and either control DNA (pSK+) or an expression vector 

consisting of CMV-EphA7 (GOF) and differentiated neuronal cultures were generated. 

At DIV7, Pyramidal-shaped neurons were traced to examine dendritic morphology (n=30 

control and n=26 EphA7 GOF neurons across four separate experiments). The NeuronJ 

plug-in for ImageJ (NIH) was used to trace and measure length of the neurites. The 

number of primary and secondary dendritic branches were recorded for each cell.  Values 
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were averaged and statistical comparisons between conditions were performed using a 

one-way ANOVA. 

 

Golgi Staining and Analysis 

A Golgi Staining kit was used according to manufacturer instructions (FD 

Neurotechnologies). Briefly, brains from P10 or P22 mice were dissected and incubated 

in solution A+B for 10-14 days. Following a two-day clearing step in solution C, brains 

were frozen, cryostat sectioned at 120-180µm, with sections mounted on slides and dried. 

Slides were developed in D+E solution, dehydrated, and mounted using Permount 

(Sigma).  

Analysis of dendritic extent, in vivo loss-of-function paradigm: Pyramidal 

neurons in deep layer IV and layer V of P10 mouse cortex were traced to examine 

dendritic morphology (n=29 WT and n=27 EphA7-/- neurons from five animals per 

genotype). The NeuronJ plug-in for ImageJ was used to trace and measure length of 

dendrites Numbers of primary and secondary dendritic branches were recorded for each 

cell.  Values were averaged and statistical comparisons between conditions were 

performed using a one-way ANOVA. 

Analysis of dendritic spine density: Ten pyramidal neurons from deep layer IV 

and layer V from each of at least 3 animals per genotype per time point were examined. 

For each cell, 50 µm segments of the primary apical or a secondary apical branch were 

identified and the number of filopodial protrusions at P10 and spines at P22 were 

recorded for each segment. Cells were averaged and statistical comparisons between 

genotypes were performed using a one-way ANOVA. 
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Analysis of Postsynaptic Compartments In Vitro  

To determine the density of PSD-95 and GluA2 puncta, dendrites of transfected 

and untransfected DIV 18 mouse cerebral cortical neurons were imaged. Puncta density 

was measured using a custom macro in ImageJ (NIH).   

 

Electrophysiological Analysis  

Neurons from embryonic cortex at E15.5 were transfected via EUE, dissociated, 

and plated as described for spine analysis above.  On the day of recording, neurons were 

visualized with a Nikon Eclipse inverted microscope using Phase Contrast optics. 

Neurons with a large pyramidal shaped soma and 3-6 primary dendrites were selected for 

recording. Whole-cell voltage-clamp recordings were obtained with recording electrodes 

pulled on a vertical pipette puller from borosilicate glass capillaries (Wiretrol II, 

Drummond, 4-6 MΩ tip resistance) filled with an internal solution containing (in mM): 

145 KGluconate, 5 MgCl2, 10 HEPES (N-(2-hydroxyethyl)piperazine-N’-2-

ethanesulfonic acid), 1.1 BAPTA, 5 Na-ATP, and 0.3 Na-GTP, pH adjusted to 7.2 with 

KOH.  Voltage-clamp recordings were performed at a holding potential of -70mV using a 

Multiclamp 700B amplifier (Molecular Devices). 

Stock solutions of bicuculline methobromide (BMR), tetrodotoxin (TTX), and 

1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide disodium salt 

hydrate (NBQX) were prepared in water and diluted to final concentrations in an 

extracellular solution containing (in mM): 145 NaCl, 5 KCl, 1 CaCl2, 5 HEPES, 5 

glucose, 25 sucrose and 0.25 mg/L phenol red, pH adjusted to 7.35-7.45 with NaOH.  
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Receptor mediated, miniature excitatory postsynaptic currents (mEPSCs) were 

isolated by local application of 25 µM BMR and 0.5 µM TTX using “Y tube” local 

perfusion (28). A subset of cells was tested with 5 µM NBQX to verify that all recorded 

events were AMPA receptor mediated.  Currents were low pass filtered at 2 kHz and 

digitized at 5-10 kHz using a Dell computer equipped with Digidata 1322A data 

acquisition board and pCLAMP9 software (Molecular Devices). Off-line data analysis, 

curve fitting, and figure preparation were performed with Clampfit10 (Molecular 

Devices) and Mini Analysis Program (Synaptosoft). Events were identified using a semi-

automated threshold based detection software and were visually confirmed.  Averages of 

mEPSCs were based on >120 events in each cell studied. The average amplitude and 

frequency for each cell was compared between groups. Unpaired Student’s t-tests were 

used for statistical comparison between groups.  

 

 

Results 

During corticogenesis, in situ hybridization reveals that receptor EphA7 is present 

in embryonic zones that contain differentiating cortical neurons (Figure 2.4-1 A and F) 

(Yun et al. 2003; Miller et al. 2006). Indeed, at E17.5, EphA7 is present in the 

intermediate zone (IZ) and CP, indicated by the CP marker TBrain-1 (Tbr-1) (Figure 

2.1 A, B, and F) (Hevner et al. 2001; Hevner 2007). The ligand ephrin-A5 also is 

expressed in the forming cerebral cortex at E17.5, present in the superficial CP (Figure 

2.1 C and G), overlapping slightly with EphA7 (yellow in Figure 2.1 D, H, and I). 

EphA7, although expressed throughout the CP, is concentrated in deep layers, whereas 
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ephrin-A5 is present superficially (Figure 2.1I). Immunohistochemical analyses, both in 

vivo and in vitro, demonstrate that the EphA7 protein is present in dendrites. Indeed, in 

E18.5 cerebral cortex, EphA7 is present in MAP2-positive dendritic processes (Figure 

2.1 J–M), staining that was absent in EphA7-/- tissue (Figure 2.2). In parallel, epitope-

tagged EphA7 localizes to the dendritic shaft as well as to the dendritic spines of cultured 

hippocampal neurons (Figure 2.1 N–P). Thus, EphA7 and one of its ligands are present in 

the CP as neurons are maturing. 

 

Cortical Neuronal Dendrites Respond to Ephrin-A5 In Vitro via EphA7 

  To study a possible role for EphA7 in cortical neuronal elaboration, a patterned 

substrate assay was used (Drescher et al. 1995). Cortical neurons were plated on these 

striped substrates and grown for 3 DIV (Figure 2.3D). Axons or dendrites were 

immunocytochemically labeled, and the lengths of either process on each substrate were 

measured and normalized to the stripe area. A preference score was generated and used to 

characterize cellular interactions with the labeled stripe (Figure 2.3). 

Consistent with previous studies, axons of WT cortical neurons grew evenly on 

control stripes but were repulsed by ephrin-A5 (Figure 2.3 G, H, and K) (Drescher et al. 

1995; Torii & Levitt 2005); this guidance was independent of EphA7, since similar 

repulsion was observed in WT and EphA7-/- cortical neurons (Figure 2.3 I and K). In 

contrast, axon repulsion by ephrin-A5 relies on EphA4, because repulsion was 

compromised in EphA4-/- neurons (Figure 2.3 J and K), as had been demonstrated 

previously (Dufour et al. 2006). This experimental paradigm both replicates previous 
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results and reveals previously unidentified differences between EphA4 and EphA7 

function. 

Although the roles of Eph/ephrin signaling in axon guidance have been studied 

extensively (Cheng & Flanagan 1994; Drescher et al. 1995; Torii & Levitt 2005), much 

less is known about the roles of Eph/ephrin signaling in the elaboration of dendrites. Thus, 

patterned substrates were used to assess whether EphA signaling plays a role in dendritic 

elaboration. Dendrites of WT cortical neurons extended evenly on control substrates 

(Figure 2.4 A, E, and I), producing a preference score close to 1 (black bars in Figure 

2.4 D, H, and L; 1.2 ± 0.12 in D, 1.18 ± 0.09 in H; 1 ± 0.07 in L). In contrast, dendrites of 

WT neurons avoided the ephrin-A5 substrate and preferred control protein (Figure 

2.4 B, F, and J), resulting in lower preference scores (white bars in Figure 2.4 D, H, 

and L; 0.55 ± 0.06 in D, 0.7 ± 0.05 in H, and 0.58 ± 0.05 in L). The significant repulsion 

of dendrites of cortical neurons by ephrin-A5 ligand demonstrates dendritic sensitivity to 

this ligand. 

To determine whether EphA7 plays a role in dendritic repulsion from ephrin-A5, 

cortical neurons from EphA7-/- mice were analyzed in the patterned substrate assay. 

Results indicate that dendrites of EphA7-/- neurons were less sensitive to ephrin-A5 

(Figure 2.4C), generating a preference score significantly different from that of WT 

neurons on test substrate and no different from WT neurons on control substrate (0.82 ± 

0.02; gray bar in Figure 2.4D). Thus, in this assay, EphA7 contributes to dendritic 

responsiveness to ephrin-A5. 
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Src and Tsc1 Participate in Dendritic Avoidance of Ephrin-A5 

 How might EphA7 signal this dendritic repulsion? Several intracellular signaling 

pathways have been implicated in repulsive responses (Noren & Pasquale 2004; Knöll & 

Drescher 2004; Murai et al. 2003; Richter et al. 2007; Sahin et al. 2005; Nie et al. 2010). 

Here, we focus on the Src family of nonreceptor tyrosine kinases and Tsc1, a regulator of 

mammalian target of rapamycin (mTOR) signaling. To test whether Src family kinases 

play a role in dendritic repulsion of ephrin-A5, PP2, an Src inhibitor, or PP3, a 

structurally related inert compound, was added to neurons grown on ephrin-A5–patterned 

substrates. The dendrites of WT neurons grown in the presence of PP3 were significantly 

repulsed by the ephrin-A5 substrate on test stripes (Figure 2.4F, 0.79 ± 0.06; white bar in 

Figure 2.4H), whereas those grown with PP2 were not repulsed by ephrin-A5, generating 

a preference score significantly different from that of WT on test stripes and no different 

from WT on control stripes (1.49 ± 0.18) (Figure 2.4G; gray bar in Figure 2.4H). Thus, 

ephrin-A5–mediated repulsion of dendrites relies on the activity of Src family kinases. 

Next, we examined whether Tsc1 acts in ephrin-A5–induced dendritic repulsion. 

Tsc1 and Tsc2 proteins normally form a complex that can regulate mTOR signaling and 

decrease protein synthesis and cell growth and have been implicated in axonal signaling 

of other Eph receptors (Nie et al. 2010). Neurons from embryos in which Tsc signaling 

was eliminated selectively in postmitotic neurons (Tsc1fl/fl; Synapsin-Cre+) were plated 

on control- or test-patterned substrates. Compared with dendrites of WT embryos (Figure 

2.4J), dendrites of Tsc1 mutant neurons were less repulsed by ephrin-A5 (Figure 2.4K), 

producing a preference score significantly different from that of WT on test substrates 
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and no different from WT on control substrates (0.55 ± 0.06) (gray bar in Figure 2.4L). 

These data indicate that the Tsc1/mTOR pathway also is used in dendritic avoidance of 

ephrin-A5. 

 

Dendritic Elaboration Is Shifted When EphA7 Signaling Is Altered  

To examine the effects of EphA7 signaling in cortical neuronal elaboration, levels 

of EphA7 signaling were manipulated in vitro and in vivo, and cellular morphology was 

examined. To begin, primary cortical neurons were transfected with CMV-actin-GFP and 

either an inert vector (control) or an EphA7 expression construct (EphA7 GOF) that 

produces ligand-independent activation of forward signaling (Torii & Levitt 2005; 

Lehigh et al. 2013). EphA7 GOF cells (Figure 2.5B; white bars in Figure 2.5 Cand D) had 

significantly shorter dendrites than control cells (Figure 2.5A; black bars in Figure 

2.5 C and D) (110.7 ± 14.5 µm for EphA7 GOF cells; 156.7 ± 13.4 µm for control cells). 

The decrease in length corresponded to less dendritic branching (6.4 ± 0.4 for control 

cells; 3.3 ± 0.4 for EphA7 GOF cells) (Figure 2.5D). These data demonstrate that ectopic 

activation of EphA7 restricts dendrite length and complexity. 

Cellular changes also were observed when EphA7 function was eliminated in 

vivo. Golgi-stained neurons in the deep layers of WT cortex at postnatal day (P)10 

(see Figure 2.5E for representative traces) were analyzed and compared with Golgi-

stained neurons of the same position in EphA7-/- cortex (see Figure 2.5F for 

representative traces, ). Compared with WT neurons (Figure 2.5E; black bars in Figure 

2.5 G and H), EphA7-/-neurons (Figure 2.5F; gray bars in Figure 2.5 G and H) had longer 

apical dendrites (3.1 ± 4.4 µm for control cells, 186.8 ± 13.0 µm for EphA7-/- cells) 
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(Figure 2.5G) and more branching, evidenced by more secondary branches when EphA7 

was lacking (3.6 ± 0.3 for control cells, 6.3 ± 0.7 for EphA7-/- cells) (Figure 2.5H). These 

data support an inhibitory role for EphA7 signaling in neuronal dendritic elaboration. 

 

EphA7 Influences Dendritic Protrusions and Synaptic Components 

Once dendrites elaborate during late embryonic and early postnatal life, small 

dendritic protrusions become apparent during the first 2 wk of postnatal life. These 

protrusions tend to be long and thin early and are termed “filopodia.” Over time, and 

certainly by the end of first postnatal month, dendritic protrusions become more 

elaborate, including dendritic spines with stubby or mushroom appearances (Harris & 

Kater 1994). One hypothesis is that dendritic filopodia expand the dendritic area 

available for contacts with axons, with some filopodia developing into spines (Fiala et al. 

1998; Ethell & Pasquale 2005). Because EphA7 is implicated in dendritic patterning 

early in cortical neuronal maturation and is expressed when spines are forming, potential 

roles for EphA7 signaling in filopodial and spine formation were examined also. 

Golgi staining was used to visualize neurons in situ. Dendritic protrusions, 

filopodia, and spines were analyzed in WT and EphA7-/- neurons at two developmentally 

distinct ages: P10, when simple protrusions (filopodia) are prevalent and the development 

of dendritic spines is starting, and P22, when synaptic contacts have matured and 

protrusions have dendritic spine or filopodial morphology. At P10, WT cortical neurons 

extended 0.41 ± 0.011 protrusions/µm (Figure 2.6A; black bar in Figure 2.6C), 

and EphA7-/-neurons had significantly more protrusions (0.47 ± 0.016 protrusions/µm) 
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(Figure 2.6B; gray bar in Figure 2.6C). Nevertheless, this result suggests that EphA7 acts 

to restrict dendritic protrusions early in postnatal life. 

Analysis at P22 revealed that WT neurons had 0.609 ± 0.014 protrusions/µm 

(Figure 2.6D), most of which were dendritic spines (0.437 ± 0.033 spines/µm) (black 

arrowheads in Figure 2.6) with a small proportion of filopodia (0.172 ± 0.003 

filopodia/µm) (white arrowheads in Figure 2.6). In contrast, EphA7-/- neurons had 

significantly fewer dendritic protrusions (0.237 ± 0.005 protrusions/µm) at P22, with a 

large proportion classified as dendritic spines (0.191 ± 0.017 spines/µm) and relatively 

few filopodia (0.046 ± 0.005 filopodia/µm) (Figure 2.6E). The few dendritic protrusions 

seen in mature EphA7-/- neurons support a role for EphA7 in promoting both filopodia 

and spines in late postnatal life. These differences corresponded to synaptic markers; 

puncta of both PSD-95, a postsynaptic marker of mature excitatory synapses, and surface 

GluA2, the AMPA receptor subunit, were reduced in EphA7-/- cells compared with 

control neurons (Figure 2.7). These results indicate that neurons from EphA7-/- mutant 

animals have fewer mature excitatory synaptic sites at DIV18 than do control neurons. 

 

EphA7 Influences In Vitro Synaptic Function 

Based on changes in dendritic protrusions and synaptic markers, 

electrophysiological function was examined in WT and EphA7-/- primary cortical 

neurons. Whole-cell patch-clamp recordings were performed from large cortical neurons 

with pyramidal cell bodies. Because it has been reported that the morphology of 

excitatory pyramidal neurons and fast-spiking GABAergic interneurons can be similar in 

culture, we further distinguished between these cell types by studying repetitive action 
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potentials elicited by current injection (Goldberg et al. 2008). Indeed, two neuronal 

populations were revealed: regular-spiking pyramidal neurons (Figure 2.8A, Left) and 

fast-spiking interneurons (Figure 2.8A, Right). As previously reported, pyramidal neurons 

were characterized by longer average spike half width (2.5 ± 0.3 ms at DIV18) than fast-

spiking neurons (1.2 ± 0.1 ms at DIV18). Fewer fast-spiking interneurons were observed 

in culture at DIV14 than at other ages, and they were excluded from analysis. Local 

perfusion with TTX and BMR decreased the occurrence of spontaneous excitatory 

postsynaptic currents (EPSCs), revealing larger and more frequent mEPSCs in fast-

spiking interneurons than in pyramidal neurons (Figure 2.8B, Lower). 

 To examine the emergence of electrophysiological characteristics, the mEPSCs of 

pyramidal neurons in cultures through time were examined. For WT pyramidal neurons, 

the frequency of mEPSCs increased significantly from DIV14–18 and remained high at 

DIV21 (Figure 2.8C, Left; white bar in Figure 2.8D). In contrast, the frequency of 

mEPSCs was low at DIV14 and DIV18, with WT levels eventually achieved by DIV21 

in EphA7-/- cultures (Figure 2.8C, Right; gray bar in Figure 2.8D, Upper Left). The 

frequency of mEPSCs was lower in EphA7-/- neurons than in WT neurons at DIV18 

(Figure 2.8D, Upper Left). However, no difference was observed between genotypes in 

the frequency of mEPSCs in fast-spiking interneurons (Figure 2.8D, Upper Right), and 

the amplitude of mEPSCs did not vary for based on cell type (Figure 2.8C, Bottom). 
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Discussion  

Cell surface-based communication in the brain serves to coordinate the 

development of neurons. Here we describe roles of EphA7 in modulating dendritic 

compartments and mediating synaptic connectivity in cerebral cortical neurons. The 

receptor EphA7 is expressed selectively in the differentiated zone of the developing 

cerebral cortex as neurons elaborate, overlapping with one of its ligands, ephrin-A5. 

EphA7 is present within dendritic shafts during cortical development and in shafts and 

spines in neurons in culture. Given the overlapping expression of EphA7 and ephrin-A5 

and EphA7’s localization to dendrites, we hypothesized that EphA7 signaling influences 

dendritic elaboration. Indeed, when cortical neurons are plated on patterned substrates, 

both axons and dendrites avoid ephrin-A5, instead preferring the control substrate. Our 

data demonstrate that EphA7 mediates dendritic responses to ephrin-A5, relying on both 

Src and Tsc1 function, pathways that are known to regulate dendritic arborization 

(Gupton & Gertler 2010; Orlova & Crino 2010; Babus et al. 2011). EphA7 activation 

results in less complex and shorter dendrites, whereas elimination of EphA7 signaling 

produces neurons with more complex, longer dendrites. Because patients and model 

organisms with tuberous sclerosis complex manifest neurodevelopmental symptoms 

(Auerbach et al. 2011; Bourgeron 2009; Di Nardo et al. 2009), we suspect that some part 

of those symptoms may result from disrupted EphA7 signaling. 

As neurons elaborate, axons contact dendrites, forging connections that may 

couple cells synaptically. A multitude of proteins, including Eph receptors, have been 

implicated in synaptogenesis in the mammalian forebrain (Filosa et al. 2009; Kayser et al. 

2006; Kayser et al. 2008; Murai & Pasquale 2004). With a role for EphA7 in dendritic 
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extension defined, we next asked whether EphA7 impacts more mature neurons. To this 

end, we examined characteristics of dendritic protrusions in vivo. At an early age (P10), 

when filopodia are extending from dendritic shafts and dendritic spine formation is just 

beginning, pyramidal neurons from EphA7-/- cortex had more dendritic protrusions, 

suggesting that EphA7 normally limits dendritic extensions at this stage. Later, at P22, 

when filopodia and dendritic spines are morphologically distinct, dendritic protrusions 

(both filopodia and spines) were less dense in EphA7-/- neurons than in WT neurons. In 

parallel, the levels of the synaptic markers PSD-95 and GluA2 were reduced in EphA7-/-

neurons, consistent with EphA7’s acting to promote the morphological and molecular 

maturation of synapses. 

Results of electrophysiological analyses also demonstrate that cortical neuronal 

synaptic function relies on EphA7 signaling. Neurons cultured from WT cortex exhibited 

a developmental increase in mEPSC frequency from DIV14 to DIV18 to DIV21. This 

progressive increase was perturbed in EphA7-/- cultures; the frequency of mEPSCs was 

the same at DIV14 and DIV18, finally reaching control levels at DIV21. Thus, EphA7 

signaling appears to coordinate the maturation of cortical synapses in excitatory 

pyramidal neurons. Although roles for EphB family members in synaptic function have 

been well characterized (Kayser et al. 2006; Kayser et al. 2008; Torres et al. 1998), a role 

for EphA7 in neuronal maturation and synaptic function complements the smaller group 

of studies that focus on EphA-mediated signaling at synapses (Sahin et al. 2005; Yu et al. 

2013). 

EphA7 and ephrin-A5 are expressed in cortical neurons in vivo and in vitro (Yun 

et al. 2003). Our data characterize population-wide responses to a perturbation in EphA7 
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signaling. Because it is likely that only a subset of cortical neurons use EphA7/ephrin-A5 

interactions to modulate dendritic characteristics, we expect that theses results will be 

more pronounced once distinct populations of cortical neurons can be distinguished. 

The opposing roles of EphA7 in limiting dendritic elaboration and protrusion extension 

early in development but promoting spine formation later in neuronal maturation are 

perplexing. How might one gene exert distinct effects at different stages of a neuron’s 

maturation? The dichotomy may be explained by the presence of two isoforms of this 

receptor; alternative splicing generates a repulsive full-length, signaling-competent 

isoform of EphA7 and a potentially attractive truncated isoform of EphA7 (Valenzuela et 

al. 1995; Hirai et al. 1987; Ciossek et al. 1995; Ciossek et al. 1999). During cortical 

development, the relative proportion of expression of these isoforms shifts (Miller et al. 

2006). Because both isoforms of EphA7 are eliminated in the EphA7-/- mouse, early 

expression of full-length EphA7 may limit dendritic protrusions initially, whereas the 

later presence of truncated EphA7 may promote dendritic spine formation. 

Our data demonstrate multifaceted roles for EphA7 over the course of cortical 

neuronal maturation. Signaling via EphA7 regulates initial neuronal dendritic elaboration 

as well as extension of protrusions, spine formation, and synaptic function. Use of the 

same signaling molecules for discrete functions over a neuron’s lifetime is an efficient 

way of guiding neuronal form and function. 
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Figure 2.1. Expression of EphA7 and its ligand, ephrin-A5, during corticogenesis. In 
situ hybridizations of EphA7 (A and F, green in D, H, and I), Tbr1 (B), or ephrin-A5 (C 
and G,red in H and I) in coronal sections of an E17.5 mouse brain, with the cerebral wall 
(E–H)or CP(I) enlarged. (A–C) In the developing cerebral cortex, both EphA7 (A) and 
Tbr-1 (B) are expressed in embryonic zones (IZ and CP) known to contain differentiated 
cortical neurons. (C and D) Ephrin-A5 is expressed by cells of the CP, overlapping with 
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EphA7 (yellow in D). (E–I) The cerebral wall with embryonic zones marked (E). EphA7 
is at highest levels in the IZ, subplate, and marginal zone (MZ) (F), and ephrin-A5 is 
superficially expressed (G), overlapping with EphA7 (yellow in H). Within the region of 
the CP (I), EphA7 is expressed in the deep CP and subplate, and ephrin-A5 is present in 
the upper CP and marginal zone. The overlap is shown in yellow. (J–M) 
Immunohistochemistry for EphA7 (J; red in M), MAP2 (K; green in M), and nuclear 
stain DAPI (L; blue in M) in coronal sections from an E18.5 mouse brain reveal EphA7 
in dendrites of maturing cortical neurons. (N–P′) Immunocytochemistry of a hippocampal 
neuron transfected at DIV16 and imaged at DIV18 for the transfected actin-GFP (N and 
N′; green in P and P′) and EphA7 (O and O′; red in P and P′) with DAPI (blue in P and 
P’). EphA7 is excluded from the nucleus but is present in neurites (O and P). 
Magnification of the boxed area in N reveals that EphA7 is present in the dendritic shaft 
and localizes to dendritic spines (O′ and P′). (Scale bar: 400 µM for A–D; 100 µM for E–
H; 50 µM for I–P; 10 µM for N′–P.) BG, basal ganglia; LV, lateral ventricle; PZ, 
proliferative zone. 
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Figure 2.2. Specificity of EphA7 immunohistochemistry. Wild type (A and C) and 
EphA7-/- (B and D) P0 mouse brains were fixed, frozen, sectioned, and stained with 
EphA7 antisera. Low magnification views of coronal forebrain reveal staining in WT (A) 
but not EphA7-/- (B) tissue. Higher magnification views of the CP (boxed in A) with 
layers indicated reveal staining in WT (C) but not EphA7-/- (D) CP. 
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Figure 2.3. Methodology to assess cortical neurons grown on patterned substrates. A 
modified patterned substrate assay was utilized (Drescher 1995). (A) To start, control 
(antibody alone, Lower) or test (recombinant ephrin-A5 and antibody, Upper) fluorescent 
anti-Fc proteins were clustered. (B) The resulting solutions were loaded into the well of a 
silicone matrix that was adhered to a coverslip (red). Vacuum was applied to pull the 
protein solution through the striped channels and coverslips were incubated with this 
solution. (C) Then, all coverslips were then coated with control protein and poly-D-
lysine. (D) Dissociated cortical neurons obtained from embryonic cerebral cortex were 
plated on top of the stripes. (E) After 3 DIV, the neurons were fixed and subjected to 
immunocytochemistry to detect axonal (SMI312) or dendritic (MAP2) processes. (F) 
Neuronal processes were traced, assigned to a position (on-stripe or off-stripe) and a 
preference score corrected for area was calculated. (G-J) Cortical neurons from WT (G 
and H), EphA7-/- (I) and EphA4-/- (J) mice were grown on alternating stripes of 
control/control (control, G) or ephrin-A5/control (test) (H-J) stripes for 3 days before 
immunocytochemistry was performed to detect axons. (K) Neurons grown on control 
stripes (black bar) produced a preference score near 1, indicating no selectivity. In 
contrast, both WT and EphA7-/- neurons grown on test stripes (light gray and dark gray 
bars, repectively) had a significantly reduced preference score, indicating repulsion from 
ephrin-A5. Neurons from EphA4-/- mice were less sensitive to ephrin-A5 than were 
neurons from WT and EphA7-/- mice and were not different from neurons from WT mice 
on control stripes. (Scale bar: 25 µM in G-J.) *P<0.05; ns= no significant difference. 
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Figure 2.4. Dendrites of cortical neurons avoid ephrin-A5 via EphA7 using Src 
family kinases and Tsc1. (A–C) Dendrites of WT (A and B), or EphA7-/- (C) cortical 
neurons grown on alternating stripes of control (black)/control (red) in the control 
condition (A) or control (black)/ephrin-A5 (red) in the test condition (B and C). (D) 
Preference score of WT dendrites on the control substrate (black bar) showed no 
selectivity (score close to 1), whereas WT dendrites on the test substrate (white bar) were 
repulsed from ephrin-A5 (score significantly below 1). In contrast, EphA7-/- dendrites 
(gray bar) were not significantly repulsed from ephrin-A5. (E–G) Dendrites of WT 
cortical neurons grown on control (E)or test (F and G) stripes alone (E) or in the presence 
of PP3, a biologically inactive compound (F), or PP2, an Src inhibitor (G). (H) Preference 
scores show that WT neurons grown on control stripes (black bar) had no preference. 
Dendrites of cortical neurons grown in the presence of PP3 (white bar) avoided ephrin-
A5, but those grown in the presence of PP2 (gray bar) were unresponsive to ephrin-A5. 
(I–K) Compared with dendrites of control neurons, which grow evenly on control 
substrate (I) but are repulsed from ephrin-A5 stripes (J), dendrites of Tsc1fl/fl; SynCre+ 
neurons show no significant repulsion by ephrin-A5 (K). (L) The preference score 
revealed no preference for WT dendrites grown on control substrates (black bar), strong 
repulsion for WT dendrites grown on test substrates (white bar), and no significant 
repulsion for Tsc1fl/fl; SynCre+ dendrites grown on test substrates (gray bar). (Scale bar: 
25 µM for all image panels.) *P < 0.05; ns, no significant difference. 
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Figure 2.5. Dendritic length and complexity depend on EphA7 activity in vitro and 
in vivo. (A–D) Primary cortical neurons were transfected at the time of plating with 
CMV-actin-GFP and an inert vector (A) or with an EphA7 ex- pression vector (B) and 
were cultured for 7 DIV before being fixed, stained for GFP staining, and analyzed. Both 
the average length of the longest neurite and the number of secondary branches were less 
for EphA7 GOF than for control neurons (quantified in C and D, respectively). A single 
arrow marks axons (not included in analyses), and double arrows indicate dendrites. (E–
H) Golgi-stained deep-layer pyramidal neurons from P10 cerebral cortex of WT (E) or 
EphA7-/- (F) mice. Absence of EphA7 resulted in longer apical dendrites and an increased 
number of secondary branches as compared with neurons in WT cortex (quantified in G 
and H, respectively). (Scale bar: 25 µM in A and B;30 µM in E and F.) *P < 0.05, ***P < 
0.001. 
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Figure 2.6. The abundance of dendritic protrusions is altered in EphA7-/- cortical 
neurons in vivo. (A and B) Golgi-stained P10 dendritic protrusions extend from the 
dendritic shaft in WT (A) and EphA7-/- (B) deep-layer cortical neurons. (C) At P10, 
EphA7-/- neurons (gray bar) have more dendritic protrusions than WT neurons (black 
bar). (D and E) Golgi-stained P22 protrusions extend from the dendritic shafts in WT (D) 
and EphA7-/- (E) cerebral cortical neurons. White arrowheads mark filopodia; black 
arrowheads mark dendritic spines. (F) EphA7-/-neurons (gray bar) have fewer total protru- 
sions (Left), spines (Middle), and filopodia (Right) than WT neurons (black bar). (Scale 
bar: 10 µM for all image panels.) ***P < 0.001. 
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Figure. 2.7. There are fewer synaptic puncta in EphA7-/- than in WT neurons. (A and 
B) Neurons derived from WT (A) or EphA7-/- (B) cortex transfected with actin-GFP and 
stained for GFP (A and B) and PSD-95 (A’ and B’). Images are merged in A’’ and B’’. 
(C) PSD-95 puncta were less dense in EphA7-/- neurons than in WT neurons. (D and E) 
Neurons derived from WT (D) or EphA7-/- (E) neurons transfected with actin-GFP and 
stained for GFP (D and E) and surface GluA2 (D’ and E’). Images are merged in D’’ and 
E’’. (F) GluA2 puncta along dendritic shafts were less dense in EphA7-/- neurons than in 
WT neurons. (Scale bar: 5um for all image panels) *P<0.05, ***P<0.001. 
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Figure 2.8. Delayed development of mESPCs in EphA7-/- cultured pyramidal 
neurons. (A) Repetitive action potentials elicited by current injection in a pyramidal 
neuron (Left) and an interneuron (Right) in primary culture at DIV18. (B)(Upper) 
Representative current traces showing spontaneous synaptic activity in a regular-spiking 
pyramidal neuron (Left) and a fast-spiking interneuron (Right) in primary culture at 
DIV19. (Lower) Perfusion with TTX and BMR revealed larger and more frequent 
mEPSCs in fast-spiking interneurons than in pyramidal neurons. (C). Multiple sweeps 
illustrating mEPSCs in neurons from WT (Left) and EphA7-/- (Right) mice at DIV14, 
DIV18, and DIV21 reveal age-dependent increases in WT cultures with time in vitro that 
was delayed in EphA7-/- cultures. (D) Quantification of data on the frequency of events 
(Upper) and peak mEPSC amplitude (Lower) in pyramidal neurons (Left) and fast-
spiking interneurons (Right) at each day in vitro reveal age-dependent increases in the 
frequency but not in the amplitude of mEPSCs in WT pyramidal neurons. Time-
dependent maturation is delayed in EphA7-/- neurons, with lower mEPSC frequency at 
both DIV14 and DIV18, although levels are similar to those in WT neurons by DIV21. 
The amplitude of mEPSCs in EphA7-/- neurons is similar to that in WT pyramidal 
neurons and is stable over time in culture. No differences were observed in the mEPSCs 
of fast-spiking EphA7-/- and WT interneurons. Numbers over bars indicate the number of 
cells analyzed. *P < 0.05. 
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Chapter III: Cortical Dendrite Development is Differentially Regulated by 

EphA7 Isoforms 

 

Introduction 

In the cerebral cortex, diverse cell populations are specifically arrayed and this 

organization underlies remarkable functional complexity (Molyneaux et al. 2007; 

Caviness et al. 2008; Rakic 2009). Distinct molecular and morphological identities 

correspond to discrete functions of cortical neurons. For instance, during migration, 

neurons have a simple, bipolar shape, with a leading process drawing the cell toward the 

pial surface and a trailing process extending toward the ventricle (Anton et al. 1996; 

Noctor et al. 2004; Tsai & Gleeson 2005). This morphology sets the stage for the 

eventual maturation of the neuron. The trailing process becomes the axon and the leading 

process becomes the apical dendrite, which will retract or branch extensively, depending 

on cell type, followed by additional branching of basal dendrites from the soma (Miller 

1981; Vercelli et al. 1992; Koester & O’Leary 1992; Polleux et al. 1998; Polleux et al. 

2000; Guan & Rao 2003). The ultimate shape of the dendritic arbor is cell type-specific, 

serving to receive and integrate signals from specific afferents (Häusser et al. 2000). As 

connections form, small, actin-rich protrusions from dendrites, called dendritic spines, 

serve as the postsynaptic site for excitatory synapses (Calabrese et al. 2006; Sala et al. 

2008). Abnormal dendritic patterning and dendritic spine shape or density are associated 

with many neurodevelopmental disorders (Kaufmann & Moser 2000; Glausier & Lewis 

2012; Phillips & Pozzo-Miller 2015; Ledda & Paratcha 2017). Despite recognition that 
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dendritic development is critical to neuronal function, many mechanisms guiding 

dendrite patterning remain obscured.  

We recently demonstrated that the intercellular signaling molecule, EphA7, a 

receptor tyrosine kinase, has complex roles in cortical neuronal development (Clifford et 

al. 2014). Membrane-bound Eph receptors, which comprise the largest family of receptor 

tyrosine kinases, engage ephrin ligands on adjacent cells to affect cellular processes in 

one or both cells (Gale et al. 1996; S. J. Holland et al. 1996; Noren & Pasquale 2004). 

Our previous data revealed that EphA7 restricts dendritic growth into ligand-rich 

domains via mTOR repressor, Tsc1, consistent with its well-documented role as a 

repulsive molecule (Himanen et al. 2004; Lehigh et al. 2013; North et al. 2013). Yet, 

EphA7 also promotes dendritic spine formation, suggesting adhesive intercellular 

interactions in maturing neurons (Clifford et al. 2014). How might EphA7 act as both a 

repulsive and adhesive signal?  

Here, we demonstrate that EphA7’s modulation of intracellular growth pathways 

changes over time due to the presence of two distinct isoforms: a full-length receptor with 

a kinase domain (FL) and a truncated version (T1) without enzymatic activity. Previous 

studies have shown that both FL and T1 isoforms are expressed in the postnatal brain 

(Ciossek et al. 1995; Mori et al. 1995; Valenzuela et al. 1995; Ciossek et al. 1999).The 

FL and T1 isoforms have identical N-terminal regions, which include an extracellular 

ligand-binding domain, cysteine-rich region (with an extracellular growth factor-like 

motif), and fibronectin type-III repeats, plus a transmembrane domain. The FL isoform 

contains an intracellular kinase domain, which is auto-phosphorylated upon dimerization 

and facilitates downstream signaling, plus a sterile alpha-motif, and PDZ-binding 
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domain. In contrast, the T1 isoform, identical to FL in its extracellular regions, lacks the 

intracellular domains and, instead, has a unique 11 amino acid C-terminal region 

(Ciossek et al. 1995). While the function of T1 remains a mystery, one study of neural 

tube closure hypothesized that T1 might switch EphA7 signaling from repulsive to 

adhesive (Holmberg et al. 2000).  

 Reflecting this molecular diversity, our study shows that EphA7 signaling 

inhibits mTOR activity to control dendrite elaboration, but not dendritic spine formation. 

We demonstrate that expression of FL or T1 EphA7 peaks during dendritic elaboration or 

spine formation, respectively, and overexpression of FL or T1 has opposing effects on 

dendrite maturation in vitro. We show a direct interaction of T1 and FL, which causes 

decreased phosphorylation of FL, indicating that T1 may act as a dominant negative to 

temper EphA7 repulsive signaling. These results expand our understanding of Eph 

receptors in dendritic development and spine formation, and highlight the effects of 

developmentally controlled receptor isoforms in diversifying signaling.  

 

 

Methods 

Animal Husbandry 

All animal use and care was in accordance with institutional, Georgetown’s 

GUACUC protocols #2016-1175 (mice) and #2016-1237 (rats), and federal guidelines. 

Control mice, either CD-1 or C57Bl/6, and rats, Sprague Dawley, were purchased 

from Charles River. Mice mutant for EphA7 were provided by U. Drescher (King’s 

College, London, UK), were backcrossed onto the C57Bl/6 strain (5-15 
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generations), and bred as homozygotes as previously described (20, 24). Body sizes 

of wild type (WT) and EphA7-/- were similar on the days of analyses. The day of 

the vaginal plug was considered embryonic day 0.5 (E0.5) and the day of birth, 

postnatal day 0 (P0).  Timed pregnant females were euthanized, brains of pups were 

dissected and either dissociated for cell culture or lysed for protein or mRNA analysis. 

Postnatal animals were euthanized and brains were dissected for protein or mRNA 

analysis, or fixed, frozen, and sectioned, or were subjected to Golgi staining. 

 

Plasmids 

Plasmids used in these experiments: actin-GFP, described previously (Fischer et 

al. 1998). pIRES2-eGFP (referred to as “empty vector” or “control”, Clontech), EphA7-

FL-HA (“FL-HA”) and EphA7-T1-myc (“T1-myc”). FL-HA and T1-myc expression 

plasmids were created by subcloning cDNA of either isoform into pIRES2-EGFP 

(Clontech) and inserting epitope tags via polymerase chain reaction with Pfu DNA 

polymerase (Promega). Primers for HA insertion into pIRES2-EGFP-FL: forward: 5’-

ACCAGACTATGCCCCTGACTTCACTGCCTTCTGTTC-3’, reverse: 5’-

ACATCATAGGGATAAGTGCTCTGGTCCAGAAGGAAGC-3’. Primers for myc 

insertion into pIRES2-EGFP-T1: forward: 5’-

ATCTGAAGAGGACTTGTAAACCGCAACAATAACTGTTTAAGAG-3’, reverse: 5’-

ATCTGCTTTTGCTCTAAAACTGACAGGTGCTCATTTGTTAC-3’. 

 

 

 



 54 

Golgi Staining and Analyses  

A Golgi Staining kit was used according to manufacturer instructions (FD 

Neurotechnologies). Briefly, brains from P22 mice were dissected, weighed, rinsed, and 

incubated in solution A/B for two weeks. Following a week-long clearing step in solution 

C, brains were frozen in a dry ice/isopentane bath, and sectioned on a cryostat at 120-

180µm. Sections were mounted on gelatin-coated slides and dried overnight. Slides were 

developed in D/E solution, dehydrated, and mounted using Permount (Sigma).  

Analysis of dendritic extent in vivo: The NeuronJ plug-in (Meijering et al. 2004)  

for ImageJ (NIH) was used to trace spiny pyramidal neurons in deep layers of mouse 

motor cortex for examination of dendritic arborization. Two or three neurons were traced 

from each animal, capturing the entire basal dendritic tree and the first 200 µm of the 

apical dendrite with oblique branches. Sholl analysis quantified dendritic complexity 

(Sholl 1953). Sholl analysis: Concentric circles of increasing radius (15-20µm intervals) 

were centered on the soma and numbers of dendritic intersections were counted along 

each circle at a given radius. The average and standard error of the mean (SEM) are 

reported, referring to the total number of neurons measured from a given group (specified 

in figure legends). Groups were compared to WT first using one-way (WT vs EphA7-/- vs 

Tsc1 cKO) or two-way (WT±rapa vs EphA7-/-±rapa) ANOVA, followed by Fisher’s LSD 

post-hoc analysis in Prism 6 (GraphPad). 

Analysis of dendritic spine density in vivo: Spiny pyramidal neurons in deep 

layers of mouse motor cortex were examined. For each cell, a 50 µm segment of a 

secondary basal or apical oblique branch was identified, the number of dendritic spines 

within each segment was recorded, and density was calculated as number of dendritic 
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spines divided by 50 µm. Average and SEM are reported, referring to the total number of 

cells analyzed within a given group. Comparisons were made using one-way (WT vs 

EphA7-/- vs Tsc1 cKO) or two-way (WT/veh vs WT/rapa vs EphA7-/-/veh vs EphA7-/-

/rapa) ANOVA, followed by post-hoc analysis with Dunnet correction (GraphPad Prism 

6). 

 

In Vivo Rapamycin Treatment  

Rapamycin concentrated stocks (20 mg/ml) were stored in ethanol at -20°C. 

Before each injection, animals were weighed and treatment doses were prepared (6 

mg/kg) by diluting in sterile vehicle (2.5mL 5% polyethylene glycol, 2.5mL 5% Tween-

80, and 45mL sterile, deoionized water, filtered with Steriflip (Millipore)). WT or EphA7-

/- pups were treated with rapamycin (LC labs) via intraperitoneal injection 3 days per 

week (MWF) from P5-6 until P22-23, when they were euthanized. Upon euthanization, 

animals were weighed, and brains were dissected and subjected to Golgi staining. 

Consistent with other reports in young mice, rapamycin-treated animals weighed less 

than vehicle-treated animals, with no significant differences in brain weight (Anderl et al. 

2011). There were no differences in weight due to genotype during the course of the 

experiment (Figure 3.2). 

 

Primary Cell Culture 

Primary cortical neurons were prepared from E18.5 rat embryos. One day before 

culture, acid-washed, glass coverslips were coated with 100 µg /mL poly-d-lysine in 

sterile PBS and incubated overnight at room temperature. The next day, coverslips were 
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washed with sterile water prior to plating. An E18.5 pregnant rat was euthanized with 

CO2 asphyxiation and pups were collected. Dorsal cortex was immediately dissected in 

1x HBSS+ (Hank’s Balanced Salt Solution plus 10mM HEPES and 1% 

penicillin/streptomycin). Chopped tissue was washed in fresh HBSS+, then incubated in 

0.125% trypsin/HBSS+ for fifteen minutes at 37 degrees Celsius. Tissue was rinsed three 

times with HBSS and triturated in neuronal growth media (Neurobasal supplemented 

with 2% B27, 1% Glutamax, and 1% penicillin/streptomycin). Cells were plated at a 

density of 150,000 cells per well of a 12-well dish and maintained at 37 degrees, 5% CO2 

in a humidified environment. Cultures were fed by replacing half of the media volume 

with fresh growth media twice per week.  

 

Cell Line Culture 

HEK293 cells were grown in DMEM (Dulbecco’s Modified Eagle Medium) 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin, and 

maintained at 37 degrees Celsius with 5% CO2 in a humidified environment. Cells were 

passaged at ~80% confluency by brief typsinization at room temperature, followed by 

serum inactivation and plating in fresh growth media. 

 

Semi-Quantitative RT-PCR 

Total RNA was isolated from cerebral cortical tissue of E12.5, E14.5, E16.5, 

E18.5, P0, P5, P10, P21 and P60 mice or from cultures of mouse primary cortical neurons 

at days in vitro(DIV) 1, 2, 3, 5, 8, 10, and 13 using the Tri-Regent Kit (Sigma-Aldrich). 

cDNA was synthesized using the First-Strand cDNA Synthesis Kit (Invitrogen). Primers 



 57 

specific for mouse EphA7 FL, T1, and U6 (FL forward: 5′-

CGTCTGAAGATGCTGGTGAAAGCA-3′, FL reverse: 5′-

ACTGAAGCTCTTGATGTGCTCGGA-3′; T1 forward: 5′-

TAAGGACCTGGATTCCTTCAGCGA-3′, T1 reverse: 5′-

CTGCATGCTTCTGGGTGCATTGAA-3′; U6 forward: 5′-CTCGCTTCGGCAGCACA-

3′, U6 reverse: 5′-AACGCTTCACGAATTTGCGT-3′) were designed and used in 

quantitative real-time RT-PCR (qRT-PCR). qRT-PCR was performed using the 2× 

SYBR Green PCR Master Mix (Bioline) with the CFX96 detection system and analyzed 

with CFX Manager softward (Bio-rad). Transcript levels were normalized to U6 and 

converted to percent maximum relative expression for FL and T1 separately. Each 

individual experiment was performed with experimental triplicates and each timepoint 

was analyzed from three separate animals. Reported values are the average and SEM of 3 

experiments (animals). 

 

Transfection 

 HEK cell transfection: HEK cells were transfected at 50-60% confluent in 

complete growth medium, using X-tremeGENE (Roche), according to manufacturer’s 

instructions. For one well of a 6-well dish, 2 µg total DNA was transfected at 1:1 

DNA:reagent ratio, where 0.5 µg /well of each expression plasmid was added plus empty 

vector to total 2 µg. Transfection cocktail was added directly to the well and left until cell 

lysis.  

Neuron transfection: Primary cortical neurons were transfected at DIV7 with 

Lipofectamine 2000 (ThermoFisher). One day before transfection, conditioned media 
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was prepared by removing half the volume of media per well and mixing with equal 

volume fresh neuronal growth media, then supplementing the neurons with fresh media. 

On the day of transfection, transfection cocktails were prepared according to 

manufacturer instructions, by mixing (per well of 12-well dish) 200uL non-supplemented 

Neurobasal media, 0.1 µg /kB of desired expression plasmid(s), and 1uL transfection 

reagent. Transfection cocktails were added to neurons and allowed to rest at 37 degrees 

Celsius for 60-90 minutes. Transfection media was completely removed and replaced 

with conditioned media, and neurons were returned to 37degrees. 

 

Ligand Binding Assay 

To determine whether EphA7 expression constructs bind to ephrin ligand, HEK 

cells were transfected with empty vector, FL-HA, or T1-myc. After 24hrs, cells were 

fixed in 4% paraformaldehyde for 20 minutes, then rocked at room temperature for at 

least one hour, while incubating with ephrinA5 conjugated to human FC (R&D) at a 

concentration of 3mg/ml in 0.5x blocking buffer (0.01% Triton X-100, 1% BSA) in PBS. 

Cells were fixed again and subjected to immunocytochemistry. 

 

Fluorescent Immunocytochemistry 

The following primary antibodies were used: rabbit anti-GFP (ThermoFisher, 

1:3000 dilution); rabbit anti-NeuN (CST, 1:1000); rabbit anti-GFAP (CST, 1:1000); 

mouse anti-PSD95 (Sigma, 1:1000); rabbit anti-HA (CST, 1:1000); rabbit anti-myc 

(CST, 1:1000); goat anti-EphA7 (R&D, 1:500); goat anti-human (ThermoFisher, 1:1000); 

and Hoechst staining (ThermoFisher, 1:15,000). Appropriate Alexafluor-conjugated 
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secondary antibodies (ThermoFisher) were used at a dilution of 1:500. For live imaging 

of transfected HEK cells, goat anti-EphA7 (R&D) was diluted 1:500 in pre-warmed, 

serum free DMEM and growth media was replaced with anti-EphA7/media cocktail for at 

least two hours at 37°C before fixation and application of secondary antibody.  After 

their respective treatments, cells were fixed for 20 min with 4% paraformaldehyde/4% 

sucrose at room temperature. Cells were permeabilized in 0.1% Triton X-100 in PBS, 

before blocking in 0.1% Tx-100 and 10% BSA in PBS. Cells were incubated with 

primary antibody diluted in 0.1% Tx-100 and 1% BSA in PBS overnight at 4°C, then 

with secondary antibody for at least 1 hr at room temperature before brief application 

of Hoechst stain in PBS, followed by rinsing and mounting with Fluoromount-G 

(SouthernBiotech). 

 

In Vitro Analysis of Dendritic Extent and Dendritic Spine Density 

Neuron morphology was visualized by ICC for GFP. Neurons were selected for 

analysis if they were spiny, and displayed 4-7 primary dendrites, with a prominent 

“apical” dendrite. For each experiment (performed from three separate culture 

preparations), at least twenty neurons were traced from two coverslips for analysis of 

dendritic morphology and ten neurons were analyzed from each condition for dendritic 

spine counts. 

Analysis of dendritic extent: The NeuronJ plug-in (Meijering et al. 2004) for 

ImageJ (NIH) was used to trace transfected primary cortical neurons. Sholl Analysis: 

Concentric circles of increasing radius (15-20 µm intervals) were centered on the soma 

and numbers of dendritic intersections were counted along each circle at a given radius 
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(Sholl 1953). The average and standard error of the mean (SEM) are reported for one 

representative experiment, referring to the total number of neurons measured in that 

experiment (specified in figure legends). Groups were compared to control-transfected 

neurons first by one-way ANOVA, followed by Fisher’s LSD post-hoc analysis in Prism 

6 (GraphPad). 

Analysis of dendritic spine density: For each neuron analyzed, a 50 µm segment 

of a secondary dendrite was identified, the number of dendritic spines within each 

segment was recorded, and density was calculated as number of dendritic spines divided 

by 50 µm. Average and SEM are reported for one representative experiment, referring to 

the total number of neurons measured in that experiment. Comparisons were made using 

one-way ANOVA, followed by Dunnet adjusted post-hoc analysis (GraphPad Prism 6). 

 

RNAscope Multiplex Fluorescent In Situ Hybridization Assay 

RNAscope probes were designed to detect mouse EphA7 mRNA for either full 

length (FL, Mm-Epha7-tv1tv3, targeting sequence: 2189-3239 of NM_010141.4) or 

truncated isoform (T1, Mm-Epha7-tv2, targeting sequence: 2064-3253 of 

NM_001122889.1). RNAscope Multiplex Fluorescent Assay on cultured cells and 

fixed frozen tissue sections was performed according to manufacturer’s instructions 

(Advanced Cell Diagnostics, ACD, Hayward, CA). Briefly, dissociated cortical 

neurons were cultured on glass cover slips and fixed in 4% formaldehyde solution for 

30 min (room temperature) at DIV 7, 14, and 21. Fixed cells were dehydrated and 

stored in 100% ethanol at -20 °C for up to 6 months. Prior to hybridization, cells were 

rehydrated, permeabilized with 1x PBS containing 0.1 % Tween-20 for 20 min and 
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treated with protease III (1:10, ACD) for 20 min. For RNAscope fluorescent assay on 

fixed frozen tissue, the slides containing 12.5 µm -thick coronal sections of mouse 

brains, collected at P0 and P10 were submerged into boiling 1x target retrieval buffer 

(ACD) for 5-10 min, followed by protease III treatment (ACD) for 30 min at 40 °C.  

Following ACD protocol for hybridization and signal amplification steps, the cover 

slips with cultured cortical cells or slides with brain tissue were either mounted with 

Fluoromount-G (SouthernBiotech) or subjected to a subsequent immunocytochemistry. 

Images were acquired using Zeiss LSM 880 confocal microscope. mRNA puncta were 

quantified using Imaris software (Bitplane, Oxford Instruments). For cortical culture, 

20 neurons from 3 separate experiments were analyzed for each time point in vitro. For in 

vivo experiments, mRNA puncta were quantified in sections containing motor cortex, 2-3 

sections per animal, 3-4 animals per age group. Comparisons between FL and T1 in all 

cases were made using two-ANOVA, followed by Holm-Sidak (in vivo) or Dunnet (in 

vitro) corrected post-hoc analysis. Comparison of FL:T1 ratio per cell was made using 

one-way ANOVA, followed by Dunnet corrected post-hoc analysis.  

 

Co-immunoprecipitation Assay and Ephrin-A5 Treatment in HEK Cells 

For co-immunoprecipitation, protein A/G agarose beads (Santa Cruz) were 

washed in immunoprecipitation buffer (1% NP-40, 50 mM Tris-HCl, pH 8.0, 150 

mM NaCl) and incubated with primary antibody at 1:200 dilution (rabbit anti-HA or anti-

myc, CST) for ≥1hr, then rinsed in IP buffer. For ephrin-A5 treatment (Figure 4B), 

ephrin-A5 conjugated to human FC (ephrinA5-hFC, R&D) or hFC control (R&D) was 

pre-clustered with goat anti-human antibody (Abcam) for one hour at 37°C before being 
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added to transfected HEK cells (5 µg /ml) for 15 minutes. Treated or untreated 

transfected HEK cells were lysed in cold IP buffer with protease inhibitors (Roche), and 

centrifuged for 10 minutes and 5,000 rpm at 4°C. Supernatant was collected and 

measured via Bradford Protein Assay (Bio-rad). 200 µg total protein was incubated with 

prepared agarose beads in IP buffer overnight at 4°C. Samples were washed in cold IP 

buffer before being eluted in 2X Laemmli sample buffer with DTT, boiled, and separated 

via SDS-PAGE.  

 

Synaptosomal Fractionation, and Phosphatase Tx of Cortical Lysate 

Crude synaptosomal fractions were collected from embryonic or postnatal rat 

cortex using the Syn-PER Extraction Reagent (ThermoSci) according to manufacturer’s 

directions. Briefly, dissected cortical tissue was weighed and gently homogenized in ice 

cold Syn-PER reagent plus protease inhibitors (10mL/gram of tissue). Samples were 

centrifuged at 1200 x g for 10 minutes at 4°C and supernatants were collected 

(homogenate sample). For synaptosomes, samples were centrifuged again at 15,000 x g 

for 20 minutes at 4°C and the pellet was resuspended in Syn-PER reagent (synaptosome 

sample) or the supernatant was collected (cytosolic sample). For phosphatase treatment, 

synaptosomal and cytosolic factions were treated with CIP (0.5units/µg, NEB) in 

CutSmart buffer (NEB) for 60 minutes at 37°C. Samples were mixed with 2X Laemmli 

sample buffer with DTT, boiled, and separated via SDS-PAGE.  
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Western Blotting 

Cell lysates were collected as described and denatured by boiling in Laemmli 

sample buffer with DTT before SDS-PAGE separation on 12% pre-cast gels (Bio-rad). 

Western blots were performed using the Bio-Rad Mini TransBlot and TransBlot-Turbo 

Transfer System, with the Bio-Rad PVDF Transfer Kit. Chemiluminescent imaging was 

performed on the ImageQuant LAS4000 biomolecular imager (GE Healthcare). The 

following primary antibodies were used: rabbit anti-EphA7 (Santa Cruz, 1:500), mouse 

anti-HA (Sigma, 1:1000), rabbit anti-HA (CST, 1:1000), mouse anti-myc (Sigma, 

1:1000), rabbit anti-myc (CST, 1:1000), mouse anti-actin (Sigma, 1:2500), rabbit anti-

phospho-tyrosine (CST, 1:1000), mouse anti-psd95 (CST, 1:1000), rabbit anti-Akt(pan) 

(CST, 1:1000). Appropriate HRP-conjugated secondary antibodies (Jackson 

ImmunoResearch) were used at a dilution of 1:2500.  

 

 

Results and Discussion 

EphA7 Signaling Intersects mTOR Pathway to Influence Dendritic Arborization but Not 

Dendritic Spine Formation 

We previously demonstrated that dendrite repulsion induced by a potent EphA7 

ligand, ephrin-A5, required inhibition of mTOR via Tsc1, complementing reports of a 

similar mechanism in EphA-guided axon retraction (Nie et al. 2010; Clifford et al. 2014). 

However, the intersection of EphA signaling with the mTOR pathway has not been 

examined with respect to dendritic spine growth. To determine whether EphA7’s effects 
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on dendrite growth and spine formation are both mediated through downstream inhibition 

of mTOR, a series of in vivo loss-of-function and rescue experiments were performed. 

We reasoned that if EphA7 and Tsc1 both act to repress mTOR, then mutation of 

either signaling molecule should result in overactive mTOR pathway and lead to 

excessive dendritic growth (Potter et al. 2001; Tapon et al. 2001; Gao & Pan 2001; 

Kumar et al. 2005; Urbanska et al. 2012) . We compared the effects of EphA7 and Tsc1 

loss-of-function in vivo. Brains from wildtype (WT), Tsc1 conditional mutant (Tsc1fl/fl; 

Synapsin-Cre+, “Tsc1 cKO”), or EphA7-/- mice were collected at postnatal day 22 (P22) 

and subjected to Golgi staining. Deep layer pyramidal neurons were visualized from 

motor cortex, which is known to express considerable levels of EphA7, (Yun et al. 2003; 

Miller et al. 2006; Clifford et al. 2011). Indeed, Sholl analysis distributions revealed both 

EphA7-/- (n=26 cells from 6 animals (26/6)) and Tsc1 cKO (n=28/5) dendrites were 

significantly more complex compared to WT (n=26/6) neurons (Figure 3.1A), suggesting 

that EphA7 and Tsc1 similarly inhibit dendritic growth. In contrast, deletion of EphA7 or 

Tsc1 produced opposing effects on dendritic spine density. While EphA7-/- neurons had 

fewer dendritic spines (0.228 ± 0.013, n=20/6, p<0.0001) compared to WT neurons 

(0.359 ± 0.015, n=20/6), Tsc1 cKO neurons had more dendritic spines (0.504 ± 0.021, 

n=16/5 p<0.0001) (Figure 3.1B). No differences were observed when comparing apical 

versus basal dendritic spine density and reported values reflect changes in total (apical 

plus basal) spine density (Figure 3.2, unpublished data). These results indicate EphA7 

and Tsc1 signaling diverges to influence dendritic spine formation.  

To directly assess whether the EphA7-/- phenotype reflects uninhibited mTOR 

activity, rapamycin, a highly specific mTOR inhibitor, was used. If mTOR is overactive 
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in EphA7-/- neurons, then treatment with rapamycin should rescue the EphA7-/- phenotype. 

To this end, WT and EphA7-/- mice were treated with rapamycin or vehicle from P5 to 

P22 and dendritic morphology was examined with Golgi staining. As previously 

reported, Sholl analysis distributions revealed that EphA7-/- vehicle-treated neurons 

(n=25/9) were more complex compared to WT vehicle-treated neurons (n=16/6) (Figure 

3.2A, Clifford et al. 2014). While rapamycin-treated WT neurons (n=24/8) had less 

complex dendrites compared to vehicle-treated WT neurons, rapamycin-treated EphA7-/- 

neurons (n=29/10) had dendritic extent similar to vehicle-treated WT neurons, indicating 

the EphA7-/- branching phenotype likely reflects uninhibited mTOR activity in cortical 

neurons (Figure 3.1C,D). However, when dendritic spines were examined, rapamycin 

treatment resulted in lower dendritic spine density in WT neurons (0.367 ± 0.01, n=20/4) 

compared to vehicle-treated WT neurons (0.477 ± 0.02, n=18/4, p<0.0001), but spine 

density was no different between rapamycin-treated EphA7-/- neurons (0.349 ± 0.01, 

n=21/4) and vehicle-treated EphA7-/- neurons (0.377 ± 0.01, n=23/4, p=0.366). Therefore, 

the EphA7-/- dendritic spine phenotype does not appear to involve overactive mTOR 

activity (Figure 3.1C,E). These results reveal a striking shift in EphA7 downstream 

signaling during cortical development: EphA7 inhibits mTOR during dendritic 

elaboration, but not during dendritic spine formation.  

 

Differential Expression of EphA7 Isoforms Reflects Functional Shift in the Developing 

Cortex 

Previous studies detected both FL and T1 EphA7 isoforms in cortex, with a 

decreasing ratio of FL to T1 from embryonic to postnatal timepoints (Miller et al. 2006). 
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To quantify temporal expression of FL and T1 in cortex, sqRT-PCR was performed at 

varying ages (Figure 3.3B). FL transcripts were highly expressed during embryonic 

development, with peak expression between embryonic day (E)16.5 and P0, and 

decreased postnatally (Figure 3.3B, blue). In contrast, T1 transcript levels were low 

throughout the embryonic period, but increased during postnatal development with 

highest levels at P10 (Figure 3.3B, red). A similar pattern was observed in samples 

derived from cultures of primary cortical neurons: FL mRNA levels were low on the first 

day in vitro (DIV1), peaked at DIV5, and steadily decreased with additional days in 

culture, whereas T1 mRNA expression was also low at DIV1, but steadily increased over 

time with maximal expression by DIV13 (Figure 3.3B, inset). 

 To determine whether EphA7 isoforms are expressed in the same cells or in 

discrete populations, fluorescent in situ hybridization (RNAscope) was used to detect 

mRNAs corresponding to each isoform. Specificity for EphA7 was confirmed by 

comparing fluorescence for each probe in WT versus EphA7-/- tissue (Figure 3.4A). FL 

and T1 transcripts were examined at the single cell level in primary cortical cultures at 

DIV7, 14, or 21. Co-immunofluorescence with either the neuronal marker, NeuN, or the 

glial marker, GFAP, revealed that EphA7 transcripts co-localized with NeuN-positive 

cells and were absent from GFAP-positive cells, demonstrating that EphA7 is primarily 

expressed in neurons (Figure 3.4B). Quantification of FL or T1 revealed the average 

number of FL puncta (23 ±2) was higher than T1 puncta (16 ±1) at DIV7 (n= 48 cells 

from 3 experiments, p=0.06). However, at DIV14 and 21, there were significantly more 

T1 puncta than FL puncta (26 ±2 vs 17±2 at DIV14, n=53, p<0.0001; 26 ±2 vs 15 ±1 at 

DIV21, n=50, p<0.0001, Figure 2C,D). Importantly, each cell expressing one EphA7 
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isoform also expressed the other. Consistent with these results, a significant decrease in 

the average FL to T1 ratio per cell was observed from DIV7 (1.56 ±0.20) to DIV14 (0.60 

±0.04) and this ratio was sustained at DIV21 (0.61 ±0.05, Figure 2C,E). Therefore, FL 

and T1 are co-expressed in cortical neurons, with the ratio shifting to higher T1 

expression as neurons mature.   

To examine EphA7 expression in vivo, levels of FL and T1 were quantified in 

motor cortex at P0 or P10, corresponding to high expression of each isoform, respectively 

(Figure 3.4C). At P0, FL and T1 levels were similar in deep layers, but there was 

significantly more FL than T1 in superficial layers (Figure 3.3F,G). This may be due to 

early-born deep layer neurons being more mature and thus, having higher expression of 

T1 compared to superficial, later-born neurons at P0 (Angevine & Sidman 1961; Rakic 

1974). In contrast, at P10, levels of T1 expression are higher in every cortical layer, 

except for layer I (Figure 3.3F, G), suggesting that the shift from FL- to T1-dominant 

expression occurs uniformly across cortical lamina. 

Since some mRNAs are locally translated to promote dendritic growth and 

synapse formation, subcellular localization of EphA7 transcripts was assessed (Martin & 

Zukin 2006). Visualization of FL and T1 mRNA puncta revealed that EphA7 transcripts 

are localized to the cell soma and do not appear to be trafficked to more distant cell 

processes (Figure 3.3C,F, Figure 3.4B). Furthermore, co-immunofluorescence with post-

synaptic marker Psd-95 showed little co-localization with mRNA of either EphA7 

isoform, suggesting that EphA7 transcripts are not localized to dendritic spines (Figure 

3.4D). Taken together, these extensive analyses of EphA7 gene expression demonstrated 

that FL and T1 isoforms are present together within the soma of single neurons, with 
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abundant FL expression at embryonic timepoints shifting to higher T1 expression at 

postnatal timepoints.  

 

Over-expression of FL or T1 EphA7 Results in Opposing Effects on Dendritic Complexity 

and Spine Density In Vitro 

The distinct temporal expression patterns of FL and T1 suggest that FL and T1 

might distinctly regulate dendritic branching and spine formation, respectively. To 

examine the unique functions of two isoforms, epitope-tagged FL (“FL-HA”) and T1 

(“T1-myc”) expression constructs were created and their abilities to produce membrane-

bound protein that binds to ephrin-A5 ligand were verified (Figure 3.5). Primary cortical 

neurons were transfected at DIV7 with actin-GFP and either empty vector, FL-HA, or 

T1-myc and cell shape and dendritic spines were quantified at DIV21. Sholl analysis 

revealed that, compared to control-transfected neurons (n=24), neurons transfected with 

FL (n=21 neurons) had less complex dendritic arbors (Figure 3.6A,B). FL-transfected 

neurons also had significantly reduced dendritic spine density (0.476 ± 0.03, n=12, 

p<0.001) compared to control neurons (0.708 ± 0.03, n=12, Figure 3.6C,D). These results 

indicate that FL limits both dendritic branching and spine formation in this paradigm. In 

contrast, T1-transfected neurons had slightly more complex dendritic arbors (n=22) and 

significantly higher dendritic spine density (0.833 ± 0.04, n=11, p=0.020) compared to 

control neurons (Figure 3.6). Thus, T1 overexpression promotes dendritic spine 

formation with little effect on dendritic complexity.  These FL and T1 overexpression 

results explain previous studies, demonstrating that EphA7-/- neurons have more complex 

dendrites with fewer dendritic spines (Clifford, et al. 2014, Figure 3.2), and suggest that 
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the EphA7-/- phenotype in cortical neurons reflects the combined loss of both FL and T1 

isoforms.  

 

FL and T1 EphA7 Are Able to Directly Interact and Are Both Present at Cortical 

Synapses  

How might EphA7-FL and T1 exert influence within a developing cortical 

neuron? It is likely that FL acts in the canonical manner of Eph receptors: upon 

engagement with ligand, FL homodimerizes, is autophosphorylated, then initiates cellular 

retraction (Davis et al. 1994; Drescher et al. 1995; S. Holland et al. 1996; Hansen et al. 

2004). The mechanism of T1 action, on the other hand, is unknown; actions may be in 

coordination with or independent of FL. Several studies demonstrate truncated receptors 

can inhibit signaling of full-length counterparts to change signaling (Kullander et al. 

2001; North et al. 2013; Fenner 2012). Indeed, one report suggested T1 acts as a 

dominant negative to FL, shifting EphA7 signaling from repulsive to adhesive during 

neural tube closure (Holmberg et al. 2000). However, this hypothesis has not been 

studied in a more mature nervous system. It is possible that EphA7-mediated dendritic 

spine formation is due to FL/T1-based interactions. To test this hypothesis, we examined 

direct binding of FL and T1 in HEK cells, expressing FL-HA and T1-myc-tagged 

isoforms. Co-immunoprecipitation of either isoform followed by western blotting for 

EphA7 revealed direct interaction of FL and T1 (Figure 3.7A). Moreover, increasing the 

ratio of T1 to FL resulted in decreased tyrosine phosphorylation of FL upon ephrin-A5 

stimulation (Figure 3.7B, Holmberg et al. 2000). These results confirm that FL and T1 

can assemble and that T1 acts to inhibit FL forward signaling. 
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 If FL repulsive signaling is inhibited by T1, EphA7-ephrin interactions might 

become adhesive (Holmberg et al. 2000). If this occurs across synapses, it could explain 

EphA7’s ability to promote dendritic spine formation. Indeed, ephrin-As are expressed at 

presynaptic terminals, while electron microscopy and proteomics studies have localized 

EphA7 to postsynaptic densities, without discerning both isoforms (Chen et al. 2008; 

Sialana et al. 2016; Amegandjin et al. 2016). Since specific immunohistochemistry for 

FL or T1 protein is not possible with available reagents, expression of EphA7 protein in 

cortical synapses was assessed by synaptosomal fractionation of E18, P2, or P10 cortex, 

and subsequent western blotting. In cortical homogenate, FL and T1 expression mirrored 

mRNA profiles. Intensity of bands corresponding to FL (predicted 112kD) decreased, 

while intensity of the band corresponding to T1 (predicted 67kD) increased from E18 to 

P10 (Figure 3.7C, left). Consistent with previous reports, multiple protein bands were 

observed for each isoform; these have been attributed to post-translational modifications, 

including glycosylation and phosphorylation (Ciossek et al. 1995). In synaptosomes, both 

FL and T1 proteins were present as early as P2 and both isoforms were enriched in 

synaptic fractions at P10 (Figure 3.7C, right), suggesting FL and T1 are positioned to 

interact within cortical synapses. 

Interestingly, the size of the upper FL band in P10 synaptosomes ran slightly 

faster via SDS-PAGE than the same band at P2. We hypothesized the presence of T1 in 

P10 synapses might result in less phosphorylated FL, hence the mobility shift of the FL 

band. To investigate whether there are synaptic changes in FL phosphorylation over time, 

synaptosomal fractions from P2 or P15 cortices were treated with calf interstitial 

phosphatase (CIP) before electrophoresis. At P2, CIP-treatment resulted in a downward 
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shift of the FL band compared to untreated samples, indicating FL is phosphorylated at 

P2 cortical synapses (Figure 3.7D, left). In contrast, there was no change in the size of the 

FL band upon CIP treatment at P15 (Figure 3.7D, right), indicating FL is not 

phosphorylated at P15 synapses, when T1 is also present. Taken together, these results 

suggest T1 may bind to and block phosphorylation of FL in postnatal cortex to moderate 

EphA7 repulsive signaling and promote the formation of dendritic spines.  

In summary, we uncovered novel roles for two distinct EphA7 isoforms- FL and 

T1, in cortical development. The distinct functions of FL and T1 are consistent with their 

expression pattern. FL is most highly expressed in the cortex just before birth, when 

dendrites are extending and dendritic spines are rare. T1 expression peaks in the second 

postnatal week, a time of rapid synaptogenesis and spine formation, and remains high 

into adulthood, when dendrites and spines are mostly stable.  Overexpression studies of 

FL or T1 in cultured neurons complemented our observations in vivo (Clifford et al. 

2014): elevated FL resulted in less complex dendritic arbors and fewer dendritic spines, 

while increased T1 led to more dendritic spines and little effect on branching (Figure 

3.6). We also demonstrate that direct binding of T1 and FL can inhibit downstream 

signaling and result in functional shift during development (Figure 3.7).  

While questions remain as to the specific molecular consequences of FL/FL 

versus FL/T1 or T1/T1 complexes, together these data suggest a model in which FL, 

present early in corticogenesis, restricts dendritic outgrowth through kinase-based 

forward signaling and repression of mTOR. Postnatally, T1 levels rise, leading to co-

expression with FL and, likely, interaction of FL and T1 in cortical synapses. T1 

consequently blocks phosphorylation of FL, effectively reversing EphA7 repulsive 
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signaling to relieve repression of mTOR, thus promoting formation of dendritic spines 

(Figure 3.8).  

EphA7 is not the first example of endogenous dominant negative regulation in the 

brain. Notably, alternative splicing also produces a truncated TrkB neurotrophin receptor 

(TrkB-T1), which inhibits full-length TrkB (TrkB-FL) signaling upon heterodimerization. 

TrkB-T1 also has many functions that are independent of TrkB-FL, including BDNF 

trafficking, filopodia and neurite extension, and intracellular kinase regulation (Fenner 

2012). It seems likely that EphA7-T1 might also have novel functions beyond inhibition 

of EphA7 forward signaling. These possibilities create exciting avenues for future 

investigation.  

Importantly, our results suggest that studies of EphA7 in the nervous system 

should cautiously interpret results and consider the existence of multiple EphA7 isoforms 

with potentially conflicting functions. More broadly, several Eph receptors and ephrin 

ligands are predicted to produce alternative mRNA transcripts and proteins of varying 

sizes: molecular heterogeneity that is largely neglected in the literature assessing 

Eph/ephrin function (Ensembl release 89, Yates et al. 2016; NCBI Gene, Coordinators 

2016). The implications of such molecular diversity warrant attention, especially as Eph 

receptors are increasingly discussed as potential therapeutic targets for many conditions. 
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Figure 3.1. EphA7 and mTOR signaling intersect to control dendrite branching, but 
not dendritic spine formation. Golgi-stained brains from P22 mice were analyzed. A. 
Data from Sholl analyses of dendrites of WT (blue, n=26 cells from 6 animals(26/6)), 
EphA7-/- (orange, n=26/6) or Tsc1 cKO (green, n=28/5) neurons show the number of 
dendritic intersections at increasing radii from the soma. For mutants, statistically 
significant differences from WT values are indicated by the overlay of a thick line of the 
same color (40-120µm from soma for EphA7-/- and 40-180µm from soma for Tsc1 cKO) 
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B. Compared to WT neurons (blue, n=20/6), dendritic spine density was lower in EphA7-

/- neurons (orange, n=20/6), and higher in Tsc1 cKO neurons (green, n=16/5). C. 
Representative traces of cells (top) and images of dendritic spines (bottom) of Golgi-
stained deep layer pyramidal neurons from WT or EphA7-/- animals treated with vehicle 
or rapamycin from P5-P22. (Scale bar represents 50µm for traces and 10µm for dendritic 
spines). D. Data from Sholl analyses of dendrites from WT/vehicle (dark blue, n=16/6), 
WT/rapamycin (light blue, n=24/8), EphA7-/-/vehicle (dark orange, n=25/9), or EphA7-/-

/rapamycin (light orange, n=29/10) neurons. Statistically significant differences from WT 
are indicated by overlay of thick line of the same respective color (75-180µm from soma 
for WT/rapamycin; 60-120µm from soma for EphA7-/-/vehicle; 120-165µm from soma 
for EphA7-/-/rapamycin). E. Compared to WT/vehicle neurons (blue, n=18/4), both 
WT/rapamycin neurons (blue stripe, n=20/4) and EphA7-/-/vehicle neurons (orange, 
n=23/4) had less dense dendritic spines. Rapamycin treatment did not change spine 
density of EphA7-/- neurons (orange stripe, n=21/4). (For Sholl analyses, thick line 
overlays represent p<0.05, for spine densities ****p<0.0001.) 
 
 
 
 
 
 
 
 
 
 



 75 

 

Figure 3.2. Effect of rapamycin treatment on WT and EphA7-/- body weight, brain 
weight, and dendritic spines. A. Growth curves of WT/vehicle (dark blue, n=7), 
WT/rapamycin (light blue, n=8), EphA7-/-/vehicle (dark orange, n=9), and EphA7-/-

/rapamycin (light orange, n=10) animals. B. WT animals treated with rapamycin (6.29g ± 
0.25g, blue stripe) weighed less than WT animals treated with vehicle (10.99g ± 0.53g, 
blue, p<0.0001) and EphA7-/- animals treated with rapamycin (7.49g ± 0.32g, orange 
stripe) weighted less than EphA7-/- animals treated with vehicle (11.98g ± 0.73g, orange, 
p<0.0001). There were no differences due to genotype. C. There were no differences in 
brain weight between WT/vehicle (0.37g ± 0.03g), WT/rapamycin (0.31g ± 0.02g), 
EphA7-/-/vehicle (0.34g ± 0.02g), and EphA7-/-/rapamycin (0.32g ± 0.01g) animals. D. 
The average brain weight to body weight ratio increased in rapamycin-treated WT (0.050 
± 0.003, blue stripe) and EphA7-/- (0.044 ± 0.002, orange stripe) animals compared to 
vehicle-treated WT (0.034 ± 0.003, blue) or EphA7-/- (0.029 ± 0.002, orange) animals. 
There were no differences due to genotype. E. There were no differences between 
dendritic spine densities counted from apical oblique (AO) versus basal dendritic 
branches, therefore total dendritic spine density is reported in Fig 3.2. (**p<0.01, 
***p<0.001, ****p<0.0001.) 
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Figure 3.3. FL and T1 
EphA7 isoforms have 
distinct and dynamic 
expression during 
cortical development. A. 
Diagrams of FL and T1 
EphA7 proteins. FL (998 
aa) and T1 (610 aa) have 
identical N-terminal 
regions, including ephrin 
ligand binding domain 
(LBD, blue), cysteine-
rich domain with Sushi 
and extracellular growth 
factor-like motifs (Cys-

Rich/Sushi/EGF), 
fibronectin type-III 
repeats (FN Type III, 
green), and 
transmembrane regions 
(TM, white). FL contains 
a kinase domain (purple), 
sterile alpha motif (SAM, 
orange), and PDZ-
binding domain (PBD, 
gray), whereas T1 has a 
unique 11 aa C-terminal 
end (pink). B. Levels of 
FL (blue) and T1 (red) 
transcripts during cortical 
development (main 
graph) or in cultured 
primary cortical neurons 
(inset), obtained with 
qRT-PCR and 
represented as percent 
maximum expression for 
each isoform, relative to 
U6 internal control. C. 
Images showing 
fluorescent ISH for FL 
(green) and T1 (red) 
mRNA at single puncta 
resolution and nuclei 
stained with Hoechst 
(blue) in primary cortical 
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neurons at 7, 14, or 21 days in vitro (Scale bar, 5µm). D. Quantification of ISH revealed 
the average number of FL puncta per cell (blue) decreased from DIV7 to DIV21, while 
average number of T1 puncta (red) increased over time in culture. On average, there were 
more FL than T1 puncta at DIV7 (p=0.06), but there were more T1 than FL puncta per 
cell at DIV14 and 21. E. The ratio of FL to T1 puncta per cell decreased from DIV7 to 14 
and was maintained at DIV 21. F. Fluorescent ISH for FL (green, left) and T1 (red, right) 
mRNA in motor cortex and nuclei stained with Hoechst (blue) at P0 (top) or P10 
(bottom) (Scale bar, 25µm). G. Quantification of FL (blue) or T1 (red) puncta in motor 
cortex of P0 (top) or P10 (bottom) mice. P0 cortex was divided into bins and P10 cortex 
divided into cortical layers based on nuclear density (Figure 3.4). At P0, there were more 
FL than T1 puncta in superficial bins (2 and 3), while FL and T1 counts were similar in 
the most superficial and deeper bins (1, 4, 5). At P10, T1 puncta were higher in every 
layer except for superficial layer I. (** p<0.01, *** p<0.001, **** p<0.0001.) 
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Figure 3.4. FL and T1 mRNA expression in distinct cell populations. A. Lack of FL 
(left) or T1 (right) fluorescent signal in P10 EphA7-/- (bottom) compared to WT (top) 
tissue from motor cortex verified specificity of RNAscope ISH probes. Nuclei were 
detected with Hoechst staining (blue). (Scale bar, 50µm.) B. ISH for FL (green) and T1 
(white) mRNA and co-immunolabeling of NeuN (red, top) or GFAP (red, bottom) in 
DIV7, 14, or 21 primary cortical neurons reveals FL and T1 mRNA is present primarily 
in NeuN-positive cells, and absent from GFAP-positive cells. Nuclei were detected with 
Hoechst staining (blue). (Scale bar, 10µm) C. Low magnification image of ISH for FL 
(green) and Hoechst staining (blue) in P0 (left) or P10 (right) WT tissue. Examples of 
cortical bins (P0) or layers (P10) based on nuclear density are shown, which were used to 
quantify FL or T1 puncta per 100µm 2 in Figure 2G. (CP, cortical plate; IZ, intermediate 
zone; VZ, ventricular zone; SVZ, subventricular zone; Ctx, cortex; CC, corpus callosum; 
Str, striatum, Scale bar, 200µm for both panels) D. ISH for FL (green, left) or T1 (green, 
right) mRNA, plus co-immunolabeling of postsynaptic marker, PSD95 (red) and nuclei 
stained with Hoechst (blue) in P0 (top) and P10 (bottom) motor cortex reveals EphA7 
transcripts are not localized to postsynaptic compartments (Scale bar, 10µm). 
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Figure 3.5. Validation of FL-HA and T1-myc expression constructs. A. Schematic of 
FL-HA (top) and T1-myc (bottom) protein. Each construct expresses proteins with the 
respective FL or T1 domains described in Figure 3.3, with an additional c-terminal 
epitope tag: HA (green) for FL, and myc (yellow) for T1. B-E, HEK cells were 
transfected with GFP plus control, FL-HA, or T1-myc expression constructs for 24hrs. B. 
Cells were lysed and western blot with EphA7, HA, or myc antibodies revealed the 
expression constructs produced EphA7 isoforms of the correct sizes (FL, predicted 
112kD; T1 predicted 67kD) that were successfully epitope tagged. C. Transfected cells 
were fixed for immunocytochemistry against HA (red, left) or myc (red, right), which 
indicated the majority of GFP-positive, transfected cells (green) were also positive for 
HA or myc when FL-HA or T1-myc was co-transfected, respectively. D. Transfected 
cells were incubated live with EphA7 antibody that recognizes the extracellular portion of 
the protein before fixation, to determine whether FL-HA and T1-myc produced proteins 
that were localized to the cell membrane. Cells transfected with FL-HA or T1-myc had 
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high anti-EphA7 signal (red), indicating the protein produced from these constructs is 
trafficked to the membrane. E. Transfected cells were fixed, then incubated with ephrin-
A5 conjugated to human FC, then fixed once more to determine if FL-HA or T1-myc can 
readily bind to ligand. Anti-human immunocytochemistry (red) revealed that indeed, both 
FL-HA and T1-myc robustly bind to ephrin-A5. For C-E, nuclei were detected with 
Hoechst staining (blue) (Scale bars for all panels represent 30µm). 
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Figure 3.6. Overexpression of FL or T1 resulted in opposite effects on dendritic 
branching and dendritic spine density. Primary cortical neurons were transfected at 
DIV7 with actin-GFP plus control, EphA7-FL, or EphA7-T1 plasmids and analyzed at 
DIV21. A. Representative traces of DIV21 control- (left), EphA7-FL- (middle), or 
EphA7-T1- (right) transfected cortical neurons (Scale bar, 50µm). B. Data from Sholl 
analysis of dendrites from primary cortical neurons transfected with actin-GFP plus 
control (gray), EphA7-FL (blue), or EphA7-T1 (red). Statistically significant differences 
from control are indicated by overlay of thick line of the same respective color (40-
120µm from soma for FL and 40µm from soma for T1). C. Representative images of 
dendritic spines from neurons transfected with actin-GFP plus control (left), EphA7-FL 
(middle), or EphA7-T1 (right) (Scale bar, 10µm) D. FL-transfected neurons (blue) had 
lower dendritic spine density compared to control-transfected neurons (gray), while T1-
transfected neurons (red) had higher dendritic spine density compared to control-
transfected neurons. (*p<0.05, ****p<0.0001.) 
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Figure 3.7. FL and T1 protein interact and are enriched in cortical synaptic 
fractions. A-B. HEK cells were transfected with control, FL-HA, T1-myc, or both FL-
HA and T1-myc at a 1:1 ratio (A) or at increasing T1:FL ratios (B). A. Transfected cells 
were lysed and immunoprecipitated with HA or myc antibodies; western analysis 
revealed that FL and T1 protein directly interacts. B. Transfected cells were stimulated 
for 15 min. with clustered ephrin-A5-hFC, or hFC control. Lysates were subjected to 
immunoprecipitation with HA antibody to pull down FL protein. Detection of phospho-
tyrosine, T1-myc, and FL-HA revealed that FL tyrosine phosphorylation was decreased 
with increasing amounts of T1 binding. Actin was used as loading control. C. 
Representative western blot of cortical homogenate and synaptosomes prepared from 
E18, P2, or P10 rats (all samples were run on the same gel and detected on the same 
membrane, lanes between homogenate and synaptosomes samples were digitally 
removed). EphA7 detection in cortical homogenate reveals that the intensity of FL bands 
decreases with developmental time, while the intensity of T1 and PSD95 bands increase 
with time (left). FL and T1 are detected in P2 synaptosomes, and are enriched in 
synaptosomes at P10, similar to PSD95 (right). Actin was used as a loading control for 
homogenates. D. Cortical synaptosomes from P2 (left) and P15 (right) were mock treated 
or treated with CIP to remove phosphate groups. A downward shift of EphA7 FL band at 
P2, but not P15, suggests that FL phosphorylation occurs at the earlier, but not later 
timepoint. Akt was a positive control and actin was a loading control (all samples were 
run on the same gel and detected on the same membrane, lanes between P2 and P15 
samples were digitally removed).  
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Figure 3.8. Model of EphA7 function in cortical dendrite development. Our results 
support a model where full-length (FL) and truncated (T1) EphA7 isoforms have distinct 
roles in cortical dendrite elaboration and spine formation. As neurons reach their final 
positions within the cortical plate, they are morphologically simple. Before and around 
the time of birth, dendrites extend and branch to meet incoming axons (bottom left). 
During this time, FL is highly expressed. Interaction with ephrin-A-expressing cells 
results in FL phosphorylation and initiates forward signaling, which consequently inhibits 
mTOR activity and dendritic growth (top left). In postnatal cortex, morphologically 
complex neurons are forming connections (bottom right). T1 is highly expressed at this 
time. Therefore, interaction with ephrin-A-expressing cells no longer initiates repulsive 
forward signaling, but facilitates intercellular adhesion and synaptogenesis, thus 
promoting the formation of dendritic spines (top right).   
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Chapter IV: Overall Conclusions and Future Directions 

 

Summary of Results 

This dissertation provides data about and insights into molecular mechanisms that 

regulate dendritic development and maturation. The first section of this work 

characterizes a role for EphA7 in cortical dendrite development. Specifically, EphA7 

mediates dendrite-specific responses to the ligand ephrin-A5, responses that depend on 

Tsc1 and Src signaling, since deletion or inhibition of these proteins, respectively, 

disrupts EphA7-mediated dendritic avoidance of ephrin-A5. Furthermore, results from 

both in vitro and in vivo studies demonstrate that EphA7 acts to restrict dendritic growth 

and branching of cortical neurons; EphA7 loss-of-function (LOF) results in longer, more 

complex dendrites, while EphA7 overexpression results in shorter, less complex 

dendrites. In more mature neurons, EphA7 also promotes excitatory synapse formation; 

EphA7 LOF results in decreased dendritic spine density, fewer postsynaptic markers, and 

fewer excitatory postsynaptic currents. Together, these results describe a shift in EphA7 

signaling: repulsive influences early that inhibit excessive growth of dendritic arbors, and 

adhesive actions later to promote the formation of excitatory synapses. 

 The second portion of this thesis describes distinct roles for the FL and T1 EphA7 

isoforms in cortical neuronal maturation, thus explaining the diverse consequences of this 

signaling molecule. First, using genetic models and a pharmacological agent, analyses of 

cortical neuronal morphology indicate that EphA7 acts via repression of mTOR to restrict 

dendritic outgrowth, but that EphA7’s role in promoting dendritic spine formation is 

independent of mTOR. Thus, EphA7 downstream signaling is differential between 
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dendritic elaboration and dendritic spine formation. In the brain, there are two EphA7 

isoforms: the FL, kinase-active receptor, and the T1 receptor that lacks a kinase domain. 

Based on a previous study that hypothesized that T1 may promote adhesive signaling by 

dominant negative interactions with FL, we investigated the expression and function of 

FL and T1 EphA7 in cortex (Holmberg et al. 2000).  

 Interestingly, FL and T1 EphA7 are distinctly expressed. In situ hybridization 

revealed that FL and T1 are preferentially expressed in neurons and co-expressed within 

the same cell. However, time courses of expression differ: FL peaks between E16-P0, 

when dendrites are becoming more complex, whereas T1 levels are low throughout 

embryonic life, and peak at P10, when dendritic spines are forming. These results are 

consistent with FL and T1 impacting unique aspects of cortical neuronal development. 

Indeed, compared to control neurons, overexpression of FL resulted in decreased 

dendritic complexity and fewer dendritic spines, while overexpression of T1 resulted in 

little change in dendritic complexity but more dendritic spines. Finally, results 

demonstrate that FL and T1 are both present in cortical synapses, that FL and T1 directly 

bind to one another, and that this interaction leads to decreased phosphorylation of FL. 

These results indicate that EphA7 forward signaling is suppressed in the presence of T1. 

Taken together, the experiments in this dissertation describe unique roles for EphA7 

isoforms in cortical dendritic elaboration and maturation. This is only the second function 

described for the T1 EphA7 isoform in over two decades since its discovery, and the first 

described in cerebral cortex. These findings highlight the role of Eph receptor isoforms in 

diversifying signaling.  
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Future Directions 

EphA7 Mechanisms of Dendritic Growth Inhibition 

 The results presented here provide exciting insights into the role of Epha7 in 

dendrite morphogenesis, creating new avenues for future study. The data reveal that 

EphA7 forward signaling via the FL isoform acts to limit dendritic extent. Eph-mediated 

axon retraction has previously been shown to be mediated by kinase-dependent activation 

of RhoA via Ephexins (Shamah et al. 2001; Sahin et al. 2005; Kullander et al. 2001; 

Soskis et al. 2012). The presence of EphA7-FL, RhoA, and Ephexins in dendrites 

suggests that dendritic responses may occur through similar mechanisms (Margolis & 

Salogiannis 2010). Indeed, a role for Ephexins has been reported for activity-dependent 

dendrite growth, although upstream regulators such as EphA7 have not been 

characterized (Wu et al. 2007). Future studies should examine whether EphA7 regulates 

dendritic repulsion via Ephexins.  

Interestingly, previous data differentiated the roles for EphA7 versus EphA4 in 

cortical dendritic or axonal responses to ephrin-A5; signaling via EphA7, but not EphA4, 

was active in dendritic avoidance of the ligand (Clifford et al. 2014), while both EphA7 

and EphA4 guide axons between thalamus and cortex  in vivo (Uziel et al. 2002; Dufour 

et al. 2003; Torii & Levitt 2005; Miller et al. 2006). These results raise the question of 

whether localization of EphA4 and EphA7 is polarized in neuronal populations. 

Alternatively, Eph receptors are known to differentially interact with members of the 

Ephexin family, therefore localization of specific mediators of EphA7 signaling, such as 

Ephexin, might also be polarized to induce distinct changes in axons or dendrites upon 

EphA activation (Shamah et al. 2001; Sahin et al. 2005; Margolis & Salogiannis 2010). 
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Future studies will determine subcellular expression of EphA7 and Ephexins, and 

determine whether EphA7 acts through specific Ephexins to control dendritic elaboration. 

 

EphA7 Mechanisms of Synaptogenesis 

 Intriguing questions emerge from data showing the presence of T1 modulates 

kinase-dependent FL EphA7 responses during dendrite maturation. How might T1 

function? It seems likely that T1 acts as an endogenous dominant negative to FL, since 

FL and T1 are expressed within the same cortical neurons, localized to synapses, and 

capable of direct binding in HEK cells, resulting in decreased tyrosine phosphorylation of 

FL (Holmberg et al. 2000). In dendritic spines, T1 inhibition of FL may modulate RhoA 

activation and lead to stabilization of the actin cytoskeleton. Furthermore, yeast two-

hybrid screens have identified interactions between the FL PDZ-binding domain and 

synaptic proteins, GRIP, PICK1, and syntenin, suggesting FL may indirectly associate 

with glutamate receptors at synapses (Torres et al. 1998; Verpelli et al. 2012). Future 

studies should investigate such interactions in neuronal systems. In this, it will be 

interesting to investigate whether the ability of FL to bind GRIP, PICK1, or syntenin 

requires the presence of T1.  

 Since Eph-mediated neurite retraction relies upon kinase activity, it is logical that 

EphA7, alone, restricts dendritic elaboration (Kullander et al. 2001; Soskis et al. 2012). 

However, later in neuronal development, it is unclear whether T1 necessarily 

heterodimerizes with FL to promote synaptogenesis or if T1 isoforms can create 

homodimers and function independent of FL. With no kinase domain to initiate repulsive 

signaling, it is conceivable that T1 might act as a cell adhesion molecule in interacting 
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with presynaptic ephrins. In support of this model, T1 expression in HEK cells is 

sufficient to induce aggregation with ephrin-A5-expressing cells (Holmberg et al. 2000). 

T1-mediated adhesion at synapses could serve to stabilize pre- and postsynaptic 

positioning, and could induce presynaptic effects through ephrin reverse signaling. 

Indeed, ephrins are localized to presynaptic compartments and influence synaptogenesis 

(Hruska & Dalva 2012). In particular, ephrin-A5, a high-affinity EphA7 ligand, has been 

shown to mediate BDNF-induced synaptogenesis (Marler et al. 2008). 

 Finally, a unique C-terminal sequence in T1 (…SLVTNEHLSVL-OOH) contains 

potential Class I PDZ-binding domains (underlined and defined by the amino acid 

sequence [S/T]xϕ, where “x” is any amino acid, and ϕ is a hydrophobic amino acid) 

(Songyang et al. 1997). Since only interactions of the FL PDZ-binding domain have been 

investigated previously, it would be interesting to examine whether these putative PDZ-

binding sites are functional and whether T1 also interacts with PDZ proteins to facilitate 

synaptogenesis.  

 To visualize endogenous localization and potential binding of FL and T1 isoforms 

would require new experimental tools, such as specific antibodies or fluorescently-tagged 

proteins, that could be used in concert with high-resolution microscopy. Another 

complementary approach to characterize effects of specific isoforms would be to 

selectively remove FL or T1 from neurons using shRNA or by creation of FL- or T1-

specific knockout animals. Since FL and T1 share the first nine exons, traditional knock-

out models are not a straightforward option. However, CRISPR/Cas9 or TALENs 

technologies may serve this purpose well. During the course of this dissertation, we 

attempted to create CRISPR knock-in mice with endogenous epitope-tagged FL and T1, 
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but the EphA7 locus was especially inaccessible and recombination rates were too low to 

proceed. Hopefully, future endeavors will be more successful. 

 

Exploration of EphA7 Expression Dynamics 

 Our data reveal that the EphA7 profile in cortex shifts, from predominantly FL 

expression in immature neurons to primarily T1 expression in maturing neurons. The 

regulatory mechanisms responsible for this EphA7 expression are unknown. It is possible 

the change in isoform dominance is activity-dependent. An approach to this question 

would be to examine isoform distribution when neuronal activity is altered. Furthermore, 

our in vivo studies examined EphA7 expression and function in a small subset of cortical 

neurons in motor cortex. FL and T1 are expressed diffusely throughout the cortex, and 

are both highly expressed in the hippocampus, as well (Ciossek et al. 1999). Future 

studies should determine the specific cell populations that express EphA7 isoforms and 

how FL or T1 might specifically affect the formation of individual neuronal circuits.  For 

instance, EphA7 has also been implicated in the formation of hippocampal inhibitory 

synapses, although the potential contribution of T1 to this function was not addressed 

(Beuter et al. 2016). It is possible that EphA7 isoforms may act differently, depending on 

cellular identity and location. 

 

EphA7 and Brain Pathology 

 Finally, the results of this dissertation may have interesting clinical implications. 

EphA7 signaling is implicated in cancer, and EphA7 status has been correlated with 

prognosis (Wang et al. 2008; Pasquale 2010; Oricchio et al. 2011). Interestingly, a 
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soluble, human-specific truncated EphA7 in spleen has been identified as a tumor 

suppressor that, when mutated, can cause lymphoma (Oricchio et al. 2011). Even with 

this study, the variety of Eph receptor isoforms is often overlooked. Of note, one study 

reported that 44% of glioblastoma multiforme samples had up-regulated EphA7 

expression, and that this over-expression correlated with a more negative prognosis 

(Wang et al. 2008). Since this study used reagents that recognize both FL and T1 

isoforms, it is unclear whether one or both isoforms contribute to tumorigenesis in the 

brain. Since our results and others’ reveal T1 can induce cellular adhesions and reverse 

FL-forward signaling that would otherwise inhibit cell growth and proliferation, it seems 

imperative that the specific status of T1 be examined in glioblastoma multiforme and 

other cancers to determine the best therapeutic strategy (Holmberg et al. 2000; Depaepe 

et al. 2005; Day et al. 2014). 

 

Eph Receptor Isoforms and Diversifying Signaling 

 Taken together, the results of this dissertation highlight specific roles for 

developmentally regulated EphA7 isoforms, FL and T1. While these results focus on 

EphA7, many Eph receptor genes are predicted to encode alternative transcripts and 

proteins of varying sizes. Thus, it is surprising that this molecular heterogeneity has been 

largely neglected in literature discussing Eph receptor functions. Although a large 

undertaking, it would be important to confirm which Eph receptor alternative transcripts 

are expressed in the brain (among other tissues), and which transcripts are evolutionarily 

conserved in humans, indicating important biological functions. Hopefully, the 
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implications of discrete Eph receptor isoforms will urge caution in the future 

interpretations of Eph receptor signaling. 
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