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ABSTRACT OF THE DISSERTATION 
 
 
 
 

Characterizing the Neurovascular Niche During Neurogenesis in Xenopus tectum 
 
 
 
 

by 
 
 
 
 

Melissa Lya-fon Lau 
 

Doctor of Philosophy in Neurosciences 
 

University of California, San Diego, 2016 
 

Professor Hollis Cline, Chair 
 

Professor David Kleinfeld, Co-Chair 
 
 
 
 
 Proper development of the nervous system requires strict regulation of neurogenesis. 

Neural progenitor cells are not only regulated by cell-autonomous genetic programs, but are also 

responsive to extracellular signals. In vitro evidence suggests that the vasculature may provide 

such regulatory cues. Although both adult and embryonic neural stem cells associate with blood 

vessels, vascular-mediated signaling pathways have only been identified for adult neurogenesis. 

Here, I provide in vivo characterization of the neurovascular niche during development, including 

potential mechanisms for vascular-mediated regulation of neurogenesis.  
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Radial glia, the neural progenitors during developmental neurogenesis, are typified by a 

long, radial process that terminates as an endfoot at the pial surface. Using in vivo time lapse 

imaging in Xenopus laevis, I demonstrate that a subset of radial glial endfeet closely appose the 

vasculature, and further, maintain this proximity over time. Even so, I found no correlation 

between vascular apposition and proliferative behavior. Clonal lineage analysis of 70 radial glia 

demonstrated that vascular apposition does not bias radial glia towards specific neurogenic 

events, which include asymmetric division, symmetric division, and direct differentiation. While 

this suggests that vascular apposition does not affect neurogenesis, it does not preclude the 

possibility that secreted vascular cues could regulate neurogenesis by signaling to nearby endfeet. 

Indeed, intracardial injection of fluorescent tracers showed that vascular-circulating molecules are 

endocytosed by radial glial endfeet, regardless of apposition to the vasculature. Finally, I tested 

two candidate signaling systems for effects on proliferation and differentiation, but did not find 

conclusive evidence for vascular-mediated regulation of neurogenesis. Together, these findings 

further describe interactions between neural progenitors and the vasculature, and identify unique 

features of the neurovascular niche during developmental neurogenesis.  
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Chapter 1: Introduction 

1.1 A history of radial glia 

Earliest observations of radial glia, initially labeled by Camillo Golgi’s eponymous stain 

in 1885, describe the cells’ striking morphology: In spinal cord sections, the cells extend long, 

radiating processes that span the entire tissue. Although the term would come much later, Golgi 

also noted the elaborated radial glial endfeet that fix the end of each radial process to the pia 

mater—or occasionally, blood vessels ((Bentivoglio et al. 1999), translation). However, the role 

of such interactions between radial glia and the vasculature would not be discussed until over a 

century later. After all, it was only within the last two decades that the function of radial glia 

themselves was elucidated. Initially theorized as structural supports to guide the radial migration 

of newborn neurons (Rakic 1971a, b, 1972), radial glia have since been demonstrated to be the 

neural progenitor cells that give rise to neurons across the developing central nervous system 

(CNS) (Malatesta et al. 2000, Noctor et al. 2001).  

 Since then, few reports have focused on the importance of radial glial endfeet. However, 

several in vitro studies provided the first clues that attachment of endfeet to the pial surface may 

be important to regulate neurogenesis. Both chick and mouse neuroblasts, when cultured with 

meningeal cells, experience an increase in proliferation (Barakat et al. 1981, Gensburger et al. 

1986). This suggests the presence of a pro-proliferative signal from the meninges, which would 

also include blood vessels. Further in vivo work by Radakovits and colleagues showed that 

disrupting radial glial attachment to the meninges, via loss of !1 integrin, causes cell death 

(Radakovits et al. 2009). Thus the meninges may be responsible for both pro-survival and pro-

proliferative signals. In addition, in vivo timelapse imaging demonstrates a high degree of 

dynamic structural rearrangements in the finer processes of radial glial endfeet (Tremblay et al. 

2009), which could reflect active sampling of the microenviroment for potential regulatory cues.
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Therefore, studying interactions between cells in the pia and radial glial endfeet will be critical 

for understanding the diversity of signaling mechanisms that regulate neurogenesis.  

 

1.2 Identifying the neurovascular niche 

 Renewed interest in interactions between neural progenitors and the vasculature came 

with the discovery that neural stem cells (NSCs) in the adult hippocampus cluster around blood 

vessels (Palmer et al. 2000). Given that the hippocampus is one of the few regions to remain 

neurogenic through adulthood, this initiated the hypothesis that the vasculature fosters a unique 

microenvironment, called the neurovascular niche, which regulates neurogenesis. The appearance 

of such a niche in other neurogenic regions has expanded the term to include additional 

components of the microenvironment, including blood vessels, multiple subtypes of NSCs, basal 

lamina, pericytes, astrocytes, microglia, and neurons. Much of the current literature focuses on 

characterizing the neurovascular niche in the context of adult neurogenesis, but this too informs 

and expands our understanding of developmental neurogenesis, and thus the interactions between 

radial glia and the vasculature.  

 

1.2.1 The neurovascular niche in adult hippocampus 

 Following Palmer and colleagues’ observation that actively dividing NSCs cluster around 

blood vessels (Palmer et al. 2000), others used electron microscopy (EM) to look in adult 

hippocampus for evidence of direct contact between NSCs and the vasculature. Indeed, NSCs 

contact the basal lamina of blood vessels via endfoot-like structures, with 1-2µm of coverage 

(Filippov et al. 2003, Moss et al. 2016). Larger areas of sheet-like contact occurred with >10µm 

coverage of the blood vessels (Moss et al. 2016). Often, NSCs share coverage of the blood 

vessels with astrocytes (Moss et al. 2016), and on average, contact 2 blood vessels, 2.5 astrocytes, 

and 1.7 oligodendrocytes each (Gebara et al. 2016). Besides contacting the vasculature, NSCs are 
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also known to appose other components of the neurovascular niche, including pericytes (Seri et 

al. 2004) and neurons, even occasionally at synapses (Moss et al. 2016).  

 

1.2.2 The neurovascular niche in the adult subventricular zone 

 Besides the hippocampus, the only other region in the mammalian brain for which adult 

neurogenesis occurs is the subventricular zone (SVZ), which generates inhibitory neurons for the 

olfactory bulb. Here, the cell lineage begins with type B cells, the self-renewing progenitors, 

which give rise to transit-amplifying type C cells. Transit-amplifying type C cells then generate 

type A neuroblasts, which organize into migrating chains that travel in the rostral migratory 

stream to eventually enter and integrate into the olfactory bulb (Alvarez-Buylla et al. 2004). Both 

type B and type C NSCs appose the vasculature (Capela et al. 2002, Mirzadeh et al. 2008, Shen et 

al. 2008, Tavazoie et al. 2008, Ottone et al. 2014). Indeed, 96% of type B cells have long, basal 

processes that extend tangentially, eventually terminating on a blood vessel (Mirzadeh et al. 

2008). Similarly, 49% of transit-amplifying type C cells reside within 5µm of the vasculature 

(Tavazoie et al. 2008). Consequently, NSC proliferation occurs close to the vasculature, with 

82% of cells immunolabeled for phospho-histone H3 (pH3), a mitotic marker, found within 10µm 

of the vasculature (Shen et al. 2008). Quiescent NSCs, called label-retaining cells for their 

extended retention of the thymidine analog bromodeoxyuridine (BrdU), also maintain proximity 

to the vasculature, with 55.4% apposed to a blood vessel (Tavazoie et al. 2008). Indeed, both type 

B and type C NSCs actively home to blood vessels, guided by vascular secreted stromal-derived 

factor 1 (SDF1) (Kokovay et al. 2010). In contrast, while type A neuroblasts form migrating 

chains that run alongside blood vessels, only 13.9% of these cells are apposed to the vasculature 

(Tavazoie et al. 2008).  

 One of Tavazoie and colleagues’ major findings was the description of a modified blood-

brain barrier (BBB) in the SVZ (Tavazoie et al. 2008). They demonstrated that small fluorescent 
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molecules injected into the vasculature were able to penetrate into SVZ tissue, unlike other non-

neurogenic regions of the brain. This indicates that the SVZ has a modified BBB in which higher 

rates of transcytosis and/or paracellular leakage occur. Further, another unique feature of the 

neurovascular niche in SVZ, is that NSCs often appose the vasculature at sites lacking astrocyte 

endfeet or pericyte coverage (Tavazoie et al. 2008). Concurrently, another group demonstrated 

that "6!1 integrin is required to maintain apposition between NSCs and the vasculature, and that 

loss of vascular apposition resulted in decreased NSC proliferation (Shen et al. 2008). Further, 

Shen and colleagues had previously demonstrated that in vitro, both adult and embryonic NSCs 

proliferate more when exposed to soluble factors from vascular endothelial cells (Shen et al. 

2004). Taken together, these data suggest that SVZ NSCs may be exposed to pro-proliferative 

signaling cues from the vasculature. 

More recently, Ottone and colleagues were able to identify a specific signaling pathway 

through which the vasculature directly regulates neurogenesis in adult SVZ. EphrinB2 and 

jagged1, which are both expressed by vascular endothelial cells, initiate a signaling cascade 

within NSCs to maintain quiescence and inhibit differentiation (Ottone et al. 2014). This differs 

from previous observations (Shen et al. 2004) in two main ways. First, the vascular-derived 

signals described here, ephrinB2 and jagged1, are transmembrane ligands that would necessitate 

direct cell-cell contact between NSCs and the vasculature. Second, the contact-mediated vascular 

signaling here suppresses proliferation in NSCs. To reconcile these two sets of data, Ottone and 

colleagues propose a model in which cell-cell contact between NSCs and blood vessels maintains 

progenitor quiescence in type B cells via ephrinB2 and jagged1, while vascular-derived soluble 

cues promote proliferation in transit-amplifying type C cells that are proximal to the vasculature. 

However, it remains to be determined whether soluble cues from the vasculature solely affect 

type C cells in the adult SVZ, especially considering the in vitro evidence that embryonic NSCs 

are similarly affected (Shen et al. 2004).  
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1.2.3 The neurovascular niche in embryonic cortex 

 While the neurovascular niche has been studied most extensively in the context of adult 

neurogenesis, many of the same principles may still apply to developmental neurogenesis. For 

instance, as previously discussed, co-culture with vascular endothelial cells increases proliferation 

in both adult and embryonic NSCs (Shen et al. 2004). Likewise, oligodendrocyte precursor cells 

also proliferate more in vitro when exposed to soluble factors from vascular endothelial cells 

(Arai et al. 2009). Arai and colleagues further demonstrate that under oxidative stress, vascular 

endothelial cells release less trophic factors, including FGF and BDNF, and undergo a 

concomitant decrease in proliferation (Arai et al. 2009). While this does not prove that FGF and 

BDNF are specifically responsible for regulating oligodendrocyte production, it does imply that 

an altered profile of vascular-secreted factors can disrupt gliogenesis. Taken together, these data 

suggest a conserved developmental phenomenon in which the vasculature can drive proliferation 

in progenitor cells via secreted signaling cues.  

 In vivo characterization of the neurovascular niche during developmental neurogenesis 

provides further evidence of regulatory signaling between NSCs and the vasculature. Ma and 

colleagues demonstrate that in embryonic mouse cortex, radial glia appose the vasculature, and 

regulate angiogenesis through inhibition of Wnt signaling (Ma et al. 2013). The only in vivo 

evidence of signaling in the opposite direction, that the vasculature can regulate developmental 

neurogenesis, comes from NSCs in the ganglionic eminence. Radial glia in the ganglionic 

eminence give rise to interneurons that eventually migrate tangentially to populate the cortex. A 

distinct subpopulation of these radial glia do not extend their radial processes across the full 

extent of the cortex, but rather terminate on periventricular blood vessels (Tan et al. 2016). Here, 

loss of !1 integrin causes radial glial endfeet to lose contact with the periventricular blood 

vessels, which causes a concomitant decrease in proliferation (Tan et al. 2016). This is 

comparable to work done by Shen and colleagues, in which loss of "6!1 integrin causes 
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detachment of NSCs from the vasculature and a reduction of proliferation in the adult SVZ (Shen 

et al. 2008). It is consistent with the radial glial detachment seen by Radakovits and colleagues, 

who also disrupted !1 integrin, but instead saw a robust increase in cell death in embryonic cortex 

(Radakovits et al. 2009). Together, these suggest a possible conserved mechanism in which cell-

cell contact and/or soluble factors initiate vascular-mediated regulation of neurogenesis.  

 

1.3 Evidence for neurovascular signaling 

 To date, the only direct evidence that the vasculature regulates neurogenesis via contact 

with NSCs remains work done by Ottone and colleagues. As described previously, they identified 

that transmembrane ligands ephrinB2 and jagged1 on vascular endothelial cells are required to 

maintain quiescence of type B cells in adult SVZ (Ottone et al. 2014). Thus in this case, direct 

cell-cell contact is required between NSCs and blood vessels. Others have described the necessity 

of cell adhesion proteins, like "6!1 integrin (Shen et al. 2008) and !1 integrin (Radakovits et al. 

2009, Tan et al. 2016), for association of NSCs with the vasculature and/or its basal lamina. 

While loss of vascular attachment affects NSC proliferation (Shen et al. 2008, Tan et al. 2016) 

and survival (Radakovits et al. 2009), it is inconclusive whether these effects are induced by loss 

of contact-mediated signals or secreted cues.  

 While there is already in vitro evidence demonstrating that embryonic NSCs respond to 

vascular-secreted factors (Shen et al. 2004), much of the in vivo evidence for vascular-mediated 

regulation of neurogenesis comes from observations in the adult hippocampus. For example, van 

Praag and colleagues were the first to demonstrate that exercise increases neurogenesis in the 

adult hippocampus (van Praag et al. 1999). Other groups later determined that increases in 

circulating trophic factors, including VEGF and IGF-1, are responsible for this exercise-induced 

effect on neurogenesis (Trejo et al. 2001, Fabel et al. 2003). Thus is there a similar mechanism by 

which vascular-circulating signals control developmental neurogenesis?  
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 Further evidence for vascular-mediated regulation of proliferation occurs across a range 

of tissues, and involves an experimental technique called heterochronic parabiosis. With this 

surgical protocol, the vasculature of a young animal is connected to the vasculature of an old 

animal, such that they share a single circulatory system. Remarkably, circulating signals within 

the blood of young animals are able to rejuvenate tissues in old animals, while the blood from old 

animals has deleterious effects on young animals. Specifically, soluble cues in young blood can 

stimulate neurogenesis in both the adult hippocampus (Villeda et al. 2011) and SVZ (Katsimpardi 

et al. 2014) of an old animal. Conversely, increases in circulating chemokine CCL11, found in the 

blood of old animals, is sufficient to inhibit neurogenesis in the hippocampus of younger animals 

(Villeda et al. 2011). Of the “rejuvenating factors” identified in young blood, growth 

differentiation factor 11 (GDF11) has been demonstrated to reverse age-related impairments in 

the SVZ (Katsimpardi et al. 2014) and in cardiac tissue (Loffredo et al. 2013). Soluble factors in 

the blood of young animals have since been shown to increase proliferation across a variety of 

cell types, including skeletal muscle stem cells (Conboy et al. 2005), liver hepatocytes (Conboy et 

al. 2005), and oligodendrocyte precursor cells (Ruckh et al. 2012). Together, these heterochronic 

parabiosis experiments show that circulating factors in the blood are able to regulate proliferation, 

including in the adult brain. What remains to be determined is whether a similar vascular-

mediated mechanism regulates developmental neurogenesis.  

While Tavazoie and colleagues describe a modified BBB in adult SVZ (Tavazoie et al. 

2008), it is also likely that vascular-derived molecules can penetrate embryonic cortex, given that 

the BBB is still forming during the period of developmental neurogenesis. Studies disagree on 

when the BBB becomes fully functional, which is further complicated by the observation that 

development of the BBB varies by brain region. For example, earliest estimates indicate that the 

BBB in cortex is fully functional by E15.5 (Ben-Zvi et al. 2014), while others suggest that it can 
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be as late as P21 in the cerebellum (Johanson 1980). However, several observations suggest that 

BBB development is a protracted process continuing throughout developmental neurogenesis.  

First, the formation and maintenance of the BBB requires interactions between vascular 

endothelial cells and the neighboring cells—pericytes, astrocytes, and neurons that are 

collectively termed the neurovascular unit (Chow et al. 2015). Classic transplantation studies 

demonstrate that when non-neural tissue is transplanted into the brain, its blood vessels acquire 

BBB properties (Stewart et al. 1981). This suggests that features of the BBB are not intrinsic to 

brain vasculature, but rather induced by the local microenvironment. For example, sonic 

hedgehog (Shh) is secreted by astrocytes, and required for BBB properties including immune 

quiescence and the presence of tight junctions (Alvarez et al. 2011). Likewise, oligodendrocyte 

precursor cells secrete TGF-!1, which increases BBB integrity by upregulating tight junction 

proteins in endothelial cells (Seo et al. 2014). Given that both astrocytes (Molofsky et al. 2015) 

and oligodendrocyte precursor cells (Kessaris et al. 2006) do not even appear in the cortex until 

late embryonic neurogenesis, this suggests that the BBB may not be fully formed throughout 

much of developmental neurogenesis. Therefore, given the state of the BBB, it is possible that 

vascular-circulating cues could exit the vasculature and signal to radial glia during developmental 

neurogenesis.  

 In contrast to the detailed characterization of neurovascular interactions during adult 

neurogenesis, much remains unknown about the neurovascular niche during developmental 

neurogenesis. First, is the neurovascular niche a conserved phenomenon that is universal to brain 

development? Second, does the vasculature regulate developmental neurogenesis through cell-

cell contact and/or secreted cues, and if so, which signaling pathways are involved? In the 

following chapters, I will describe efforts to not only characterize the neurovascular niche during 

development, but also investigate potential mechanisms for vascular-mediated regulation of 

neurogenesis.  
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 Chapter 1, in part, is currently being prepared for submission for publication. Lau, M.L., 

Li, J., and Cline, H.T. “Characterizing the Neurovascular Niche During Neurogenesis in Xenopus 

Tectum.” The dissertation author was the primary investigator and author of this paper. 
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Chapter 2: Association of Radial Glia and Neurons with the Vasculature 

2.1  Introduction 

 Since the first discovery of a neurovascular niche in the adult hippocampus (Palmer et al. 

2000), the observation that neural stem cells (NSCs) closely appose the vasculature has been 

extensively studied in the context of adult neurogenesis. In the adult brain, active neurogenesis is 

restricted to the dentate gyrus of the hippocampus and the subventricular zone (SVZ) of the 

forebrain (Ming et al. 2011); both regions contain progenitor cells that form close associations 

with the vasculature. In the hippocampus, actively dividing NSCs cluster around blood vessels 

(Palmer et al. 2000, Seri et al. 2004, Gebara et al. 2016). Indeed, electron microscopy studies 

demonstrate direct contact between hippocampal NSCs and the basal lamina of blood vessels 

(Filippov et al. 2003), particularly at sites lacking astrocytic coverage (Moss et al. 2016). 

Similarly in the adult SVZ, NSCs are closely apposed to the vasculature (Mirzadeh et al. 2008, 

Shen et al. 2008, Kokovay et al. 2010, Ottone et al. 2014), and contact blood vessels at sites 

lacking both astrocytic and pericytic coverage (Tavazoie et al. 2008). Functionally, direct cell-cell 

contact between NSCs and vascular endothelial cells maintains quiescence of progenitor cells in 

SVZ (Ottone et al. 2014), while soluble cues from the vasculature have also been implicated in 

regulation of proliferation (Shen et al. 2004).  

 In comparison, much less is known about the neurovascular niche during early 

neurogenesis. Radial glia, the progenitor cells during development, are morphologically distinct 

from adult NSCs, in that they are typified by a long radial process terminating as an elaborated 

endfoot (Bentivoglio et al. 1999). Certain populations of radial glia have endfeet that closely 

appose the vasculature (Ma et al. 2013, Tan et al. 2016). Even though specific signaling systems 

have been implicated in vascular-mediated regulation of adult neurogenesis (Ottone et al. 2014), 

the potential functional role of vascular apposition, and thus vascular to progenitor signaling, 

during early neurogenesis is less understood. In vitro experiments suggest that soluble factors 
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from vascular endothelial cells can promote proliferation of embryonic NSCs (Shen et al. 2004). 

In the ganglionic eminence, disruption of vascular apposition in vivo impairs proliferation of the 

radial glia that give rise cortical interneurons (Tan et al. 2016). However, it is unclear whether 

vascular-mediated regulation of proliferation is a general principle for radial glia throughout the 

brain.  

To better elucidate the role of the neurovascular niche during development, functional 

interactions between radial glia and the vasculature must be further studied in a model system 

amenable to in vivo imaging and manipulations.  Using the tectum of Xenopus laevis allows for 

such experiments. By analyzing the association between tectal cells and the vasculature, I aimed 

to 1) answer whether vascular apposition is a general feature of radial glia during development 

and 2) establish a robust, in vivo system for investigation of potential vascular-mediated 

regulation of neurogenesis.   

 

2.2  Methods: Labeling radial glia, neurons, and the vasculature 

To characterize the relationship between the vasculature and cells in the developing 

Xenopus tectum, radial glia and neurons were identified using a variety of sparse and widespread 

labeling techniques.  

For in vivo imaging of sparsely labeled radial glia and neurons, I used whole brain 

electroporation of a ubiquitously expressed reporter construct, CAG:GFP. The reporter construct 

was injected into the ventricle of late stage 46 tadpoles and electroporated into radial glia lining 

the ventricle. Within 24 hours, GFP is expressed in radial glia and persists in their subsequent 

progeny, thus labeling both radial glia and neurons. To bias the labeled cell population towards 

radial glia, electroporated tadpoles were imaged 24 hours after electroporation. Alternatively, to 

bias the labeled cell population towards neurons, tadpoles were imaged instead at 72 hours after 
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electroporation to allow time for division and differentiation events. For both these conditions, 

the tadpoles were stage 47 at the time of imaging.  

Widespread labeling of cells was accomplished via several methods. First, ventricular 

injection of DiI, a lipophilic dye, labels radial glia lining the ventricle. Alternatively, 

immunostaining for Vimentin labels both radial glia processes and endfeet. As an intermediate 

filament protein, Vimentin is also expressed in vascular endothelial cells, thus labeling blood 

vessels in the tectum. Finally, taking advantage of a neural-specific beta-tubulin promoter, 

transgenic animals (NBT:GFP) were used for widespread labeling of neuronal processes.  

The vasculature was labeled in both transgenic tadpoles (Flk1:GFP) and albino tadpoles 

injected with a fluorescent tracer (Figure 2.1). Flk1 (also VEGFR-2) is a vascular endothelial 

promoter, which drives expression in blood vessels throughout the tadpole (Figure 2.1A). 

However, the Flk1:GFP transgenic line is non-albino, and pigment cells can obscure fluorescence 

in the tectum. Therefore, most of my data were obtained using fluorescent dextrans to label the 

vasculature. Intracardial injection of dextran in live tadpoles immediately labels blood vessels, as 

the fluorescent molecules circulate through the vasculature (Figure 2.1B). To determine whether 

dextran injection reliably labels the complete vasculature, I injected fluorescent dextrans into 

Flk1:GFP tadpoles. Intracardial injection of dextran co-labels blood vessels with Flk1-driven 

GFP expression, including small capillaries (Figure 2.1C).  

Detailed methods are provided in Appendix A.2. 
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Figure 2.1: Labeling the vasculature with dextran injection. (A) Stage 47 Flk1:GFP 
transgenic tadpole with labeled vasculature in the tectum. Scale bar: 50µm.  (B) Stage 47 albino 
tadpole following intracardial dextran injection. Scale bar: 50µm.  (C) Stage 47 Flk1:GFP 
tadpole following intracardial dextran injection. Flk1-driven GFP expression is green, and 
vascular-circulating dextran is red. Scale bar: 20µm.   
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2.3  Results 

2.3.1 A subset of radial glia extend elaborated endfeet that are closely apposed to 

the vasculature in developing Xenopus tectum.  

To identify interactions between radial glia and the vasculature, I used spinning disk 

confocal microscopy to examine individual radial glia labeled via electroporation of a GFP 

reporter plasmid. Radial glia in the developing Xenopus tectum exhibit similar characteristics as 

those in mammalian cortex, namely long radial processes that extend endfeet up to the pial 

surface. Many of the blood vessels, labeled by intracardial dextran injection, run along the 

medial-lateral aspect of the dorsal surface of the tectum. I found that a substantial fraction of 

radial glia (42.7%, n=511) have elaborated endfeet that closely appose the vasculature (Figure 

2.2a, arrows). In some instances, branched endfeet partially wrap along the sides and undersides 

of blood vessels, while other club-shaped endfeet simply abut the vasculature (Figures 2.2B-C, 

arrows). Although direct contact between endfeet and blood vessels cannot be determined at the 

resolution of confocal microscopy, the co-localization of fluorescent signals suggests a tight 

association.  

Further, widespread labeling of radial glia by ventricular injection of DiI corroborates the 

observed apposition between endfeet and the vasculature. When examined in single orthogonal 

sections, DiI-labeled endfeet are in close apposition to the vasculature through all planes of cross-

section (Figure 2.2D). Likewise, immunostaining for Vimentin, a radial glia marker, reveals 

endfeet in close apposition to blood vessels, through all orthogonal planes of cross-section 

(Figure 2.2E). Quantification of Flk1:GFP tadpoles shows that endfoot density is higher on 

vascular portions of the dorsal surface (Figure 2.2F). 

To further quantify the relationship between radial glia and the vasculature, distances 

were calculated between radial glial endfeet and the vasculature. Using an automated program to 

trace endfoot and vessel edges, distances were computed in 3D between each endfoot centroid 
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and the closest vessel edge (Figure 2.2G). I found that 25.5% of endfeet centroids (n=200) lie 

within 5µm of a blood vessel, and in total, 42.0% of endfeet centroids lie within 10µm of a blood 

vessel (Figure 2.2H). Overall, 56.0% of endfoot centroids lie within 15µm of a blood vessel. 

Given that the average endfoot radius (n=186) is 10.83µm, these data suggest that the majority of 

endfeet are in close proximity to the vasculature.  
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Figure 2.2: A subset of radial glia extend elaborated endfeet that are closely apposed to the 
vasculature in developing Xenopus tectum. (A) Schematics of the Xenopus laevis model 
system: brain regions (top left); intracardial dextran injection and subsequent labeled vasculature 
in the tectum (bottom left).  A representative image (right) of dextran-labeled blood vessels (red) 
and radial glia (green) labeled via electroporation of a GFP reporter construct. 42.7% of labeled 
radial glia (n=511) have endfeet (arrows) that are apposed to the vasculature. Scale bar: 50µm.  
(B, C) Examples of GFP+ radial glia (green) whose endfeet (arrows) are apposed to the dextran-
labeled vasculature (red). Scale bars: 50µm, 20µm.  (B’, C’) Corresponding 3D rotations of radial 
glia endfeet (arrows) from (B) and (C), respectively, that are apposed to the vasculature.  (D) DiI 
labeled radial glia (green) in late stage 46 Flk1:GFP (red) transgenic Xenopus laevis tadpoles. 
Scale bar: 100µm.  (D’) Magnification of the box in (D) in single orthogonal sections, showing 
the association between blood vessels (red) and radial glia endfeet (green) across cross-sectional 
planes in XY, YZ, and XZ. Scale bar: 10µm.  (E) Vimentin-labeled radial glia (green) in stage 47 
Flk1:GFP (red) transgenic Xenopus laevis tadpoles. Scale bar: 100µm.  (E’) Magnification of the 
box in (E) in single orthogonal sections, showing the association between blood vessels (red) and 
radial glia endfeet (green) across cross-sectional planes in XY, YZ, and XZ.  Scale bar: 20µm.  
(F) Quantification of endfoot density on non-vascular and vascular dorsal surfaces of the tectum 
(n=8 tecta, each). Data are presented as means ± SEM (Non-vascular, 0.00749±0.00052; 
Vascular, 0.01162±0.00061). Asterisk indicates a significant difference via Student’s T-Test 
(p=0.0001). (G) Projection of a confocal stack through tectum with GFP-labeled radial glia 
(green) and dextran-labeled vasculature (red). Automated vessel and endfoot tracing (white) on a 
representative cell, with the shortest distance between the endfoot centroid and vessel edge 
(yellow), computed in 3D. Scale bar: 20µm. (H) Histogram of the distances, computed in 3D, 
between endfoot centroids and the closest vessel edge (n=200 cells).  
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Figure 2.2: A subset of radial glia extend elaborated endfeet that are closely apposed to the 
vasculature in developing Xenopus tectum, Continued. 
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2.3.2 The spatial arrangement of endfeet across the pial surface changes across 

developmental stages. 

 To determine how the projection pattern of radial glia endfeet changes throughout 

development, I performed immunostaining for Vimentin, an intermediate filament protein 

enriched in radial glia endfeet and processes. Since Vimentin is also expressed in vascular 

endothelial cells, both radial glia and blood vessels can be simultaneously labeled. From stage 40 

to stage 47, the vasculature becomes progressively more complex (Figure 2.3A). There is a 

concomitant increase in number and size of endfeet that project to the dorsal surface of the tectum 

(Figure 2.3A). By stage 47, the endfeet tile across much of the dorsal surface. However, serial 

optical sections through the tectum demonstrate that there is still a distinct subset of radial glia 

whose endfeet are apposed to the sides and undersides of blood vessels (Figure 2.3B). 
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Figure 2.3: The spatial arrangement of endfeet across the pial surface changes over 
developmental stages.  (A) Vimentin-labeled blood vessels and endfeet across different 
developmental stages.  Images are maximum projections of the first 50µm below the dorsal 
surface of the tectum. Scale bar: 100µm.  (B) Higher magnification of the box in (A). Serial 
optical sections (advancing ventrally towards the right) of stage 47 tectum with Vimentin-labeled 
blood vessels and endfeet. Scale bar: 20µm. 
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2.3.3 Radial glial endfeet maintain proximity to the vasculature while undergoing 

structural dynamics.  

 To describe the stability of radial glial endfeet in close proximity to the vasculature, I 

conducted in vivo imaging of tadpoles electroporated with a GFP reporter construct. GFP+ radial 

glia were imaged after the vasculature was labeled via intracardial dextran injection. When 

imaged on consecutive days, 87.9% of radial glia (n=107) were stable, with regards to their 

vascular apposition status. Specifically, radial glia were designated as stable if their endfeet 

remained apposed to the vasculature at both timepoints, or unapposed to the vasculature at both 

timepoints (Figure 2.4A). Conversely, radial glia were classified as unstable if they either gained 

or lost apposition to the vasculature between the two timepoints. Over a 24 hour period, the 

majority of endfeet maintained their apposition, or lack thereof, to the vasculature. Note that these 

endfeet could retracting from and subsequently re-engaging with the vasculature between the 

experimental timepoints. However, given that most endfeet appear stable at the 24 hour 

timepoint, it is likely that even if an endfoot’s apposition to the vasculature fluctuates, the endfoot 

at least maintains close proximity to the vasculature.  

 When using shorter time intervals for in vivo imaging, I observed rapid structural 

dynamics within the finer processes of radial glia endfeet. Even within a 20 minute interval, there 

are retractions and extensions of endfoot processes in radial glia that are both apposed and 

unapposed to the vasculature (Figure 2.4B).  However, the relative position of each endfoot 

remains fairly stable.  
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Figure 2.4: Radial glia endfeet maintain proximity to the vasculature while undergoing 
structural dynamics.  (A) In vivo imaging of stage 47 tadpoles electroporated with a GFP 
reporter construct. GFP+ radial glia (green) were imaged over 24 hours, with respect to the 
dextran-labeled vasculature (red). Arrows indicate endfeet that remain stably apposed to the 
vasculature across the 24 hour imaging interval. 87.9% of labeled radial glia (n=107) have stable 
endfeet that remain either apposed or unapposed to the vasculature after 24 hours; 12.1% of 
labeled radial glia have unstable endfeet that either lose or gain apposition to the vasculature after 
24 hours. Scale bar: 20µm.  (B) In vivo imaging of stage 47 tadpoles electroporated with a GFP 
reporter construct. GFP+ radial glia (green) were imaged, with respect to the dextran-labeled 
vasculature (red), at t=0 and 20 minutes. White arrows indicate endfoot processes that extend 
between the imaging timepoints, while magenta arrows indicate endfoot processes that retract 
between the imaging timepoints. Scale bars: 20µm. 
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2.3.4 A subset of neuronal processes and growth cones is closely associated with 

the vasculature in developing Xenopus tectum.  

 To characterize interactions between neurons and the vasculature, stage 47 NBT:GFP 

transgenic tadpoles were injected with fluorescent dextrans to label the vasculature. NBT, a 

neural-specific beta-tubulin promoter, drives GFP expression in neuronal processes; in the 

tectum, GFP expression is enriched in the neuropil (Figure 2.5A). When examining single optical 

sections through multiple cross-sectional planes, GFP+ neuronal processes are observed in close 

proximity to the vasculature (Figure 2.5B).  

 To isolate sparsely labeled neurons, late stage 46 albino tadpoles were electroporated 

with a ubiquitously expressed GFP reporter construct. To enrich for neurons within the labeled 

cell population, I began in vivo imaging at 72 hours after electroporation, allowing time for the 

labeled radial glia to divide and differentiate. In some instances, labeled neuronal growth cones 

(identified by their distinct morphology) were observed to be in close proximity to the 

vasculature, through all orthogonal planes of cross-section (Figure 2.5C-D).  
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Figure 2.5: A subset of neuronal processes and growth cones is closely associated with the 
vasculature in developing Xenopus tectum.  (A) In vivo imaging of neuronal processes (green) 
and the vasculature (red) in stage 47 NBT:GFP transgenic Xenopus laevis tadpoles. Images are 
maximum projections of the first 60µm below the dorsal surface of the tectum. Scale bar: 100µm.   
(B) Magnification of the box in (A) in single orthogonal sections, showing the association 
between blood vessels (red) and neuronal processes (green) across cross-sectional planes in XY, 
YZ, and XZ.  Scale bar: 20µm.  (C, D) Examples of GFP+ electroporated cells (green) and their 
association with dextran labeled blood vessels (red). Boxes show examples of GFP+ neuronal 
growth cones that are closely apposed to the vasculature. Scale bars: 100µm. (C’, D’) 
Magnification of the boxes in (C) and (D), respectively. Single orthogonal sections show 
association between blood vessels (red) and neuronal growth cones (green) across cross-sectional 
planes in XY, YZ, and XZ. Scale bars: 10µm. 
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2.4 Discussion 

 These experiments demonstrate that radial glia closely appose the vasculature in the 

developing Xenopus tectum, providing direct evidence of a neurovascular niche during early 

neurogenesis. The specific observation that radial glial endfeet frequently appose the vasculature 

(Figure 2.2) corroborates previous studies in embryonic mouse cortex (Ma et al. 2013, Tan et al. 

2016), and further suggests that interaction between progenitor cells and the vasculature is a 

conserved phenomenon of vertebrate brain development.  

 While direct contact between NSCs and blood vessels has been confirmed at the 

ultrastructural level in adult hippocampus (Filippov et al. 2003, Moss et al. 2016) and adult SVZ 

(Tavazoie et al. 2008), this question remains unresolved in the context of developmental 

neurogenesis. Previous studies (Ma et al. 2013, Tan et al. 2016), including mine, rely on 

fluorescence microscopy to demonstrate close apposition between radial glia and the vasculature 

during development; without the resolution of electron microscopy, direct contact cannot be 

inferred. Even so, direct contact may not be required for vascular-mediated control of 

neurogenesis, given that vascular endothelial cells have been shown in vitro to release soluble 

factors that promote proliferation of embryonic NSCs (Shen et al. 2004). Indeed, detection of 

intracardially injected tracers in the adult SVZ, despite exclusion elsewhere, suggests 

modifications to the blood-brain barrier that allow vascular-circulating molecules to permeate 

this, and perhaps other, neurogenic regions (Tavazoie et al. 2008). 

 In the case of neurons, close association with the vasculature allows both neural and 

vascular cell types to affect each other via secreted signals (Bearden et al. 2004, Cauli et al. 2010, 

Lecrux et al. 2011, Yoshimura et al. 2015, Uhlirova et al. 2016). Distinct populations of cortical 

neurons are apposed to blood vessels, either in direct contact or minimally separated (often <1µm 

away) by fine astroglial processes (Hendry et al. 1983, Aoki et al. 1989, Chedotal et al. 1994a, 

Chedotal et al. 1994b, Vaucher et al. 1995, Estrada et al. 1998, Vaucher et al. 2000, Wang et al. 
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2005, Cauli et al. 2010). Consistent with these studies, I observed that neuronal processes and 

growth cones closely associate with the vasculature in developing Xenopus tectum (Figure 2.5). 

Again, direct contact cannot be assumed without evidence at the ultrastructural level, but close 

proximity may be sufficient for diffusible signaling cues to have effect. Indeed, local release of 

VEGF from blood vessels supports survival of regenerating motor neurons in a hamster model of 

axon regeneration (Bearden et al. 2004). In vitro evidence also suggests that vascular smooth 

muscle cells may secrete neurotrophic factors (Yoshimura et al. 2015). As for neurons that signal 

to the vasculature, specific neuronal populations have been identified as critical components of 

neurovascular coupling, the phenomenon in which local brain activity regulates cerebral blood 

flow (Cauli et al. 2010, Lecrux et al. 2011).  For example, a specific population of inhibitory 

neurons, when activated, releases Neuropeptide Y, which signals blood vessels to constrict 

(Uhlirova et al. 2016).  

 Therefore, the observation that both radial glia and neurons are closely apposed to blood 

vessels in the developing tectum not only supports the current literature, but also presents 

Xenopus as a unique model system for investigating neurovascular interactions. The availability 

of in vivo time lapse imaging allows us to further investigate the neurovascular niche during early 

neurogenesis. Specifically, the influence of vascular apposition on proliferation and 

differentiation will be addressed in Chapter 3.  

 Chapter 2, in part, is currently being prepared for submission for publication. Lau, M.L., 

Li, J., and Cline, H.T. “Characterizing the Neurovascular Niche During Neurogenesis in Xenopus 

Tectum.” The dissertation author was the primary investigator and author of this paper.  
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Chapter 3: Influence of Vascular Apposition on Proliferation 

3.1 Introduction 

 Results from recent investigations of the neurovascular niche suggest that apposition 

between NSCs and the vasculature may be a common feature of neurogenic regions. Indeed, 

NSCs appose the vasculature in the adult SVZ (Capela et al. 2002, Mirzadeh et al. 2008, Shen et 

al. 2008, Tavazoie et al. 2008, Ottone et al. 2014), adult hippocampus (Palmer et al. 2000, 

Filippov et al. 2003, Seri et al. 2004, Moss et al. 2016), and embryonic cortex (Ma et al. 2013, 

Tan et al. 2016). Adult NSCs have even been documented to actively migrate towards blood 

vessels when transplanted back into the SVZ (Kokovay et al. 2010). Given that NSCs appear to 

actively maintain close association with the vasculature throughout different neurogenic regions, 

the question arises: What is the function of these interactions?  

 While contact between radial glia and blood vessels has been shown to regulate 

angiogenesis (Ma et al. 2013), there has been more focus on signaling in the opposite direction. 

Numerous observations that actively dividing NSCs cluster around the vasculature (Palmer et al. 

2000, Seri et al. 2004, Tavazoie et al. 2008) led to the hypothesis that vascular-derived signals 

regulate neurogenesis. In the case of glioblastomas, aberrant tumor vasculature closely apposes 

cancerous NSCs and secretes diffusible cues that stimulate tumor growth (Calabrese et al. 2007). 

Likewise, in vitro evidence suggests that under normal conditions, soluble factors from vascular 

endothelial cells can stimulate proliferation (Shen et al. 2004). However, in vivo studies 

demonstrate that contact with the vasculature suppresses proliferation of NSCs in adult SVZ 

(Shen et al. 2008, Ottone et al. 2014), while in the embryonic cortex, vascular apposition 

promotes proliferation (Tan et al. 2016). It is possible that different neurogenic regions may be 

regulated by separate signaling cues. Vascular-mediated signaling has most often been studied in 

the context of adult neurogenesis, so describing the role of vascular apposition during early 
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neurogenesis in Xenopus can confirm whether embryonic and adult neurovascular niches have 

fundamentally different properties.  

 To describe the influence of vascular apposition on proliferation, my objective was to 

characterize differences in proliferative behavior between radial glia that are apposed to the 

vasculature, and radial glia that are not. Typically, vascular-mediated effects on proliferation have 

been measured by global readouts like BrdU incorporation or immunoreactivity for mitotic 

markers (Shen et al. 2008, Ottone et al. 2014, Tan et al. 2016). However, neurogenic zones 

normally contain a mix of NSCs that are apposed or unapposed to the vasculature. Using Xenopus 

allows for in vivo investigation of neurogenic behavior at the level of individual cells, identifying 

effects that are unique to radial glia with confirmed apposition to the vasculature. Therefore, 

taking advantage of this level of specificity, I aimed to investigate the proliferative characteristics 

of radial glia that appose the vasculature.  

 

3.2 Methods: In vivo analysis of the neurogenic behavior of radial glia 

 To describe the proliferative behavior of radial glia that appose the vasculature, I used a 

variety of in vivo assays to probe differences between the populations of radial glia that appose or 

do not appose the vasculature.  

 The first in vivo assay examined the nuclei of radial glia, using the presence of double 

nuclei as a marker for an actively dividing cell. Radial glia were labeled via electroporation of a 

reporter construct (CAG:GFP for ubiquitous expression; Sox2bd:GFP for expression in Sox2+ 

radial glia), along with another reporter construct to label nuclei (CMV:tRFP-nls for ubiquitous 

expression; Sox2bd:tRFP-nls for expression in Sox2+ radial glia). Nuclei were labeled with 

turboRFP (tRFP), containing a nuclear localization sequence (nls) for targeted expression. Note 

that the majority of analyses were done with CAG:GFP electroporated animals, unless 

specifically indicated within the figure legend. The vasculature was labeled via intracardial 
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dextran injection, as described in Chapter 2.2. The proportion of radial glia with double nuclei 

was compared between the populations of radial glia with and without apposition to the 

vasculature.  

 Clonal lineage analysis of individual radial glia was conducted over a 3 day in vivo 

imaging protocol. Radial glia were sparsely labeled via electroporation of CAG:GFP, and imaged 

at 24, 48, and 72 hours post electorporation (hpe). Single radial glia were tracked across the 3-day 

imaging protocol; following neurogenic division or differentiation events, the identity of the 

daughter cell(s) was determined via distinct morphological features. If any of the daughter cells in 

a neurogenic event could not be reliably identified as a radial glia or a neuron, that entire clonal 

lineage would be discarded from the dataset. The vasculature was labeled with daily intracardial 

dextran injections, and vascular apposition of each cell was determined at every timepoint. To test 

whether apposition correlates with neurogenic behavior, the incidence of different neurogenic 

events (i.e. no division, symmetric division, asymmetric division, and direct differentiation) was 

compared between the populations of radial glia that do and do not appose the vasculature.  

 Detailed methods are provided in Appendix A.3.  

 



!

!

39!

3.3 Results 

3.3.1 Apposition of radial glial endfeet to the vasculature is not predictive of 

proliferative behavior. 

 To determine whether there is a correlation between vascular apposition and 

proliferation, I used single-timepoint, in vivo imaging to identify individual radial glia with and 

without apposition to the vasculature. Apposition was classified based on partial overlap of 

fluorescent labels for radial glia and blood vessels, within multiple cross-sectional planes; this 

was additionally verified with 3D rotation. Surprisingly, there was no significant difference in 

proliferation between radial glia with or without apposition to the vasculature (Figure 3.1). 

Actively dividing cells, identified by the presence of double nuclei, were not preferentially 

apposed to the vasculature; 30.7% of radial glia that apposed the vasculature (n=153) contained 

double nuclei, while 32.1% of radial glia that did not appose the vasculature had double nuclei. 

This indicates that radial glia proliferation does not correlate with apposition to the vasculature, 

although it does not rule out the possibility that apposition may influence the type of division 

events that occur. For example, in vitro evidence suggests that vascular cues can stimulate 

embryonic NSCs to undergo symmetric divisions that expand the progenitor pool, rather than 

asymmetric divisions that produce neurons (Shen et al. 2004).  

 To test whether apposition to the vasculature biases radial glia towards certain neurogenic 

events, I conducted a clonal lineage analysis of 70 radial glia, following them over three days of 

in vivo imaging to track their divisions and progeny (Figure 3.2A). The majority of cells remained 

either stably apposed (32.7%) or stably unapposed (47.5%) to the vasculature (Figure 3.2B). 

Radial glia were classified as unstable (19.8%) if their apposition to the vasculature, or lack 

thereof, changed across the three days. When comparing across the radial glia populations that 

were stably apposed, stably unapposed, and unstable, all groups were composed of radial glia 

undergoing each type of neurogenic event. The majority of radial glia, across all groups, 
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remained radial glia and experienced no division events (Stably Apposed, 64.0%; Stably 

Unapposed, 58.5%; Unstable, 71.4%). The remaining neurogenic events included symmetric 

divisions, asymmetric divisions, and direct differentiation events in which radial glia directly 

converted into neurons. Across all of the radial glia populations, there was no significant 

difference in the proportions of neurogenic events that occurred (Figure 3.2.C). Division occurred 

at comparable rates across all apposition groups (Stably Apposed, 20.0%; Stably Unapposed, 

22.0%; Unstable, 21.4%), as did rates of direct differentiation (Stably Apposed, 16.0%; Stably 

Unapposed, 19.5%; Unstable, 7.1%). Further, between apposition groups, there was no significant 

difference in their proportions of symmetric to asymmetric divisions (Figure 3.2D: Percentages 

for Stably Apposed, Stably Unapposed, and Unstable, respectively. Symmetric: 60.0%, 44.4%, 

66.7%; Asymmetric: 40.0%, 55.6%, 33.3%). Taken together, this suggests that apposition to the 

vasculature does not correlate with proliferative behavior. 
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Figure 3.1: Actively dividing radial glia are not preferentially apposed to the vasculature.  
(A) Maximum projection of GFP+ radial glia (green) and tRFP-nls+ nuclei (magenta), with respect 
to the dextran-labeled vasculature (red). Scale bar: 50µm.  (B) Proportions of radial glia with 
single or double nuclei (Apposed: 69.3% single nuclei, 30.7% double nuclei. Unapposed: 67.9% 
single nuclei, 32.1% double nuclei). No significant (ns) difference by Fisher’s Exact Test 
(p=0.816) between populations of radial glia whose endfeet are either stably apposed (n=153) or 
stably unapposed (n=190) to the vasculature.  (C) Magnification of the box in (A). Asterisks 
indicate radial glial endfeet (green) that are apposed to the vasculature (red). Arrows indicate 
radial glial endfeet that are unapposed to the vasculature. The far right panel shows 
magnifications of cells labeled 1-4, with arrows indicating the nuclei. From top to bottom, 
annotated cells contain double, single, double, and single nuclei (magenta). Scale bars: 20µm, 
10µm. 
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Figure 3.2: Vascular apposition does not bias radial glia towards specific neurogenic events.  
(A) Clonal lineages of individual radial glia imaged at 24, 48, and 72 hours after electroporation. 
Each radial glia is represented as a horizontal black line, which can split into two horizontal lines 
to represent a division event. Blue horizontal lines indicate neuronal progeny that were either 
generated via asymmetric division or direct differentiation of radial glia.  (B) The percentages of 
radial glia (n=70) that are stably apposed (32.9%), stably unapposed (47.1%), and unstable 
(20.0%) across three days of in vivo imaging.  (C) Proportions of neurogenic events undergone by 
radial glia whose endfeet are either stably apposed (n=25 cells), stably unapposed (n=41 cells), or 
unstable (n=14 cells) with respect to the vasculature. No significant (ns) differences by Chi 
Square test (p=0.8609). (D) Proportions of asymmetric and symmetric division events undergone 
by dividing radial glia whose endfeet are either stably apposed (n=5 cells), stably unapposed (n=9 
cells), or unstable (n=3 cells) with respect to the vasculature. No significant (ns) differences by 
Chi Square test (p=0.7454).  (E-F) Representative images of GFP+ radial glia (green) whose 
endfeet are apposed (asterisk) or unapposed (arrow) to the vasculature (red), and the division 
events they undergo across three days of in vivo imaging. (E) Examples of radial glia, both stably 
apposed (asterisk) and stably unapposed (arrow) to the vasculature, that do not divide. Scale bar: 
50µm.  (F) Example of a radial glia (top) that does not divide, and whose apposition to the 
vasculature changes across the three days of in vivo imaging. Asterisks indicate an endfeet that 
apposes the vasculature, and arrows indicate endfeet that do not appose the vasculature. Example 
of a radial glia (bottom) that is initially apposed to the vasculature and directly differentiates into 
a neuron (N). Scale bar: 20µm. 
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Figure 3.2: Vascular apposition does not bias radial glia towards specific neurogenic events, 
Continued. 
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3.3.2 Vascular apposition does not correlate with proliferation or differentiation in 

a neurogenically active subpopulation of radial glia. 

 Clonal lineage analysis of GFP+ radial glia demonstrates that the majority of these 

randomly labeled cells do not divide or differentiate over a 3-day imaging protocol (Figure 3.2). 

This suggests that a slowly dividing or quiescent subpopulation comprises a substantial fraction 

of the total radial glia population. While vascular apposition does not correlate with proliferative 

behavior in a representative population of labeled radial glia, it is possible that vascular 

apposition has greater effect on specific subpopulations of radial glia.  

To test whether a neurogenically active subpopulation of radial glia is more sensitive to 

possible effects of vascular apposition, I labeled a Sox2+ / Oct-3/4+ subpopulation of radial glia 

via electroporation of a reporter construct (Sox2bd:GFP). The reporter plasmid contains a 

regulatory domain that requires binding of endogenous Sox2 or Oct-3/4, transcription factors 

involved in self-renewal and pluripotency. While these proteins are widely used as markers for 

radial glia or NSCs, some evidence suggests variability in the level of Sox2 expression amongst 

subpopulations of progenitor cells (Hutton et al. 2011).  

In Xenopus tectum, I found that Sox2bd:GFP labeled radial glia are more neurogenically 

active than ubiquitously labeled (CAG:GFP) radial glia (Figure3.3A). I compared my dataset of 

CAG:GFP labeled radial glia to a previously published dataset (Bestman et al. 2012) of 

Sox2bd:GFP labeled radial glia. One significant difference is that the majority of CAG:GFP 

labeled radial glia remain unchanged over a 3-day imaging protocol (CAG Promoter, 61.5%; 

Sox2bd Promoter, 9.5%). In contrast, Sox2bd:GFP labeled radial glia undergo more division 

(Sox2bd Promoter, 41.3%; CAG Promoter, 21.8%) , and direct differentiation events (Sox2bd 

Promoter, 49.2%; CAG Promoter: 16.7%). Amongst those division events, Sox2bd:GFP labeled 

radial glia also undergo more asymmetric divisions (Sox2bd promoter, 84.6%; CAG Promoter, 

47.1%), than the CAG:GFP labeled radial glia (Figure 3.3B).  
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 Despite these differences in proliferative behavior, there is no significant difference in the 

rate of vascular apposition between CAG:GFP and Sox2bd:GFP labeled radial glia (Figure 3.3C). 

42.7% of CAG:GFP labeled radial glia appose the vasculature, while 32.2% of Sox2bd:GFP 

labeled radial glia also appose the vasculature. Moreover, in a direct test of whether actively 

dividing Sox2bd:GFP radial glia preferentially appose the vasculature, there was no significant 

difference in the proportion of cells containing double nuclei between Sox2bd:GFP radial glia 

that were apposed or unapposed to the vasculature (Figure 3.3.D). Taken together, these data 

suggest that apposition to the vasculature does not correlate with proliferation or differentiation.  
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Figure 3.3: Vascular apposition does not correlate with proliferation or differentiation in a 
neurogenically active subpopulation of radial glia.   
(A) Percentages of neurogenic events undergone by radial glia labeled with either CAG (n=78 
cells) or Sox2bd promoters (n=63 cells). Asterisk indicates a significant difference between the 
two radial glia subpopulations via Chi Square Test (p<0.0001). Note that the Sox2bd dataset was 
previously published by the Cline Lab (Bestman et al. 2012). (B) Percentages of symmetric and 
asymmetric division events undergone by dividing radial glia labeled with either CAG (n=17 
cells) or Sox2bd promoters (n=26 cells). Asterisk indicates a significant difference between the 
two labeled radial glia populations via Fisher’s Exact Test (p=0.0162). Note that the Sox2bd 
dataset was previously published by the Cline Lab (Bestman et al. 2012).  (C) Percentages of 
radial glia that are apposed or unapposed to the vasculature, between different populations of 
labeled radial glia. No significant (ns) differences between CAG:GFP (n=511 cells) and 
Sox2bd:GFP (n=90 cells) labeled populations, by Fisher’s Exact Test (p=0.0809).  (D) 
Proportions of Sox2bd:GFP labeled radial glia with single or double nuclei. (Percentages for 
double and single nuclei, respectively. Apposed: 37.9%, 62.1%. Unapposed: 41.0%, 59.0%.) No 
significant (ns) difference between populations of radial glia whose endfeet are either apposed 
(n=29 cells) or unapposed (n=61 cells) to the vasculature, via Fisher’s Exact Test (p=0.8217).  (E) 
Electroporation of CAG:GFP and CMV:tRFP-nls (top row) or Sox2bd:GFP and Sox2bd:tRFP-nls 
(bottom row) to label radial glia (green) and their nuclei (magenta), to evaluate their association 
with dextran-labeled blood vessels (red). Asterisks indicate radial glial endfeet that are apposed to 
the vasculature, while arrows indicate radial glial endfeet that are unapposed to the vasculature. 
The far right panel shows magnifications of cells numbered in the preceding panels. From top to 
bottom, the annotated radial glia contain double, double, single, and double nuclei. Scale bars: 
50µm, 5µm. 
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3.4 Discussion 

Despite evidence in adult SVZ (Shen et al. 2008, Ottone et al. 2014) and embryonic 

cortex (Tan et al. 2016) that contact between NSCs and blood vessels regulates neurogenesis, 

vascular apposition does not correlate with proliferation or differentiation for radial glia in 

Xenopus tectum (Figure 3.1-3). However, this result is not necessarily inconsistent with previous 

studies, and may well reflect underlying properties of the neurovascular niche.  

First, other reports demonstrate that detachment of radial glia from the pial surface, and 

thus necessarily, the vasculature, does not disrupt proliferation during embryonic neurogenesis 

(Halfter et al. 2002, Hartfuss et al. 2003, Haubst et al. 2006). Several possibilities could explain 

these results, including the following: There may be a distinct developmental time window in 

which vascular-mediated regulation of neurogenesis is critical.  

Studies across a variety of species demonstrate stronger vascular effects earlier on in 

development. For example, in chicks, cultured NSCs proliferate more in the presence of 

meningeal cells (which include blood vessels), but only if the NSCs are derived from 6-day 

embryos or younger (Barakat et al. 1981). Likewise in mouse embryonic cortex, radial glia 

survival depends on their attachment to the meninges, which contain blood vessels. However, this 

vascular effect is strongest at earlier timepoints (E11-13) when the majority of radial glia undergo 

symmetric divisions, and abolished by E15, when radial glia divisions become primarily 

asymmetric (Radakovits et al. 2009). While my experimental timepoints (during stage 47) might 

miss an earlier period of vascular-mediated regulation of neurogenesis, several lines of evidence 

suggest otherwise—with the caveat that it is difficult to estimate equivalent developmental stages 

across species. Some attempts, at a gross anatomical level, show that patterns of expression for 

proneural and neurogenic genes (PCNA, Delta-1, Ngr-1, NeuroD) in stage 46 tadpoles are 

qualitatively comparable to patterns in E12.5-13.5 embryonic mouse (Wullimann et al. 2005). 

Indeed, radial glia endfeet do not become prominent features of the pial surface until stage 45 
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(Figure 2.3). More importantly, symmetric proliferative divisions are still a primary mode of 

neurogenesis in stage 47 tadpoles (Thuret et al. 2015, Herrgen et al. 2016). However, data from 

my 3-day in vivo imaging protocol (Figure 3.2) may underestimate the amount of ongoing 

symmetric divisions, as other Xenopus studies demonstrate that symmetric divisions are likely 

progressing very slowly, at a cell cycle length of 40 hours (Thuret et al. 2015), and are 

additionally spatially restricted to the caudolateral aspect of the tectum (Herrgen et al. 2016). 

Further investigation of the radial glia in caudolateral tectum (and/or at earlier stages) may indeed 

reveal a vascular-mediated effect on neurogenesis.  

 Another possibility is that multiple signaling cues may be simultaneously acting upon 

different NSCs within a neurovascular niche, such that only a subset of vascularly apposed radial 

glia might be sensitive to specific contact-mediated signaling ligands. An additional layer of 

complexity is that these multiple signaling systems could have opposing downstream effects 

targeted to different cell types; indeed, Ottone and colleagues suggest that in adult SVZ, contact-

mediated vascular signaling regulates quiescence of type B NSCs, while secreted vascular cues 

promotes proliferation in transit-amplifying type C cells lacking vascular contact (Ottone et al. 

2014). However, as discussed in Chapter 2, using vascular apposition as a readout would conflate 

two such subpopulations, since apposition determined via confocal microscopy lacks the 

resolution to prove direct contact. To disambiguate effects from multiple pathways on different 

cell types, candidate signaling systems must be evaluated individually, as in Chapter 5. 

A third possibility is that vascular apposition is not required to regulate neurogenesis in 

Xenopus tectum; proximity to the vasculature may be sufficient for radial glia to respond to 

secreted, vascular-derived cues. Indeed, in vitro evidence suggests that vascular endothelial cells 

release soluble factors that promote proliferation in culture NSCs (Shen et al. 2004). Chapter 4 

will address the specific hypothesis that radial glia endocytose diffusible, vascular-derived 

signaling cues.  
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Chapter 3, in part, is currently being prepared for submission for publication. Lau, M.L. 

and Cline, H.T. “Characterizing the Neurovascular Niche During Neurogenesis in Xenopus 

Tectum.” The dissertation author was the primary investigator and author of this paper.  
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Chapter 4: Uptake of Vascular-Derived Signaling Cues 

4.1 Introduction 

In vitro studies suggest that vascular endothelial cells release soluble cues to promote 

proliferation. This has been demonstrated in co-culture experiments with adult NSCs, embryonic 

NSCs (Shen et al. 2004), and even oligodendrocyte precursor cells (Arai et al. 2009). However, 

there remains a lack of direct, in vivo evidence for systemic, vascular-derived signals that regulate 

developmental neurogenesis.  

Even so, there is strong evidence that soluble cues regulate proliferation in adult 

neurogenic regions, and some of the signaling pathways have even been identified. In one of the 

earliest descriptions of the neurovascular niche, Tavazoie and colleagues describe two features of 

a modified BBB in the adult SVZ: First, contact between NSCs and blood vessels occurs at sites 

lacking astrocyte endfoot or pericyte coverage. Second, circulating small molecules can penetrate 

into the SVZ, though restricted from entering elsewhere in the brain (Tavazoie et al. 2008). Since 

then, secreted vascular factors have been shown to extravasate into the SVZ to act upon NSCs, 

although not in a pro-proliferative capacity, but rather as a signal to migrate towards the 

vasculature (Kokovay et al. 2010). However, some of the most convincing data that vascular cues 

can regulate proliferation have come from observations in adult hippocampus.   

 van Praag and colleagues were the first to describe the phenomenon that exercise 

increases neurogenesis in the adult hippocampus of mice (van Praag et al. 1999). Given that an 

exercise-induced increase in neurogenesis leads to improvements in spatial learning and memory 

(van Praag et al. 2005, Clark et al. 2009), there has been much interest in understanding the 

mechanism by which a broad systemic change could enact a specific effect within the brain. 

Several results led to the hypothesis that circulating factors could be promoting proliferation. The 

observation that exercise not only increases neurogenesis and angiogenesis in the adult 

hippocampus (van Praag et al. 1999, van Praag et al. 2005, Ekstrand et al. 2008, Clark et al. 2009, 
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Van der Borght et al. 2009), but also enhances NSC contact with the vasculature (Gebara et al. 

2016), led to the hypothesis that circulating factors could promote proliferation. Certain growth 

factors were shown to be elevated in blood after exercise, even in humans (Schwarz et al. 1996, 

Schobersberger et al. 2000), and were found to increase neurogenesis when introduced into the 

vasculature or brain (Tao et al. 1996, 1997, Wagner et al. 1999, Aberg et al. 2000). Indeed, two 

such circulating growth factors, VEGF and IGF-1, are required for the exercise-induced increase 

in hippocampal neurogenesis (Trejo et al. 2001, Fabel et al. 2003). Could there be a similar 

situation in the embryonic brain, in which soluble factors from the vasculature regulate 

developmental neurogenesis? 

 In fact, a series of studies utilizing the technique of heterochronic parabiosis suggest that 

soluble factors from the vasculature can affect many aspects of cell proliferation across a range of 

tissues, and throughout an animal’s lifetime. With heterochronic parabiosis, the vasculature of a 

young animal is joined to that of an old animal, such that they share the same circulatory system. 

Surprisingly, circulating cues from the blood of young animals can rejuvenate tissues in old 

animals, by increasing proliferation in skeletal muscle stem cells (Conboy et al. 2005), liver 

hepatocytes (Conboy et al. 2005), oligodendrocyte precursor cells (Ruckh et al. 2012), and adult 

NSCs in hippocampus (Villeda et al. 2011, Villeda et al. 2014) and SVZ (Katsimpardi et al. 

2014). Like the exercise paradigm, the increased neurogenesis induced by young blood factors is 

accompanied with concomitant improvements in behavioral and cognitive function, as well as 

significant vascular remodeling (Villeda et al. 2011, Katsimpardi et al. 2014, Villeda et al. 2014). 

Villeda and colleagues demonstrated that soluble, heat-inactivatable factors in the blood of young 

animals are responsible for these changes (Villeda et al. 2014), and further, were able to find a 

specific anti-proliferative factor in the blood of old animals, which suppresses hippocampal 

neurogenesis in younger animals (Villeda et al. 2011). Others have since identified a pro-

proliferative factor that is enriched in the blood of young animals, which not only reverses age-
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related cardiac hypertrophy (Loffredo et al. 2013), but also stimulates vascular remodeling and 

neurogenesis in the adult SVZ (Katsimpardi et al. 2014). Together, these heterochronic parabiosis 

experiments demonstrate that circulating factors in the blood can both inhibit and promote 

proliferation in adult neurogenic regions.  

However, even with evidence that soluble factors from the vasculature can regulate adult 

neurogenesis, it remains unknown whether a similar phenomenon occurs during developmental 

neurogenesis. Prior unpublished work in the Cline Lab suggests that radial glial endfeet in 

Xenopus tectum are sites of active endocytosis. In a previously published technique, 

electroporation of a reporter construct encoding membrane-targeted horseradish peroxidase 

(mHRP) allows for visualization of cell membranes, including endocytosed membrane (Li et al. 

2010). With electron microscopy, mHRP-labeled vesicles are visible within radial glial endfeet. 

(Figure 4.1A). This suggests that endfeet endocytose extracellular cues and/or participate in 

endocytic signaling with nearby cells. However, this does not determine whether the vasculature 

is the source of these endocytosed signals. To address this question, I first tested whether 

vascular-derived cues could even be taken up by radial glia in the developing Xenopus tectum. 
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Figure 4.1: Radial glial endfeet are sites of active endocytosis.  (A) Micrographs from serial 
EM sections showing the ultrastructure of a mHRP-labeled radial glia endfoot. Arrows indicate 
mHRP labeled vesicles within the labeled endfoot. Scale bar: 1µm.  
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4.2 Methods: Introducing and tracking vascular-circulating molecules 

 To determine whether vascular-derived cues are taken up by radial glia in the developing 

Xenopus tectum, I employed a variety of techniques to visualize uptake of extracellular, vascular-

circulating molecules.  

 To visualize vascular-circulating molecules, fluorescent dextrans were intracardially 

injected into stage 46/47 tadpoles, and imaged five hours later to see if vascular-circulating 

molecules can not only extravasate into the tectum, but also get taken up by specific cells 

identified via immunohistochemical markers.  

 To assay for endocytosis of extracellular, vascular-derived cues, pHrodo dextrans were 

intracardially injected into stage 46/47 tadpoles. As pH-sensitive molecules, pHrodo dextrans 

fluoresce minimally at an extracellular pH, but become maximally fluorescent in acidic 

environments, as when they are internalized in endocytic vesicles. pHrodo dextrans were 

intracardially injected into CAG:GFP electroporated tadpoles, so that the presence of endocytosed 

vascular-derived cues could be assayed for within GFP+ radial glia and neurons.  

 To test whether dynamin-dependent endocytosis is critical for radial glia survival and 

function, I electroporated late stage 46 tadpoles with a control expression construct 

(Sox2bd:GFP) or a plasmid encoding for a dynamin dominant negative mutant 

(Sox2bd:Dyn1(K44A)-t2A-GFP), each at a concentration of 1mg/mL. To test the 

Sox2bd:Dyn1(K44A)-t2A-GFP reporter construct at lower concentrations (0.7mg/mL, 

0.5mg/mL, 0.2mg/mL) that yields insufficient GFP fluorescence, the Dyn1(K44A) expression 

plasmid was co-electroporated with UAS:GFP. UAS:GFP is a supplemental reporter construct 

that expresses GFP under a minimal promoter with an upstream activation sequence (UAS) 

enhancer that requires the binding of Gal4, an activator protein. Given that the 

Sox2bd:Dyn1(K44A)-t2A-GFP construct also expresses Gal4, supplemental GFP would only be 

expressed in Dyn1(K44A)-expressing cells. 
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 Detailed methods are provided in Appendix A.4. 

 

4.3 Results 

4.3.1 Radial glial endfeet endocytose vascular-circulating molecules.  

 To test whether vascular-circulating molecules are taken up by radial glia in the 

developing Xenopus tectum, I used in vivo intracardial injections to introduce fluorescent 

dextrans into the vasculature (Figure 4.2A). Five hours after injection, there was strong 

fluorescent signal within the tectum, with enrichment both in the neuropil and in cell bodies in the 

proliferative zones along the ventricle (Figure 4.2B). Immunostaining against Sox2/3, 

transcription factors used as markers for neural progenitors, demonstrates that vascular-

circulating dextrans are taken up by Sox2/3+ radial glia in the neurogenic zone lining the ventricle 

(Figure 4.2C-E). In the caudolateral region of the proliferative zone, 93.8% of dextran-labeled 

cells are also Sox2/3 immunoreactive (Figure 4.5E). In some cases, dextran is also visible in 

actively dividing radial glia containing two Sox2/3+ nuclei (asterisks, Figure 4.2C, D).  

 To test whether these vascular-circulating dextrans are taken up by endocytic 

mechanisms, I used intracardial injections of pHrodo dextrans to visualize endocytic vesicles, in 

vivo. pHrodo dextrans are pH-sensitive, such that they only fluoresce when internalized into 

acidic compartments, including endocytic vesicles. Endocytic vesicles rapidly acidify to pH 6.0-

6.5 within two minutes (Tycko et al. 1983), and eventually fuse with endosomes that reach pH 

4.5-5.5 (Sorkin et al. 2002); pHrodo dextran will fluoresce in both. In the tectum, pHrodo+ puncta 

are visible as early as 1.5 hours after intracardial injection (Figure 4.3A, B), and as late as 3.5 

hours after injection (Figure 4.4C, D). At high magnification, pHrodo+ puncta are detected within 

the endfeet of GFP-labeled radial glia that closely appose the dextran-labeled vasculature, seen 

when viewing orthogonal planes of cross-section (Figure 4.3B, D). Likewise, pHrodo+ puncta are 

also present within radial glial endfeet that do not appose the vasculature, which is confirmed 
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when viewing orthogonal planes of cross-section (Figure 4.4B, D). pHrodo+ puncta are also 

detected immediately adjacent to the dextran-labeled vasculature, indicating endocytic vesicles 

that are either within cells that appose the vasculature, or within the vascular endothelial cells of 

the blood vessels (Figure 4.3B,D-4.4B,D). Together, these data demonstrate that radial glial 

endfeet are capable of endocytosing vascular-circulating molecules, regardless of apposition to 

the vasculature.  
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Figure 4.2: Radial glia take up vascular-circulating molecules.  (A) Schematic of the 
intracardial injection procedure to introduce fluorescent dextrans into the vasculature. After 
allowing the fluorescent dextrans to circulate for five hours, the animals are sacrificed and 
processed for immunohistochemistry.  (B) Serial optical sections from dorsal to ventral tectum 
show widespread labeling of tectal cells by vascular-circulating dextrans. Most dorsally, Box #1 
shows dextran-labeled cells in caudolateral tectum, within the proliferative zone along the 
ventricle.  More ventrally, Box #2 shows dextran-labeled cells along the midline, also within the 
active proliferative zone of the tectum. Scale bar: 100µm.  (C) Dextran-labeled cells in the 
caudolateral proliferative zone are co-labeled with Sox2/3, a neural progenitor marker. Scale bar: 
50µm.  (C’) Enlargement of the box from (C). Arrows indicate examples of Dextran+Sox2/3+ 
cells. Scale bar: 20µm.  (D-E) Examples of dextran-labeled cells that co-label with Sox2/3 within 
the midline proliferative region. White arrows indicate Dextran+Sox2/3+ cells, and asterisks 
indicate Dextran+Sox2/3+ cells that are actively dividing and contain two nuclei. Scale bars: 
20µm. 
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Figure 4.3: Radial glial endfeet that appose the vasculature endocytose vascular-circulating 
molecules.  Late stage 46 tadpoles are electroporated with a GFP reporter construct to label radial 
glia, and then intracardially injected with pHrodo dextran 24 hours later to label vascular-derived 
endocytic vesicles. After a few hours for circulation, tadpoles are injected again with dextran to 
label the vasculature, and immediately imaged. (A) Projection of a 40µm confocal stack through 
tectum with intracardial injections of dextran (blue) and pHrodo dextran (red). In images 
collected 1.5 hours after pHrodo dextran injection, pHrodo+ puncta identify endocytic vesicles 
(red) in GFP-labeled radial glia (green) that appose the vasculature (blue). Merged image shows 
the distribution of pHrodo+ puncta within, apposed, and proximal to the vasculature. Scale bar: 
100µm.  (B) Enlargement of box in (A). Single orthogonal sections, showing the presence of 
pHrodo+ puncta (red) within radial glia endfeet (green) that appose the vasculature (blue), across 
cross-sectional planes in XY, YZ, and XZ. Scale bars: 10µm.  (C) Projection of a 30µm confocal 
stack through tectum with intracardial injection of dextran (blue) and pHrodo dextran (red). In 
images collected 3.5 hours after pHrodo dextran injection, pHrodo+ puncta label endocytic 
vesicles (red) in GFP-labeled radial glia (green) that appose the vasculature (blue). Merged image 
shows the distribution of pHrodo+ puncta within, apposed, and proximal to the vasculature. Scale 
bar: 50µm.  (D) Enlargement of box in (C). Single orthogonal sections, showing pHrodo+ puncta 
(red) within radial glia endfeet (green) that appose the vasculature (blue), across cross-sectional 
planes in XY, YZ, and XZ. Scale bars: 10µm.  
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Figure 4.4: Radial glial endfeet that do not appose the vasculature endocytose vascular-
circulating molecules.  Late stage 46 tadpoles are electroporated with a GFP reporter construct 
to label radial glia, and then intracardially injected with pHrodo dextran 24 hours later to label 
vascular-derived endocytic vesicles. After a few hours for circulation, tadpoles are injected again 
with dextran to label the vasculature, and immediately imaged. (A) Projection of a 20µm confocal 
stack through tectum with intracardial injections of dextran (blue) and pHrodo dextran (red). In 
images collected 3.5 hours after pHrodo dextran injection, pHrodo+ puncta identify endocytic 
vesicles (red) in GFP-labeled radial glia (green) that do not appose the vasculature (blue). Merged 
image shows the distribution of pHrodo+ puncta within, apposed, and proximal to the vasculature. 
Scale bar: 50µm.  (B) Enlargement of box in (A). Single orthogonal sections, showing the 
presence of pHrodo+ puncta (red) within radial glia endfeet (green) that do not appose the 
vasculature (blue), across cross-sectional planes in XY, YZ, and XZ. Scale bars: 10µm.  (C) 
Projection of a 30µm confocal stack through tectum with intracardial injection of dextran (blue) 
and pHrodo dextran (red). In images collected 3.5 hours after pHrodo dextran injection, pHrodo+ 

puncta label endocytic vesicles (red) in GFP-labeled radial glia (green) that do not appose the 
vasculature (blue). Merged image shows the distribution of pHrodo+ puncta within, apposed, and 
proximal to the vasculature. Scale bar: 50µm.  (D) Enlargement of box in (C). Single orthogonal 
sections, showing pHrodo+ puncta (red) within radial glia endfeet (green) that do not appose the 
vasculature (blue), across cross-sectional planes in XY, YZ, and XZ. Scale bars: 10µm.  
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4.3.2 Neuronal growth cones endocytose vascular-circulating molecules. 

 While assaying for the uptake of vascular-circulating dextran in tectal cells, I observed 

strong, selective uptake not only in radial glia (Figure 4.2), but also in neurons (Figure 4.5). 

Specifically, five hours after intracardial injection, fluorescent dextran was concentrated in the 

neuropil, as well as in cell bodies adjacent to the neuropil. To identify these cells, I 

immunolabeled the tectum with antibodies against HuC/D, a pan-neuronal marker, and 

doublecortin (Dcx), a marker for immature neurons. HuC/D is expressed in the soma of neurons 

(Figure 4.5A-B), while Dcx is a cytoplasmic protein found in both the soma and processes. 

Indeed, Dcx immunolabeling is strong in both the neuropil and cell bodies adjacent to the 

proliferative zone, but does not label cells in the layer immediately adjacent to the neuropil 

(Figure 4.5C-D). This indicates that immature neurons occupy more medial layers closer to the 

proliferative zone. The majority of dextran-labeled cells (90.3%), which were found in the layer 

adjacent to the neuropil, were HuC/D immunoreactive, indicating a neuronal identity (4.5A-B, E). 

However few dextran-labeled cells (6.0%) were Dcx immunoreactive (Figure 4.5.C-E). The 

abundance of dextran+HuC/D+ cells and the exclusion of dextran uptake in Dcx+ cells suggests 

that vascular-circulating molecules are primarily taken up by mature neurons (Figure 4.5).  

 To determine whether neurons endocytose vascular-circulating molecules, intracardial 

pHrodo dextran injections were performed on tadpoles electroporated with a GFP reporter 

plasmid. Note that to enrich for neurons within the GFP-labeled cell population, these tadpoles 

were imaged 3 days after electroporation, as in Figure 2.5C-D. Neuronal growth cones are 

identified by their typical “hand-shaped” morphology, and axons often take more meandering 

paths than radial glial processes do, as illustrated in Figure 4.6B. Using cross-sectional views, 

endocytic vesicles, identified by pHrodo+ puncta, are visible within neuronal growth cones that 

appose the vasculature (Figure 4.6). While endocytosis in growth cones has already been shown 

to be critical for growth cone turning (Tojima et al. 2014), my data demonstrate that neuronal 
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growth cones are capable of endocytosing vascular-circulating molecules. As in Figures 4.3-4.4, 

pHrodo+ puncta are also found immediately adjacent to the dextran-labeled vasculature, 

indicating the presence of endocytic vesicles either in vascular endothelial cells, or unlabeled 

cells that appose the vasculature (Figure 4.6B). Furthermore, pHrodo+ puncta are also observed 

within blood cells, which in single optical sections, occlude the dextran signal within the blood 

vessels (Figure 4.6B). Together, these observations suggest that vascular-circulating molecules 

are endocytosed not only by blood cells within the vasculature, but also by cells that appose the 

vasculature, including neurons.  
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Figure 4.5: Neurons take up vascular-circulating molecules.  (A) A single optical section 
taken five hours after intracardial dextran injection. Vascular-circulating dextrans are taken up by 
dextran+ cells (green) close to the neuropil layer, and are co-labeled with HuC/D (red), a neuronal 
marker. Scale bar: 100µm.  (B) Magnification of box in (A). Arrows indicate examples of 
dextran+ cells (green) that are also HuC/D immunoreactive (red). Scale bar: 50µm.  (C) A single 
optical section taken five hours after intracardial dextran injection. Dextran+ cells (green) close to 
the neuropil layer do not double label with Dcx (red), an immature neuron marker. Arrows 
indicate examples of dextran+ cells that are not Dcx immunoreactive. Scale bar: 100µm.  (D) 
Magnification of box in (C). Arrows indicate examples of Dextran+Dcx- cells. Scale bar: 50µm. 
(E) Summary schematic of dextran uptake in the tectum. In dorsal tectum, dextran uptake is 
primarily restricted to the caudolateral regions of the proliferative zone, where 93.8% of dextran-
labeled cells (n=12 tadpoles) are immunoreactive for progenitor marker Sox2/3. In ventral 
tectum, dextran uptake occurs primarily in the cell layers adjacent to the neuropil, where 90.3% 
of dextran-labeled cells (n=7 tadpoles) are immunoreactive for pan-neuronal marker HuC/D, and 
6.0% of dextran-labeled cells (n=5 tadpoles) are immunoreactive for immature neuron marker 
Dcx.  
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Figure 4.5: Neurons take up vascular-circulating molecules, Continued.  
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Figure 4.6: Neuronal growth cones endocytose vascular-circulating molecules. Late stage 46 
tadpoles are electroporated with a GFP reporter construct to label neurons, and then intracardially 
injected with pHrodo dextran 72 hours later to label vascular-derived endocytic vesicles. After a 
few hours for circulation, tadpoles are injected again with dextran to label the vasculature, and 
immediately imaged. A) Projection of a 40µm confocal stack through tectum with intracardial 
injections of dextran (blue) and pHrodo dextran (red). In images collected 2 hours after pHrodo 
dextran injection, pHrodo+ puncta identify endocytic vesicles (red) in GFP-labeled cells (green) 
relative to the vasculature (blue). Merged image shows relative location of enlarged neuronal 
growth cone in (B). Scale bar: 100µm.  (B) Enlargement of box in (A). Single orthogonal 
sections, showing the presence of pHrodo+ puncta (red) within a neuronal growth cone (green) 
that apposes the vasculature (blue), across cross-sectional planes in XY, YZ, and XZ. Scale bars: 
10µm.  
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4.3.3 Microglia take up vascular-circulating molecules.  

 Given that microglia are known to associate with blood vessels and act as specialized 

macrophages that phagocytose cell debris in the brain (Arnold et al. 2013), I tested whether 

microglia could take up vascular-circulating molecules. To label microglia in Xenopus tectum, I 

used isolectin B4 (IB4), a plant-derived glycoprotein that is commonly used as a microglia 

marker, and been shown to bind to specific receptors expressed by microglia (Boscia et al. 2013). 

One hour after intracardial dextran injection, dextran uptake is visible in IB4-reactive cells 

(Figure 4.7). Orthogonal cross-sections demonstrate overlap between the IB4 and dextran signals 

(Figure 4.7B). Further, vascular-circulating dextran, when fixed at one hour after intracardial 

injection, partially retains label in the vasculature and indicates that IB4+ microglia associate with 

blood vessels (arrows, Figure 4.7A). In addition, IB4+ cells are ameboid in shape (Figure 4.7A), 

consistent with the morphology of proliferating, phagocytic microglia during development (Zusso 

et al. 2012). Together, these data demonstrate that microglia take up vascular-circulating 

molecules, consistent with their role as macrophages within the developing brain.  



!

!

75 

Figure 4.7: Microglia take up vascular-circulating molecules.  (A) Projection of a 20µm 
confocal stack. Uptake of vascular-circulating dextrans (red) by tectal cells labeled with isolectin 
B4 (green), a marker for microglia. Nuclei are labeled with DAPI (blue). Arrows indicate 
examples of isolectin B4+dextran+ cells that track along dextran-labeled vasculature (red). Scale 
bar: 100µm.  (B) Magnification of box in (A). Single orthogonal sections show dextran (red) 
uptake in isolectin B4+ cells (green), across cross-sectional planes in XY, YZ, and XZ. Scale bar: 
10µm. 
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4.3.4 Radial glia are sensitive to disruption of dynamin-dependent endocytosis. 

 To determine whether radial glia take up vascular-circulating molecules via dynamin-

dependent endocytosis, tadpoles were electroporated with Sox2bd:Dyn1(K44A)-t2A-GFP, a 

reporter construct encoding a dominant negative mutant of dynamin1 (Altschuler et al. 1998). 

Dynamin1 (Dyn1) is a GTPase that localizes to the necks of budding vesicles, specifically 

clathrin-coated pits, and is required for the membrane fission event that releases the endocytic 

vesicles from the plasma membrane (Ferguson et al. 2012).  

In the initial test of whether dynamin is critical for radial glia survival and function, in 

vivo imaging of tadpoles was conducted to compare tecta electroporated with either control, 

Sox2bd:GFP, or different plasmid concentrations of a dynamin dominant negative plasmid, 

Sox2bd:Dyn1(K44A)-t2A-GFP. With all tested plasmid concentrations, I observed that the 

majority of the cells expressing Dyn1(K44A) were dying at 18 hours after electroporation (Figure 

4.8), which is the earliest possible timepoint for this in vivo imaging, given the folding time of 

GFP. Dying cells are distinguished by a distinctive morphology; cell bodies become rounded and 

processes are fragmented or completely lost. While few dying cells were detected amongst the 

cells labeled with the Sox2bd:GFP control plasmid (0.7%, n=140 cells), the 

Sox2bd:Dyn1(K44A)-t2A-GFP labeled cell population was comprised mainly of dying cells 

(1mg/mL: 89.7%, n=126 cells). To titrate down the Dyn1(K44A) expression construct, I tested 

several plasmid concentrations. However, GFP reporter expression was so low that additional 

GFP expression was driven in Dyn1(K44A)-expressing cells via a Gal4-UAS system. At all 

concentrations, the majority of Dyn1(K44A)-expressing cells were dying at 18 hours after 

electroporation (0.7mg/mL: 89.5%, n=57 cells; 0.5mg/mL: 70.9%, n=55 cells; 0.2mg/mL: 81.6%, 

n=38 cells). In contrast, the Sox2bd:GFP (control) labeled cell population was primarily 

composed of radial glia (54.3%) and neurons (45.0%), and differed from the Dyn1(K44A)-

expressing cell population, which contained few healthy-looking radial glia (1mg/mL: 7.9%; 
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0.7mg/mL: 10.5%; 0.5mg/mL: 23.6%; 0.2mg/mL: 13.1%) and neurons (1mg/mL: 2.4%; 

0.7mg/mL: 0.0%; 0.5mg/mL: 5.5%; 0.2mg/mL: 5.3%). The distributions of cell types were 

significantly different between the Sox2bd:GFP control and each of the Sox2bd:Dyn1(K44A)-

t2A-GFP groups (Figure 4.8B). Given that Dyn1(K44A) expression killed cells even at the lowest 

plasmid concentration tested, I was unable to assay for more subtle phenotypes, including 

whether Dyn1 is required for endocytosis of vascular-circulating molecules. Even so, the data 

suggest that radial glia in Xenopus tectum are sensitive to disruption of dynamin function, and 

require dynamin-dependent endocytosis for survival.  
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Figure 4.8: Radial glia are sensitive to disruption of dynamin-dependent endocytosis.  (A) 
Images collected 18 hours after electroporation of the control construct, Sox2bd:GFP (top row), 
or a construct encoding a dominant negative mutant of Dyn1, Sox2bd:Dyn1(K44A)-t2A-GFP 
(bottom row). Arrows indicate examples of specific cell types; red indicates radial glia, yellow 
indicates neurons, and blue indicates dying cells. Scale bars: 50µm.  (B) Distribution of cell types 
labeled at 18 hours after electroporation of control or Dyn1(K44A) plasmids. Asterisks indicate 
significant differences between the control and each concentration group for Dyn1(K44A) 
expression. Pairwise comparisons were made with multiple chi square tests, using a Bonferroni 
corrected alpha level of 0.0125 per test: Control vs. 1mg/mL: !2 (2, n=266) = 215.1, p<0.0001. 
Control vs. 0.7mg/mL: !2 (2, n=197) = 165.2, p<0.0001. Control vs. 0.5mg/mL: !2 (2, n=195) = 
121.2, p<0.0001. Control vs. 0.2mg/mL: !2 (2, n=178) = 132.7, p<0.0001. 
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4.4 Discussion 

 Together, these data further describe the neurovascular niche by providing direct, in vivo 

evidence that 1) radial glial endfeet endocytose vascular-circulating molecules, regardless of 

apposition to the vasculature 2) other components of the neurovascular niche, including neurons 

and microglia, also take up vascular-circulating molecules, and 3) radial glia require dynamin-

dependent endocytosis for survival. 

 These findings are consistent with, and in fact, extend others’ observations that NSCs 

endocytose extracellular material from a variety of sources. Indeed, early strategies to label radial 

glia used application of fluorescent microspheres to the pial surface of the brain. The 

microspheres were later found within neurons and proliferating radial glia, which required 

endocytosis of the microspheres (Malatesta et al. 2000). Further, it has been demonstrated that 

NSCs endocytose and respond to soluble, extracellular signaling cues from a variety of sources. 

For example, oligodendrocyte precursor cells endocytose secreted neurofilament and cytoskeletal 

proteins, likely from demyelinating axons under disease conditions. These extracellular signals 

increase proliferation and differentiation (Fressinaud et al. 2015). Adult NSCs have also been 

shown to respond to factors secreted from astrocytes (Song et al. 2002). The signals identified 

thus far include chemokines and cytokines (Barkho et al. 2006), Wnt3 (Lie et al. 2005), and 

Thrombospondin1 (Lu et al. 2010), which all promote proliferation and differentiation during 

adult neurogenesis. Likewise, factors secreted from microglia also regulate NSC proliferation in 

the adult hippocampus (Monje et al. 2003, Choi et al. 2008).  

 As for vascular-derived signaling cues, there is evidence that NSCs respond to soluble 

factors from the vasculature during both adult and developmental neurogenesis. In vitro 

experiments demonstrate that vascular endothelial cells promote self-renewal in NSCs from adult 

SVZ, and that moreover, ischemic-like conditions can change the profile of vascular secreted 

cues such that differentiation is promoted instead (Plane et al. 2010). Similarly, also under 
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aberrant conditions, tumor vasculature secretes pro-proliferative cues to cancerous NSCs in the 

adult brain (Gilbertson et al. 2007). Under normal conditions, secreted cues from the vasculature 

are also implicated in regulation of NSCs across a variety of functions. SDF-1, a chemokine 

protein secreted by vascular endothelial cells, guides adult NSCs to migrate to the vasculature 

(Kokovay et al. 2010), and has also been shown to regulate the morphology of radial glia in the 

embryonic spinal cord, following endocytic signaling via CXCR4 (Mithal et al. 2013). With 

regards to proliferation and differentiation during developmental neurogenesis, in vitro studies 

demonstrate that vascular endothelial cells release soluble cues promoting self-renewal of 

embryonic NSCs (Shen et al. 2004). Similar co-culture experiments show that soluble cues from 

vascular endothelial cells also increase survival and proliferation of oligodendrocyte precursor 

cells (Arai et al. 2009).  

To determine whether this phenomenon could be observed in vivo, I performed 

intracardial dextran injections on Xenopus tadpoles, and subsequently assayed for uptake of 

vascular-circulating molecules. This technique demonstrated that radial glia endocytose vascular-

circulating molecules in the developing Xenopus tectum (Figure 4.1-4.4). Endocytosis of vascular 

cues occurred at radial glial endfeet, regardless of vascular apposition, which could support the 

unexpected results in Chapter 3. I had observed that apposition of radial glial endfeet to the 

vasculature does not correlate with proliferative behavior, and hypothesized that proximity to the 

vasculature could be sufficient to receive possible regulatory signals that are secreted from the 

vasculature. Here, the data demonstrate that vascular-circulating molecules, including possible 

diffusible signaling cues, are endocytosed by radial glial endfeet, irrespective of apposition to the 

vasculature. I also observed that neurons and microglia take up vascular-circulating molecules 

(Figure 4.5-4.7). This suggests a role for vascular-mediated signaling within these cells, but the 

labeling could also be a consequence of their known interactions with their extracellular 

environments. For example, neuronal growth cones and synapses are sites of active endocytosis, 
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which allow for growth cone turning (Tojima et al. 2014) and synaptic vesicle recycling 

(Ferguson et al. 2007), respectively. Microglia are known to associate with the vasculature and 

act as specialized macrophages in the central nervous system (Arnold et al. 2013). These neuronal 

and microglial functions, while they do not provide evidence for endocytosis of vascular-

circulating molecules specifically, are consistent with the observed uptake of extracellular 

molecules within these cells.  

I observed that radial glia are sensitive to disruption of dynamin function. Such 

manipulations result in widespread cell death (Figure 4.8). While this robust effect does not 

distinguish the specific contributions of vascularly-derived endocytic signaling, it does 

demonstrate that radial glia require dynamin-dependent endocytosis for survival. Given the 

variety of soluble signals that NSCs receive from multiple sources (Monje et al. 2003, Shen et al. 

2004, Barkho et al. 2006, Arai et al. 2009, Kokovay et al. 2010, Plane et al. 2010, Mithal et al. 

2013, Fressinaud et al. 2015), it seems likely that several signaling pathways could be disrupted 

by expression of a dominant negative Dyn1 mutant. The identification of individual candidate 

signaling systems would allow for more specific, direct manipulations to determine whether 

endocytosis of vascular-derived signaling cues regulates neurogenesis. Chapter 5 will investigate 

several candidate signaling systems for vascular-mediated regulation of neurogenesis in the 

developing Xenopus tectum.  

 Chapter 4, in part, is currently being prepared for submission for publication. Lau, M.L, 

Li, J., and Cline, H.T. “Characterizing the Neurovascular Niche During Neurogenesis in Xenopus 

Tectum.” The dissertation author was the primary investigator and author of this paper. Jianli Li 

contributed the electron microscopy data in Figure 4.1.  
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Chapter 5: Candidate Signaling Systems for Vascular-Mediated Regulation of 

Neurogenesis 

5.1 Introduction 

 Previous studies have shown that disrupting contact between NSCs and blood vessels 

leads to perturbations in proliferation during both developmental (Tan et al. 2016) and adult 

neurogenesis (Shen et al. 2008, Ottone et al. 2014). This suggests that contact-mediated signaling 

between NSCs and the vasculature can regulate neurogenesis. However, in vitro co-culture 

experiments also demonstrate that vascular endothelial cells release soluble factors that promote 

proliferation in NSCs (Shen et al. 2004). Therefore, vascular-mediated signaling may occur via 

two routes, contact-dependent interactions and release of soluble factors. I evaluated both 

signaling methods, specifically by testing two separate candidate signaling systems: EphB-

ephrinB signaling, which typically signals via cell-cell contact (Pasquale 2008); and TrkB 

signaling, which is activated by its secreted ligand, BDNF (Adachi et al. 2014).  

 

5.1.1 The role of EphB-ephrinB signaling during neurogenesis 

 Eph receptors belong to a family of receptor tyrosine kinases that are activated by their 

cell surface-bound ephrin ligands. Among this family are nine EphA receptors with five 

associated ephrinA ligands, and five EphB receptors with three associated ephrinB ligands. 

Ephrin ligands typically bind within their EphA or EphB subclass, but promiscuous binding 

between subclasses can also occur (Pasquale 2004). While EphA-ephrinA signaling has been 

implicated in regulation of both developmental (Aoki et al. 2004, Depaepe et al. 2005) and adult 

neurogenesis (Holmberg et al. 2005, Jiao et al. 2008, Hara et al. 2010), EphB-ephrinB signaling 

has also been shown to regulate neurogenesis (Conover et al. 2000, Katakowski et al. 2005, 

Ricard et al. 2006, Chumley et al. 2007, Qiu et al. 2008, del Valle et al. 2011, Ashton et al. 2012), 
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and has been further identified in vascular-mediated regulation of neurogenesis (Ottone et al. 

2014).  

 Most broadly, EphB-ephrinB signaling has been shown to regulate proliferation, 

migration, and neuronal differentiation in adult neurogenic regions (Conover et al. 2000, 

Katakowski et al. 2005). These studies relied on EphB-fc or ephrinB-fc fusion proteins to disrupt 

EphB signaling, but it is difficult with this method to determine which specific receptor-ligand 

pairs are affected, given the binding promiscuity of the Eph family of receptors and ligands. It is 

also difficult to separate the effects of EphB forward signaling from ephrinB reverse signaling. 

For example, Katakowski and colleagues applied EphB2-fc to cultured SVZ NSCs, which 

increased proliferation and promoted neuronal differentiation (Katakowski et al. 2005). However, 

this technique does not disambiguate between two possibilities: EphB2-fc could either be 

antagonizing EphB forward signaling in NSCs by competing for the available ephrinB receptors, 

or could be directly inducing ephrinB reverse signaling in NSCs. In fact, given the binding 

promiscuity between EphB receptors and ephrinB ligands, the introduction of EphB2-fc could be 

simultaneously activating or inhibiting multiple EphB-ephrinB signaling pathways with 

potentially opposite downstream effects. In fact, this may explain observations by Conover and 

colleagues, who found that intraventricular infusions of ephrinB2-fc and EphB2-fc had the same 

effect; both manipulations disrupted migration and increased proliferation of NSCs in adult SVZ 

(Conover et al. 2000).  

More specific manipulations utilize knockout animals to test the effects of single EphB 

receptors or ligands. This approach has demonstrated that NSC proliferation is negatively 

regulated by ephrinB3 in adult SVZ (Ricard et al. 2006), and EphB3 in early postnatal SVZ (del 

Valle et al. 2011). Chumley and colleagues were even able to determine that both EphB1 and 

EphB2 signaling have similar downstream effects, since EphB1/EphB2 double knockout has a 

more robust effect on hippocampal NSCs than in single knockouts alone (Chumley et al. 2007). 
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Moreover, a double mutant with EphB1 knockout and EphB2 truncation demonstrates that EphB2 

forward signaling is required to regulate neurogenesis in the adult hippocampus (Chumley et al. 

2007).   

Currently, the only instance of vascular-derived signaling via Eph-ephrin binding is 

described by Ottone and colleagues; ephrinB2 is expressed by vascular endothelial cells, and is 

required to inhibit differentiation and maintain quiescence of NSCs in the adult SVZ (Ottone et 

al. 2014). By selectively ablating ephrinB2 only in vascular endothelial cells, Ottone and 

colleagues were able to demonstrate that ephrinB2 is required to maintain quiescence in NSCs. 

Although they were able to demonstrate cell cycle inhibition via attenuation of MAPK signaling 

in NSCs, they did not identify the specific EphB receptor activated by ephrinB2. In the adult 

hippocampus, ephrinB2 is instead expressed by astrocytes, but activates EphB4 forward signaling 

to increase differentiation of adult NSCs (Ashton et al. 2012). Here, Ashton and colleagues use 

function-blocking antibodies in vitro to show that EphB4 is required for ephrinB2’s effect on 

NSC differentiation. Given that ephrinB2 is expressed in arterial blood vessels during 

development, and is in fact, a key regulator of angiogenesis (Wang et al. 2010), is it possible that 

similar EphB-ephrinB signaling pathways may regulate radial glia during embryonic 

neurogenesis?  

In early postnatal SVZ, del Valle and colleagues demonstrate that proliferation is 

increased in EphB3-/- mice (del Valle et al. 2011). However, it remains unclear whether loss of 

EphB3 affects proliferation via loss of EphB3 forward signaling, or ephrinB reverse signaling—

especially since SVZ NSCs express EphB1, EphB2, EphB3, EphB4, EphB6, ephrinB1, ephrinB2, 

and ephrinB3 (del Valle et al. 2011). Qiu and colleagues were able to determine that ephrinB1 

reverse signaling maintains self-renewal of neural progenitors during embryonic neurogenesis, 

using a mutant form of ephrinB1 with a deletion in the cytoplasmic PDZ binding domain (Qiu et 

al. 2008). Further, radial glia in ephrinB1-/- mice lose their radial organization and have shortened 
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processes (Qiu et al. 2008). Could the vasculature be a source for EphB or ephrinBs to either 

regulate neurogenesis or maintenance of pial attachment during developmental neurogenesis?  

In Xenopus tectum, EphB-ephrinB signaling reportedly supports topographic mapping 

along the dorsoventral axis (Mann et al. 2002), although others were unable to reproduce the 

expression gradients required for such retinotopic mapping (Higenell et al. 2012). Additional 

studies, through overexpression of dominant negative ephrinB1, indicate that ephrinB reverse 

signaling promotes morphological and functional maturation of synapses (Lim et al. 2008). 

Results from the Cline Lab’s morpholino screen for neurogenic genes suggested that EphB1 

regulates proliferation in Xenopus (Bestman et al. 2015). Knockdown of EphB1 via 

electroporation of translation-blocking morpholino increased proliferation in the tectum, but it is 

unclear whether the vasculature has a role in this EphB-ephrinB signaling effect. Therefore, I 

aimed to 1) confirm whether EphB1 signaling regulates proliferation in Xenopus tectum, and 2) 

test whether vascular-mediated signaling occurs via EphB-ephrinB interactions during 

developmental neurogenesis.  

 

5.1.2 The role of TrkB-BDNF signaling during neurogenesis 

 First studied for its role in promoting the survival of developing neurons, BDNF has 

since been described in a variety of functions including most recently, the regulation of 

proliferation and differentiation in NSCs, as reviewed by (Vilar et al. 2016). For example, initial 

experiments that introduced BDNF into the brain or lateral ventricles saw a robust increase in 

number newborn neurons (Benraiss et al. 2001, Scharfman et al. 2005), including in regions of 

the adult brain that are normally non-neurogenic (Pencea et al. 2001). BDNF is required not only 

for basal proliferation, but also for exercise- or antidepressant-induced increases in proliferation 

(Lee et al. 2002, Li et al. 2008, Choi et al. 2009). However, not all studies agree. In adult 

hippocampus alone, loss of BDNF has been reported to both increase (Sairanen et al. 2005, Chan 
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et al. 2008) and decrease (Lee et al. 2002) proliferation, in addition to reports of no effect on 

proliferation at all (Choi et al. 2009). When considering developmental neurogenesis, in vitro 

experiments demonstrate that BDNF also enhances both proliferation and differentiation of 

embryonic NSCs (Islam et al. 2009, Chen et al. 2013). Consistent with these findings, BDNF-/+ 

mutant mice have decreased proliferation in the hippocampus during adulthood (Lee et al. 2002), 

while BDNF-/- mice exhibit high levels of apoptosis in developing SVZ and hippocampus and 

typically die by P21 (Linnarsson et al. 2000).  

 Furthermore, BDNF is expressed and secreted by vascular endothelial cells in the brain, 

acting both as a migration cue for neuroblasts during adult neurogenesis (Snapyan et al. 2009) 

and as a neuroprotective signal during developmental neurogenesis (Guo et al. 2008). Given that 

1) BDNF is already known to exit the vasculature and signal to cells in the brain, and 2) BDNF 

can enhance NSC survival (Linnarsson et al. 2000), proliferation (Pencea et al. 2001, Lee et al. 

2002, Scharfman et al. 2005, Islam et al. 2009, Chen et al. 2013), and differentiation (Benraiss et 

al. 2001, Chen et al. 2013), then could vascular-derived BDNF be responsible for regulating 

neurogenesis? Further, in line with the findings from Chapter 4, BDNF binds and induces 

dynamin-dependent endocytosis of its TrkB receptor (Liu et al. 2015), which has been 

documented in cultured cortical, hippocampal, and cerebellar cells (Zheng et al. 2008). Therefore, 

I aimed to determine whether vascular-mediated signaling occurs via TrkB-BDNF signaling 

during neurogenesis in the developing Xenopus tectum. 

 In the developing Xenopus retinotectal system, BDNF’s effect on axon arborization, 

synapse maturation, visual circuit refinement has been extensively studied (Cohen-Cory et al. 

1995, Cohen-Cory 1999, Sanchez et al. 2006, Marshak et al. 2007, Nikolakopoulou et al. 2010, 

Schwartz et al. 2011). Thus expression of BDNF and its receptor, TrkB, is well established in the 

developing tectum (Cohen-Cory et al. 1994, Nikolakopoulou et al. 2010). Much of the work 

describes BDNF’s effect on the retinal ganglion cells (RGCs) that innervate the tectum. For 
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example, using tectal injections of BDNF or function-blocking antibodies, the Cohen-Cory Lab 

has shown that BDNF promotes RGC axon arborization (Cohen-Cory et al. 1995, Cohen-Cory 

1999, Alsina et al. 2001), and synapse formation and stability (Alsina et al. 2001, Hu et al. 2005, 

Sanchez et al. 2006, Nikolakopoulou et al. 2010). They further show, using overexpression of a 

dominant negative TrkB, that TrkB signaling mediates these effects on RGC axon arborization 

and synapse maturation (Marshak et al. 2007). In contrast, they found no effect of TrkB 

disruption on the dendritic arbor of tectal neurons, RGCs’ synaptic partners (Marshak et al. 

2007). However, they did not examine the effect of disrupted TrkB signaling on radial glia in 

Xenopus tectum.  

 In adult hippocampus, loss of TrkB reduces neurogenesis (Li et al. 2008). Using a 

conditional knockout of TrkB under a NSC-specific promoter, Li and colleagues demonstrate that 

TrkB is required not only for basal neurogenesis, but also increases in neurogenesis seen with 

exercise or chronic treatment of antidepressants (Li et al. 2008). This indicates that BDNF’s 

effect on NSC proliferation is mediated in part by TrkB. BDNF can also bind p75 neurotrophin 

receptor (p75(NTR)), a low-affinity receptor that lacks a catalytic domain and largely functions as 

a co-receptor with other neurotrophin receptors, like TrkB (Meeker et al. 2015). Since p75(NTR) 

is generally thought to act within a receptor complex with TrkB anyways, my objective was to 

first investigate whether TrkB signaling in radial glia regulates developmental neurogenesis. 
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5.2 Method: Testing candidate signaling systems for effects on proliferation 

 First, to determine whether the candidate signaling receptors (i.e. EphB1 and TrkB) were 

present within radial glia in the developing Xenopus tectum, I employed a variety of techniques to 

evaluate both protein and mRNA transcripts expression. Fluorescence in situ hybridization 

(FISH) and reverse transcriptase PCR (RT-PCR) were used to assess mRNA transcript 

expression, while immunohistochemistry was used for examining protein expression. RT-PCR 

was also combined with fluorescence assisted cell sorting (FACS) to compare mRNA transcript 

expression between different cell populations. I used FACS to distinguish non-dividing (2N) and 

dividing (4N) cell populations based on quantification of DNA content via fluorescence of a 

DNA dye. 

 Next, candidate receptors were disrupted with a variety of tools. Protein expression was 

knocked down using translation-blocking morpholinos, or overexpressed via electroporation of 

overexpression constructs. Functional signaling was also blocked via drug inhibitors. To 

determine whether any of these manipulations perturbed proliferation, several assays were used: 

First, proliferation was assayed via incorporation of 5-Chloro-2’-deoxyuridine (CldU), a 

thymidine analog. Next, pH3 immunoreactivity was used as a marker for mitotic cells in S-phase, 

and in vivo time lapse imaging was used to track cell divisions. Finally, to determine whether 

perturbation of the candidate signaling systems disrupted interactions between radial glia and the 

vasculature, rates of vascular apposition were compared between control and manipulation 

groups.  

 Detailed methods are provided in Appendix A.5. 
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5.3 Results 

5.3.1 EphB mRNA transcripts are expressed in Xenopus tectum. 

 Expression of EphB receptors and ephrinB ligands has been previously described for the 

Xenopus tectum. However, there has been some dispute over the expression pattern of EphB1 

tectum; Mann and colleagues use in situ hybrization to describe a high-ventral, low-dorsal 

gradient (Mann et al. 2002), while Higenell and colleagues report a high-dorsal, low-ventral 

EphB gradient using ephrinB1-Fc (Higenell et al. 2012). However, ephrinB-fc fusion proteins 

lack the resolution to distinguish between EphB1 and other EphB receptors. Given the conflicting 

reports, I instead re-examined EphB mRNA expression via fluorescent in situ hybridization 

(FISH) and reverse transcriptase PCR (RT-PCR) to assess expression of specific EphBs in the 

tectum.  

 Given that a preliminary screen identified EphB1 as a negative regulator of proliferation 

in the Xenopus tectum (Bestman et al. 2015), I selected EphB1 for mRNA expression analysis 

using FISH. Punctate expression of EphB1 was detected in the Xenopus tectum by EphB1 

antisense FISH probes, largely in the cell body layers rather than neuropil (Figure 5.1A). Note 

that the EphB1+ puncta are dispersed throughout the cell body layers, including the proliferative 

zone next to the ventricle. However, to definitively assess whether EphB1 mRNA is expressed in 

progenitor cells, co-labeling with radial glial markers is required. I was however, able to 

recapitulate the previously described (Higenell et al. 2012) dorsal-low, ventral-high gradient of 

EphB expression in the retina (Figure 5.1B).  

I further utilized RT-PCR, using dissociated midbrains from stage 46 tadpoles to generate 

cDNA. EphB1, EphB2, EphB3, and EphB4 mRNA transcripts are present in Xenopus midbrain 

during this period of active neurogenesis (Figure 5.1C).  
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Figure 5.1: EphB mRNA transcripts are expressed in Xenopus tectum. (A) 14µm horizontal 
sections of stage 46 tectum. EphB1 antisense FISH probes show EphB1 mRNA transcript 
expression. EphB1 sense and antisense are labeled in green, as indicated, and DAPI is in blue. 
Scale bars: 50µm.  (B) Serial horizontal sections (14µm) of stage 46 retina. EphB1 antisense 
FISH probes demonstrate a dorsal-low, ventral-high gradient of EphB1 mRNA transcript 
expression in the retina. EphB1 antisense is labeled in green, DAPI in blue. Scale bars: 50µm. (C) 
RT-PCR using cDNA from stage 46 midbrains. EphB1, EphB2, EphB3, and EphB4 mRNA 
transcripts are present in Xenopus midbrain during this period of neurogenesis. 
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5.3.2 EphB1 signaling regulates proliferation. 

 To confirm whether EphB1 signaling regulates proliferation in the developing Xenopus 

tectum, as indicated by Bestman and colleagues’ preliminary screen (Bestman et al. 2015), I used 

the same translation-blocking morpholino to knock down EphB1 protein expression. EphB1 

morpholino (EphB1 MO), or the corresponding control morpholino (Control MO), was 

electroporated into the midbrain of stage 46 tadpoles. 24 hours after electroporation, the tadpoles 

were exposed to CldU, a thymidine analog, for two hours, and then immediately assayed for 

CldU incorporation. EphB1 MO tadpoles have significantly more CldU+ cells than Control MO 

tadpoles (Figure 5.2A-B), suggesting that EphB1 negatively regulates proliferation, or more 

specifically, the number of cells going through S phase. 

Effects on proliferation were further evaluated using in vivo time lapse imaging to track 

changes in cell number across control, knockdown, and rescue/overexpression conditions. EphB1 

knockdown was achieved as before, with electroporation of EphB1 MO. To test a 

rescue/overexpression condition (EphB1 MO+OE), EphB1 MO was co-electroporated with an 

overexpression construct (Sox2bd:EphB1-t2A-GFP) encoding a morpholino-insensitive variant of 

EphB1, a GFP reporter, and an intervening t2A sequence. This overexpression plasmid shares the 

same backbone as Sox2bd:GFP, the reporter construct used to label cells in both the Control MO 

and EphB1 MO groups. Percent change in cell number across the 24 hour interval was measured; 

only EphB1 MO+OE had a significant increase in GFP+ cells compared to Control MO (Figure 

5.2D). While EphB1 MO had a positive trend consistent with the increased proliferation seen via 

CldU incorporation, it was not significantly different from either the Control MO or EphB1 

MO+OE conditions. To summarize, disruptions to EphB1, either by knockdown or 

overexpression, both increase proliferation which suggests that proper levels of EphB1 signaling 

is critical for the regulation of neurogenesis.  
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Note that EphB1 knockdown via translation-blocking morpholino was not confirmed via 

Western blot, given the lack of reliable EphB1 antibodies. Furthermore, EphB2, EphB3, and 

EphB4 are all expressed in Xenopus tectum (Figure 5.1C). Therefore, use of ephrin-Fc proteins is 

not practical given ephrin binding promiscuity; partial knockdown of EphB1 may not be 

detectable as a proportional change of total EphB expression. Future investigation of EphB1 

would require confirmation of EphB1 knockdown by the translation-blocking morpholino. 
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Figure 5.2: EphB1 signaling regulates proliferation.  (A) CldU incorporation at the midline 
region of the proliferative zone, at 24 hours after electroporation of Control MO or EphB1 MO. 
Scale bar: 20µm.  (B) Quantification of CldU incorporation in (A), for Control MO (n=20 
tadpoles) and EphB1 MO (n=22 tadpoles) conditions. Data are presented as means ± SEM 
(Control MO, 16.74±1.57; EphB1MO, 24.60±1.55). Asterisk indicates a significant difference via 
Mann-Whitney test (U=88, p=0.0006). (C) In vivo imaging of electroporated cells at 24 and 48 
hours post electroporation (hpe). Control MO and EphB1 MO groups were co-electroporated with 
the indicated morpholino and a reporter construct, Sox2bd:GFP. Tadpoles in the EphB1 MO+OE 
group were co-electroporated with EphB1 morpholino and an EphB1 overexpression construct, 
Sox2bd:EphB1-t2A-GFP. Scale bars: 50µm.  (D) Percent change in cell number over 24 hours of 
in vivo imaging, across Control MO (n=28 tecta), EphB1 MO (n=44 tecta), and EphB1 MO+OE 
(n=30 tecta) conditions. Data are presented as means ± SEM (Control MO, -1.84±7.20; 
EphB1MO, 20.65±6.95; EphB1 MO+OE, 46.41±11.39). Kruskal-Wallis test shows a significant 
difference between the groups, (H=11.87, p=0.0026). Post hoc analyses using Dunn’s multiple 
comparisons test only showed a significant difference (asterisk) between the Control MO and 
EphB1 MO+OE groups, while there were no significant differences (ns) between EphB1 MO and 
either of the other groups.  



!

!

100!

 



!

!

101!

5.3.3 EphB1 signaling does not regulate apposition between radial glial endfeet 

and the vasculature. 

 To determine whether EphB1’s effect on proliferation is a consequence of vascular-

mediated signaling, I tested whether EphB1 knockdown perturbed interactions between radial 

glial endfeet and blood vessels.  

It is possible that EphB1 knockdown could increase vascular apposition in radial glial 

endfeet, given that EphB-ephrinB signaling often leads to repulsion events (Egea et al. 2007), 

including in Xenopus axonal growth cones (Mann et al. 2003). This contact-mediated repulsion is 

suggested to be mediated via endocytosis of both full-length EphB and ephrinB proteins into one 

of the cells (Zimmer et al. 2003, Halloran et al. 2006). Given that radial glial endfeet endocytose 

vascular-circulating molecules (Chapter 4), this raises the question of whether EphB endocytic 

signaling occurs between radial glia and the vasculature, and whether it affects vascular 

apppsition in radial glia.  

Alternatively, EphB1 knockdown could decrease vascular apposition, given that EphB-

ephrinB signaling is also known to regulate cell adhesion, with integrins as downstream targets 

(Park et al. 2015). For example, ephrinB reverse signaling in vascular endothelial cells stimulates 

cell attachment, likely through !v"3 and !5"1 integrins (Huynh-Do et al. 2002). While these 

particular integrins have not yet been described in interactions between NSCs and blood vessels, 

others are known to mediate NSC attachment to the vasculature in adult SVZ (Shen et al. 2008, 

Kokovay et al. 2010) and embryonic ganglionic eminence (Tan et al. 2016). More broadly, 

integrins mediate radial glia attachment to the pial surface (Haubst et al. 2006, Radakovits et al. 

2009), which includes blood vessels. Furthermore, Arvanitis and colleagues demonstrate that 

ephrinB1 regulates NSCs’ apical attachment to the ventricle during embryonic neurogenesis 

(Arvanitis et al. 2013). Could EphB-ephrinB signaling be mediating radial glial attachment to the 
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vasculature? Or conversely, could detachment from the vasculature be a consequence of the 

previously described endocytic signaling pathway?  

To test whether EphB1 signaling mediates apposition between radial glial endfeet and the 

vasculature, I co-electroporated late stage 46 tadpoles with EphB1 MO and a GFP reporter 

construct, to knockdown EphB1 and label radial glia, respectively. 24 hours after electroporation, 

tadpoles were injected intracardially with dextran to label the vasculature, and assessed via in 

vivo imaging for perturbations in rate of vascular apposition amongst Control MO and EphB1 

MO animals. There was no significant difference in the proportion of apposed to unapposed 

radial glia between Control MO and EphB1 MO conditions (Figure 5.3B). This suggests that 

EphB1 is not required to regulate apposition between radial glial endfeet and the vasculature. 

However, there are several caveats to consider. First, the resolution of confocal microscopy does 

not allow me to determine direct contact between endfeet and the vasculature; EphB1 knockdown 

could initiate contact-mediated adhesion or repulsion without a robust effect on proximity, and 

thus apposition, to the vasculature. Another consideration is that this assay only examines radial 

glia. In Xenopus, radial glia have been shown to directly differentiate into neurons, which begins 

with retraction of the endfoot from the pial surface (Bestman et al. 2012). If loss of EphB1 

increases direct differentiation through loss of endfoot-vascular apposition, my assay would not 

detect that. To do so, future studies could use in vivo time lapse imaging to test how EphB1 

knockdown affects rates of direct differentiation in radial glia that are apposed to the vasculature.  
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Figure 5.3: EphB1 signaling is not required to regulate apposition between radial glial 
endfeet and the vasculature.  (A) GFP-expressing radial glia (green), 24 hours after 
electroporation with Control or EphB1 MOs. Asterisks indicate radial glia with endfeet that are 
apposed to the dextran-labeled vasculature (red), while arrows indicate radial glia with endfeet 
that are unapposed to the vasculature. Scale bars: 50µm.  (B) Proportions of apposed and 
unapposed radial glia in Control MO (n=33 cells) and EphB1 MO (n=39 cells) conditions. No 
significant (ns) difference between Control and EphB1 MO knockdown conditions by Fisher’s 
Exact Test (p=0.1605).  
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5.3.4 TrkB is expressed in radial glial endfeet during neurogenesis. 

 Next, I tested a second signaling system, TrkB-BDNF signaling, as a candidate for 

vascular-mediated regulation of neurogenesis. Previous work in Xenopus demonstrated that TrkB 

mRNA (Cohen-Cory et al. 1994) and protein (Nikolakopoulou et al. 2010) expression is present 

in the tectum during this period of active neurogenesis. Using co-immunolabeling with 

presynaptic marker SNAP-25, they infer that TrkB is present in neurons (Nikolakopoulou et al. 

2010). However, it remains unclear whether TrkB is also expressed by radial glia in the tectum.  

Therefore, I determined whether TrkB receptors are expressed by radial glia, and 

specifically, if they are present on radial glial endfeet. Using immunohistochemistry, TrkB was 

detected throughout the tectum, in a punctate expression pattern (Figure 5.4A) similar to what 

was previously reported (Nikolakopoulou et al. 2010). TrkB+ puncta also co-localize on 

Vimentin+ radial glia, particularly along radial processes (Figure 5.4B) and on endfeet (Figure 

5.4C).  

Further, to test whether TrkB is present within dividing radial glia, I again used FACS to 

separate dividing from non-dividing cells in dissected midbrain samples. By applying a cell-

permeable DNA dye to dissociated midbrain, cells can be classified by their DNA content based 

on fluorescence; in this way, 4N cells that have gone through S phase can be separated from the 

remaining 2N population. Performing RT-PCR on these separate cell populations demonstrates 

that TrkB mRNA is expressed by the 4N cell population, namely, actively dividing radial glia 

(Figure 5.4D). As expected, radial glial marker Vimentin is expressed in both 2N and 4N 

midbrain cells; BDNF was only detected within the 2N cell population (Figure 5.4D). Together, 

these data suggest that both TrkB and BDNF are expressed in Xenopus midbrain, however only 

TrkB is expressed by dividing radial glia cells.  
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Figure 5.4: TrkB is present in radial glial endfeet during neurogenesis.  (A) Co-localization 
of Vimentin+ radial glia (red) and TrkB+ puncta (green) in tectum. Images are projections of 
14µm horizontal sections. Box #1 of radial glia processes is magnified in (B); Box #2 of radial 
glial endfeet is magnified in (C). Scale bar: 20µm.  (B) Magnification of Box #1 in (A), single 
optical section. Arrows indicate the presence of TrkB+ puncta along Vimentin+ radial glial 
processes. Scale bar: 5µm.  (C) Magnification of Box #2 in (A) in single orthogonal sections, 
showing the co-localization of TrkB+ puncta (green) and Vimentin+ radial glia endfeet (red) 
across cross-sectional planes in XY, YZ, XZ. Scale bar: 5µm.  (D) RT-PCR of Vimentin, TrkB, 
BDNF, and "-actin in 2N and 4N cell populations separated via FACS, based on fluorescence of 
a live, cell-permeable DNA dye. 
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5.3.5 TrkB signaling regulates proliferation in a subpopulation of radial glia. 

 To test whether TrkB is required to regulate proliferation, TrkB signaling was 

manipulated via knockdown and rescue/overexpression. Knockdown was achieved through 

electroporation of a translation-blocking morpholino (TrkB MO), and rescue/overexpression was 

achieved through co-electroporation of TrkB MO and an overexpression construct (Sox2bd:TrkB-

t2A-GFP) encoding a morpholino-insensitive variant of TrkB. Western blotting was used to 

validate the knockdown and rescue/overexpression conditions for each clutch of tadpoles. The 

Xenopus TrkB antibody recognizes two bands, which Nikolakopoulou and colleagues suggest 

could be glycosolated variants of TrkB (Nikolakopoulou et al. 2010). The upper band is between 

135-180kDa, and the lower band is between 100-135kDa. Both bands are reduced in the TrkB 

MO condition, demonstrating successful knockdown. The upper band is enhanced in the TrkB 

MO+OE condition, suggesting overexpression of the larger TrkB variant relative to its 

endogenous levels (Figure 5.5A).  

 To evaluate the effects of TrkB knockdown and overexpression, I used phospho-histone 

H3 (pH3) immunoreactivity to assay for mitotic cells. 24 hours after electroporation, there were 

no significant differences in the number of pH3+ cells between the Control MO, TrkB1 MO, and 

TrkB MO+OE conditions (Figure 5.5B). A different measure of proliferation, CldU 

incorporation, labels cells as they pass through S phase. 22 hours after electroporation, the 

tadpoles were exposed to 2 hours of CldU, and then immediately assayed. There were no 

significant differences in the number of CldU+ cells between Control MO, TrkB MO, and TrKB 

MO+OE (Figure 5.5C). 

 Finally, to test a more widespread method of disrupting TrkB signaling, two separate 

TrkB drug inhibitors were used: ANA-12 and cyclotraxin-B. ANA-12 is a low-molecular weight 

TrkB antagonist, which in mice, can be injected intraperitoneally and detected in the brain within 

30 minutes. Furthermore, TrkB inhibition is detectable in 2 hours (Cazorla et al. 2011). Stage 46 
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tadpoles were exposed to ANA-12 for 4 hours, via bath application of the following 

concentrations: 5µM, 50µM, 100µM ANA-12, and control (1% DMSO). When assaying for 

immunoreactivity to pH3, a marker for mitotic cells, there was no significant difference in 

number of pH3+ cells between the Control and ANA-12 conditions (Figure 5.6).  

To test a different TrkB inhibitor drug, stage 46 tadpoles were exposed to cyclotraxin-B, 

a small peptide that allosterically inhibits TrkB signaling (Cazorla et al. 2010), in a variety of 

systems including Xenopus (Kuribara et al. 2011). Here, tadpoles were incubated in 100µM 

cyclotraxin-B via bath application for 12, 24, 32, 36, and 48 hours, and then assayed for pH3 

immunoreactivity (Figure 5.7A). A two-way analysis of variance (ANOVA) yielded a main effect 

for drug treatment, F(1, 63) =8.583, p=0.0047, indicating that the number of pH3+ cells was 

significantly different between the Control and Cyclotraxin-B conditions. The main effect for 

length of treatment was also significant, F(4,63) = 5.312, p=0.0009, indicating that the number of 

pH3+ cells was significantly different across durations of treatment. This is likely due to 

previously described variation of proliferation rates in Xenopus brains as development progresses 

(Thuret et al. 2015). The interaction effect was non-significant, F(4, 63) = 0.7409, p=0.5677, 

indicating that the average treatment effect is not significantly different for each timepoint. 

However, the Holm-!ídák’s multiple comparisons test revealed no significant differences in 

pairwise comparisons of Control versus Cyclotraxin-B treatment for individual timepoints (Figure 

5.7B).  

To use a more sensitive measure of proliferation, stage 46 tadpoles were exposed to 

cyclotraxin-B, for 24 hours via bath application, followed by an additional 2 hours of CldU 

exposure. When analyzing the entire proliferative zone of the tectum, there was no significant 

difference in the number of CldU+ cells between the Control and Cyclotraxin-B treatment groups 

(Figure 5.8B). However, Herrgen and colleagues demonstrated that the caudolateral regions of 

Xenopus tectum have different proliferative properties than the midline (Herrgen et al. 2016). 



!

!

109!

Specifically, radial glia in the caudolateral region are more likely to divide symmetrically and 

expand the progenitor pool, while radial glia that are further rostral along the midline undergo 

asymmetric divisions. Therefore, I separated the midline and caudolateral regions of the 

proliferative zone to test for subpopulation-specific effects of cyclotraxin-B. While there was no 

significant difference in the number of CldU+ cells in the midline region (Figure 5.8Aii, vi; 5.8C), 

there was a significant difference between Control and Cyclotraxin-B conditions in caudolateral 

regions (Figure 5.8Aiii-iv, vii-viiii; 5.8D). All together, these results suggest that TrkB regulates 

proliferation in a subpopulation of radial glia.  
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Figure 5.5: TrkB morpholino knockdown does not disrupt proliferation.   
(A) Validation of TrkB knockdown (TrkB MO) and TrkB overexpression (TrkB MO+OE) 
conditions, at 24 hours after electroporation, via Western blot.  (B) Quantification of pH3+ cells 
per tecta in Control MO (n=34 tadpoles), TrkBMO (n=38 tadpoles), TrkB MO+OE (n=12 
tadpoles) groups at 24 hours after electroporation. Representative images are shown in (D). Data 
are presented as means ± SEM (Control MO, 69.56±6.166; TrkB MO, 71.71±5.275; TrkB 
MO+OE, 81.50±7.671). Kruskal-Wallis test shows no significant (ns) difference in pH3 
immunoreactivity across the groups (H=1.070, p=0.5858).  (C) Quantification of CldU+ 

incorporation in Control MO (n=128 tadpoles), TrkBMO (n=117 tadpoles), TrkB overexpression 
(n=137 tadpoles) tecta, following 2 hours of CldU exposure at 22 hours after electroporation. 
Representative images are shown in (E). Data are presented as means ± SEM (Control MO, 
69.56±6.166; TrkB MO, 71.71±5.275; TrkB MO+OE, 81.50±7.671). Kruskal-Wallis test shows 
no significant (ns) difference in pH3 immunoreactivity across the groups (H=2.625, p=0.2691).  
(D) pH3 immunoreactivity in tecta from Control MO, TrkB MO, and TrkB MO+OE groups. 
Images are projections of 75µm confocal stacks. Scale bar: 100µm.  (E) CldU incorporation in 
tecta from Control MO, TrkB MO, and TrkB MO+OE groups. Images are projections of 50µm 
confocal stacks. Scale bar: 50µm. 
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Figure 5.6: TrkB inhibition by ANA-12 does not disrupt proliferation.  
(A) pH3 immunoreactivity after four hours of Control or ANA-12 drug treatment. Projections of 
50µm confocal stacks. Scale bar: 50µm.  (B) Quantification of pH3 immunoreactivity across 
Control (n=10 tadpoles), 5µM ANA-12 (n=8 tadpoles), 50µM ANA-12 (n=9 tadpoles), and 
100µM ANA-12 (n=8 tadpoles). Data are presented as means ± SEM (Control, 131.5±6.374; 
5µM ANA-12, 128.1±6.374; 50µM ANA-12, 131.3±11.39; 100µM ANA-12, 127.8±6.821). No 
significant difference in number of pH3+ cells across control or ANA-12 drug treatments by one-
way ANOVA, F(3, 31) = 0.06131, p=0.9798.  
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Figure 5.7: TrkB inhibition by cyclotraxin-B reduces proliferation, as measured by pH3 
immunoreactivity.  (A) pH3 immunoreactivity in tadpoles treated with Control or Cyclotraxin-B 
across varying durations of treatment. Images are projections of 60µm confocal stacks. Scale bar: 
100µm.  (B) Quantification of number of pH3+ cells across Cyclotraxin-B conditions for 12 
(Control, n= 6; Cyclotraxin-B, n=5), 24 (Control, n= 6; Cyclotraxin-B, n=6), 32 (Control, n= 6; 
Cyclotraxin-B, n=7), 36 (Control, n= 6; Cyclotraxin-B, n=6), and 48 (Control, n= 14; 
Cyclotraxin-B, n=11) hours of treatment. Data are presented as means ± SEM (Control: 12hrs, 
86.5±8.535; 24hrs, 79.33±8.337; 32hrs, 74.83±6.954; 36hrs, 101.17±11.62; 48hrs, 100.21±4.122. 
Cyclotraxin-B: 12hrs, 63±4.123; 24hrs, 74.67±4.828; 32hrs, 71.86±3.089; 36hrs, 85.17±8.968; 
48hrs, 86.36±3.601).  Two-way ANOVA indicates a significant treatment effect, F(1, 63)=8.503, 
p=0.0047; significant effect of treatment duration, F(4, 63)=5.312, p=0.0009; but no interaction 
effect, F(4, 63)=0.7409, p=0.5677. Pairwise comparisons using Holm-!idák’s multiple 
comparisons test shows no significant differences"!!
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Figure 5.8: TrkB inhibition by cyclotraxin-B regulates proliferation, as measured by CldU 
incorportation, in a subpopulation of radial glia.  (A) CldU incorporation in Control and 
Cyclotraxin-B treated tadpoles, following 2 hours of CldU exposure at 22 hours after 
electroporation. Low magnification images (i, v) show CldU incorporation throughout the tectum. 
Images are projections of 50µm confocal stacks. Scale bars: 50µm. Higher magnification images 
(ii, vi) show CldU incorporation in midline regions of the proliferative zone. Images are single 
optical sections. Scale bars: 20µm. Higher magnification images (iii-iv, vii-viii) show CldU 
incorporation in left and right caudolateral regions of the proliferative zone. Images are single 
optical sections. Scale bars: 20µm.  (B) Quantification of CldU incorporation in the entire tectum, 
including CldU+ cells in the midline and both caudolateral regions of the proliferative zone. Data 
are presented as means ± SEM (Control, 313.1±22.51; Cyclotraxin-B, 340.8±44.32). No 
significant difference between Control (n=21 animals) and Cyclotraxin-B (n=23 animals) 
conditions by unpaired t-test with Welch’s correction (p=0.5820), using a Bonferroni corrected 
alpha level of 0.017 per test. (C) Quantification of CldU incorporation across the midline region 
of the proliferative zone. Data are presented as means ± SEM (Control, 128.7±10.26; 
Cyclotraxin-B, 137.6±13.95). No significant difference between Control (n=21 animals) and 
Cyclotraxin-B (n=20 animals) conditions by unpaired t-test (p=0.6198), using a Bonferroni 
corrected alpha level of 0.025 per test. (D) Quantification of CldU incorporation across the 
caudolateral region of the proliferative zone. Data are presented as means ± SEM (Control, 
95.28±6.877; Cyclotraxin-B, 127.6±12.14). Significant difference between Control (n=29 tecta) 
and Cyclotraxin-B (n=28 tecta) conditions by unpaired t-test with Welch’s correction (p=0.0241), 
using a Bonferroni corrected alpha level of 0.025 per test.  
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5.4 Discussion 

 Two candidate signaling systems for vascular-mediated regulation of neurogenesis were 

tested, with the following conclusions: 1) EphB1 signaling regulates neurogenesis, but is not 

required to maintain endfoot apposition to the vasculature, and 2) TrkB signaling regulates 

proliferation, in a subpopulation of symmetrically dividing radial glia.  

 

5.4.1 The role of EphB1 signaling during neurogenesis 

 Together, my data show that EphB1 regulates proliferation in the developing Xenopus 

tectum (Figure 5.2). This agrees with previous reports indicating that EphB1 regulates 

proliferation during adult neurogenesis in the hippocampus (Chumley et al. 2007). However, 

while I found that disruption (both knockdown and overexpression) of EphB1 increased 

proliferation, Chumley and colleagues saw different effects on separate NSC subpopulations: 

Loss of EphB1 reduced the number of early type I NSCs, but increased proliferation of type IIa 

NSCs (Chumley et al. 2007). They further inferred that ephrinB3 is the key ligand for these 

EphB1-mediated effects, given that ephrinB3-/- mice phenocopy EphB1-/- defects. Given that 

Ricard and colleagues also show that ephrinB3 regulates neurogenesis in the adult SVZ (Ricard et 

al. 2006), ephrinB3 may be a good candidate ligand to test in Xenopus tectum. They also show 

that ephrinB3 negatively regulates proliferation, but is expressed outside the SVZ, suggesting that 

NSCs express EphB receptors and initiate the signaling cascade through interactions with the 

neighboring, ephrinB3-expressing tissue (Ricard et al. 2006). To further compare cellular and 

molecular mechanisms underlying the regulation of adult and developmental neurogenesis, the 

key ephrin ligand responsible for EphB1’s effect on proliferation must first be identified. In 

addition to ephrinB3, vascularly expressed ephrinB2 has also been shown to negatively regulate 

proliferation and differentiation in adult SVZ (Ottone et al. 2014). 
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 My first observation was that loss of EphB1 increases proliferation in the tectum. 

Specifically, I found that EphB1 knockdown significantly increased the number of CldU+ cells, 

and induced a modest trend in increased GFP+ cells via in vivo time lapse imaging. Several 

technical considerations may explain the inconsistent effect EphB1 knockdown has on different 

measures of proliferation. First, GFP+ cells labeled for in vivo imaging were electroporated with 

Sox2bd:GFP, which labels a more actively dividing and differentiating subpopulation of radial 

glia (Figure 3.3). Since CldU globally labels all dividing cells, perhaps the radial glia that are 

responsive to EphB1 knockdown are typically quiescent, and thus not labeled by Sox2bd:GFP. 

This would not be inconsistent with previous reports, given that Ottone and colleagues describe 

how ephrinB2 in the vasculature maintains the quiescence of a distinct subpopulation of NSCs 

(Ottone et al. 2014). Chumley and colleagues also found separate effects of EphB1 on NSC 

subpopulations in adult hippocampus (Chumley et al. 2007). To determine whether EphB1 

knockdown disproportionately affects quiescent radial glia, in vivo time lapse imaging could be 

used with electroporation of CAG:GFP, which labels less mitotically active radial glia.  

 Another technical consideration is that CldU incorporation and in vivo time lapse imaging 

measure proliferation at different parts of the cell cycle. An increase in CldU incorporation 

indicates an increase in cells going through S phase. In contrast, increases in cell number via in 

vivo imaging counts cells that complete mitosis. My data indicate that at 24 hours after EphB1 

knockdown, more cells are in (or went through) S phase. But after another 24 hours, number of 

complete cell divisions has not significantly increased, relative to controls. These results could be 

explained by 1) a lengthening of the cell cycle, 2) delay at the G2/M checkpoint, and/or 3) a 

concomitant increase in apoptosis between the 24 and 48 hour timepoints. Future work should 

investigate each possibility.  

 Next, I observed that both knockdown and overexpression of EphB1 in radial glia is 

sufficient to induce proliferation. This suggests that radial glia are sensitive to variation from 
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endogenous levels of EphB1. While these effects could be mediated through EphB1 alone, it is 

also possible, given the promiscuity of Eph-ephrin binding, that any disruption to EphB1 levels 

could simultaneously perturb multiple EphB-ephrinB signaling pathways, leading to a variety of 

downstream effects. For example, overexpression of EphB1 presumably drives EphB1 forward 

signaling. However, overexpression of EphB1 could also reduce signaling from other EphB 

receptors, by competing for available ephrinB. Likewise, knockdown of EphB1 could also 

enhance signaling by other EphB receptors due to reduced competition for ephrinB ligands. In 

addition, loss or overexpression of EphB1 could also reduce or promote ephrinB reverse 

signaling, respectively. Regardless, these data do suggest that EphB-ephrinB signaling regulates 

proliferation, which is consistent with multiple reports across developmental and adult 

neurogenesis (Ricard et al. 2006, Chumley et al. 2007, del Valle et al. 2011, Ottone et al. 2014). 

 In Xenopus tectum there are many possible sources for ephrinB, including neurons and 

vascular endothelial cells. One way to determine whether the vasculature is the source of these 

regulatory signals is to test whether EphB-ephrinB signaling also mediates physical interactions 

between radial glia and the vasculature. While several reports demonstrate that EphB forward 

signaling regulates neurogenesis (Chumley et al. 2007, Nomura et al. 2010), others have shown 

that ephrinB reverse signaling promotes cell attachment in vascular endothelial cells (Huynh-Do 

et al. 2002). By contrast, I found that EphB1 signaling does not regulate apposition between 

radial glial endfeet and the vasculature (Figure 5.3). Even so, this does not preclude the 

possibility that vascular-expressed ephrinB signals to EphB1 on radial glia. EphB1 knockdown 

could affect proliferation, absent an effect on vascular apposition, as loss of signaling does not 

necessarily ensure loss of apposition. For instance, other cell adhesion proteins could maintain 

contact between endfeet and blood vessels. The best way to determine whether the vasculature is 

the source of these regulatory signals is to use specific genetic manipulations that disrupt ephrinB 

in blood vessels, as Ottone and colleagues did in adult SVZ (Ottone et al. 2014).  



!

!

119!

 To conclude, my observations demonstrate that EphB1 signaling regulates proliferation, 

but does not appear to mediate apposition between radial glia and the vasculature. Use of genetic 

tools to specifically manipulate ephrinB expression in vascular endothelial cells would help 

determine whether the vasculature is the source of ephrinB regulatory signals. 

 

5.4.2 The role of TrkB signaling during neurogenesis 

 While many studies demonstrate that BDNF regulates adult neurogenesis (Pencea et al. 

2001, Lee et al. 2002, Sairanen et al. 2005, Scharfman et al. 2005, Chan et al. 2008, Li et al. 

2008, Choi et al. 2009), only a few suggest that BDNF can promote proliferation during 

developmental neurogenesis (Islam et al. 2009, Chen et al. 2013). Islam, Chen, and colleagues 

only address the effect of BDNF on NSCs in vitro. My data represent the first in vivo evidence 

that TrkB signaling regulates developmental neurogenesis in a distinct subpopulation of radial 

glia.  

 I first observed that neither TrkB knockdown (Figure 5.5), nor TrkB inhibition via ANA-

12 (Figure 5.6) had an effect on proliferation, as measured by CldU incorporation and pH3 

immunoreactivity. In contrast, drug inhibitor cyclotraxin-B had a significant effect, via two-way 

ANOVA, on the number of pH3+ cells in the tectum (Figure 5.7). With this assay for mitotic 

cells, TrkB inhibition appears to reduce the number of cells entering mitosis. In contrast, 

cyclotraxin-B treatment increased proliferation, when assayed with CldU incorporation (Figure 

5.8), which reports cells in S phase. What if TrkB has multiple roles at different parts of the cell 

cycle? For instance, the effect of TrkB knockdown on pH3 immunoreactivity could be explained 

by a cell cycle delay at the G2/M checkpoint. The effect of TrkB knockdown on CldU 

incorporation could result from aberrant cell cycle progression through the G1 checkpoint. This 

scenario could be tested by looking for an accumulation of 4N cells at the G2/M checkpoint. 



!

!

120!

Alternatively, TrkB might differentially affect cell cycle progression for distinct subpopulations 

of radial glia.  

Further, the effect of cyclotraxin-B on CldU incorporation was restricted to the 

caudolateral region of the proliferative zone. Given what is known about the distribution of radial 

glia subtypes (Herrgen et al. 2016), this suggests that TrkB inhibition may disproportionately 

affect radial glia that are biased towards symmetric proliferative divisions. The opposing effects 

of cyclotraxin-B, as measured by two different assays of proliferation, could potentially be due to 

heterogeneity in the responses of different radial glia subpopulations. To determine whether this 

is the case, future analyses of TrkB’s role during neurogenesis should separate the proliferative 

zone into midline and caudolateral ROIs to see if there is a subpopulation-specific effect. This 

may explain why TrkB morpholino knockdown had no effect on CldU incorporation and pH3 

immunoreactivity, when measured across the whole midbrain (Figure 5.5B-E). 

A definitive test for whether TrkB signaling is involved in vascular-mediated regulation 

of neurogenesis would be to genetically ablate BDNF expression in vascular endothelial cells. 

Another possibility would be to inject function-blocking BDNF antibodies into the vasculature, 

which would reduce transcytosis of plasma BDNF, but would not necessarily abrogate direct 

release of BDNF from vascular endothelial cells into the brain.  

 Another caveat is that while many studies examine BDNF’s effect on proliferation 

(Pencea et al. 2001, Lee et al. 2002, Sairanen et al. 2005, Scharfman et al. 2005, Chan et al. 2008, 

Choi et al. 2009, Islam et al. 2009, Chen et al. 2013), only one demonstrates that TrkB is required 

to regulate neurogenesis (Li et al. 2008). It is possible that BDNF’s effect on NSCs could be 

mediated in part through its other receptor, p75(NTR). While p75(NTR) generally forms a 

receptor complex with TrkB, the involvement of p75(NTR) can modulate TrkB’s downstream 

signaling effects (Meeker et al. 2015). In fact, previous work demonstrates that p75(NTR)-/- mice 

experience reduced neurogenesis in adult hippocampus (Bernabeu et al. 2010, Colditz et al. 2010) 
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and SVZ (Young et al. 2007). Moreover, Young and colleagues find that in vitro, p75(NTR) 

mediates the neurogenic response to BDNF in both newborn and adult NSCs from SVZ (Young 

et al. 2007). They also saw that p75(NTR)-expressing NSCs represent a subset of the total NSC 

population. Future studies in Xenopus should also test whether p75NTR signaling mediates any 

of BDNF’s effects on proliferation.  

Together, my in vivo data suggest that TrkB inhibition differentially affects proliferation 

in distinct subpopulations of radial glia. Especially considering that TrkB signaling may be 

modulated in a subpopulation of p75(NTR)-expressing NSCs, BDNF’s effect on neurogenesis 

could vary between progenitor populations. Future work should expand upon the following 

questions: First, how are distinct subpopulations of radial glia differentially regulated by TrkB? 

Second, does TrkB signaling have multiple functions at different parts of the cell cycle, 

potentially in separate progenitor populations? Third, is vascular-derived BDNF responsible for 

initiating TrkB-mediated regulation of neurogenesis in the developing brain?  

 Chapter 5 includes RT-PCR data, in Figure 5.4D, that were collected in collaboration 

with Lin-Chien Huang, PhD, who prepared the FACS samples.  
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Chapter 6: Conclusions 

 Since the initial observation that NSCs closely appose the vasculature (Palmer et al. 

2000), this phenomenon has been documented across a variety of neurogenic regions, including 

the adult hippocampus (Filippov et al. 2003, Seri et al. 2004, Moss et al. 2016), adult SVZ 

(Capela et al. 2002, Mirzadeh et al. 2008, Shen et al. 2008, Tavazoie et al. 2008, Ottone et al. 

2014), and embryonic cortex (Ma et al. 2013, Tan et al. 2016). While these findings led to the 

hypothesis that vascular-derived cues might regulate neurogenesis, far fewer studies have been 

able to demonstrate conclusive support for this hypothesis. In vitro co-culture experiments 

suggest that vascular endothelial cells secrete pro-proliferative signals to both adult and 

embryonic NSCs (Shen et al. 2004). In contrast, in vivo studies describe contact-dependent 

signaling mechanisms in which vascular contact suppresses proliferation of NSCs in the adult 

SVZ (Shen et al. 2008, Ottone et al. 2014). Meanwhile, apposition to the vasculature instead 

promotes proliferation in the embryonic cortex (Tan et al. 2016). Still, this is the only description 

of vascular-mediated regulation of neurogenesis during development. Therefore, it remains 

unclear which properties and signaling mechanisms are common to both adult and embryonic 

neurogenesis. To further characterize the neurovascular niche during developmental 

neurogenesis, I used Xenopus tectum to 1) test whether vascular apposition is a general feature of 

radial glia, 2) investigate whether vascular apposition affects proliferative behavior, 3) test 

properties required for signaling via vascular secreted factors, and 4) assess candidate signaling 

pathways for vascular-mediated regulation of neurogenesis. 

 First, I demonstrated the presence of a neurovascular niche during developmental 

neurogenesis in the Xenopus tectum, by identifying a subset of radial glia in close apposition to 

the vasculature. Unlike the NSCs in adult neurogenic regions, radial glia extend long radial 

processes that terminate in elaborated endfeet near the pial surface. Radial glial endfeet appose 

the vasculature and maintain proximity with blood vessels across in vivo imaging timepoints. 
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Other components of the neurovascular niche include a subset of neurons, whose processes and 

growth cones also appose the vasculature.  

 To evaluate the functional consequence of apposition between radial glia and the 

vasculature, I tested whether vascular apposition influences proliferative behavior. Unlike other 

systems, where vascular apposition either maintains (Tan et al. 2016) or suppresses proliferation 

(Shen et al. 2008, Ottone et al. 2014), I found no correlation between vascular apposition and 

proliferative behavior. In vivo imaging revealed that actively dividing radial glia are not 

preferentially apposed to the vasculature. Further, vascular apposition does not bias radial glia 

towards specific neurogenic events, including symmetric division, asymmetric division, and 

direct differentiation. This suggests that apposition to the vasculature does not regulate 

neurogenesis, but does not preclude the possibility that secreted vascular cues may affect 

neurogenesis. In the case of diffusible signals, it is possible that proximity to the vasculature is 

sufficient to regulate neurogenesis, regardless of vascular apposition.  

 Next, I tested whether vascular-circulating molecules are capable of entering the brain 

and signaling to radial glia. Observations that the BBB is still developing over the course of 

embryonic neurogenesis (Johanson 1980, Fabian et al. 1989, Kniesel et al. 1996, Liebner et al. 

2008, Ben-Zvi et al. 2014, Seo et al. 2014) indicate that extravasation of vascular cues is possible. 

Indeed, I found that intracardially injected dextrans exit the vasculature and are endocytosed by 

components of the neurovascular niche, including radial glia, neurons, and microglia. Here, I 

provide the first in vivo evidence that radial glial endfeet endocytose vascular-circulating 

molecules, regardless of apposition to the vasculature. This suggests that apposition is not 

required for endocytosis of vascular secreted cues. Further, I found that disruption of dynamin-

dependent endocytosis in radial glia causes a robust increase in cell death. However, this 

manipulation did not distinguish between endocytosis of vascular and non-vascular cues. Such 

analysis would be best addressed with either specific ablation of endothelial transcytosis 
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machinery, or examination of individual candidate signaling systems for vascular-mediated 

regulation of neurogenesis. Here, I tested two candidate signaling systems for an effect on 

developmental neurogenesis.  

EphB1 knockdown and overexpression in radial glia demonstrate that EphB1 regulates 

proliferation in Xenopus tectum. This is consistent with EphB1’s role in the adult hippocampus 

(Chumley et al. 2007). However, I found that EphB1 is not required to maintain vascular 

apposition at radial glial endfeet. Still, this does not preclude the possibility that vascular-

expressed ephrinBs regulate neurogenesis via EphB1, given that other cell adhesion proteins may 

be responsible for maintaining contact between endfeet and blood vessels. In order to determine 

whether vascular-expressed ephrinBs initiate the EphB1 regulatory cascade in radial glia, future 

work must use genetic tools to specifically manipulate ephrinBs in vascular endothelial cells.  

 Finally, in concordance with in vitro evidence that BDNF promotes proliferation during 

developmental neurogenesis (Islam et al. 2009, Chen et al. 2013), I found evidence that TrkB 

signaling regulates proliferation in a specific subpopulation of radial glia. TrkB knockdown and 

overexpression yielded no significant differences in proliferation, but these global assays 

measured proliferation across the entire tectum. Functional inhibition of TrkB signaling via 

cyclotraxin-B reduced mitosis across the tectum, but in a spatially and behaviorally distinct 

subpopulation of radial glia, increased the number of cells entering S phase. This suggests either 

differential effect of TrkB throughout the cell cycle, or heterogeneity in the responsiveness of 

radial glia to TrkB signaling. Together, those observations persuaded me against further 

investigation into the contributions of vascular-derived BDNF. Future work would first need to 

determine whether TrkB signaling has multiple roles throughout the cell cycle and/or 

differentially regulates separate subpopulations of radial glia, before testing the effect(s) of 

vascular-derived BDNF on those specific cells.   
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 To conclude, using the developing Xenopus tectum to further characterize the 

neurovascular niche has yielded several key observations: First, while a substantial fraction of 

radial glia closely appose the vasculature at their endfeet, vascular apposition does not appear to 

influence neurogenic behavior. This is contrary to observations in other neurogenic regions 

including adult hippocampus, adult SVZ, and embryonic cortex, which suggests that different 

neurovascular niches have unique properties and may be governed by distinct regulatory 

mechanisms. Second, vascular-circulating molecules are able to exit the vasculature, and are 

endocytosed by radial glial endfeet, regardless of apposition to the vasculature. This provides a 

potential mechanism by which the vasculature could be regulating neurogenesis via secreted cues. 

Further examination of specific candidate signaling systems will provide better understanding of 

not only the neurovascular niche during CNS development, but also the diversity of mechanisms 

responsible for regulating neurogenesis.  

Chapter 6, in part, is currently being prepared for submission for publication. Lau, M.L., 

Li, J., Cline, H.T. “Characterizing the Neurovascular Niche During Neurogenesis in Xenopus 

Tectum.” The dissertation author was the primary investigator and author of this paper.  
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Appendix A: 
 
Supplementary Methods 
 
A.1 Animal Use and Care 
 
 Wildtype albino Xenopus laevis tadpoles were generated via in-house breeding, while 
transgenic Xenopus laevis tadpoles (Flk1:GFP and NBT:GFP) were shipped from the National 
Xenopus Resource at the Marine Biological Laboratory in Woods Hole. Tadpoles of both sexes 
were reared in 0.1x Steinberg’s Solution at 22°C in a 12 hour light / 12 hour dark cycle. 
Transgenic tadpoles were raised as above, with the addition of 0.001% phenylthiourea to inhibit 
pigmentation, as used previously (Hu et al. 2005).  Tadpoles of both sexes were used for all 
experiments, staged according to Nieuwkoop and Faber (Nieuwkoop 1956) and anesthetized prior 
to all procedures via bath application of 0.02% tricaine methanesulfonate (MS-222). All 
procedures were done in accordance with the regulations and approval of The Scripps Research 
Institute’s Institutional Animal Care and Use Committee.  
 
A.2 Specific Methods for Chapter 2 
 
A.2.1 Whole Brain Electroporation 

 
Whole brain electroporation was performed on late stage 46 tadpoles. The reporter 

construct, CAG:GFP, was injected at 1mg/mL into the midbrain ventricle. 35V pulses were 
applied across the tecta with platinum electrodes flanking the midbrain; one pulse per side was 
sufficient for sparse labeling, while up to four pulses per side were used for more widespread 
labeling. Following electroporation, tadpoles were returned to 0.1x Steinberg’s Solution for 
recovery. In vivo imaging of electroporated tadpoles began at 24 hours post electroporation (hpe) 
and continued through 72 hpe, during which the tadpoles were at stage 47.  

The CAG:GFP construct contains a CAG promoter, which is a strong synthetic promoter 
composed of a cytomegalovirus (CMV) early enhancer element, the chicken beta-actin promoter 
and first exon and intron, and the splice acceptor of the rabbit beta-globin gene (Niwa et al. 
1991). The CAG promoter drives strong, ubiquitous expression of GFP.  
 
A.2.2 DiI Injection 

 
Late stage 46 Flk1:GFP transgenic tadpoles were injected in the midbrain ventricle with 

Vybrant DiI Cell-Labeling Solution (ThermoFisher Scientific, # V2285). The tadpoles were 
immediately incubated in 4% paraformaldehyde in PBS, and fixed overnight at 4°C. Brains were 
dissected and whole mounted on coverslips for confocal microscopy.  
 
A.2.3 Immunohistochemistry 

 
For immunofluorescence staining against Vimentin, tadpoles were fixed overnight at -

20°C in methanol. Following rehydration in graded methanol-PBS washes, brains were dissected 
out and blocked in 1% normal donkey serum (NDS) and 4% bovine serum albumin (BSA) in 
PBST (0.5% Triton-X 100 in PBS) for 2 hours at room temperature. Brains were incubated in 
primary for three days at 4°C, using a Vimentin antibody (Developmental Studies Hybridoma 
Bank, # 14h7) at a dilution of 1:50 in block. Brains were then washed three times in PBS with 
0.5% Triton-X 100, then stained with secondary antibody diluted in block at 1:200 for 4-6 hours 
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at room temperature. Brains were washed again, three times in PBS with 0.5% Triton-X 
100, and then mounted in 6M Urea in 50% glycerol. If co-labeling with DAPI, DAPI (5mg/mL) 
was added to the mounting media at 1:3000.  
 
A.2.4 Intracardial Dextran Injection 
 
 MS222-anethestized tadpoles are arranged (ventral side up) under a dissecting 
microscope. Approximately 200-500nL of solution containing fluorescent dextrans 
(ThermoFisher Scientific, #D22914) at 25mg/mL is pressure injected via glass micropipette into 
the heart. The entire volume of dextran solution is injected in a series of 5-10nL pulses spaced 
over a minute. Tadpoles are immediately imaged. For tadpoles imaged at multiple timepoints 
(with an interval of !24 hours), another intracardial dextran injection must be performed 
immediately prior to imaging.  
 
A.2.5 Calculating Endfoot Density 
 
 Vascular and non-vascular ROIs were manually traced for each tectum using maximum 
projections of each optical stack. The vascular ROI was selected by manually tracing the outline 
of the second-most rostral blood vessel, of those that run medial-lateral. The non-vascular ROIs 
were selected by manually tracing the outline of the dorsal surfaces immediately rostral and 
caudal to the blood vessel selected as the vascular ROI, as bounded by the neighboring 
vasculature. Endfeet within or partially within the drawn ROIs were counted towards the 
calculation of endfoot density, such that endfoot number is normalized by the dorsal surface area 
selected in the vascular and non-vascular ROIs for each tectum.  
 Given that the samples are compressed by coverslips, the dorsal surface of each brain is 
relatively flat. Examination of the fluorescent signal via orthogonal optical sections provides 
confidence that there is minimal curvature to the samples and that selecting vascular and non-
vascular ROIs via maximum projections is fairly accurate of the dorsal surface area. Further, the 
non-uniformity of the Vimentin signal precludes generation of a 3D surface rendering.  
 Likewise, examination of the Flk1:GFP vascular label via orthogonal optical sections 
provides confidence that there is minimal curvature to the blood vessels, likely due to fixation and 
compression of the samples. In cross-sectional planes, the blood vessels appear as flattened tubes. 
Calculation of each vascular surface using the equation for surface area of an elliptoid cylinder 
does yield similar endfoot density measures as obtained with manual selection of vascular ROIs 
in maximum projections. Even so, the manual selection of ROIs described above was chosen 
instead of using surface area equations, because blood vessels are only approximations of 
elliptoid cylinders: often they are not straight, and the width of a blood vessel can vary along its 
length.  
 
A.2.6 Calculating Distances Between Endfoot Centroids and Vessel Edges 
 
 Distances between endfoot centroids and vessel edges were automatically computed in 
3D using Volocity 3D Image Analysis Software (PerkinElmer). Automated vessel tracing was 
computed on the dextran channel based on fluorescence intensity, and verified by manual 
inspection. Endfoot tracing was computed on the GFP channel based on fluorescence intensity, 
and manually inspected for each endfoot to ensure inclusion of all endfoot features. Further, each 
endfoot computation was done within a manually drawn ROI, to exclude the cell’s radial process 
from the calculations. For each endfoot computation, an endfoot centroid was defined, and the 
distance between the endfoot centroid and the closest vessel edge was calculated in 3D. The 
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longest axis was also measured for each endfoot, which was then halved to provide the endfoot 
radius.  
 
A.3 Specific Methods for Chapter 3 
 
A.3.1 Whole Brain Electroporation 
 
 Whole brain electroporation was carried out as described in A.2.1, using the following 
reporter plasmid pairs: CAG:GFP (1mg/mL) with CMV:tRFP-nls (1mg/mL); Sox2bd:GFP 
(1mg/mL) with Sox2bd:tRFP-nls (1mg/mL).  
 The CMV:tRFP-nls reporter construct uses the CMV promoter to drive strong, ubiquitous 
expression of turboRFP (tRFP) tagged with a nuclear localization sequence (nls) to restrict the 
fluorescent protein expression to the nucleus.  
 The Sox2bd:GFP and Sox2bd:tRFP-nls reporter constructs were previously described by 
Bestman and colleagues (Bestman et al. 2012). In brief, the plasmid contains Sox2 / Oct-3/4 
enhancer elements and a minimal FGF promoter. To drive expression of fluorescent protein, 
endogenous Sox2 or Oct-3/4 must bind to the regulatory sequence, ensuring that only Sox2+ Oct-
3/4+ radial glia express fluorescent protein.  
 
A.3.2 Double Nuclei Assay 
 

Late stage 46 tadpoles were electroporated with CAG:GFP and CMV:tRFP-nls (or 
Sox2bd:GFP and Sox2bd:tRFP-nls) as described in A.3.1. At 24 hpe, each tadpole was injected 
with intracardial dextrans as described in A.2.4, and immediately imaged with spinning disk 
confocal microscopy.  

Analysis involved scoring radial glia endfeet for apposition to the vasculature, which 
involved checking for overlapping fluorescent signals in orthogonal cross-sections, and then 
classifying each cell as containing single or double nuclei. Statistics were performed using 
Fisher’s Exact Test.  
 
A.3.3 Clonal Lineage Analysis 
 
 Late stage 46 tadpoles were electroporated with CAG:GFP and CMV:tRFP-nls (or 
Sox2bd:GFP and Sox2bd:tRFP-nls) as previously described in A.3.1. Immediately prior to each 
imaging timepoint at 24, 48, and 72 hpe, intracardial dextran injections were performed as 
described in A.2.4, and tadpoles were each immediately imaged with spinning disk confocal 
microscopy.   
 Analysis involved scoring radial glia endfeet for apposition to the vasculature, as 
described in A.3.2. Cells were also identified as radial glia or neurons, based on morphological 
criteria, as described previously (Bestman et al. 2012, Faulkner et al. 2015). Radial glia have 
triangular cell bodies with long, straight radial processes that terminate in elaborated endfeet at 
the pial surface. Neurons have rounded or pear-shaped cell bodies with long, winding axons, or 
branched dendritic arbors. The presence of nuclear co-label assisted with tracking individual cells 
across the 3-day imaging protocol, with the assumption that new neighboring cells (with the same 
co-label) on subsequent days are progeny. Many times, the nuclear label would reveal double 
nuclei in a radial glia before the appearance of a new daughter cell on a subsequent day.  
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A.4 Specific Methods for Chapter 4 
 
A.4.1 mHRP Labeling and Electron Microscopy 
 

Tadpoles were electroporated with a construct encoding for membrane-targeted 
horseradish peroxidase (mHRP), which is driven by a CMV promoter and modified with a 
transmembrane domain to target expression to the cell membrane. The tadpoles were then 
prepared for electron microscopy. The technique is described in full detail by Li and colleagues 
(Li et al. 2010).  
 
A.4.2 Intracardial Dextran Injection 
 
 Injections were performed as described in A.2.4, except that 70,000MW fluorescent 
dextrans (ThermoFisher Scientific, # D1822) were used instead (Hoffmann et al. 2011). 
Furthermore, immediately following intracardial injection, tadpoles were moved to 0.1x 
Steinberg’s Solution for recovery. After 5 hours recovery, tadpoles were fixed and subsequently 
used for immunohistochemistry. Fixation protocols varied by antibody, as described in A.4.3. 
 
A.4.3 Vibratome Sections 
 
 Following fixation, brains were dissected, embedded in a chicken albumin gelatin mix 
(20% chicken albumin, 1.5% gelatin, 1% gluteraldehyde), and sectioned horizontally at 40µm by 
vibratome. The sections were then quenched for 20 minutes at room temperature in 1% sodium 
borohydride in PBST (0.5% Triton-X 100 in PBS). Following 3x 10 minute washes in PBST, the 
sections were processed for immunohistochemistry as described in A.4.4, starting with incubation 
in blocking solution.  
 
A.4.4 Immunohistochemistry  
 
 Immunohistochemistry was performed as previously described in A.2.3, except with the 
following antibody-specific changes, listed below: 
 Following intracardial dextran injection (described in A.4.2), tadpoles processed for 
Sox2/3 immunostaining were fixed in 4% PFA in PBS, overnight at 4°C. Tadpoles were prepared 
for both whole-mount and 40µm vibratome sections. For whole-mount, tadpoles were dissected 
and permeabilized in PBST (0.5% Triton-X 100 in PBS) for 1 hour at room temperature. For 
40µm vibratome sections, brains were dissected and prepared as described in A.4.3. Blocking was 
done as described in A.2.3, and brains were incubated in primary: Sox2/3 antibody (Cell 
Signaling, # 2748) at 1:200 in block, for 3 days at 4°C. The remainder of the 
immunohistochemistry protocol was carried out as described in A.2.3. 
 Following intracardial dextran injection (described in A.4.2), tadpoles processed for 
HuC/D immunostaining were fixed in 1% PFA in PBS, overnight at 4°C. After fixation and 
dissection, the brains were permeabilized in PBST (0.5% Triton-X 100 in PBS) for 1 hour at 
room temperature. Blocking was done as described in A.2.3, and brains were incubated in 
primary: HuC/D antibody (Invitrogen, # A-21271) at 1:250 in block, for 2 hours at room 
temperature, then 3 days at 4°C. The remainder of the immunohistochemistry protocol was 
carried out as described in A.2.3. 
 Following intracardial dextran injection (described in A.4.2), tadpoles processed for Dcx 
immunostaining were fixed in 1% PFA in PBS, overnight at 4°C. After fixation and dissection, 
the brains were permeabilized in PBST (0.5% Triton-X 100 in PBS) for 1 hour at room 
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temperature. Brains were incubated for 4 hours at room temperature in blocking solution: 5% 
NDS and 1% BSA in PBST (0.5% Triton-X 100). Afterwards, the brains were incubated in 
primary: Dcx antibody (Abcam, # ab18723) at 1:1000 in block, for 2 days at room temperature. 
The remainder of the immunohistochemistry protocol was carried out as described in A.2.3. 
 Following intracardial dextran injection (described in A.4.2), tadpoles processed for 
IsolectinB4 labeling were fixed in 4% PFA in PBS, overnight at 4°C. After fixation and 
dissection, the brains prepared for vibratome sectioning, as described in A.4.3. The 40µm sections 
were quenched for 20 minutes at room temperature in 1% sodium borohydride in PBST (0.5% 
Triton-X 100 in PBS). Following 3x 10 minute washes in PBST, the sections were incubated in 
blocking solution: 1% NDS and 4% BSA in PBST. After 1 hour of blocking at room temperature, 
the sections were incubated overnight at 4°C in FITC-conjugated isolectin B4 (Sigma, # L2895; 
resuspended to 1mg/mL) at 1:200 in blocking solution. After 4x 15 minute PBST washes, and a 
final PBS wash, brain sections were mounted on slides in 6M urea in 50% glycerol. DAPI 
(5mg/mL) was added to the mounting media at 1:3000.  
 
A.4.5 Quantification of Immunohistochemistry 
 
 Sox2/3 immunoreactivity was assessed in the dextran-labeled cells enriched in the 
caudolateral region of the proliferative zone. Cells were counted from optical sections at 10µm 
intervals, using the dextran-labeled anterior commissure as an anatomical landmark to identify 
dorsal tectum. Optical sections more than 30µm below the depth of the anterior commissure were 
discarded. 
 HuC/D immunoreactivity was assessed in the dextran-labeled cells enriched near the 
neuropil in ventral tectum. Cells were counted in 3-4 optical sections per animal at 10µm 
intervals. Optical sections above the depth of the anterior commissure were discarded.  

Dcx immunoreactivity was assessed in the dextran-labeled cells enriched near the 
neuropil in ventral tectum. Cells were counted in 4-5 optical sections per animal at 10µm 
intervals. Optical sections above the depth of the anterior commissure were discarded.  
 
A.4.6 Intracardial pHrodo Dextran Injection 
 
 Injections were performed as described in A.4.2, except that 10,000MW pHrodo red 
dextrans (ThermoFisher Scientific, # P10361) were used instead. Furthermore, immediately 
following intracardial injection, tadpoles were moved to 0.1x Steinberg’s Solution for recovery. 
At various timepoints (between 1.5-3.5 hours after pHrodo dextran injection), tadpoles 
anesthetized again and injected intracardially with 10,0000MW fluorescent dextrans 
(ThermoFisher Scientific, # D22914) to label the vasculature. Tadpoles were immediately placed 
in a coverslipped Sylgard chamber for in vivo imaging.  
 
A.4.7 Whole Brain Electroporation 
 

Whole brain electroporation was carried out as described in A.2.1, except using the 
following reporter constructs: Sox2bd:GFP (1mg/mL) or Sox2bd:Dyn1K44A-GFP (1 mg/mL , 
0.7 mg/mL, 0.5 mg/mL, 0.2 mg/mL) .  

Sox2bd:Dyn1(K44A)-GFP uses the same Sox2bd enhancer elements as described in 
A.3.1. The plasmid backbone is the same, except for the addition of Dyn1(K44A), which was 
cloned from Dyn1(K44A)-mRFP, which was a gift from Catherine Berlot (Addgene plasmid # 
55795) (Hynes et al. 2004). Dyn1(K44A) is a dominant negative mutant of human Dynamin1. In 
Sox2bd:Dyn1(K44A)-GFP, Dyn1(K44A) is separated from the GFP with a t2A sequence.  
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A.4.8 Testing Dyn1(K44A) Toxicity 
 
 Late stage 46 tadpoles were electroporated with Sox2bd:Dyn1(K44A)-GFP as described 
in A.4.5. At 24 hpe, tadpoles were imaged with spinning disk confocal microscopy. For analysis, 
each cell was characterized as a radial glia, neuron, or dying cell. Morphological criteria used to 
classify radial glia and neurons are described in A.3.3. Dying cells can be identified by 
completely rounded cell bodies either lacking a process or having a heavily fragmented process. 
 
A.5 Specific Methods for Chapter 5 
 
A.5.1 Fluorescence In Situ Hybridization 
 
 Unless otherwise stated, extreme care was taken to use on RNase-free reagents or using 
DEPC-water to prepare solutions. Late stage 46 tadpoles were fixed in 4% PFA for 2 hours at 
room temperature. After PBS wash, animals were incubated for 2 hours in 30% sucrose, and 
subjected to graded sucrose-OCT washes until animals were in 50% OCT, 15% sucrose. Animals 
were frozen in OCT blocks, and stored at -20°C until they were cryosectioned into 14µm 
horizontal sections. After drying the slides at 37°C for 1 hour, the slides were fixed again in 4% 
PFA for 15 minutes at room temperature. Slides were washed 3x in PBS for 3 minutes each, and 
then incubated in 3% hydrogen peroxide in PBS for 15 minutes. Slides were washed 3x in PBS 
for 3 minutes each, and then acetylated for 10 minutes in 1.17% triethanolamine, 0.25% acetic 
anhydride. Slides were washed 3 times for 5 minutes each in PBS. Slides were pre-hybridized in 
hybridization buffer (50% formamide, 5x SSC, 5x Denhardt’s solution, 250µg/mL yeast tRNA, 
500µg/mL herring sperm DNA, 50µg/mL heparin, 2.5mM EDTA, 0.1% Tween-20, 0.25% 
CHAPS) for 1 hour at 65°C in a humidity chamber. Slides were incubated with the hybridization 
buffer and probe (1ng/µL final concentration) for 24 hours at 65°C in a humidity chamber. The 
remaining portion of the protocol no longer uses RNase-free reagents. Post-hybridization, slides 
were washed in 0.2x SSC for 3 times for 20 minutes each at 65°C. Slides were equilibrated in TN 
buffer (100mM Tris-HCl, pH 7.5; 150mM NaCl). Slides were blocked in TNB buffer (TN buffer 
with 0.5% blocking reagent (Perkin Elmer, # FP1020)). Slides were incubated with anti-
Digoxigenin-POD, Fab fragments (Roche, # 11207733910) at 1:500 in TNB buffer, for 30 
minutes at room temperature. Slides were washed in TNT buffer (TN buffer with 0.05% Tween-
20) 3 times for 5 minutes each. Slides were incubated FITC-Tyramide at 1:50 in amplification 
reagent, using the TSA Plus Fluorescein Fluorescence System (Perkin Elmer, # NEL741), for 10 
minutes at room temperature. Slides were washed in TNT 3 times for 5 minutes each. Slides were 
mounted in Vectashield Mounting Medium with DAPI (Vector Laboratories, # H-1500).  

Riboprobes were synthesized using SP6 RNA polymerase (Roche, # 10810274001) with 
DIG labeling mix. The sequence for the EphB1 antisense riboprobe (5’-3’) is as follows: 

 
GATGGGAGAAGCCTCAGATGTGGAACGACTGTTAGCGGGACATTGTGCACATATCCC
CATGCCTTGATTTGCTTTAAACATGGCAGCTGGGCAGGCTTTACAGACAACATGATTT
TCAGGCTCATATCCAGCCTTGCAGGTGCATTTCCCAATTGGAACCATCCATTCACCAT
CTCCATTGCAGTACAGTTTGATAGGAACATCTACCTCCTCAGCATTAGGTATGCAGGT
TCCCCGGGCTATAACTAAAGAGGTACTCTCTGCGCCAGTCATGGTTTCAGGGAAGAC
CAGCAAATTCTGAACCACACTGGGCATTTCCTTGAAGAAGACCCTAACTGAGAGGAG
AGACATACATGCTCCATAATCCTGAAATGCCAAGTAGAAGCCACTGCGGGTTAGAGG
GCCAAAACTACGAACTTCTGTGTTGACTTTCATCAGTCTCCCACCAAAGTCCACTTGA
GAGAAACTCTCATCAGCAGCTATAGTGTCCACCTTTAAGTAGGGAGACTCGTTCCAA
AATGTAGATATCTTGTTTTCAATATTTGAGTCTGTCTCATAGTAGTACAAATTAAATG
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TTTCTTTACAAGAACCTGGGACATTTGGGAGGCTGCTACAGTCCCGAACAGTAAAAC
GCATCTCCACATAGACACGATGGGCCCCACGCCTTGGGATGAAGGTAGTGAGGAGC
CAGTTGTTTTGCTTAGGACCGAAGACATTGCACACTTGGTATGTACGGATTGTGTTGA
GGTTTTCATCATAGCCACTCACCTCTTCCCACCCAGAAGAAGGATTGGCCGTCCATCC
CAGTTCAGCAGTGGCCGTTCGAGTGTCCATAAGGGTCTCTTCCACAGCTCCAACTTG
GCCCCCACTGAGGCACAGGAGCAGAAGCAGCACATTTAGTTCCAT 
 
The sequence for the EphB1 sense riboprobe (5’-3’) is as follows: 
 
ATGGAACTAAATGTGCTGCTTCTGCTCCTGTGCCTCAGTGGGGGCCAAGTTGGAGCT
GTGGAAGAGACCCTTATGGACACTCGAACGGCCACTGCTGAACTGGGATGGACGGC
CAATCCTTCTTCTGGGTGGGAAGAGGTGAGTGGCTATGATGAAAACCTCAACACAAT
CCGTACATACCAAGTGTGCAATGTCTTCGGTCCTAAGCAAAACAACTGGCTCCTCAC
TACCTTCATCCCAAGGCGTGGGGCCCATCGTGTCTATGTGGAGATGCGTTTTACTGTT
CGGGACTGTAGCAGCCTCCCAAATGTCCCAGGTTCTTGTAAAGAAACATTTAATTTG
TACTACTATGAGACAGACTCAAATATTGAAAACAAGATATCTACATTTTGGAACGAG
TCTCCCTACTTAAAGGTGGACACTATAGCTGCTGATGAGAGTTTCTCTCAAGTGGACT
TTGGTGGGAGACTGATGAAAGTCAACACAGAAGTTCGTAGTTTTGGCCCTCTAACCC
GCAGTGGCTTCTACTTGGCATTTCAGGATTATGGAGCATGTATGTCTCTCCTCTCAGT
TAGGGTCTTCTTCAAGGAAATGCCCAGTGTGGTTCAGAATTTGCTGGTCTTCCCTGAA
ACCATGACTGGCGCAGAGAGTACCTCTTTAGTTATAGCCCGGGGAACCTGCATACCT
AATGCTGAGGAGGTAGATGTTCCTATCAAACTGTACTGCAATGGAGATGGTGAATGG
ATGGTTCCAATTGGGAAATGCACCTGCAAGGCTGGATATGAGCCTGAAAATCATGTT
GTCTGTAAAGCCTGCCCAGCTGCCATGTTTAAAGCAAATCAAGGCATGGGGATATGT
GCACAATGTCCCGCTAACAGTCGTTCCACATCTGAGGCTTCTCCCATC 
 
A.5.2 RT-PCR 
 

Stage 46 tadpoles were dissected, and the midbrains were collected on dry ice. RNA was 
isolated from these cells with Trizol. cDNA was generated using Superscript III First-Strand 
Synthesis System (ThermoFisher Scientific, #18080051). The cDNA was then used with the 
following PCR primers:  
 
EphB1 forward primer, 5’-CGCTTTCTCTCTGGAACACC-3’ 
EphB1 reverse primer, 5-GTCCATCCCAGTTCAGCAGT-3’ 
EphB2 forward primer, 5’-CAGTTGGGATGTTCAAGGCC-3’ 
EphB2 reverse primer, 5-ATTCCAGCATCAGGGAGGTC-3’ 
EphB3 forward primer, 5’-TTGGGTGCCTGTGTATCCTT-3’ 
EphB3 reverse primer, 5-CAAATCCGGCTGCACATGTA-3’ 
EphB4 forward primer, 5’-CACCAGTTCGCACGTATGAG-3’ 
EphB4 reverse primer, 5-GAGGGAAATGGTCATTGGCC-3’ 
 
A.5.3 CldU Incorporation Assay 
 
 CldU (MP Biomedicals, # 105478) is administered via bath application, at a final 
concentration of 10mM in Steinberg’s Solution. After two hours, the tadpoles were fixed with 4% 
PFA and prepared as described in A.5.5. 
 Quantification of CldU incorporation was accomplished via two methods. In Figure 5.2, 
all CldU+ cells were counted within a midline ROI defined by anatomical landmarks: the anterior 



!

!

141!

commissure was the rostral boundary, the widening of the ventricle was the caudal boundary, 
while the lateral boundaries were fixed. Thus the number of CldU+ cells could be normalized by 
volume. In Figure 5.8, CldU+ cells were counted within proscribed ROIs (of constant size) in the 
midline and caudolateral regions. For each ROI, cells were counted and summed from three 
optical sections, each 10µm apart. 
 
A.5.4 Morpholino Knockdown 
 

EphB1 knockdown was achieved using a 3’-lissamine tagged translation-blocking 
antisense morpholino (EphB1 MO), custom generated by GeneTools. The sequence for EphB1 
MO is as follows, with the start codon underlined: 5’-GTAGCAGCAGCACATTTAGTTCCAT-
3’. As a control morpholino (Control MO), 3’-lissamine tagged oligonucleotides were designed 
with 5 base pairs of mismatch (lower case), with the sequence as follows: 5’-
GCAcCAcCAcCAgATTTAcTTCCAT-3’.  
TrkB knockdown was achieved using a translation-blocking antisense morpholino (TrkB MO), 
custom generated by GeneTools. The sequence for TrkB MO is as follows, with the start codon 
underlined: 5’-AACCTTTCCAGAGGCGCATTATGGC-3’. A standard control morpholino 
(Control MO), with no target or known biological activity (Gene Tools’ standard control), was 
used with the sequence as follows: 5’-CCTCTTACCTCAGTTACAATTTATA-3’.  

The morpholinos were dissolved in water, to a final working concentration of 0.1mM. 
Morpholinos were injected into the ventricle with the appropriate reporter plasmids, and 
electroporated as described in A.2.1. 
 
A.5.5 Vascular Apposition Assay 
 

Late stage 46 tadpoles are electroporated with a GFP reporter construct, Sox2bd:GFP (as 
described in A.3.1). 24 hours later, the animals receive intracardial injection of fluorescent 
dextran to label the vasculature (as described in A.2.4), and are immediately imaged live.  

Radial glia are identified using morphological criteria described in A.3.3. Radial glia are 
then classified as Apposed or Unapposed to the vasculature, based on the following criteria: there 
must be partial overlap of the fluorescent signals, which must be confirmed in multiple planes of 
cross-section and/or 3D rotation. The distributions of apposed to unapposed radial glia in the 
Control MO and EphB1 MO groups are compared via Fisher’s Exact Test.  
 
A.5.6 Immunohistochemistry 
 

Immunohistochemistry was performed as previously described in A.2.3, except with the 
following antibody-specific changes, listed below: 

The TrkB polyclonal rabbit antibody was a gift of Susana Cohen-Cory, targeting amino 
acid residues 396-411 of Xenopus TrkB (Nikolakopoulou et al. 2010). To process the tadpoles for 
TrkB immunohistochemistry, late stage 46 tadpoles were fixed in methanol at -20°C overnight. 
Animals were subsequently rehydrated in graded methanol-PBS washes, and then incubated in 
30% sucrose for cryoprotection. Animals were incubated in graded sucrose-OCT washes until 
animals were in 50% OCT, 15% sucrose. Animals were frozen in OCT blocks, and cryosectioned 
into 14µm horizontal sections. After drying the slides at 37°C for 1 hour, the slides were 
incubated in blocking solution (10% normal goat serum in PBST) for 1 hour at room temperature. 
Slides were incubated with primary solution for 3 days at 4°C: TrkB antibody at 1:800, and 
vimentin antibody (Developmental Studies Hybridoma Bank, # 14h7) at 1:50 in blocking 
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solution. The remainder of the immunohistochemistry protocol was carried out as described in 
A.2.3. 
 Tadpoles processed for pH3 immunostaining were fixed in 4% PFA in PBS, overnight at 
4°C. After fixation and dissection, the brains were permeabilized in PBST (0.5% Triton-X 100 in 
PBS) for 1 hour at room temperature. Brains were incubated for 4 hours at room temperature in 
blocking solution: 1% NDS and 4% BSA in PBST (0.5% Triton-X 100). Afterwards, the brains 
were incubated in primary: pH3 antibody (Cell Signaling, # 3475) at 1:200 in block, overnight at 
4°C. The remainder of the immunohistochemistry protocol was carried out as described in A.2.3. 
 Tadpoles processed for CldU immunostaining were fixed in 4% PFA in PBS, overnight at 
4°C. After fixation and dissection, the brains were incubated in 2N hydrochloric acid for 1 hour at 
37°C. Next, the brains were washed 5 times in PBST (PBS with 0.1% Tween-20), then incubated 
in blocking solution (5% NGS, 1% BSA in PBST) for 1 hour at room temperature. The brains 
were then incubated in primary: BrdU antibody (AbD Serotec, # OBT0030G) at 1:400 in block, 
overnight at 4°C. The remainder of the immunohistochemistry protocol was carried out as 
described in A.2.3. 
 
 
A5.7 FACS and RT-PCR 
 
 Stage 46 tadpoles were dissected, and the midbrains were collected. Gently dissociated 
cells are incubated with 10µM Vibrant DyeCycle Stain for 90 minutes at room temperature, and 
then washed and stored on ice until FACS analysis. G0/G1 and G2/M peaks were separated by 
relative levels of fluorescence, which distinguishes the 2N and 4N cells, respectively.  
 RNA was isolated with Trizol for each of the FACS populations, 2N cells and 4N cells. 
cDNA was generated using Superscript III First-Strand Synthesis System (ThermoFisher 
Scientific, # 18080051). The cDNA was then used with the following PCR primers:  
 
"-actin forward primer, 5’-CCATTGGTAACGAGCGTTTT-3’  
"-actin reverse primer, 5’-GCCACCAATCCAGACAGAGT-3’ 
BDNF forward primer, 5’-TTTCAGCTGAGATCCCCAAT-3’ 
BDNF reverse primer, 5’- CAAGATAAATTCACTATCTTCCCCTTT-3’ 
TrkB forward primer, 5’-TAGGAGGATCCCCTCTCCAT-3’ 
TrkB reverse primer, 5-CCTCTGGCCTTATGTTTCCA-3’ 
Vimentin forward primer, 5’-TCGCCAGCAGTATGAGAATG-3’ 
Vimentin reverse primer, 5-AGCAGCTTCAATGGCAAAGT-3’ 
 
A.5.8 Western Blot 
 
 At 24 hours after electroporation, tadpoles in the Control MO, TrkBMO, and TrkB 
MO+OE groups were dissected. Dissected midbrains were homogenized in RIPA buffer (25mM 
Tris, 150mM NaCl, 1% NP-40, 1% deoxycholate, 0.1% SDS) with protease inhibitors (Roche, # 
11873580001). After 2 minutes of sonication, lysate is spun down and the supernatant removed 
for immediate use. 6x Laemli buffer was added to the samples and boiled for 5 minutes. 10µg of 
protein was loaded into each lane, and run on a 4-20% SDS-polyacrylamide gel. After protein 
transfer onto a nitrocellulose membrane, the membrane was incubated in blocking solution (5% 
milk in TBST) for 1 hour. The membrane was then incubated in 1:1000 TrkB antibody (described 
in A.5.5) in 2.5% milk-TBST, for 72 hours at 4°C. After three 5 minute washes in TBST, the 
membrane was incubated in 1:1000 goat anti-rabbit HRP-conjugated secondary in 2.5% milk-
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TBST, for 1 hour at room temperature. After thre 5 minute washes in TBST, the membranes were 
developed with Pierce ECL Western Blotting Substrate (ThermoFisher Scientific, # 32106). 
 
A.5.9 ANA-12 Drug Treatment 
 
 Late stage 46 tadpoles were exposed via bath application of 5, 50, or 100µM ANA-12 
(Tocris, #4781), resuspended in 1% DMSO in Steinberg’s Solution. Control tadpoles were 
incubated in 1% DMSO in Steinberg’s Solution. After 4 hours of incubation, tadpoles were fixed 
with 4% PFA and processed for immunohistochemistry as described in A.5.5. 
 
A.5.10 Cyclotraxin-B Drug Treatment 
 
 Late stage 46 tadpoles were exposed via bath application of 100µM cyclotraxin-B 
(Tocris, # 5062) in Steinberg’s Solution. The control group was incubated in Steinberg’s Solution 
alone.  

For the CldU assay experiment, CldU (MP Biomedicals, # 105478) was added at 24 
hours, directly into the bath of both cyclotraxin-B and control groups, at a final concentration of 
10mM. After two hours, the tadpoles were fixed with 4% PFA and prepared as described in 
A.5.5. 
 For the pH3 assay experiment, tadpoles were fixed with 4% PFA after 12, 24, 32, 36, and 
48 hours of exposure to cyclotraxin-B, or control. Tadpoles were prepared for pH3 
immunolabeling as described in A.5.5. 
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