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1. Abstract 

Building a brain which contains properly connected neurons is crucial for the 

survival of an animal in the surrounding world. Genetic and experience-dependent 

mechanisms both contribute to the establishment and refinement of neural connections 

(synapses) during development. Sensory experience translated into patterned neuronal 

activity instructs various aspects of topographic map refinement, crucial for orderly 

representation in the brain of the outside world. Forming and refining proper brain 

connectivity relies on the communication between a projecting neuron and its future 

postsynaptic partners. In this thesis, we asked how is patterned activity translated to into 

a molecular code that instructs circuit refinement. Brain-derived neurotrophic factor 

(BDNF) was identified as one of the prominent molecular candidates that underlies 

activity-dependent neural circuit refinement. BDNF is synthesized as a precursor protein 

proBDNF which has been shown to play a role in facilitating synaptic weakening through 

p75 neurotrophin receptor (p75NTR) signaling, whereas the post-cleavage mature form 

(mBDNF) signals through p75NTR and tropomyosin-related kinase B (TrkB) and is crucial 

for synaptic strengthening. Overall, BDNF signaling is essential for structural remodeling 

of dendrites and axons during development, but the pathways by which neural activity is 

translated to BDNF expression and in turn to structural and functional circuit plasticity are 

poorly understood. 

We used multiphoton imaging of retinal ganglion cells (RGCs) projecting into the 

optic tectum (OT) in the albino Xenopus laevis tadpole to observe their structural 

remodeling in vivo. A single ectopic ipsilaterally projecting RGC axon was visually 

stimulated either synchronously or asynchronously with its neighboring inputs, while 

blocking BDNF signaling with TrkB-Fc, or knocking down its receptors TrkB or p75NTR 

in RGCs. We showed that acute BDNF signaling is required for suppression of axonal 

branch addition in response to correlated firing. p75NTR in RGCs is required for 

asynchrony-induced branch addition, while TrkB signaling in RGCs acts as an activity-

dependent suppressor of branch elimination. p75NTR in RGCs is crucial for exploratory 

growth over days. p75NTR and TrkB appear to have distinct signaling in darkness 

compared to during visually evoked activity. These results provide cellular structural 
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details for BDNF, TrkB and p75NTR signaling as mechanisms underlying specific aspects 

of activity-dependent structural remodeling during development. 
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2. Résumé 

La construction d’un cerveau qui contient des neurones correctement connectés 

est cruciale pour la survie d'un animal dans son environnement. Les mécanismes 

génétiques et dépendants d’expérience tous deux contribuent à l'établissement et au 

raffinement des connexions neuronales (synapses) pendant le développement. 

L'expérience sensorielle traduite en modèles d’activité neuronale instruit divers aspects 

du raffinement de la carte topographique, qui est cruciale pour une représentation 

ordonnée du monde extérieur dans le cerveau. La formation et le raffinement de la 

connectivité cérébrale appropriée dépendent de la communication entre la projection d’un 

neurone et ses futurs partenaires postsynaptiques. Dans cette thèse, nous avons 

demandé comment les modèles d’activité sont traduits en un code moléculaire qui instruit 

l’affinement des circuits. Le facteur neurotrophique dérivé du cerveau (BDNF) a été 

identifié comme un des candidats moléculaires les plus importants sur lesquels repose le 

raffinement du circuit neuronal dépendant de l'activité. Le BDNF est synthétisé comme 

protéine précurseur proBDNF qui est censée jouer un rôle dans la facilitation de 

l'affaiblissement synaptique par la signalisation de p75NTR, alors que le clivage résultant 

à la forme mature mBDNF signale via p75NTR et TrkB et est crucial pour le renforcement 

synaptique. Dans l’ensemble, la signalisation du BDNF est essentielle pour le 

remodelage structurel de dendrites et d’axones pendant le développement, mais les voies 

par lesquelles l'activité neuronale est traduite à l'expression du BDNF et par la suite à la 

plasticité des circuits structurelle et fonctionnelle demeure incertaine. 

 Nous avons utilisé l'imagerie multiphotonique de cellules ganglionnaires 

rétiniennes (CGR) qui projettent vers le tectum optique chez le têtard albino Xenopus 

laevis pour observer leur remodelage structurel in-vivo. Un seul axone de CGR mal ciblé 

à l’hémisphère ipsilatérale était visuellement stimulé de manière synchrone ou 

asynchrone avec ses entrées voisines, tout en bloquant la signalisation du BDNF avec 

TrkB-Fc ou en supprimant la formation de ses récepteurs TrkB ou p75NTR dans les 

CGRs. Nous avons montré que la signalisation aigüe du BDNF est nécessaire pour la 

suppression de l'addition de branche axonale en réponse à un déclenchement corrélé. 
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p75NTR dans les CGRs est nécessaire pour l'ajout de ramifications induit par 

l'asynchronie, alors que la signalisation TrkB dans les CGRs agit comme un suppresseur 

d'élimination des ramifications dépendant de l'activité. p75NTR dans les RGC est 

essentiel pour la croissance exploratoire pendant plusieurs jours. p75NTR et TrkB 

semblent avoir une signalisation distincte dans l'obscurité par rapport à l'activité évoquée 

visuellement. Ces résultats fournissent des détails de structure cellulaire pour la 

signalisation du BDNF, TrkB et p75NTR en tant que mécanismes sous-jacents à des 

aspects spécifiques du remodelage structurel dépendant d'activité pendant le 

développement. 
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3. List of Abbreviations 

4E-BP1 4E-binding protein 1 

5mC 5-methylcytosine 

AMPARs α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid type 
glutamate receptors 

APV D-2-amino-5-phosphonovalerate 

ARNT2 Aryl hydrocarbon receptor nuclear translocator 2 

ATP Adenosine triphosphate 

AtT-20 Pituitary corticotrope tumor cells (AtT20) 

BDNF Brain-derived neurotrophic factor 

bHLH Basic helix-loop-helix 

bHLH-PAS bHLH-Per-Arnt-Sim 

BHLHB2 Basic helix-loop-helix factor 

blu blumenkohl mutant containing a mutation in vglut2a 

BSA Bovine serum albumin 

Ca2+ Calcium ions 

CA1 Cornu Ammonis, zone 1 

CaM kinases Ca2+-calmodulin-regulated protein kinases 

CaMKII Ca-calmodulin kinase type II 

CANDLE Collaborative approach for Enhanced denoising under low-light 
excitation 

CaRF Calcium-responsive transcription factor 

CBP CREB bindning protein 

Cholera toxin B Cholera toxin subunit B 

cis-signaling Signaling within the same axon 

CNS Central nervous system 

CoREST RE1-silencing transcription factor corepressor 1 

CpG 5'-Cytosine-phosphate-Guanine-3' 

cr-proBDNF Cleavage resistant-proBDNF 

CREB (ATF)/cAMP/Ca 2+ -response element 
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CTCF CCCTC-binding factor 

DAG Diacylglycerol 

DAS Dark/asynchronous/synchronous 

DiI 1,1-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate 

DNA Desoxyribonucleic acid 

DRG Dorsal root ganglion 

dsRed Discosoma Red 

DTT Dithiothreitol 

ECD Extracellular domain 

EDTA Ethylenediaminetetraacetic acid 

eEF2K Eukaryotic elongation factor 2 kinase 

EGFP Enhanced green fluorescent protein 

eIF4E Eukaryotic initiation factor 4E 

ELISA Enzyme-linked immunosorbent assay 

Elvax Ethylene vinyl acetate copolymer 

Eph Erythropoietin-producing human hepatocellular receptors 

EphA Family of tyrosine kinase receptors EphA 

EphB Family of tyrosine kinase receptors EphB 

ephrin-A Ligand for EphA 

Ephrin-B Ligand for EphB 

EPR Endoplasmic reticulum 

EPSC Excitatory postsynaptic current 

Fas First apoptosis signal receptor 

GaAsP PMTs Gallium arsenide phosphide photo-multiplier tubes 

Gab1 Grb2-associated binder-1 

GEF Guanine nucleotide exchange factor 

GFP Green fluorescent protein 

GFP-VAMP2 Vesicle-associated Membrane Protein-2/green fluorescent protein, 
linked in a fusion protein 

Grb2 Growth factor receptor-bound protein 2 
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GDP Guanosine diphosphate 

GTP Guanosine triphosphate 

H2A, H2B, H3 and H4 Histone2A, Histone 2B, Histone 3, Histone 4 

H3K27 Lysine-27 on Histone 3 

HCG Human chorionic gonadotropin 

HCl Hydrochloric acid 

HDAC Histone deacetylase 

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 

ICD Intracellular domain 

ICV Intracerebroventricularl 

IP3 Inositol tris-phosphate 

Islet2+ LIM homeodomain protein, Islet 2-positive 

JIP3 c-Jun NH2-terminal kinase-interacting protein 3 

K+ Potassium ions 

k252a Protein kinase inhibitor, (9S,10R,12R)-2,3,9,10,11,12-Hexahydro-
10-hydroxy-9-methyl-1-oxo-9,12-epoxy-1H-diindolo[1,2,3-fg:3',2',1'-
kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid methyl ester 

Kd Dissociation constant 

kDa Kilodaltons 

Kir2.1 Inward-rectifying potassium channel 

lakritz Zebrafish mutant, containing mutation in Ath5 

LGN Lateral geniculate nucleus 

Lingo-1 Ig domain-containing Nogo Receptor-interacting protein-1 

LTD Long-term depression 

LTP Long-term potentiation 

mA Milliampere 

MAG Myelin-associated glycoprotein 

MAPK/Erk Mitogen-Activated Protein Kinase/Extracellular Signal Kinase 

mBDNF Mature BDNF 

MBSH Modified Barth’s saline with HEPES 

MeCP2 Methyl-CpG binding protein 2 
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MEK Mitogen-activated protein kinase kinase 

mEPSC Miniature EPSC 

Met-propeptide Methionine66-containing BDNF prodomain 

Mg2+ Magnesium ions 

mi-30a-5p MiRNA-30a-5p 

miRNA Microribonucleic acid 

MK-801 Dizocilpine 

mM Millimolar 

MMP Matrix metalloproteinase 

MO Morpholino oligonucleotides 

mRNA Messenger ribonucleic acid 

MS-222 Tricaine methanesulfonate 

mTOR Mechanistic target of rapamycin 

Na+ Sodium ions 

NaCl Sodium chloride 

NaOH Sodium hydroxide 

NF-κB Nuclear factor κB 

NFAT Nuclear factor of activated T cells 

NGF Nerve growth factor 

NMDAR N-methyl D-aspartate receptor 

NMJ Neuromusclular junction 

NogoR Nogo receptor-1 

NP40 Nonyl phenoxypolyethoxylethanol 

NPAS4 Neuronal PAS domain protein 4 

NRSE Neuron-restrictive silencer element 

NT-3/4/6/7 Neurotrophin-3/4/6/7 

O2 -bubbled Oxygen-bubbled 

OMgp Oligodendrocyte-myelin glycoprotein 

p-Trk Phosphorylated Trk 

p75NTR p75 neurotrophin receptor 
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PAGE Polyacrylamide gel electrophoresis 

PDMS Polydimethylsiloxane 

PDZ Protein domain found in postsynaptic density protein (PSD-95), 
Drosophila disc large tumor suppressor (Dlg1), and Zonula 
occludens-1 protein (zo-1) 

PI(4,5)P2 Phosphatidylinositol(4,5)bisphosphate 

PKB Protein kinase B/Akt 

PKC Protein kinase C 

PLC-γ Phospholipase C-γ 

PNS Peripheral nervous system 

proBDNF Precursor of BDNF 

proNGF Precursor of NGF 

PSD-95-GFP Postsynaptic density-95/green fluorescent protein, linked in a fusion 
protein 

PVDF Polyvinylidene fluoride 

Rab Subfamily of guanosine triphosphate hydrolases 

Raf Rapidly accelerated fibrosarcoma kinase family 

Ras Rat sarcoma family of guanosine triphosphate hydrolases 

RGC Retinal ganglion cells 

Rho-GDI Rho GDP dissociation inhibitor 

ROUT test Robust regression and Outlier removal test 

RRVR Aminoacid sequence Arginine-Arginine-Valine-Arginine 

Rxβ2-cKO Conditional knockout mouse in which β2-nAChR is deleted only in 
the retina 

SC Superior colliculus 

SDS Sodium dodecyl sulfate 

Ser/Thr-X-Val Aminoacid sequence Serine/Threonine-Unspecified aminoacid-
Valine 

Shc SH2-containing collagen-related protein 

SOS Son of sevenless 

synaptophysin-GFP Synaptophysin/green fluorescent protein, linked in a fusion protein 

tCaMKII Truncated form of CaMKII 
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TGN Trans-Golgi network 

tLTD Spike-timing-dependent long-term depression 

tLTP Spike-timing-dependent long-term potentiation 

TNF Tumor necrosis factor 

TNFR TNF receptor 

tPA Tissue plasminogen activator 

TRAF TNFR associated factors 

Tris Tris(hydroxymethyl)aminomethane 

Trk Tropomyosin-related kinase 

TrkB Tropomyosin-related kinase B 

TrkB-Fc Recombinant human chimera TrkB protein 

TrkC Tropomyosin-related kinase C 

TRPC3/6 Transient receptor potential canonical subfamily channel 3/6 

TTX Tetrodotoxin 

USF Upstream stimulatory factor 

UTR Untranslated region 

Val propeptide Valine66-containg BDNF prodomain 

Vglut2a Vesicular glutamate transporter homologous to mammalian VGLUT2 

β2-nAChR β2 nicotinic acetylcholine receptor subunit 

β2(TG)nAChR Transgenic mouse with restored expression of β2-nAChR in RGC 
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4. Author Contributions 

Chapter 1: Literature review: Sections 6.1.1 - 6.1.3 in this chapter are modified from the 

published review article “Rules for Shaping Neural Connections in the Developing Brain” 

which is part of the collection of articles under the research topic “Spontaneous Activity 

in the Sensory System”, Frontiers in Neural Circuits, 10 January 2017. I am first author of 

this review article. This article was written jointly by Elena Kutsarova and Edward S 

Ruthazer in consultation with Martin Munz. Figures were made by Elena Kutsarova and 

Martin Munz. Copyright © 2017 Kutsarova, Munz and Ruthazer. Edward S Ruthazer and 

Martin Munz granted their permission for this review article to be included in this thesis. I 

wrote section 6.1.4 and 6.2 of Chapter 1 with suggestions from Dr. Edward Ruthazer. I 

made Figures 4 and 5, summarizing information reviewed by Roux and Barker (2002); 

Deinhardt and Chao (2014). 

 

Chapter 2: Methodology: I wrote Chapter 2 with suggestions from Dr. Edward Ruthazer. 

Anne Schohl provided details on the 2-cell stage injection protocol. I made the figure.   

 

Chapter 3: The low-affinity neurotrophin receptor p75NTR, but not TrkB, in RGCs 

participates in baseline axonal branch dynamics and long-term axonal exploration 

in the developing visual system. Together with Dr. Edward Ruthazer, I developed the 

rationale and conceived the experiments. I performed the imaging experiments, traced 

axonal arbors, carried out the analysis and presentation of the data. Dr. Edward Ruthazer 

provided guidance for data analysis and presentation. Anne Schohl (Laboratory 

Technician), Dr. Edward Ruthazer and I developed the rationale for the experiments 

related to validation of the receptor knockdown. Anne Schohl performed the morpholino 

injections in 2-blastomere stage embryos. Anne Schohl and I jointly carried out and 

analysed the Western Blot experiments. Yuan Yuan Zhang (Undergraduate Student) 

helped with some axonal tracing. I wrote Chapter 3 with suggestions from Dr. Edward 

Ruthazer. 

https://paperpile.com/c/zWCYg7/Hyl1b+cgwhc
https://paperpile.com/c/zWCYg7/Hyl1b+cgwhc
https://paperpile.com/c/zWCYg7/Hyl1b+cgwhc
https://paperpile.com/c/zWCYg7/Hyl1b+cgwhc
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Chapter 4: Roles of BDNF signaling, presynaptic p75NTR signaling and 

presynaptic TrkB signaling in neural activity correlation-dependent axonal branch 

dynamics: Dr. Edward Ruthazer and I conceived all the experiments. I carried out the 

imaging experiments, axonal tracing, data analysis and presentation. Dr. Edward 

Ruthazer provided guidance for data analysis and presentation. Olesia Bilash 

(Undergraduate Student) was instrumental for the design and making of a novel imaging 

chamber, which decreased the lethal rate of tadpoles during setup and the course of 

imaging. Tasnia Rahman provided useful suggestions for improvement of the chamber 

design. I reanalyzed data acquired by Dr. Martin Munz (Munz et al., 2014) and combined 

it with data acquired by me to create Figure 1. Dr. Edward Ruthazer and Dr. Martin Munz 

provided these data and granted permission to reanalyze it and include it in this thesis. 

Carmelia Lee (Undergraduate Student) performed some axonal tracing included in Figure 

2. I wrote Chapter 4 with suggestions from Dr. Edward Ruthazer. 

  

https://paperpile.com/c/zWCYg7/ekPZ
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6. Chapter 1: Literature Review 

6.1. Neural Circuit Refinement in the Developing Brain 

In this review, we propose a detailed set of cellular rules that govern activity-

dependent circuit refinement. This list of rules synthesizes what has been learned in the 

extensive experimental literature on the development of the visual system, with a strong 

emphasis on data obtained from live imaging of the retinotectal projection in fish and 

frogs. Because of their external development and largely translucent bodies, permitting 

high-resolution in vivo imaging of developing neurons and their associated glial cells, 

albino tadpoles of the African clawed frog (Xenopus laevis) and larval zebrafish (Danio 

rerio) in particular have been popular models for studying activity-dependent circuit 

development and remodeling. Moreover, unlike mammals, these animals rely extensively 

on vision for survival from very early developmental stages and use this same visual 

information to direct circuit refinement. 

While molecular guidance cues are critical for establishing the initial crude 

topographic projections from the eye to the brain, even greater precision of neuronal 

maps is achieved through the involvement of activity-dependent mechanisms. Because 

neighboring retinal ganglion cells (RGCs) in the eye are more likely to exhibit temporal 

correlation in their firing patterns than are distantly separated RGCs, the pattern of firing 

of action potentials in the developing visual system contains important information about 

the relative position of the RGC somata in the retina. The system therefore is able to use 

patterned neural activity in RGCs to instruct the orderly mapping of their axons onto 

postsynaptic partners in the optic tectum (ОТ). This results in a more precise map of the 

retina onto the ОТ. This review will discuss classic studies and more recent experimental 

insights from in vivo imaging that reveal fundamental details about how activity-dependent 

structural and functional refinement takes place. The refinement of the retinotectal circuit 

achieves a remarkably accurate retinotopic representation that contributes to effective 

visual processing and ultimately to the generation of visually-guided behaviors. Here, we 

define refinement as the process of establishing precise anatomical wiring (i.e., the 
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representation most closely reproducing the input space), which allows for the optimal 

function of neural circuits in the animal. 

6.1.1. Retinotopic maps and eye-specific segregation in the developing central 

nervous system 

In fish and frogs the RGCs project to at least 10 distinct tectal and pretectal 

arborization fields believed to mediate important behavioral responses such as eye 

movements and prey capture (Easter and Taylor, 1989; Burrill and Easter, 1994; Kubo et 

al., 2014; Semmelhack et al., 2014). By far, the most extensive projection terminates in 

the contralateral optic tectum, where the organization of axonal terminals reconstitutes a 

topographic map of the retina. The axons of RGCs whose somata are located in the 

temporal retina project to the rostral tectum, whereas RGCs residing in the nasal retina 

send their axons to the caudal tectum (Attardi and Sperry, 1963). Similarly, the 

dorsoventral axis of the retina is represented medio-laterally in the optic tectum. The 

retinocollicular projection in mammals forms a retinotopic map with a similar coordinate 

system in the analogous structure to the optic tectum, the superior colliculus (SC). [N.B., 

The term optic tectum is applied generically to represent the analogous retinorecipient 

structure in all vertebrates.] The SC is involved in directing eye and head movements in 

mammals (Schiller, 1972). 

Unlike amphibians, in which the retinofugal projection is almost exclusively 

contralateral, in mammals a fraction of the RGCs does not cross at the optic chiasm but 

projects to the ipsilateral hemisphere of the brain. This fraction ranges from 3-5% in mice, 

around 15% in ferrets to up to nearly 40% in humans (Petros et al., 2008). Interestingly, 

anterograde and retrograde tracing of RGCs also reveals a substantial transient ipsilateral 

projection during embryonic development in mammals and chicks, much of which is lost 

during subsequent maturation (Land and Lund, 1979; Dräger and Olsen, 1980; McLoon 

and Lund, 1982). In the mammalian brain, inputs from both eyes project to the deep part 

of the stratum griseum superficiale and to the stratum opticum of the SC. These binocular 

projections segregate into alternating eye-specific bands in the rostral colliculus 

(Godement et al., 1984). The more superficial part of the stratum griseum superficiale of 

https://paperpile.com/c/zWCYg7/XS9pn+tHUgr+RXqTG+6ksAB
https://paperpile.com/c/zWCYg7/XS9pn+tHUgr+RXqTG+6ksAB
https://paperpile.com/c/zWCYg7/c098g
https://paperpile.com/c/zWCYg7/kpknJ
https://paperpile.com/c/zWCYg7/8iGl3
https://paperpile.com/c/zWCYg7/fM3ha+VnG4J+js0jh
https://paperpile.com/c/zWCYg7/fM3ha+VnG4J+js0jh
https://paperpile.com/c/zWCYg7/03sZJ
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the SC normally receives exclusively contralateral eye input. In addition to providing 

afferents to the SC, RGC axons also project to the visual thalamus in mammals. A distinct 

visual processing pathway, the retinothalamic (retinogeniculate) projection terminates in 

both the ventral and in the dorsal lateral geniculate nuclei (LGN) in the thalamus. The 

dorsal LGN is thought to serve as the fundamental relay station through which visual 

information is passed to higher order cortical visual centers where increasingly complex 

features are extracted from visual scenes (Felleman and Van Essen, 1991). The afferents 

in the LGN, much like in the SC, project retinotopically but segregate into eye-specific 

laminae (Linden et al., 1981). 

This review focuses primarily on the retinotectal projection and outlines the 

evidence supporting a specific set of rules for projection refinement based on activity-

dependent cellular mechanisms involved in the establishment and refinement of the 

functional retinotopic map in the optic tectum. Experimental perturbations and live 

observations of labeled neurons in the developing brains of small transparent tadpoles 

and fish larvae constitute the main source of data that explain how map development 

proceeds at the cellular level. However, the same mechanisms responsible for retinotectal 

development in these simpler vertebrates are also likely to play essential roles in 

mammalian development. We have highlighted experiments from multiple species that 

have provided particularly important insights into projection refinement mechanisms 

throughout this review. In addition, it is important to note that the most prominent activity-

dependent stages of brain circuit refinement do not necessarily take place at the same 

time in development (e.g., the retinal projection to the SC achieves its mature organization 

earlier than that in the LGN) and therefore the rules that control retinotectal refinement 

may be fundamentally different, or manifest themselves differently, during later refinement 

events. 

We begin by outlining a list of fundamental mechanistic events that the 

experimental evidence indicates are likely to occur during retinotectal map refinement. 

Each of these is elaborated in greater detail below.  

https://paperpile.com/c/zWCYg7/Ohw47
https://paperpile.com/c/zWCYg7/TBpXL


21 

6.1.2. Rules for retinotectal structural plasticity: 

6.1.2.1. Molecular guidance cues provide information for coarse axonal targeting 

6.1.2.2. Inputs compete for available synaptic target space. 

6.1.2.3. Axonal and dendritic arbors are highly dynamic, even after seemingly mature 

morphology is attained. 

6.1.2.4. Patterned neuronal activity provides instructive cues that help refine inputs: 

6.1.2.4.1. Synchronous firing stabilizes synapses and prolongs branch lifetimes 

while actively suppressing branch dynamics via N-methyl D-aspartate receptor 

(NMDAR)-dependent retrograde signaling (Hebbian mechanisms). 

6.1.2.4.2. Asynchronous activity weakens synapses (LTD) and actively promotes 

axonal branch dynamics, including addition and elongation, as well as branch 

elimination (Stentian mechanisms). 

6.1.2.5. In the absence of sensory input, correlated spontaneous firing provides 

surrogate patterned activity. 

6.1.2.6. New axonal branch tips emerge near existing synapses. 

6.1.2.7. Stronger synapses help stabilize the axons and dendrites on which they form 

(Synaptotropism) 

6.1.2.8. Homeostatic mechanisms help maintain the overall level of functional 

synaptic input to the target. 

6.1.2.1. Molecular guidance cues provide information for coarse axonal targeting 

The classic experiments of Roger Sperry and co-workers, studying the developing 

and regenerating retinotectal projection in fish and amphibians, led Sperry to propose the 

“Chemoaffinity Hypothesis” in which the molecular tagging of presynaptic and 

postsynaptic partners with a kind of address code guides the establishment of the 

retinotopic maps in the optic tectum (Sperry, 1963). Sperry observed that following optic 

https://paperpile.com/c/zWCYg7/KRhBi
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nerve section, regenerating RGC axons projected back to roughly correct, retinotopically 

appropriate sites in the optic tectum irrespective of whether the whole retina was still 

present, even if the eye had been rotated to provide erroneous information about the 

visual environment (Sperry, 1943). Furthermore, even upon initial entry to the OT, RGC 

inputs are already coarsely retinotopically distributed within the optic tract (Holt and 

Harris, 1983), suggesting the presence of molecular guidance cues throughout the 

developing visual system. 

Concrete support for this model came initially with the identification of a candidate 

molecular activity expressed in membranes isolated from posterior optic tectal cells that 

could serve as one of Sperry’s tags (Walter et al., 1987). Ultimately, the molecule was 

identified to be a ligand of the EphA family of receptor tyrosine kinases, and together with 

related EphA binding molecules, this group of ligands was labeled as the ephrin-A family 

(Drescher et al., 1995; Feldheim and O’Leary, 2010). In mammals, there are 9 members 

of the EphA subclass (EphA1-EphA8 and EphA10) and 5 members of the EphB subclass 

(EphB1-EphB4 and EphB6), the molecular properties and signaling of which have been 

exhaustively reviewed (Egea and Klein, 2007). Studies in numerous species have 

demonstrated that EphA and ephrin-A members are expressed in complementary 

gradients across the retina and the tectum (Brennan et al., 1997; Monschau et al., 1997; 

McLaughlin et al., 2003a a; Higenell et al., 2012). The expression levels of EphA are 

highest in temporal retina and decline in a graded manner toward the nasal retina; A 

decreasing gradient of ephrin-A from the caudal to the rostral tectum is also present.  

Ephrin-A and EphA family members are expressed at the surface of both RGC axons and 

tectal cells. Once bound, the receptor-ligand couple activates a signaling pathway that 

results in axon repulsion (Drescher et al., 1997). Therefore, temporal axons expressing 

high EphA levels avoid the caudal tectum where the ephrin-A levels peak. 

Interestingly, the complementary expression gradients of ephrins and Ephs mean 

that they are co-expressed at differing ratios within cells across the retina and the tectum 

(Marcus et al., 1996; Rashid et al., 2005). Ephrin-A5 is expressed in a strong graded 

fashion (nasal > temporal) in the mouse retina (Suetterlin and Drescher, 2014). Thus, cis-

signaling mediated by Eph-ephrin binding within the same RGC axon may serve to 

https://paperpile.com/c/zWCYg7/Hy3Kq
https://paperpile.com/c/zWCYg7/lYBpV
https://paperpile.com/c/zWCYg7/lYBpV
https://paperpile.com/c/zWCYg7/6pVNl
https://paperpile.com/c/zWCYg7/ThLum+OkskM
https://paperpile.com/c/zWCYg7/QLgiu
https://paperpile.com/c/zWCYg7/5viyj+upCph+gF2V5+dDovL/?suffix=,,a,
https://paperpile.com/c/zWCYg7/5viyj+upCph+gF2V5+dDovL/?suffix=,,a,
https://paperpile.com/c/zWCYg7/0PLhR
https://paperpile.com/c/zWCYg7/9pSAz+KeXm9
https://paperpile.com/c/zWCYg7/Juz12
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effectively sharpen the nasotemporal gradient of trans-neuronal ephrin signaling 

(Hornberger et al., 1999). Moreover, the high levels of ephrin-A5 expressed on nasal 

axons allow them to also participate in the repulsion of temporal axons that express high 

levels of EphA (Bonhoeffer and Huf, 1980; Raper and Grunewald, 1990; Suetterlin and 

Drescher, 2014). 

Just as the interaction of EphA and ephrin-A mediates the mapping of the 

temporal-nasal axis of the retina along the rostral-caudal dimension of the tectum, the 

interaction of EphB with ephrin-B has been proposed to contribute to the dorsoventral 

mapping of RGC terminals along the mediolateral axis of the optic tectum. However, the 

underlying interaction appears to mediate axonal attraction rather than repulsion and may 

also involve reverse signaling from EphB to ephrin-B (Hindges et al., 2002; Mann et al., 

2002). While the importance of EphA-ephrin-A signaling in establishing the 

anteroposterior axis of the retinotectal topographic map has been well validated with 

knockout and misexpression studies (Feldheim and O’Leary, 2010), there remains some 

uncertainty about the specific roles played by EphB-ephrin-B signaling. In frogs, the actual 

gradient of expression during development is not consistent with that predicted by the cell 

biology. The proposed reverse signaling model, based on in vitro observations, suggested 

that dorsal RGCs expressing ephrin-B should be attracted to putative high levels of EphB 

in the ventral tectum (Mann et al., 2002). However, labeling the expression pattern of 

EphB in the Xenopus laevis tadpole brain using ephrin-B-alkaline phosphatase fusion 

proteins revealed that, to the contrary, there is instead a dorsal > ventral expression 

gradient of EphB and no detectable ephrin-B gradient in the optic tectum (Higenell et al., 

2012). Furthermore, the dorsoventral axis of the retinofugal projection appears to presort 

in the optic tract prior to encountering any gradient in the tectum, suggesting that EphB-

ephrinB signaling may have a role to play in axon guidance in the optic tract (Plas et al., 

2005). 

6.1.2.2. Inputs compete for available synaptic target space 

Aside from the chemoaffinity and chemorepulsive mechanisms that direct RGC 

axons to arborize roughly within topographically appropriate locations in the target, 

https://paperpile.com/c/zWCYg7/vtilV
https://paperpile.com/c/zWCYg7/Txkui+9tQMp+Juz12
https://paperpile.com/c/zWCYg7/Txkui+9tQMp+Juz12
https://paperpile.com/c/zWCYg7/CN2HW+mx08T
https://paperpile.com/c/zWCYg7/CN2HW+mx08T
https://paperpile.com/c/zWCYg7/OkskM
https://paperpile.com/c/zWCYg7/mx08T
https://paperpile.com/c/zWCYg7/dDovL
https://paperpile.com/c/zWCYg7/dDovL
https://paperpile.com/c/zWCYg7/kI8y9
https://paperpile.com/c/zWCYg7/kI8y9
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several lines of evidence indicate that mapping of the projection is subject to an additional 

fundamental influence that is most likely independent of neural activity. There appears to 

be a competition for available target space that has the important consequence of 

rendering the retinotectal projection free of discontinuities and innervation gaps. One 

striking example of this phenomenon can be seen in the retinotectal projection of the 

ephrin-A2/A5 double knockout mouse, which has severely disrupted mapping of RGC 

inputs along its rostrocaudal axis, such that injection of the anterograde tracer DiI into 

one site in the eye results in multiple discrete patches of axon terminal labeling along the 

entire axis instead of a focused single termination zone in the target as seen in wildtype 

animals (Feldheim et al., 2000). Despite the complete topographic disorganization of 

retinal inputs, bulk labeling the entire retinotectal projection by intraocular cholera toxin B 

injection produces a uniform and uninterrupted pattern of afferent labeling across the 

entire area of the tectal neuropil which is indistinguishable from that in wildtype animals. 

Thus, the ability of the inputs to occupy all available target space is unperturbed despite 

the absence of the ephrin-A signaling that is essential for ordering the map. 

An extreme version of this phenomenon, which offers some insights into the 

importance of this competition over target space in map formation is the so-called “EphA 

ki/ki” transgenic mouse in which two overlapping gradients of EphA expression are 

induced in the retina, one normal and one elevated by uniform high expression of EphA3 

in a subset of RGCs (Islet2+ cells) throughout the eye (Reber et al., 2004). In these mice, 

RGCs expressing the normal levels of graded EphA project to the tectum and form a 

complete, topographically ordered map that is restricted to the caudal half of the tectum. 

In the rostral tectum a second complete and well-ordered map is formed by the Islet2+ 

RGCs. This double map reveals that in distinction to the pure chemoaffinity model put 

forth by Sperry, it is relative, rather than absolute, levels of EphA receptor expression that 

organize the map. The fact that two full maps form in the space that normally 

accommodates one further supports the idea that maps can expand or contract as 

necessary to fill available territory.  

In animals capable of central nervous system regeneration like fish and frogs it has 

long been known that if half the retina is ablated and the remaining half allowed to regrow 

https://paperpile.com/c/zWCYg7/iHmvy
https://paperpile.com/c/zWCYg7/eccql
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into the tectum, the resulting half-map expands to fill the territory formerly occupied by 

afferents from the intact retina (Schmidt and Easter, 1978). Similarly, ablation of part of 

the tectum results in a compressed retinotectal map that fits within the remaining area 

(Yoon, 1976; Schmidt and Coen, 1995). It appears that this process of map regulation, 

by which input and target size are matched, may occur without the benefit of patterned 

neural activity, as injection of the sodium channel blocker tetrodotoxin (TTX) failed to 

prevent the map rescaling (Meyer and Wolcott, 1987). These observations support the 

notion of activity-independent competitive interactions in the optic tectum, perhaps 

analogous to the competition of peripheral axons for nerve growth factor in the skin (Lewin 

and Barde, 1996). The reorganization of the map that occurs after ablations therefore 

appears to represent an independent influence that the system imposes on the afferents 

through competition for space.   

Map plasticity has also been examined at the single axon level in a clever 

experiment in zebrafish in which a single arbor from a transplanted RGC is allowed to 

innervate the optic tectum of a lakritz mutant fish that is incapable of generating its own 

RGCs. This single axon is free to innervate its target in the complete absence of 

competition from other retinal afferents (Gosse et al., 2008). Interestingly, these axons 

managed to target their topographically appropriate termination zones in the tectum but 

formed abnormally large terminal arbors. This result suggests that retinal axons do at 

least have a crudely defined inherent preferred termination zone within the target, 

presumably due to chemoaffinity cues, but that in the absence of competition for space, 

arbors can enlarge their coverage area, at least to a limited extent. 

Is there a role for neural activity in the competition between afferents? This 

question was addressed in an experiment in which the Kir2.1 potassium channel which 

reduces neuronal excitability and firing was overexpressed in just a few RGCs together 

with GFP in zebrafish larvae (Hua et al., 2005). These silenced RGC axons failed to 

elaborate arbors in the optic tectum that were as large as those from control GFP-

expressing neurons. But blocking all activity in the network by rearing the animals in TTX 

restored normal arbor size to the Kir2.1-expressing cells, indicating a competition based 

on overall activity levels can also regulate arbor elaboration. Electroporation to express 

https://paperpile.com/c/zWCYg7/BpaiB
https://paperpile.com/c/zWCYg7/4KKBP+rQadG
https://paperpile.com/c/zWCYg7/zYbZU
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https://paperpile.com/c/zWCYg7/Qx41X
https://paperpile.com/c/zWCYg7/BHsoM
https://paperpile.com/c/zWCYg7/nVyT9
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Kir2.1 in RGCs in mice, produces a similar result, with axon arbor elaboration greatly 

reduced compared to control cells (Benjumeda et al., 2013). 

Interestingly, partial ablation of the SC at birth in the Syrian hamster results in an 

enhancement in the steepness of the ephrin-A gradient in the remaining part of the 

colliculus that is consistent with the accompanying compression of the retinotectal map 

(Tadesse et al., 2013). Implantation of a slow-release Elvax polymer to deliver the 

NMDAR blocker D-2-amino-5-phosphonovalerate (APV) to the SC during development 

fails to prevent map compression in response to partial SC ablation, as measured 

electrophysiologically (Huang and Pallas, 2001). Thus, the compression of the map 

appears to depend more upon molecular than on activity-dependent cues. However, 

receptive field sizes are enlarged in these APV-treated animals, consistent with neural 

activity playing an important role in map refinement. Thus, the experimental evidence 

indicates that the rough retinotopic mapping of axon arbors, as well as map compression 

and expansion, is largely the result of activity-independent mechanisms, including 

guidance molecule expression and competition for space in the overall target structure. 

Axon arbor size, important for the precision of connectivity, is regulated by activity-

dependent competitive interactions.  

6.1.2.3. Axonal and dendritic arbors are highly dynamic, even after seemingly mature 

morphology is attained. 

The remarkable potential for structural plasticity observed in the developing and 

regenerating retinotectal projections reflects the cellular mechanisms by which retinal 

axons ramify within the optic tectum. Static images of labeled cells, reconstructed from 

fixed histological specimens, reveal convoluted trajectory changes and the frequent 

presence of interstitial branches throughout the axonal arbor which hint at the fact that 

axon growth and arbor development result from a highly exploratory process involving 

extensive axon remodeling over time (Sakaguchi and Murphey, 1985; Nakamura and 

O’Leary, 1989; Cline and Constantine-Paton, 1990; Dhande et al., 2011). However, live 

imaging of axonal and dendritic remodeling in intact, transparent zebrafish and Xenopus 

laevis embryos has revealed a far more dynamic reality in which axons are perpetually 

https://paperpile.com/c/zWCYg7/fu2Hs
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extending and retracting extensive interstitial branch tips to probe the target area 

(O’Rourke and Fraser, 1990; Kaethner and Stuermer, 1992; Dingwell et al., 2000). In 

zebrafish, the process by which an axon arrives at and elaborates extensive branch tips 

within its final termination zone is not directed growth as one might find with 

chemoattraction, but rather what appears to be a process of random branch extension in 

which the overall progression of branch elongation and stabilization favors the future 

termination zone (Kita et al., 2015). The process is similar in Xenopus except that 

individual arbors occupy a relatively larger proportion of the total tectal neuropil from 

earlier stages, creating a situation in which the topographic map increases in precision 

with age, not only by restricting axonal branches to appropriate locations, but also by 

constant growth of the total retinorecipient field with age (Sakaguchi and Murphey, 1985). 

As the tectum expands by adding cells at its caudomedial pole, the RGC arbors adjust 

and improve their relative retinotopic order by gradually shifting their positions within the 

tectum. This creates a need for ongoing structural dynamism and plasticity at least until 

metamorphosis in order to optimize the map. The dendritic arbors of tectal neurons and 

even the filopodial processes extended by radial glial cells are similarly labile during this 

period, consistent with the notion that dynamic process remodeling can combinatorially 

increase the potential set of connections available for the network to sample and also 

reduce the steric interference that may result when multiple cells are actively rewiring 

within the same volume (Rajan et al., 1999; Chklovskii et al., 2004; Tremblay et al., 2009). 

Thus, even in relatively mature tadpoles, in which most RGC axons have attained their 

mature size and complexity, time lapse imaging still reveals ongoing remodeling and 

exploratory probing at branch tips, albeit at considerably slower rates than are observed 

during the initial establishment of the retinotectal projection. 

6.1.2.4. Patterned neuronal activity provides instructive cues that help refine inputs 

The relative contributions of molecular signaling versus neuronal activity in 

topographic map establishment and refinement have long been a subject of debate. The 

apparent lack of a requirement for action potential firing in the initial establishment of 

retinotopy has renewed questions about the overall importance of activity in map 

formation (Harris, 1984; Stuermer et al., 1990; Benjumeda et al., 2013). In this section, 

https://paperpile.com/c/zWCYg7/LhOe2+NthKi+BBuVQ
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we have made an effort to describe the various experimental approaches, covering nearly 

a half-century, that have contributed to the conclusion that patterned neuronal activity is 

indeed instructive for precise retinotopic map refinement. We further discuss recent 

efforts from in vivo imaging to dissect how specific properties of patterned neuronal 

activity instruct different aspects of retinotectal refinement.  

6.1.2.4.1. Effects of dark rearing 

Dark-rearing repeatedly has been shown to have no significant impact on 

topographic precision in the retinotectal projections in fish or amphibians, measured either 

electrophysiologically or morphologically. In the optic tectum of Xenopus laevis frogs, 

dark-rearing produced no significant modifications in multiunit tectal receptive field sizes 

or in the laminar segregation of RGC inputs defined by specific stimulus selectivities 

(Keating et al., 1986). There are also no obvious alterations in the proper laminar targeting 

of RGC inputs within the superficial layers of the optic tectum in dark-reared compared to 

control zebrafish (Nevin et al., 2008). Furthermore, visual deprivation following optic nerve 

crush in adult goldfish does not impair the gradual sharpening of the initially diffuse 

termination field of regenerating retinal afferents into fine patches (Olson and Meyer, 

1991). At first glance, these data appear consistent with the possibility that visual 

experience, and patterned neural activity, may not play a meaningful role in directing RGC 

axons to refine their projections to topographically appropriate tectal partners, and that 

the precise spatial organization of inputs in the tectum is exclusively determined by 

graded molecular guidance cues. However, it is critical to bear in mind that dark rearing 

does not necessarily deprive the visual system of all activity as spontaneous activity may 

be sufficient to provide the necessary activity-dependent cues needed for normal 

retinotopic map refinement. Work in the mammalian visual system certainly suggests that 

the maintenance of receptive field properties in the SC requires ongoing patterned visual 

input (Carrasco et al., 2005). 

6.1.2.4.2. Blockade of action potential firing 

In contrast to dark-rearing, experiments using chronic pharmacological blockade 

of voltage-gated sodium channels with TTX can directly test the requirement for action 

https://paperpile.com/c/zWCYg7/QoIt6
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potential firing in development. Schmidt and Edwards (1983) reported that, unlike dark-

rearing, intraocular injection of TTX during optic nerve regeneration in adult goldfish 

prevented the refinement of multiunit receptive field sizes in the TTX-treated animals. It 

also resulted in the degradation of precision in the anatomical projection (Meyer, 1983). 

At the single cell level, TTX treatment resulted in significantly enlarged regenerated 

axonal arbors, but failed to induce any detectable alterations in an intact projection 

(Schmidt and Buzzard, 1990). 

In Xenopus laevis tadpoles, retinal action potential blockade with TTX leads to a 

rapid increase in axonal branch dynamics measured both as number of branches added 

and lost per 2 hours (Cohen-Cory, 1999). The TTX-treated arbors also undergo greater 

net growth and branch addition over 24 hours. In zebrafish larvae, however, the size and 

topographic location of individual RGC terminal arbors is not altered when action potential 

firing is blocked or in macho mutant fish with reduced sodium channel activity during 

development, perhaps reflecting the relatively faster pace of development in this species 

(Stuermer et al., 1990; Gnuegge et al., 2001). Interestingly, however, both TTX treatment 

and the macho mutation result in greater divergence of the retinotectal axons as they 

project into the tectum from the same quadrant of the eye, suggesting that while individual 

axon arbors are morphologically normal, they fail to converge precisely within their correct 

termination zone. In the mouse, silencing RGCs by in utero electroporation of Kir2.1 also 

does not prevent axonal pathfinding or targeting in the SC, but this manipulation does 

result in less elaborate, more diffusely arborizing axon terminals, indicative of a degraded 

retinocollicular map (Benjumeda et al., 2013). 

6.1.2.4.3. Blockade of NMDA receptors 

Locally-correlated, patterned firing in the retina, whether mediated by visual stimuli 

or spontaneous retinal waves, carries information about the relative locations of RGCs 

with respect to one another that the system can use to instruct map refinement. The notion 

of correlated firing between pre- and postsynaptic cells leading to strengthening of 

connection efficacy was originally articulated by Canadian psychologist Donald Hebb in 

the context of learning and memory (Hebb, 1949). The idea of a “Hebb synapse” capable 
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of modifying its synaptic strength in response to co-activation of pre- and postsynaptic 

partners is in fact borne out by the basal occlusion by Mg2+ of the ion channel of NMDA 

receptors, the principal glutamate receptor type found at newly formed synapses. Only 

when the dual requirements of glutamate binding and simultaneous postsynaptic 

depolarization to relieve the Mg2+ block of the pore are satisfied can the NMDAR flux 

current (Nowak et al., 1984). This property of the NMDAR means that it can function as 

a molecular detector of correlated activity. The fact that NMDAR activity appears to be 

required for many forms of neural plasticity, including long-term potentiation (LTP) of 

excitatory synaptic transmission is consistent with this role. 

One of the first demonstrations that correlation detection by NMDARs likely 

contributes to retinotectal map refinement involved the implantation of a slow-release 

polymer to continuously deliver the NMDAR antagonist APV over the optic tectum in Rana 

pipiens frogs and tadpoles. After several weeks of tectal NMDAR blockade a focal 

injection of a retrograde tracer was made into the optic tectum in order to reveal the 

convergence of inputs from the eye, a measure of map refinement. Compared with sham 

treated control animals, the animals that had undergone tectal NMDAR blockade 

exhibited a pronounced degradation of input convergence resulting in less precise 

retinotectal maps (Cline and Constantine-Paton, 1989). A similar experiment performed 

on early postnatal rat SC gave consistent results, leading to many mistargeted 

retinocollicular axon terminals and disrupting the normal refinement of termination zones 

of RGC axons (Simon et al., 1992). Electrophysiological analysis of OT and SC receptive 

fields in the Xenopus laevis tadpole and in the Syrian hamster respectively, provided 

functional evidence that NMDAR blockade during development also prevents the normal 

refinement of receptive field size (Huang and Pallas, 2001; Dong et al., 2009). Thus, 

Hebb’s postulate that “cells that fire together, wire together” indeed appears to be 

implemented by NMDARs, presumably acting as correlation detectors. 

6.1.2.4.4. Dually innervated tectum 

The normal retinotectal projection in fish and frogs is almost exclusively 

contralaterally projecting and monocular. Surgical ablation of one of the tectal lobes or 
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surgical deflection of the optic fibers from one tectal lobe to the other forces both eyes to 

map onto a single lobe, resulting in a dually innervated tectum (Sharma, 1973; Levine 

and Jacobson, 1975; Springer and Cohen, 1981). Alternatively, implanting a 

supernumerary third eye during embryogenesis results in a projection that must share the 

optic tectum with the animal’s normal retinal inputs (Constantine-Paton and Law, 1978). 

The retinal afferents in dually innervated tectal lobes segregate into alternating ocular 

dominance bands, each dominated by inputs from one eye (Higenell et al., 2012). 

Because the tectum is normally monocular, it seems unlikely that any cryptic molecular 

patterning exists to program the segregation of retinal afferents into ocular dominance 

bands. Instead, it has been proposed that ocular dominance bands in the dually 

innervated tectum reflect a compromise between Sperry’s chemoaffinity cues and a 

Hebbian convergence of co-active inputs. Presumably each eye expresses the full 

complement of graded molecular guidance cues and therefore their axons seek to target 

topographically appropriate sites in the optic tectum. When two such axons from the same 

eye terminate in the same part of the tectum, Hebbian mechanisms should facilitate their 

convergence, but in the case where two axons from different eyes attempt to terminate in 

the same location they may be forced apart by competitive mechanisms as a 

consequence of their poorly correlated firing patterns. Evidence that neuronal activity 

indeed mediates the segregation into ocular dominance bands comes from experiments 

in which the firing of action potentials in retinal axons in 3-eyed frogs was chronically 

blocked by TTX, which resulted in the desegregation of inputs into a uniform, overlapping 

field in the tectum (Reh and Constantine-Paton, 1985). Moreover, the activation of tectal 

NMDARs specifically is also required, as chronic delivery of APV from a slow-release 

polymer placed over the tectum also desegregated the afferents from both eyes (Cline et 

al., 1987). Though it remains formally possible that neural activity and tectal NMDAR 

activation are merely permissive for segregation into ocular dominance bands, at least no 

band-like pattern of ephrin-A expression in the tectum, which would foreshadow the 

formation of eye-specific bands, has been observed in the dually innervated tecta 

(Higenell et al., 2012). 
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6.1.2.4.5. Stroboscopic rearing 

Further evidence for activity patterns being instructive rather than merely 

permissive for activity-dependent retinotectal projection refinement comes from strobe-

rearing experiments, in which an atypically high degree of correlation in the firing activity 

of RGCs is induced across the entire eye. The retinotectal projections in goldfish reared 

by stroboscopic illumination after hatching overlap substantially and fail to refine 

throughout development (Schmidt and Buzzard, 1993). Labeling of single RGCs in 

strobe-reared fish revealed axonal arbors that are long and diffusely branched without 

forming the characteristic dense clusters of branches at the termination zone. Multiunit 

receptive field maps in these animals also showed poor topographic refinement, with 

atypically large response fields. Regenerating projections exhibit a similar failure to refine 

under conditions of stroboscopic illumination (Schmidt and Eisele, 1985). Interestingly, 

the effects of strobe rearing on ocular dominance bands in the dually innervated fish or 

frog tectum has not to our knowledge been reported, though differences in axonal path 

length from the two eyes could produce sufficiently asynchronous synaptic activation in 

the tectum to reinforce segregation. On the other hand, a study in mice, which normally 

do have binocular innervation of the SC, found that in animals that had experienced 

optogenetic simultaneous co-activation of the two eyes during the period of retinotectal 

axon ingrowth prior to eye-opening, ipsilateral eye afferents were no longer restricted to 

deeper tectal layers but instead appeared able to stabilize inputs within the more 

superficial layers where contralateral inputs normally terminate exclusively (Zhang et al., 

2011). 

6.1.2.4.6. HEBBIAN MECHANISMS: Synchronous firing stabilizes synapses and 

prolongs branch lifetimes while actively suppressing branch dynamics via 

NMDAR-dependent retrograde signaling. 

The amenability of the intact Xenopus laevis tadpole retinotectal system to live 

imaging and whole-cell electrophysiology makes it an ideal system in which to ask 

questions about the fundamental cellular events that underlie Hebbian structural 

plasticity. The retinotectal synapse was one of the first synapses shown to exhibit spike-
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timing-dependent long-term potentiation (tLTP) and depression (tLTD) in vivo (Zhang et 

al., 1998; Tsui et al., 2010). During the period of retinotectal map refinement, repeated 

visual stimulation can be used to induce conditions favorable for tLTP and this results in 

a shift in receptive field structure toward the potentiated subfield (Vislay-Meltzer et al., 

2006). As in many other brain areas, tLTP in the retinotectal system is pathway-specific 

and NMDAR-dependent. One advantage of tLTP as a model for experience-dependent 

plasticity is the fact that it is far more physiological than protocols like tetanic stimulation 

and therefore more likely to resemble the actual mechanisms by which sensory input and 

patterned activity alter synaptic strengths in the developing visual system. As in the 

hippocampal Schaffer collateral-CA1 synapse, induction and expression of retinotectal 

LTP are both mediated by signaling events in the postsynaptic cell, which involves 

activation of NMDARs, Ca2+ influx, activation of Ca-calmodulin kinase type II (CaMKII), 

and trafficking of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid type glutamate 

receptors (AMPARs) to the synapse (Wu et al., 1996; Mu and Poo, 2006). In order for 

these phenomena to be relevant to map refinement, however, such postsynaptic signaling 

must be able to drive changes in the presynaptic axons through the production of one or 

more retrograde signals that can act back on the presynaptic terminal. 

Normal visual experience during the period of developmental refinement can 

activate postsynaptic NMDARs. Indeed, blockade of NMDARs by bath application of APV 

results in a rapid upregulation of presynaptic RGC axon branch dynamics visualized in 

vivo by confocal microscopy, with a greater number of new branch tips added and 

retracted at the axon terminal over minutes to hours (Rajan et al., 1999). Application of 

the non-competitive NMDAR blocker dizocilpine (MK-801) in zebrafish at 3 days post-

fertilization when the retinotectal projection is first established is reported to result in an 

overall expansion of RGC axon arbor size (Schmidt et al., 2000). However because 

NMDARs are present not only in postsynaptic tectal neurons, but also in the retina and 

potentially at presynaptic terminals of RGCs in the tectum (Corlew et al., 2008; Banerjee 

et al., 2016) pharmacological blockade of NMDARs is not conclusive evidence for the 

existence of retrograde signaling. 
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More conclusive evidence for a retrograde signal originating in the postsynaptic 

cell that can modify the growth of presynaptic axons comes from an impressive series of 

in vivo time lapse imaging studies in Xenopus tadpoles by Zou and Cline (1996). Viral 

overexpression in tectal neurons of a constitutively active truncated form of CaMKII 

(tCaMKII), which lacks the autoinhibitory regulatory domain, mimics the activation of 

CaMKII that takes place in LTP induction. Animals in which the postsynaptic tectal 

neurons, but not the presynaptic RGCs, were virally infected with tCaMKII showed the 

expected enhancement in synaptic AMPAR currents as NMDAR-only “silent synapses” 

matured en masse to become AMPAR-containing functional synapses (Wu et al., 1996). 

Interestingly, the RGC axon arbors were visualized in these animals and found to grow 

far less and exhibit much lower branch tip densities than control cells, indicating the 

existence of a retrograde signal downstream of CaMKII activation that stabilizes existing 

branches and suppresses branch elaboration as it drives synaptic maturation. 

Furthermore, expression of Kv1,1 in tectal neurons led to an enlargement of the receptive 

fields of those neurons, suggesting that dampening the output of the target neuron 

prevents the process of refinement of its inputs (Dong et al., 2012). 

The process of ocular dominance band formation in dually innervated fish and frog 

tectum (described above) almost certainly requires retrograde signaling, as correlation 

detection is most likely performed by NMDAR activation in postsynaptic neurons. At the 

level of single axon branch dynamics, time-lapse imaging of Xenopus RGC axon arbors 

in dually innervated tectum reveals a preferential stabilization of branches that extend into 

same eye territory, compared to territory dominated by the other eye (Ruthazer et al., 

2003). This preference is eliminated when NMDARs are pharmacologically blocked, a 

result that conforms with the idea that NMDARs mediate axon branch stabilization via 

retrograde signaling. 
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6.1.2.4.7. STENTIAN MECHANISMS: Asynchronous activity weakens synapses 

(LTD) and actively promotes axonal branch dynamics, including branch 

addition, elongation, and elimination. 

To date, the most direct elucidation of how correlated firing among retinal afferents 

can instruct the refinement of the retinotectal map at the level of individual RGC axon 

branch dynamics has come from a study that took advantage of the fact that although the 

retinotectal projection in Xenopus tadpoles is almost purely contralateral, in the 

occasional animal one or two individual RGC axons can be found to project by accident 

to the ipsilateral optic tectum (Munz et al., 2014). These misguided axons arborize and 

form synaptic contacts within the ipsilateral tectum, presumably responding to the same 

molecular cues that guide the contralateral RGC axons to form a crude map. This creates 

a unique experimental system in which, by visually stimulating the two eyes independently 

and systematically varying the degree to which stimulation is correlated between the two 

eyes, it becomes possible to directly test the Hebbian “fire together, wire together” 

hypothesis. Because the contralateral eye drives most of the inputs, a flash of light 

presented to that eye will cooperatively recruit activation of postsynaptic tectal neurons. 

In contrast, for the lone ipsilateral RGC to participate in firing the tectal neurons, it must 

fire at the same time as the contralateral inputs. 

In his 1973 treatise on Hebbian plasticity, Gunter Stent argued that there must 

exist a complementary rule to Hebb’s postulate to explain the case where a presynaptic 

axon repeatedly fails to excite a postsynaptic partner that is actively firing under the 

influence of another input (Stent, 1973). Stent proposed that this condition should be 

punitive, resulting in the weakening of that non-contributing input. This is sometimes 

referred to as the “Stentian extension” of Hebb’s postulate. The lone ipsilaterally 

projecting RGC axon allows for both Hebbian and Stentian forms of correlation-based 

plasticity to be examined by applying synchronous or asynchronous stimulation to the two 

eyes. 

Electrophysiological recordings from tectal neurons that receive synaptic input 

from both the ipsilateral and contralateral eyes revealed that the ipsilateral input maintains 
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or even slightly increases its synaptic strength relative to the contralateral inputs when 

both eyes are stimulated together. However, when the two eyes were stimulated 1 sec 

apart, the ipsilateral eye input, which by itself is usually not strong enough to drive the 

postsynaptic neurons to fire action potentials, very rapidly declines in synaptic strength 

and in many cases entirely loses its ability to evoke an AMPAR-mediated postsynaptic 

current, suggesting that a phenomenon like tLTD can be induced by asynchronous visual 

stimulation of the two eyes in this case. 

In vivo multiphoton time-lapse imaging of the misdirected ipsilateral axon was also 

performed while concurrently presenting these same synchronous or asynchronous 

visual stimuli to the two eyes. Remarkably, asynchronous stimulation resulted in a rapid 

(within 30 min) and dramatic upregulation of new branch additions and a significant 

increase in branch tip elongation compared with axon dynamics during a preceding period 

of darkness. Elimination of branch tips was also enhanced, indicating that rather than 

producing a larger arbor, asynchronous stimulation makes the axon more dynamic and 

exploratory. Thus, asynchronous visual stimulation produced an enhancement in growth 

and dynamics akin to the effects of NMDAR blockade. This makes sense as it is unlikely 

that the lone ipsilateral axon would by itself be able to drive sufficient depolarization of 

the postsynaptic tectal cell to permit Ca2+ flux through NMDARs. Consistent with this 

notion, addition of MK-801 to block NMDARs did not prevent the increased rate of branch 

additions in response to asynchronous stimulation. It is therefore possible that the source 

of the branch promoting signal may not be postsynaptic in origin, but could, for example 

be released by surrounding glial cells or come directly from nearby axon terminals. 

In contrast, synchronous stimulation of the two eyes resulted in a rapid decrease 

in the rate of branch additions to levels seen in darkness. This decrease in branch 

dynamic behavior was completely prevented in the presence of MK801 or if tetanus toxin 

was expressed in the ipsilateral axon to render it incapable of releasing neurotransmitter, 

indicating that the activation of postsynaptic NMDARs likely leads to the release of a 

retrograde branch suppressing factor. In addition, branches that did form during 

synchronous stimulation had longer lifetimes on average that those that emerged during 

periods of asynchronous stimulation, indicating that they were more stable overall.  
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This experimental protocol tests the full range of growth responses that patterned 

activity might be able to induce, as it creates a set of extreme differences in firing 

correlation with synchronous stimulation resembling the conditions that might be 

produced by strobe rearing where all inputs are artificially correlated, and asynchronous 

stimulation creating a set of correlations that might only be found if the RGC were to 

ramify in an entirely inappropriate part of the tectum or what occurs in the dually 

innervated tectum. In the normal process of activity-dependent developmental refinement 

a typical axon might be expected to experience a more modest range of local correlation 

and asynchrony that would lead to a slight upregulation of exploratory branching and 

synapse disassembly on those branches that extend away from the proper termination 

zone (promoting them to keep growing until they land in more welcoming territory), and a 

stabilization and synaptic strengthening on those branches that extend into the 

appropriate part of the map where inputs with similar activity patterns converge 

(promoting consolidation and further synaptogenesis at this site). Figure 1 portrays 

several plausible models for how these mechanisms could promote projection refinement. 
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Figure 1: Cellular and molecular mechanisms underlying the instructive role of 

patterned neuronal activity in retinotectal map refinement.  

An RGC axon of interest (red) synapses onto tectal neuron dendrites (green) in A. The 

red axon (left branch) is co-active with its neighboring RGCs (grey) and its firing pattern 

is therefore correlated with the firing pattern of the tectal neuron on which it synapses. 

The right branch of the red axon is not co-active with its neighbors and its firing pattern 

is not correlated with the firing pattern of its synaptic partner. Synapses are depicted as 

yellow circles. The effects of patterned neuronal activity on structural remodeling and 

synaptic efficacy are schematized in D-E and F-G, respectively. B. Correlated firing 

patterns of an RGC with its partnering tectal neuron instruct an increase in synaptic 

strength and stabilization of the axonal arbor allowing for local targeted arbor 

elaboration as new branches tend to form at existing synapses. C. Non-correlated firing 

of an RGC with its neighboring axons and its postsynaptic partner instructs synaptic 

weakening and an increase in axonal branch dynamics, accompanied by exploratory 

growth in search of a better partner. Synaptic strength is represented by the size of the 

yellow circles. D shows a zoom-in of the area of the box in B depicting a “stabilizing 

retrograde signal” downstream of activation of NMDAR which encodes axonal branch 

stabilization and targeted elaboration. E. Zoom-in of the ellipse in C. Plausible 

mechanisms instructing axonal exploratory growth and branch destabilization due to 

the lack of correlated firing with the neighboring RGC inputs and the postsynaptic 

partner include: 1. Axo-axonal signal, released by the firing neighboring inputs (grey); 

2.“Exploratory retrograde signal”, unmasked by the inactivation of NMDAR; 3. Cell-

autonomous activity-dependent signal, released by the red neuron, or acting 

intracellularly. F. zoom-in depicting molecular mechanisms underlying synaptic 

strengthening and stabilization of the red axon from B. Correlated firing of the RGC 

axon (red) with its neighboring axons (grey) and the tectal neuron (green) results in both 

release of glutamate containing vesicles (dark red) and postsynaptic depolarization. 

This satisfies the conditions required for release of the Mg2+ block from the channel 

pore of the NMDAR (blue), allowing for cation influx. Ca2+ triggers a molecular cascade 

resulting in insertion of more AMPAR (orange) in the membrane. A retrograde signal 

downstream of NMDAR encoding higher probability of vesicle fusion in the red axon 

(depicted as higher number of vesicles in dark red). Increase in synaptic efficacy is 

accompanied by strong homophilic (brown) and heterophilic interactions of adhesion 

molecules (light blue and pink). The strength of the interaction is represented by the 

number of pairs of adhesion molecules. G zoom-in showing the change is synaptic 

efficacy in C. Non-correlated firing of the red axon with its neighbors and its partnering 

tectal neuron prevents opening of the channel pore of NMDAR, leading to AMPAR 

endocytosis, lower probability of glutamate release and weaker interaction of adhesive 

molecules.   
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6.1.2.5. In the absence of sensory input, correlated spontaneous firing provides 

surrogate patterned activity. 

The pattern of action potential firing in the developing visual system contains 

information about the relative positions of the RGC somata in the retina and thus can 

instruct the precise mapping of the axons onto their postsynaptic partners in the optic 

tectum. Anamniotes, which include fish and amphibians, develop exclusively externally 

which allows for the possibility of neuronal activity driven by natural visual scenery (see 

review by Pratt et al., 2016). Unlike fish and frogs, amniotes are hidden behind thick shells 

or develop in utero, which leads to a general deprivation of visual experience during the 

time when visual circuit refinement takes place. It is reasonable to speculate that 

spontaneous activity in the retina may have arisen as an evolutionary adaptation to 

provide replacement patterns of neuronal activity in amniotes that lower vertebrates are 

able to experience by visually interacting with their surrounding environment after 

hatching. The first evidence for locally correlated spontaneous activity in the fetal retinal 

came from extracellular retinal recordings made in rat pups while still attached to the 

uterus via the umbilical cord (Maffei and Galli-Resta, 1990). They have subsequently 

been confirmed and meticulously characterized using in vitro multielectrode array 

recordings and calcium imaging of retinal explants (Meister et al., 1991; Wong et al., 1993; 

Feller et al., 1996). These spontaneous activity patterns exhibit a high degree of local 

correlation in firing and consequently have been dubbed “retinal waves” (Meister et al., 

1991). RGCs located in close proximity overlap their bursting activity in time, whereas 

RGCs that reside further away from each other are less likely to be co-active. This 

spatiotemporal pattern of RGC activity results from a local initiation of depolarization, 

which propagates to adjacent neurons spreading over long distances across the retina. 

The definitive demonstration of this phenomenon was recently implemented in the 

intact mouse by loading RGCs out to their axon terminals with a calcium indicator to 

permit retinal waves in the eye to be detected by imaging their calcium transients in the 

SC (Ackman et al., 2012). This study revealed that the initiation point of the waves is 

biased to the ventrotemporal region of the retina, an observation that is particularly 

interesting in light of the fact that a locomoting fish or tadpole in the wild would typically 
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experience natural visual stimuli as optic flow similarly sweeping from temporal to nasal 

retina, further arguing that retinal waves may have evolved as a replacement for natural 

vision prior to eye-opening. In tadpoles, it has been shown directly that visual stimulation 

which includes optic flow in this more natural direction is far more effective at refining the 

retinotopic projection of RGCs than an identical amount of stimulation oriented in the 

opposite direction (Hiramoto and Cline, 2014). During different periods of development 

the mechanisms generating retinal waves differ: embryonic type I waves depend on gap 

junctions; type II waves are initiated by starburst amacrine cells and spread through 

activation of nicotinic acetylcholine receptors; and type III waves utilize glutamate (Feller 

et al., 1996; Bansal et al., 2000; Torborg et al., 2005); see reviews by Arroyo and Feller 

(2016) and Kerschensteiner (2016). 

While there is abundant evidence that patterned activity has an instructive role in 

topographic map refinement, an important remaining problem is to dissect the specific 

aspects of spontaneous activity that instruct retinocollicular refinement. Genetic deletion 

of the β2 nicotinic acetylcholine receptor subunit (β2-nAChR) in mice results in abnormal 

retinal waves with impaired spatiotemporal properties (Rossi et al., 2001; McLaughlin et 

al., 2003b ; Chandrasekaran et al., 2005; Mrsic-Flogel et al., 2005). These perturbations 

result in severe defects in both the topographic refinement and eye-specific segregation 

in the SC and LGN. Unexpectedly, it was also reported that between-eye correlations in 

wave activity are enhanced in these β2-nAChR knockout mice, which may partially 

account for the failure of eye-specific segregation (Burbridge et al., 2014).   

Xu and colleagues examined a transgenic mouse line (β2(TG)nAChR) in which 

expression of the β2-nAChR was restored specifically in the RGCs in β2-nAChR knockout 

animals (Xu et al., 2011a). Although retinal waves in these mice occur with the same 

frequency and overall level of activity as in wild-type animals, their propagation is 

truncated and thus the correlation between the firing patterns of neighboring cells 

decreases steeply with distance. The very local correlations in RGC spiking are still intact, 

but the large-area within-eye correlations are lacking. These “smaller” retinal waves are 

sufficient to permit the refinement of retinotopy in the monocular zones of SC. 

Interestingly, however, RGC projections to the binocular zone fail to refine normally. This 
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is apparently a result of an interaction between inputs from the two eyes, as monocular 

enucleation permits the full refinement of the remaining eye’s afferents. Eye-specific 

segregation is also strongly disrupted in these mice. 

They also tested animals (Rxβ2-cKO) in which β2-nAChR expression was 

conditionally deleted specifically in the retina (Xu et al., 2015). Much like the 

β2(TG)nAChR mice, Rxβ2-cKO mice exhibit only small residual retinal waves that have 

high local correlation but much lower long-distance correlations in firing. Retinotopy in 

Rxβ2-cKO mice was normal in the monocular SC, but eye-specific segregation was 

disrupted, phenocopying the β2(TG)nAChR animals. The rescued retinotopy and 

impaired eye-specific segregation in the SC compared to full β2-nAChR knockouts 

suggest that topographic precision of the visual map depends primarily on local 

correlation in spiking patterns, whereas eye-specific segregation requires global within-

eye correlations that differentiate the two eyes. It remains to be tested whether the 

abnormal between-eye correlations seen in full β2nAChR knockout mice might also occur 

in β2(TG)nAChR or Rxβ2-cKO lines. This binocular correlation could perhaps help 

explain the failure of RGC inputs to refine topographically in the binocular zone of the SC, 

as inappropriately correlated inputs would be converging on postsynaptic cells in the SC. 

Spontaneous retinal waves occurring before the onset of vision have been 

observed across numerous amniote species: turtle, chick, rat, mouse, ferret, cat, and 

monkey. However, they are not present in fish and frogs, species that are able to rely on 

photoreceptor-driven vision from the onset of development of the retinotectal projection 

(Ackman and Crair, 2014). Interestingly, Demas and colleagues used multielectrode 

arrays to record retinal activity across the eye, and discovered that rearing Xenopus 

tadpoles in complete darkness induces an increase in the amount of correlation in the 

spontaneous activity between neighboring RGCs (Demas et al., 2012). However, dark 

rearing prevents the developmental increase in correlated neural activity over large 

groups of tectal neurons in the OT (Xu et.al, 2011b). The former observation supports the 

notion that the retinal circuitry may exhibit a tendency to favor retinal waves as a natural 

means of compensating for an absence of early visual stimulation. This critical discovery 

by Demas and colleagues finally helped make sense of several decades of earlier dark-
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rearing experiments in fish and frogs that had concluded that visual experience was 

dispensable for normal refinement of the developing retinotectal projection. 

6.1.2.6. New axonal branch tips emerge near existing synapses. 

At the same time as the retinotectal axons are dynamically remodeling by constant 

exploratory branch addition and withdrawal, fish larvae and tadpoles are already using 

their visual system to interact with the environment. Zebrafish are avid predators that can 

track and capture tasty paramecia and other organisms for food, a behavior that requires 

precise tectal function (Gahtan et al., 2005). This raises the paradox of how a functional 

circuit can at once be wired to reliably perform essential behavioral tasks while actively 

adding and eliminating synaptic contacts to refine connectivity. Insights into this process 

have come from time-lapse imaging of RGC axons and tectal neurons expressing 

fluorescently labeled synaptic marker proteins to reveal synapse locations. This powerful 

approach was pioneered in the retinotectal system by Alsina and co-workers (2001) who 

expressed GFP-VAMP2 in Xenopus RGCs to reveal that many putative synaptic sites 

along the developing axonal arbor are added and eliminated rapidly over time, the rate of 

which can be regulated by BDNF signaling. These authors made the important 

observation that new axonal branch tips almost always emerged from GFP-VAMP2 

positive puncta, a finding that was later confirmed using a better targeted synaptic marker, 

synaptophysin-GFP (Meyer and Smith, 2006; Ruthazer et al., 2006). This result has 

profound implications as a mechanism for map refinement because it means that 

wherever a synapse strengthens (or weakens) through activity-dependent plasticity, it will 

be available (or not) to nucleate new branches from which new synapses can form. This 

constitutes a positive feedback loop that will lead to the targeted elaboration of axonal 

arbor at sites where that axon has formed effective, strong synaptic contacts and the 

scaling back of branch initiation at inappropriate sites where synapses may form 

transiently but are subsequently eliminated. 
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6.1.2.7. Stronger synapses help stabilize the axons and dendrites on which they reside 

(Synaptotropism) 

Postsynaptic dendritic growth and remodeling was studied in zebrafish tectal 

neurons co-expressing PSD-95-GFP to mark postsynaptic sites (Niell et al., 2004). These 

investigators made the critical observation that synaptic sites were fairly labile. They 

observed that the dendritic tree elaborated through a process of dynamic filopodial 

extensions followed rapidly by synapse formation. As synapses formed, those synapse-

bearing branches became consolidated. Further branch extension then proceeded by 

building upon these more stable sites. Thus, the presence of a synapse appears to confer 

stability onto the branch on which it forms, a phenomenon referred to as “synaptotropism” 

(Vaughn et al., 1988; Cline and Haas, 2008). Further support for the synaptotropic model 

of dendritic growth was solidified by experiments where synaptogenesis or synapse 

maturation, respectively were prevented by blocking neurexin/neuroligin signaling or 

AMPAR trafficking in Xenopus tectal neurons, resulting in a failure to elaborate normal 

complex dendritic arbors (Haas et al., 2006; Chen et al., 2010). 

Time lapse imaging of dsRed/synaptophysin-GFP-expressing RGC axons in 

zebrafish and Xenopus tadpoles showed that synaptotropism is equally applicable at the 

presynaptic side (Meyer and Smith, 2006; Ruthazer et al., 2006). Within minutes of axonal 

branch extension, synaptophysin-GFP puncta could be observed accumulating in the 

wake of the advancing growth cone. Some synaptic puncta were later lost while others 

became more mature over time, indicated by the bright accumulation of synaptophysin-

GFP positive vesicles. When these branches later attempted to retract, the presence of 

a mature synaptic site conferred structural stability, preventing the branch from 

withdrawing beyond that site. 

  

https://paperpile.com/c/zWCYg7/JgUlW
https://paperpile.com/c/zWCYg7/LDmSV+i5Eii
https://paperpile.com/c/zWCYg7/5jqSg+ph79m
https://paperpile.com/c/zWCYg7/mNXSU+YY11o


45 

6.1.2.8. Homeostatic mechanisms help maintain the overall level of functional 

synaptic input to the target. 

Both the Hebbian and Stentian mechanisms in the context of changes in synaptic 

efficacy are inherently unstable. Correlated firing between a presynaptic neuron and its 

postsynaptic partner would induce synaptic strengthening as described above. An 

increase in synaptic efficacy would result in an even higher probability of correlation 

between the firing patterns of the pre- and postsynaptic neuron. Thus, applying only the 

Hebbian plasticity rules, the positive feedback loop would become unsustainable. 

Applying the same logic to Stent’s extension to the Hebbian postulate, we will find 

ourselves in a similar situation where each time the synapse weakens, it will be less likely 

that the pre- and the postsynaptic firing patterns will be correlated. The brain overcomes 

this inherent instability by applying additional rules which ensure a healthy dynamic range 

of synaptic transmission within which bidirectional changes in synaptic efficacy can occur. 

These rules are referred to as homeostatic plasticity and have been extensively studied 

in the neocortex and the hippocampus (Bienenstock et al., 1982; Turrigiano and Nelson, 

2004; Kaneko et al., 2008). An example of homeostatic regulation in the developing 

Xenopus retinotectal projection can be found in experiments where the intrinsic 

excitability of tectal neurons was manipulated either by overexpression of leak K+ channel 

or by modifying synaptic efficacy by application of a peptide that hinders AMPAR 

trafficking. Both manipulations lead to upregulation of voltage-gated Na+ currents (Pratt 

and Aizenman, 2007), suggesting a homeostatic mechanism regulating intrinsic 

excitability that counteracts Hebbian/Stentian plasticity rules. 

Further evidence for homeostatic regulation of the retinotectal circuit during 

development was obtained using zebrafish blumenkohl mutants (blu). The blu mutation 

disrupts vglut2a, encoding a vesicular glutamate transporter homologous to mammalian 

VGLUT2 (Smear et al., 2007). Blu mutants exhibit a decrease in TTX miniature ecxitatory 

postsynaptic current (mEPSC) amplitudes in tectal neurons, suggesting a reduction in 

glutamate concentration per vesicle. Interestingly, mEPSC frequency in mutant animals 

is increased, consistent with a higher probability of glutamate vesicle release or with 

upregulation in the number of release sites. These observations allude to a compensatory 
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mechanism that helps normalize glutamatergic transmission in these animals. In 

accordance with this homeostatic regulation, the RGC arbors in the blu mutant zebrafish 

are larger, spanning a greater area of the optic tectum and tectal neurons exhibit larger 

receptive fields. In tectal blu animals neurotrophin-3 (NT-3) protein levels are upregulated 

in the optic tectum, suggesting that it could act as a homeostatic retrograde signal through 

TrkC receptor promoting axonal branch elaboration (Auer et al., 2015). 

6.1.3. Summary 

Thanks to many decades of experimentation on retinotectal development in models 

ranging from fish to mammals, in conjunction with modern technology permitting live 

imaging of developing axons in the intact animal, we now have a much clearer 

understanding of the mechanisms that regulate the developmental fine-tuning of the 

retinotectal map. The decisions faced by a growing retinotectal axon are summarized in 

the form of a flow-chart in Figure 2. While it is likely that other brain regions will apply 

slightly different strategies for activity-dependent refinement, the rules we have outlined 

here should prove a useful template for further investigation. 

6.1.4. Candidate molecular mechanisms underlying activity-dependent circuit 

refinement 

 A few molecular mechanisms have been suggested to regulate or instruct activity-

dependent circuit refinement. It has become apparent that a phenomenon as crucial for 

the individual’s survival in its specific environment is likely not under the control of a single 

mechanism, increasing the chance of survival of animals possessing genetic 

polymorphisms. However, an overarching mechanism regulating activity-dependent 

refinement throughout the visual system is the activation of the NMDAR (Cline et al., 

1987; Hahm et al., 1999; Berardi et al., 2003). Protein synthesis has been shown to be 

crucial for cortical ocular dominance plasticity (Taha and Stryker, 2002). Experience-

dependent plasticity also produces long-term epigenetic changes. In particular, inhibition 

of histone deacetylases, which are often linked to enhanced transcription is able to fully 

restore visual acuity in monocularly deprived rats (Silingardi et al., 2010). The 
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neurotrophin BDNF was also implicated in activity-dependent refinement. The evidence 

that it acts as a regulator of protein synthesis and it can be expressed in an activity-

dependent manner made it an attractive target for numerous studies (Karlsson and 

Hallböök, 1998; Ruiz et al., 2014). In the visual cortex, BDNF signaling regulates inhibitory 

neuron maturation during the critical period (Huang et al., 1999b; Gianfranceschi et al., 

2003; Baho et al., 2019).  

 

 Figure 2: Flow-chart of decisions RGCs face during retinotectal map formation and 

refinement. 
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6.2. BDNF -- biology, signaling and functions 

In this part, I will review the literature related to genetic regulation, translation and 

post-translational regulation of BDNF, its signaling through both TrkB and p75NTR 

receptors and its functions in the nervous system, with a specific focus on neural circuit 

development and synaptic plasticity, in the context of the family of neurotrophic factors. 

The specific properties of BDNF and its signaling cascades described below make it an 

excellent molecular candidate that could instruct or regulate various cellular processes in 

circuit remodeling in the developing brain. 

6.2.1. The history of the discovery of the neurotrophin family  

The “neurotrophic hypothesis” comes originally from experiments in which the 

removal of the limb bud of a chick embryo led to a reduction in the number of motor 

neurons, whereas the transplantation of additional limb buds resulted in an increase in 

the number of efferent and afferent projecting neurons. These early experiments led to a 

search for the identities of the players signaling this “neurotrophism” (Hamburger, 1934, 

1939; Bothwell, 2014 p.4). Nerve growth factor (NGF) was first identified as a soluble, 

thermolabile factor isolated from snake venom that could induce marked neurite 

outgrowth in cultured sympathetic and sensory ganglia (Cohen and Levi-Montalcini, 1956; 

Levi-Montalcini and Cohen, 1956). Later, another member of the family, coined BDNF 

was purified from pig brain based on its additive effect on outgrowth (Barde et al., 1982) 

when applied to chick sensory ganglia together with NGF (Barde et al., 1982). This protein 

did not bind to NGF and was later shown to have structural similarity with NGF (Leibrock 

et al., 1989). Neurotrophin-3 (NT-3) and neurotrophin-4/5 (referred to as NT-4 

henceforth), neurotrphin-6 (NT-6) and neurotrophin-7 (NT-7) were subsequently 

discovered and added to the neurotrophin family (Hohn et al., 1990; Berkemeier et al., 

1991; Hallböök et al., 1991; Götz et al., 1994; Nilsson et al., 1998). NT-6 and NT-7 are 

only observed in fish, whereas NT-4 is likely absent in chicks and other birds (Sehgal and 

Lovette, 2003). 
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6.2.2. Structural properties of BDNF as p75NTR and TrkB ligand 

Similarly to the other members of the neurotrophic family, BDNF is synthesized as 

a precursor protein (proBDNF) of approximately 35 kDa (Marcinkiewicz et al., 1998) which 

is then cleaved at a well-conserved RRVR site intracellularly in the trans-Golgi network 

(TGN) by furin protease or in secretory vesicles by prohormone convertases (Rouillé et 

al., 1995; Mowla et al., 1999) to yield the mature form (mBDNF or just BDNF).  

Analogously to NGF, a cysteine-knot in the mature domain is responsible for the formation 

of homodimers in BDNF at physiological concentration. Post-cleavage mature BDNF 

homodimers are very stable in denaturing conditions: both in high urea concentration and 

at high temperatures. Each protomer is about 14 kDa (Marcinkiewicz et al., 1998). BDNF 

is able to heterodimerize with other neurotrophin monomers in vitro, however to date it 

remains unclear whether this phenomenon is physiologically relevant (Bothwell and 

Shooter, 1977; Radziejewski et al., 1992).   

There are two major families of receptors with which neurotrophins are known to 

bind and signal: the high-affinity Trk receptor tyrosine kinases and the low-affinity 

neurotrophin receptor p75NTR. Several reports compare the biological activity of 

neurotrophin heterodimers on the phosphorylation of the Trk receptor and on survival 

essays. Conflicting studies show that BDNF/NT-3 heterodimers are about 10-times less 

effective than homodimers of the two neurotrophins (Jungbluth et al., 1994; Robinson et 

al., 1999) or that the heterodimers are as active as the homodimers (Arakawa et al., 

1994). BDNF/NGF heterodimers also form but are considerably less stable, which raises 

questions about the physiological relevance of this particular heterodimer. There are two 

plausible physiological functions of neurotrophin heterodimers: to ensure a fast on-

demand switch of production and action of two neurotrophins, or to ensure compensation 

of the function of a certain neurotrophin under unfavorable circumstances (Robinson et 

al., 1995, 1999). The solved crystal structure of NGF homodimer brought insights into the 

molecular structure and interactions of neurotrophins and their receptors (McDonald et 

al., 1991). Later on, NT-3 and NT-4 homodimers and NT-4/BDNF, NT-3/BDNF 

heterodimers further showed that although there is only 50% amino acid homology 

between the neurotrophins, their structure in homo- and heterodimers is highly similar 
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(Robinson et al., 1995, 1999). It consist of eight β-strands that form four pairs of 

antiparallel β-strands supported by three cysteine bonds establishing a cysteine knot 

(McDonald and Hendrickson, 1993; Lou et al., 2005). The highly conserved regions are 

located at the β-sheet interface of the protomers forming a dimer and the variable regions 

are located in loops. 

The residues crucial for p75NTR binding are positioned in the loop regions, 

suggesting that binding to the receptor might modify the neurotrophin structure (Ibáñez 

et al., 1991; Urfer et al., 1994; Robinson et al., 1999). Residues forming the binding region 

with p75NTR are not located in close proximity between the two protomers in a dimer. In 

the case of Trk-neurotrophin binding, the residues forming the common motif and the 

ones ensuring specificity of each neurotrophin to its preferred Trk receptor are contributed 

by both of the protomers in a dimer (Ibáñez, 1995; Robinson et al., 1999). 

6.2.3. Synthesis, post-translational modifications, sorting and secretion 

As mentioned above, proBDNF is cleaved at a highly conserved basic sequence 

RRVR to yield mBDNF. Consistent with the synthesis of a secretory protein, BDNF 

translation starts at the rough endoplasmic reticulum (EPR). The precursor form is further 

subjected to N-glycosylation in the Golgi apparatus at a site 6 residues upstream of the 

cleavage site (Mowla et al., 2001). This glycosylation seems to be crucial for the proper 

folding and/or stabilization of BDNF, as impeding this process leads to decreased 

amounts of both proBDNF and mBDNF. BDNF is also glycosulfated, however the 

sulfation does not seem to affect neither the processing, nor the stability of mBDNF and 

its precursor. Once in the TGN, BDNF and NGF are sorted into the secretory pathway. 

There are two distinct modes of secretion in endocrine cells and in neurons, which assure 

their ability to function as specialized secretory cells: the regulated and the constitutive 

pathways. The constitutive pathway is responsible for consistent replenishment of 

proteins on the plasma membrane, whereas vesicles undergoing the regulated pathway 

are stored until a specific signal triggers their release (Moore et al., 1993) 

Much has been revealed about the conversion of proneurotrophins to mature 

neurotrophins and their secretion over the last 20 years. NGF seems to be sorted 
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preferentially in the constitutive pathway and BDNF to the regulated pathway (Goodman 

et al., 1996; Mowla et al., 1999). Cleavage by furin in the TGN drives neurotrophins into 

the constitutive secretion mode, thus most of proNGF is processed by furin. ProBDNF is 

mainly cleaved by prohormone convertases (PC) either in the TGN or in immature 

secretory vesicles. Recent study suggests that mature BDNF and its pro-peptide can be 

observed in dense core vesicles in neuronal cultures (Dieni et al., 2012). A four-residue 

motif (I16E18I105D106) in BDNF likely interacts with a membrane carboxypeptidase E in the 

TGN which ensures the preferential sorting of BDNF to the regulated pathway (Lou et al., 

2005). In NGF one of the two acidic residues is missing from a similar sorting motif 

preventing efficient interaction with carboxypeptidase E. Formation of multimolecular 

complexes and self-aggregation in acidic pH together with higher Ca2+ concentration also 

likely aid the sorting of proBDNF to secretory granules for exocytosis (Lessmann and 

Brigadski, 2009). Another Golgi-residing receptor -- sortilin enhances proBDNF targeting 

to regulated secretion (Chen et al., 2005). Such multiplayer control of BDNF secretion is 

crucial in order to achieve an on-demand release in time and space. 

6.2.4. Activity-dependent release 

Mounting evidence demonstrates that BDNF release takes place in an activity-

dependent manner. Using high K+ concentration Lou and colleagues showed a 3-fold 

increase in secreted BDNF (both pro- and mature) by AtT-20 cells using Western blot 

analysis (Lou et al., 2005). In hippocampal rat cultures electrical stimulation of increasing 

frequencies caused a linear increase in the released amount of mBDNF measured by 

enzyme-linked immunosorbent assay (ELISA; Balkowiec and Katz, 2000, 2002). Theta-

burst stimulation, which is considered a physiologically relevant electrical stimulation 

protocol, had a comparable effect on mBDNF release to 100 Hz high-frequency 

stimulation. The mechanisms underlying the described activity-dependent BDNF 

secretion involve intracellular mobilization of Ca2+ from internal calcium stores (Balkowiec 

and Katz, 2002). Further studies relying on exogenous expression of BDNF fusion 

proteins such as BDNF-GFP showed that BDNF in hippocampal culture could be released 

postsynaptically from glutamatergic synapses following high-frequency electrical 

stimulation, supporting the idea that BDNF serves as a retrograde or paracrine mediator 
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during synaptic plasticity (Hartmann et al., 2001; Kohara et al., 2001; Kojima et al., 2001). 

Interestingly, much stronger stimuli are required for axonal compared to dendritic BDNF 

release (Zakharenko et al., 2003; Kuczewski et al., 2008; Matsuda et al., 2009). 

Moreover, a common human polymorphism Val66Met occurring in the prodomain of 

BDNF leads to an inefficient sorting of BDNF into the regulated secretory pathway and 

thus impairs activity-dependent release (Egan et al., 2003; Chen et al., 2004). Humans 

carrying this polymorphism have compromised episodic memory. 

6.2.5. Subcellular localization and trafficking 

There has been a long-standing debate on the exact site of BDNF release with 

contradictory evidence supporting release from either presynaptic or postsynaptic 

excitatory sites as mentioned before. Rigorous detection of endogenous BDNF due to its 

low levels in adult animals has been the main challenge to conclusively show the 

subcellular localization and secretion mode of this neurotrophin. BDNF has been detected 

in synaptosomes but it is still a matter of debate whether it is secreted pre- or 

postsynaptically (Fawcett et al., 1997). Most of the data suggesting that both axonal and 

dendritic BDNF secretion is plausible come from exogenous expression systems 

(Haubensak et al., 1998; Hartmann et al., 2001; Brigadski et al., 2005; Dean et al., 2009; 

Harward et al., 2016). In contrast, studies both in hippocampal cultures and adult slices 

assessing endogenous release using electron microscopy and super resolution imaging 

have shown that BDNF is released solely by the presynaptic terminal (Dieni et al., 2012; 

Andreska et al., 2014). In line with axonal secretion, BDNF secretory vesicles have been 

shown to be preferentially transported anterogradely by kinesin-1 within axons, but seem 

to be more stunted in dendrites (Zhou and Rush, 1996; Altar et al., 1997; Adachi et al., 

2005; Butowt and von Bartheld, 2007). Recent work of Vignoli and colleagues looking at 

the distribution of endogenous proBDNF and mBDNF has revealed that in cortical slices 

BDNF (both pro- and mature) are mainly localized to presynaptic terminals in baseline 

conditions, but after theta-burst stimulation, the distribution shifts towards similar levels 

of the neurotrophin in presynaptic, postsynaptic and astrocytic sites (Vignoli et al., 2016). 

Although the dendritic BDNF might be a result of endocytosed BDNF-bound TrkB, it is 

also plausible that local protein synthesis or dendritic trafficking are activated upon theta-
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burst stimulation. Interestingly, even post-endocytic BDNF could be released in an 

activity-dependent manner (Wong et al., 2015). This is not the first experimental evidence 

supporting the hypothesis that axonal versus dendritic secretion of BDNF are differentially 

regulated by neuronal activity (Dean et al., 2009; Matsuda et al., 2009). However, 

previous reports relied on overexpression of fusion proteins, calling into question the 

physiological relevance of processes like protein sorting and trafficking under these 

conditions. 

6.2.6. Transcriptional regulation 

6.2.6.1. Bdnf expression 

The bdnf gene is expressed at its highest levels in the brain during development 

(Kaisho et al., 1991). In adult animals, bdnf expression has also been identified in non-

neuronal tissues such as heart, lung, liver, skeletal muscles and others. As certain brain 

regions mature they increase their bdnf expression (Maisonpierre et al., 1990a, 1990b; 

Katoh-Semba et al., 1997). 

6.2.6.2. Alternative splicing 

In rodents and humans, the bdnf gene contains eight exons and eleven exons, 

respectively, that are alternatively spliced to yield the 5’-untranslated region (UTR) of the 

mRNA and a last exon that encodes the protein and contains the 3’UTR (Aid et al., 2007; 

Pruunsild et al., 2007; Cattaneo et al., 2016). The bdnf gene in Xenopus laevis consists 

of six non-coding exons alternatively spliced and transcribed into the 5’UTR of the mRNA 

and seventh exon containing the coding sequence (Kidane et al., 2009). Although there 

are more non-coding exons in mammals than in Xenopus laevis, the principle of 

alternative splicing to increase the variability between transcripts is evolutionary 

conserved. Xenopus exons I-IV share high degree of homology with mouse, rat and 

human bdnf exons I-IV. Furthermore, in zebrafish larvae, the above described mechanism 

of generating bdnf mRNA is also present (Huynh and Heinrich, 2001). The evolution of 

this genetic structure containing multiple promoters possibly contributes to specific 
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regulation of bdnf transcription in response to numerous stimuli (West et al., 2014, p.76). 

In mammals, promoter I,II and III are regulated by various pharmacological treatments 

such as kainic acid-induced seizures, AMPAR, NMDAR and metabotropic glutamate 

receptor activation (Metsis et al., 1993). It is likely that neuronal activity controls 

transcription of exon I through (ATF)/cAMP/Ca2+-response element binding protein 

(CREB) and the basic helix-loop-helix (bHLH) proteins upstream stimulatory factor (USF) 

1 and USF2 (Tabuchi et al., 2002). Other Ca2+-responsive proteins binding promoter I 

upstream from the transcription start site and regulated by neuronal activity include bHLH-

Per-Arnt-Sim (bHLH-PAS) transcription factors aryl hydrocarbon receptor nuclear 

translocator 2 (ARNT2) and neuronal PAS domain protein 4 (NPAS4; Pruunsild et al., 

2011). Promoter II is regulated by neuron-restrictive silencer element (NRSE) which 

interacts with transcriptional co-repressors mSin3A and CoREST and histone modifying 

proteins such as histone deacetylase (HDAC; Palm et al., 1998; Andrés et al., 1999; 

Huang et al., 1999a; Timmusk et al., 1999). Promoter IV is the most studied of all bdnf 

promoters regulated by neuronal activity. It is under the control of myriad Ca2+ -responsive 

proteins such as calcium-responsive transcription factor (CaRF), NPAS4, ARNT2, basic 

helix-loop-helix factor BHLHB2, nuclear factor κB (NF-κB), nuclear factor of activated T 

cells (NFAT) and others (Lipsky et al., 2001; Tao et al., 2002; Jiang et al., 2008; Vashishta 

et al., 2009; Pruunsild et al., 2011). Exon IV - containing bdnf transcripts seem to be 

preferentially expressed during activity-dependent neuronal development, more 

specifically affecting inhibitory interneuron development (Hong et al., 2008; Sakata et al., 

2009). 

6.2.6.3. Chromatin Remodeling 

Apart from regulation via transcription factors, chromatin remodeling is another 

mechanism to control gene expression at the level of DNA transcription. Modifications in 

the DNA itself such as methylation and hydroxymethylation or acetylation of the histone 

proteins are referred to as chromatin remodeling. Histones serve as a scaffold for DNA 

folding, forming a complex DNA-protein structure referred to as chromatin. There are four 

proteins that form the core structure of chromatin H2A, H2B, H3 and H4 (West et al., 

2014, p.82). 
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6.2.6.3.1. DNA methylation 

DNA methylation was originally discovered as a means for permanent X-

chromosome repression. However, recently 5-methylcytosine (5mC) in CpG islands has 

been identified as a transcription suppressor in active gene regions (Hellman and Chess, 

2007; Meissner et al., 2008). Membrane depolarization as a model of neural activity in 

neuronal cultures results in a reduction in CpG methylation in bdnf promoter IV associated 

with an increase in BDNF expression (Martinowich et al., 2003). In more physiologically 

relevant models, CpG demethylation in bdnf promoters was observed in response to 

associative learning, early life adversity and fear conditioning (Lubin et al., 2008; Roth et 

al., 2009, 2014; Ambigapathy et al., 2015). The mechanism underlying stimulus-

dependent transcriptional regulation via DNA methylation includes recruitment of various 

factors that exert transcriptional control. Methyl-CpG binding protein 2 (MeCP2) and 

CCCTC-binding factor (CTCF) are among the factors that regulate the transcription of 

bdnf (Martinowich et al., 2003; Chang et al., 2010). Interestingly, MeCP2 and CTCF are 

both responsible for alternative splicing of exons in bdnf triggered by classic conditioning 

in turtles (Zheng et al., 2017). 

6.2.6.3.2. Histone acetylation 

Acetylation of certain lysine residues in H3 (K9, K14) and H4 (K5, K8 and K12) are 

associated with increases in transcription (Roh et al., 2004). These modifications in bdnf 

are often the result of neuronal activity such as following epileptic seizure or fear extinction 

(Tsankova et al., 2004; Bredy et al., 2007). In neuropathologies such as Alzheimer’s 

disease, the presence of amyloid fibrils seems to increase deacetylation of H3 in bdnf, 

leading to a decrease in bdnf expression, accompanied by memory impairment (Wang et 

al., 2014). Histone acetylation or deacetylation in response to the above-mentioned 

stimuli often targets different bdnf promoters, permitting specific transcriptional outcomes 

for each stimulus. HDAC1, HDAC2 and the histone acetyltransferase CREB binding 

protein (CBP) are implicated in the described modifications (Hong et al., 2008; Guan et 

al., 2009; Tian et al., 2010; Wang et al., 2014; Palomer et al., 2016).  
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6.2.6.3.3. Histone methylation 

Another important way to regulate chromatin is histone methylation. Specific H3 

lysine residue methylation could result in activated or repressed gene transcription with 

K3 and K36 leading to activation, whereas K9, K20 and K27 leading to repression 

(Lachner and Jenuwein, 2002; Greer and Shi, 2012). A further layer of regulation of 

transcription through methylation comes from the possibility for mono-, di- or 

trimethylation of the lysine residues. An example of activity-dependent histone 

modification comes from experiments in which dark rearing led to an increase in H3K27 

methylation in the visual cortex paired with a decrease in bdnf expression (Karpova et al., 

2010). 

6.2.7. Translational Regulation 

 In addition to transcriptional regulation the expression of proteins is also subject to 

translational regulation. MicroRNAs are small non-coding RNA molecules that bind to 

specific complementary sequences of the 3’UTR of mRNAs. In most cases, this 

interaction impedes the early stages of translation and further recruits machinery which 

degrades the targeted mRNA (Djuranovic et al., 2012; Bazzini et al., 2012). Example 

miRNAs that regulate BDNF protein levels are miR-30a-5p and miR-195 (Mellios et al., 

2008). 

An intriguing hypothesis in the field has been that neuronal activity may induce 

local protein synthesis of BDNF in dendrites. Although it is still unclear how such 

translation might occur, what molecular factors might support it and importantly what type 

of cellular organelles might be responsible for post-translational modifications of locally 

translated BDNF, there is increasing evidence that BDNF could be synthesized on 

demand in dendrites. Bdnf mRNA has been identified in dendrites and in synaptosomes  

(Tongiorgi et al., 1997; Gharami and Das, 2014). Two alternative 3’UTR of bdnf, a result 

of two separate polyadenylation signals, are the plausible determinants of the differential 

trafficking of bdnf mRNA (Hofer et al., 1990; Metsis et al., 1993; An et al., 2008). The 

mRNA containing long 3’UTR seems to be preferentially targeted to the dendrites, 
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whereas the short 3’UTR containing mRNA is restricted to the somatic compartment (An 

et al., 2008; Orefice et al., 2013). Interestingly, the same group has recently reported that 

membrane depolarization or activation of NMDARs results in the specific dendritic 

translation of long 3’UTR-containing bdnf mRNA which is then translated and released as 

proBDNF to contribute to dendritic spine pruning (Orefice et al., 2016). However, 

experiments from another group show essential dendritic trafficking elements in the short 

3’UTR of the mRNA (Oe and Yoneda, 2010). Furthermore, the same authors identified a 

novel cellular compartment that fails to co-label with markers for EPR, Golgi, endosomes 

and TGN which contains the locally translated BDNF. Bicaudal-D2, which forms 

complexes with the members of the family of dynein motors is co-localized with this 

compartment and is likely crucial for dendritic protein synthesis (Oe et al., 2016). Oe and 

colleagues suggest that this discrepancy might be due to the fact that they investigated 

the distribution of BDNF fusion proteins as opposed to the previous studies which were 

using mRNA reporter constructs. Another plausible mechanism of differential bdnf mRNA 

trafficking involves specific 5’UTR. Blockade of visual activity in the visual cortex leads to 

a decrease in dendritic targeting of exon-IV-containing mRNAs, whereas exon-III-

containing mRNAs also go down, but stay restricted to the soma (Pattabiraman et al., 

2005). Epileptogenic seizures in the hippocampus result in an increase of exon-II and 

exon-VI bdnf mRNA in the dendrites, whereas exon-I and exon-IV transcripts are 

somatically restricted (Chiaruttini et al., 2008). Analysis of the dendritic morphology of 

CA1 and CA3 pyramidal neurons in animals in which the specific exons of interest were 

knocked out support the functional relevance of differential bdnf mRNA trafficking 

(Maynard et al., 2017). It is unclear whether bdnf mRNA is present in axons likely due to 

difficulties in detection in this cellular compartment (Tongiorgi et al., 1997; Ma et al., 

2012). A molecular mechanism involving eukaryotic elongation factor 2 kinase-induced 

(eEF2K) phosphorylation of eEF2 was proposed as a plausible regulation of activity-

dependent protein translation of BDNF in dendrites (Verpelli et al., 2010). On the other 

hand, application of the NMDAR antagonist ketamine leads to an inactivation of eEF2K 

and consequently to a decrease in phosphorylated eEF2. The decreased levels of 

phosphorylated eEF2 lead to a lift of the translation block of bdnf (Autry et al., 2011). 
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6.2.8. Evolutionary conservation 

Neurotrophins and neurotrophin receptors have been identified in arthropods, 

annelids and molluscs (Wilson, 2009). It appears that neurotrophins and Spätzle proteins 

(described in Drosophila melanogaster) which also contain cysteine knots, are 

paralogous and form a neurotrophin/Sptzl superfamily (Zhu et al., 2008).Neurotrophin 

signaling components are likely also present in early deuterostomes such as 

Strongylocentrotus purpuratus (sea urchin; Bothwell, 2006; Wilson, 2009). Trk/Trkl 

receptor family is present in protostomes but the three paralogous Trk receptors in 

vertebrates seem to have evolved due to a duplication in the early vertebrates (Benito-

Gutiérrez et al., 2006; Hallböök et al., 2006). The different functional domains of Trk 

receptors (kinase domain, extracellular/ligand-binding domain and signaling domain) 

have distinct evolutionary histories, where the kinase domain is the most conserved 

(Sossin 2006). The p75NTR receptor has also been described in protostomes, suggesting 

that the neurotrophin signaling pathway developed in the bilaterian ancestor and is still 

present in modern vertebrates where it has crucial functions in the nervous system and 

beyond (Wilson, 2009). 

6.2.9. BDNF signaling via its receptors 

6.2.9.1. TrkB receptor signaling 

6.2.9.1.1. Structure and ligand binding properties 

   The above mentioned three vertebrate isoforms TrkA, TrkB and TrkC share similar 

structure and are around 140-160 kDa (Lamballe et al., 1991; Luberg et al., 2010). They 

contain a highly glycosylated extracellular region which consist of 5 distinct domains, a 

single-pass transmembrane region, and an intracellular tyrosine kinase region (Figure 3). 

The extracellular region contains two cysteine-rich domains on the two sides of a leucine-

rich domain, two immunoglobulin-like C2 domains followed by the transmembrane and 

intracellular regions (Schneider and Schweiger, 1991; Hubbard et al., 1994; Deinhardt 

and Chao, 2014). TrkB interacts with BDNF, NT-3 or NT-4 through its immunoglobulin-
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like juxtamembrane domain (Ultsch et al., 1999; Banfield et al., 2001; Wehrman et al., 

2007). Upon binding of the ligand, the Trk receptor dimerizes, initiating intracellular 

autophosphorylation of three tyrosine residues on an autoregulatory loop. This loop, when 

phosphorylated, increases the kinase activity of the receptor, thus resulting in activation 

of its downstream signaling (Hubbard et al., 1994; Deinhardt and Chao, 2014). Another 

two regulatory regions within the intracellular region contribute to the kinase activation 

state of Trk receptors. One of them is responsible for the proper positioning of a Mg2+ in 

the catalytic site of the kinase and the other for stabizing the α-phosphate of an adenosine 

triphosphate (ATP) molecule upon interaction with the receptor (Cherry and Williams, 

2004; Noble et al., 2004; Bertrand, 2017). As mentioned earlier, BDNF has higher affinity 

to TrkB than to p75NTR. The dissociation constant (Kd) of BDNF binding to p75NTR is 

1.3 x 10-9 M and to TrkB ranges between 1.5 × 10−11 M and 9.9 x 10-10 M depending on 

the expression system (Rodriguez-Tébar and Barde, 1988; Dechant et al., 1993). 

6.2.9.1.2. Alternative splicing of trkb 

Interestingly, the 11-amino acid motif from the Ig-like domain closest to the cell 

membrane is regulated through alternative splicing of exon IX of the trkb gene 

(Strohmaier et al., 1996; Boeshore et al., 1999). When present, this motif confers 

promiscuity of TrkB binding to BDNF, NT-3 and NT-4. However, in the case when TrkB 

lacks this motif it exhibits specificity solely to BDNF. Another intriguing control over TrkB 

signaling through alternative splicing is the truncated TrkB (TrkB.T1), which lacks the 

tyrosine kinase domain (Middlemas et al., 1991; Ohira et al., 2005). This isoform seems 

to function beyond being a simple neurotrophin “sponge” which regulates the levels of  

TrkB activation (Yacoubian and Lo, 2000; Ohira et al., 2005). Upon binding of BDNF to 

TrkB.T1, Rho GDP dissociation inhibitor (Rho-GDI) is released from the C-terminus of 

TrkB.T1 leading to an inhibition of the small GTPase Rho. This event in turn has been 

associated with changes in astrocytic and dendritic morphology (Ohira et al., 2005; Carim-

Todd et al., 2009). The alterations in dendritic morphology in mice lacking TrkB.T1 in the 

amygdala have been linked to an increase in anxiety. 
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6.2.9.1.3. Subcellular localization and trafficking 

After its translation in the rough ER, post-translational modification and maturation 

in the Golgi, TrkB is sent to the plasma membrane in axons, presynaptic terminals, 

dendritic spines and cell somata (Drake et al., 1999). In recent years, a few molecular 

players that participate in this transport have been identified. The molecular motor 

kinesin-1 likely mediates the anterograde transport of TrkB in axons through an 

interaction with c-Jun NH2-terminal kinase-interacting protein 3 (JIP3; Huang et al., 

2011). Furthermore, interaction of TrkB with sortilin enhances anterograde trafficking 

(Vaegter et al., 2011). This transport is likely dependent on Rab27, part of the Rab family 

of small GTPases which govern vesicular transport throughout the cell (Arimura et al., 

2009). 

6.2.9.1.4. Endocytosis of BDNF-TrkB complexes 

Upon BDNF binding to TrkB, the TrkB-BDNF complex is subject to endocytosis 

dependent on clathrin, adapter protein 2 (AP2) and dynein (Zheng et al., 2008). The 

internalized receptors, which continue to signal in these vesicles, referred to as “signaling 

endosomes”, are trafficked to other cellular compartments, are targeted for degradation 

or are recycled back to the cell membrane (Grimes et al., 1996). These signaling 

endosomes are likely essential messengers responsible for informing the cell body of a 

synaptic event that occurred far away in a presynaptic bouton or a dendritic spine. 

Retrograde axonal transport of signaling endosomes containing BDNF-bound active TrkB 

is mediated by the molecular motor myosin VI and dynein, the small GTPases Rab5 and 

Rab7 and AP2 (Yano et al., 2006; Valdez et al., 2007; Bucci et al., 2014; Kononenko et 

al., 2017). In Xenopus laevis tadpoles, application of BDNF in the optic tectum results in 

a TrkB-dependent synaptic potentiation at the RGC dendrites (Du and Poo, 2004). 

Intriguingly, neuronal activity enhances translocation of TrkB signaling endosomes and 

their association with the postsynaptic density. This process is Rab11-dependent and 

myosin Va-dependent and is specific to the full length TrkB isoform but not to TrkB.T1, 

suggesting that those endosomes could serve as a reserve pool of TrkB during synaptic 

strengthening (Huang et al., 2013; Sui et al., 2015). Furthermore, secretion of BDNF 
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endocytosed through TrkB takes place in response to physiologically relevant stimuli, 

such as theta-burst stimulation in hippocampal neurons (Wong et al., 2015). The release 

of endocytosed versus newly-synthesized BDNF is differentially regulated by 

synaptotagmin-6 and synaptotagmin-4, respectively. Endocytosis of BDNF-bound 

TrkB.T1 expressed by astrocytes and oligodendrocytes provides a mechanism of tight 

regulation of the tonic concentration of BDNF (Alderson et al., 2000). Glial cells are able 

to sequester BDNF through endocytosis and release it in the extracellular space on 

demand (Biffo et al., 1995; Fenner, 2012). 

Another interesting regulation of TrkB signaling comes from the differential levels 

of ubiquitination of the receptor by BDNF and NT-4, where BDNF binding to TrkB induces 

substantially higher level of ubiquitination. Ubiquitination makes TrkB less stable at lower 

pH, targeting the receptor for degradation and shortening the lifetime of active TrkB in the 

signaling endosome (Proenca et al., 2016). Arguably, the rapid degradation of BDNF-

activated TrkB provides a tighter control of TrkB signaling which might be crucial for time-

sensitive processes such as Hebbian plasticity.   

6.2.9.1.5. Downstream signaling pathways of activated TrkB 

6.2.9.1.5.1. Phospholipase C-γ (PLC-γ) 

Binding of BDNF to TrkB initiates a similar molecular cascade to binding of NGF 

to TrkA (Chuang et al., 2001; Deinhardt and Chao, 2014 p.106). Phosphorylation of the 

tyrosine most proximal to the C-terminus of TrkB is crucial for interaction with and 

activation of PLC-γ. Activated PLC-γ results in hydrolyzation of the phospholipid 

phosphatidylinositol(4,5)bisphosphate (PI(4,5)P2) yielding diacylglycerol (DAG) and 

inositol tris-phosphate (IP3; Irvine et al., 1986; Goldschmidt-Clermont et al., 1991; 

Obermeier et al., 1994). IP3 is known to trigger the release of Ca2+ from intracellular stores 

such as the smooth ER and this increase in the cytosolic concentration of Ca2+ leads to 

the activation of Ca2+-dependent catalytic proteins such as calcineurin and Ca2+-

calmodulin-regulated protein kinases (CaM kinases; Stewart et al., 1982; Klee et al., 

1988; Miyazaki, 1988; Hanson and Schulman, 1992). Protein kinase C (PKC) is 

cooperatively activated by DAG and cytosolic Ca2+ and in turn initiates the mitogen 
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activated protein kinase kinase/extracellular signal kinase (MEK/Erk) cascade which is 

crucial for NMDAR delivery to the membrane and probability of opening (Xiong et al., 

1998; Lan et al., 2001; Slack et al., 2004). Furthermore, DAG and elevated cytosolic Ca2+ 

contribute to the activation of transient receptor potential canonical subfamily channel 3/6 

(TRPC3/6) that in turn leads to increase in cytosolic Ca2+ in growth cones and to the 

formation of dendritic spines (Li et al., 2005; Amaral and Pozzo-Miller, 2007; Yoshii and 

Constantine-Paton, 2010). Mutation of the specific tyrosine which binds specifically to 

PLC-γ (Y816) resulted in impairment in synaptic plasticity in the hippocampus (Minichiello 

et al., 2002). 

6.2.9.1.5.2. Mitogen-Activated Protein Kinase/Extracellular Signal Kinase (MAPK/ERK) 

 Phosphorylation of the tyrosine closest to plasma membrane (Y515) on TrkB leads 

to recruitment of SH2-containing collagen-related protein (Shc) which interacts with 

growth factor receptor-bound protein 2 (Grb2). Grb2 in turn activates the Ras guanine 

nucleotide exchange factor (GEF) son of sevenless (SOS; Yoshii and Constantine-Paton, 

2010). Upon GDP exchange to GTP the small GTPase Ras activates the Raf, MEK and 

MAPK/Erk molecular cascades (Huang and Reichardt, 2003). MAPK modulates 

translation initiation by phosphorylation of eukaryotic initiation factor 4E (eIF4E), the 4E-

binding protein 1 (4E-BP1) and ribosomal protein S6 (Kelleher et al., 2004). The MEK-

MAPK/Erk pathway is also crucial for activation of CREB and is thus involved in 

transcription regulation (Ying et al., 2002). BDNF activation of TrkB and subsequent 

MAPK signaling likely serves to achieve longer-lasting molecular and cellular changes in 

response to external stimuli. TrkB-induced activation of MAPK/Erk is involved in the 

process of synaptic strengthening in the hippocampus (Ying et al., 2002; Kelleher et al., 

2004). 

6.2.9.1.5.3. Phosphatidylinositol 3-kinase (PI3K) 

 The docking of Shc to phosphorylated Y515 and subsequent phosphorylation of 

Grb2 results in the recruitment of Grb2-associated binder-1 (Gab1) which in turn leads to 

the activation of PI3K (Reichardt, 2006). Phosphorylation of inositol phospholipids by 

PI3K changes the local composition of the plasma membrane. Protein kinase B (PKB) is 

https://paperpile.com/c/zWCYg7/l9g8u+f31Wa+gYd3y
https://paperpile.com/c/zWCYg7/l9g8u+f31Wa+gYd3y
https://paperpile.com/c/zWCYg7/tMZNp+dPL3i+1w2DC
https://paperpile.com/c/zWCYg7/tMZNp+dPL3i+1w2DC
https://paperpile.com/c/zWCYg7/OjNU8
https://paperpile.com/c/zWCYg7/OjNU8
https://paperpile.com/c/zWCYg7/tMZNp
https://paperpile.com/c/zWCYg7/tMZNp
https://paperpile.com/c/zWCYg7/rHnPG
https://paperpile.com/c/zWCYg7/RIbGL
https://paperpile.com/c/zWCYg7/84M7B
https://paperpile.com/c/zWCYg7/RIbGL+84M7B
https://paperpile.com/c/zWCYg7/RIbGL+84M7B
https://paperpile.com/c/zWCYg7/Eo3gZ


63 

then shuttled to the membrane where it is activated (Yoshii and Constantine-Paton, 2007, 

2010). Active PKB induces protein synthesis via mechanistic target of rapamycin (mTOR) 

exerting neuroprotective effects (Chen et al., 2013). Interestingly, all the three pathways 

described above are involved in BDNF-induced TrkB-dependent translocation of PSD-95 

to synapses, suggesting that BDNF is crucial for synaptic maturation (Yoshii and 

Constantine-Paton, 2007, 2014). 

 

Figure 3: TrkB receptor signaling 
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6.2.9.1.6. Alternative non-ligand dependent activation of TrkB 

 It has been shown that TrkB is also activated in the presence of zinc via a neural 

activity-dependent mechanism that does not require ligand binding and it is localized to 

the postsynaptic density where it may modulate synaptic strength (Huang et al., 2008). 

6.2.9.2. p75NTR receptor signaling 

6.2.9.2.1. Structure and ligand binding properties 

The other neurotrophin receptor, p75NTR, was identified as a lower affinity binding 

receptor and, as mentioned above, the Kd characterizing this interaction for BDNF is 1.3 

x 10-9 M (Grob et al., 1983; Chao et al., 1986; Radeke et al., 1987; Rodriguez-Tébar and 

Barde, 1988). It is likely that the high affinity of TrkB receptor binding to BDNF is due to 

the interaction with p75NTR, suggesting that a complex of both receptors forms a high 

affinity binding site (Chao, 1994; Chao and Hempstead, 1995). p75NTR is a 70-80 kDa 

protein that belongs to the tumor necrosis factor (TNF) superfamily and can bind all 

neurotrophins and with similar affinity (Ross et al., 1984; Rodríguez-Tébar et al., 1992; 

Bothwell, 1995). Similarly to the other TNF superfamily members, p75NTR contains a 

cytosolic domain, variable between species, a single transmembrane domain, and a well-

conserved extracellular domain (ECD) incorporating four cysteine-rich domains (Large et 

al., 1989; Baldwin and Shooter, 1995). p75NTR is also likely post-translationally modified 

by both O-linked and N-linked glycosylation (Grob et al., 1985). It forms dimers through 

disulfide bonds connecting two cysteine residues or through noncovalent interaction of a 

conserved sequence located in the transmembrane domain. The intracellular domain 

(ICD) of p75NTR has high structural resemblance to the “death domains” of TNF receptor 

(TNFR) and first apoptosis signal receptor (Fas; Chapman, 1995). Unlike the death 

domain of Fas, p75NTR’s does not show self-aggregation which in turn implicates 

different downstream mechanisms (Liepinsh et al., 1997; Wang et al., 2001). Both the 

ECD and ICD of p75NTR and of TrkB participate in the interaction of the receptors. The 

tyrosine kinase activity is also implicated for the formation of the two-receptor complex. 

Furthermore, the presence of p75NTR increases the specificity of TrkB binding to BDNF, 
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compared to NT-3 and NT-4 (Bibel et al., 1999). The ICD of p75NTR contains an 

amphipathic α-helix resembling GTPase activation domains in other proteins such as the 

wasp toxin mastoparan (Feinstein and Larhammar, 1990; Myers et al., 1994; Roux and 

Barker, 2002). This motif is likely responsible for p75NTR-induced RhoA inhibition and 

underlies BDNF-driven growth cone filopodia dynamics (Yamashita et al., 1999; Gehler 

et al., 2004). The C-terminal motif Ser/Thr-X-Val of p75NTR ICD has been identified as 

crucial for interaction with the postsynaptic density protein PSD-95 in other proteins such 

as NMDARs (Kornau et al., 1995). 

6.2.9.2.2. Transcriptional regulation of p75NTR 

6.2.9.2.2.1. Expression profile 

p75NTR is highly expressed in the central and the peripheral nervous system 

(CNS, PNS, respectively) as well as in non-neuronal tissues. In the retina, the expression 

is highest in the retinal ganglion cells (Roux and Barker, 2002). The expression of the 

receptor peaks prenatally with a substantial decrease postnatally. In Xenopus laevis, two 

different sequences of p75NTR, named p75NTRa and p75NTRb, were identified. Since 

they show a higher degree of similarity to each other than to sequences in other species 

including zebrafish, rat and human, it was proposed that these two genes are two alleles 

evolved by duplication and reflect the recently proposed allotetraploidism of Xenopus 

laevis, instead of the earlier view that those animals are pseudotetraploidic (Graf and 

Kobel, 1991; Hutson and Bothwell, 2001; Session et al., 2016). p75NTR expression 

initiates at stage 14 (neurula), and until stage 28 p75NTRa and p75NTRb expression 

appear to mirror each other with higher levels of p75NTRa. At stage 39 p75NTR 

expression, determined using a probe that binds both isoforms, appears in anterior 

telencephalon and the ganglion cell layer, the inner and the outer layers of the retina. 

Contrary to the role of p75NTR in cell death in other species, overexpression of full length 

p75NTR in the retina enhances cell survival (Frade and Barde, 1999; Hutson and 

Bothwell, 2001). 
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6.2.9.2.2.2. Alternative splicing 

Alternative splicing of exon III of ngfr (p75NTR gene) in mice leads to two p75NTR 

isoforms one of which produces mRNA encoding the full length of the receptor and the 

other one a truncated version, which lacks three of the cysteine-rich ECDs, including the 

ligand interacting domains (von Schack et al., 2001). It is still unclear what the exact 

physiological function of the truncated receptor is, however, mice lacking both isoforms 

of p75NTR exhibit more severe phenotypes in motor function and PNS development, as 

well as a novel phenotype related to blood formation. In general, p75NTR knockout mice 

are subject to increased perinatal lethality (Phenotypes associated with Ngfr/Ngfr, 

Alliance of Genome Resources). Among other visual system abnormalities, they exhibit 

alterations in SC morphology and increased number of photoreceptors. 

6.2.9.3. Subcellular localization of p75NTR 

Although the PDZ-containing ICD of p75NTR was predicted to interact with PSD-

95, very low levels of p75NTR labeling are observed in postsynaptic densities and 

dendritic shafts in vivo (Dougherty and Milner, 1999). The receptor is mostly located in 

axons and axonal terminals, with a small fraction localized to astrocytes. p75NTR has 

been shown to undergo both anterograde and retrograde transport in axons (Johnson et 

al., 1987; Mok et al., 2013). Furthermore, the receptor seems to be crucial for 

internalization and retrograde transport of BDNF, which unlike the TrkB-BDNF complex 

is dependent on beta-caveolin-1 in caveolae, suggesting that trafficking of TrkB-BDNF 

and p75NTR-BDNF complexes is regulated by distinct mechanisms (von Bartheld et al., 

1996; Hibbert et al., 2006) 

6.2.9.4. Downstream signaling pathways of activated p75NTR 

6.2.9.4.1. Soluble p75NTR ECD 

 The ECD can be cleaved by matrix metalloproteinases (MMPs) leading to a soluble 

ECD capable of binding and sequestering neurotrophins and an ICD that continues to 
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interact with cytosolic partners (Zupan et al., 1989; DiStefano et al., 1993). This 

mechanism seems to be prevalent during development (Roux and Barker, 2002). 

6.2.9.4.2. p75NTR interactor TRAF activate JNK and NF-κB 

Upon ligand binding p75NTR recruits TNFR associated factors (TRAF), specifically 

TRAF6 (Khursigara et al., 1999). TRAFs have an E3 ubiquitin ligase domain that induces 

the formation of lysine-linked ubiquitin chains which enhance protein-protein interactions 

instead of tagging the TRAF downstream binding partners for proteasomal degradation 

(Ha et al., 2009; Häcker et al., 2011). TRAF6 is then crucial for the activation of the stress 

kinase c-Jun N-terminal kinase (JNK), which leads to apoptosis, and of the transcription 

factor NF-κB, which enhances the transcription of pro-survival genes (Bamji et al., 1998; 

Dempsey et al., 2003; Yeiser et al., 2004). This makes TRAF6 activation via neurotrophin-

p75NTR binding a pivotal point between cell death and survival (Figure 4). 

 

 

Figure 4: p75NTR receptor signaling 
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6.2.9.5. p75NTR forms complexes with other receptors 

A small fraction of the p75NTR dimers are formed prior to interaction with 

neurotrophins, however, it is likely that p75NTR dimerizes to bind a neurotrophin dimer 

through an intermediate state of p75NTR monomer bound to a neurotrophin dimer (He 

and Garcia, 2004; Gong et al., 2008; Feng et al., 2010). Upon neurotrophin binding, the 

disulfide bond leads to separation of the cytosolic domains allowing for enhanced 

interaction of the receptor with downstream partners (Vilar et al., 2009). Neurotrophin but 

not myelin-associated glycoprotein (MAG) binding to p75NTR seems to trigger this 

mechanism providing some specificity of the activation of downstream signaling between 

ligands. Notably, p75NTR is a promiscuous receptor forming complexes with Trk, Nogo 

receptor-1 (NogoR), LRR and Ig domain-containing Nogo Receptor-interacting protein-1 

(LINGO-1) and sortilin, thus directly or indirectly participating in ligand binding, not only 

of all pro- and mature neurotrophins, but also Nogo-66, MAG, oligodendrocyte-myelin 

glycoprotein (OMgp; Wang et al., 2002a; Mi et al., 2004). Arguably, the interaction of 

p75NTR with other receptors could provide an explanation for the various functions 

attributed to p75NTR. As mentioned above, the interaction between p75NTR and TrkB 

leads to an increased specificity of TrkB binding to BDNF over its other ligands and to 

higher affinity of the ligand binding (Chao and Hempstead, 1995; Bibel et al., 1999). 

Similarly to the p75NTR-TrkA complex, p75NTR-TrkB perhaps underlies cell survival 

(Bronfman and Fainzilber, 2004; Nykjaer et al., 2004). Interestingly, the function of 

p75NTR as cell death-promoting receptor is likely achieved through its interaction with 

sortilin. Both proBDNF and proNGF require the cooperative action of p75NTR and sortilin 

to promote cell death (Nykjaer et al., 2004; Teng et al., 2005). Interestingly, sortilin has 

high affinity binding to both proNGF, its cleaved prodomain, and proBDNF. In the absence 

of sortilin, proNGF displays lower affinity to p75NTR, suggesting that the interaction with 

sortilin, which by binding the prodomain of NGF, is what confers the previously observed 

higher affinity of p75NTR to proNGF, than to mature NGF (Lee et al., 2001; Beattie et al., 

2002; Nykjaer et al., 2004). Interestingly, sortilin was shown to be predominantly localized 

to the somato-dendritic compartment, potentially providing spatial control over the distinct 

functions of p75NTR (Sarret et al., 2003; Bronfman and Fainzilber, 2004). A complex of 
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the p75NTR and NogoR was shown to interact with the transmembrane protein LINGO-

1, and to inhibit neurite outgrowth via activation of RhoA (Mi et al., 2004). A model 

explaining the contradictory results regarding p75NTR-induced activation or blockade of 

RhoA, suggests that binding of neurotrophins to the p75NTR/NogoR/LINGO-1 results in 

Rho-GDI translocation from the complex which inhibits RhoA, whereas binding of MAG 

or Nogo-66 induces RhoA activation (Mathew et al., 2009). Furthermore, unlike sortilin, 

NogoR is localized on the plasma membrane in axons, indicating that p75NTR’s function 

in neurite outgrowth might be executed by axonal p75NTR (Wang et al., 2002b). A recent 

study, however, challenged the proposed p75NTR/NogoR/LINGO-1 receptor complex, as 

LINGO-1 was demonstrated predominantly intracellularly (Meabon et al., 2015). 

However, it is possible that LINGO-1 affects aspects of p75NTR endosomal properties.  

6.2.9.6. proBDNF signaling through TrkB and p75NTR 

A lot of the findings related to binding affinity of pro- and mature neurotrophins 

come from surface plasmon resonance studies on NGF. As mentioned above, in the 

presence of sortilin p75NTR has subnanomolar affinity to proNGF, and up to 20 nM affinity 

to TrkA (Nykjaer et al., 2004). In the absence of sortilin, the affinities of both TrkA and 

p75NTR to proNGF are similar. However, less is known about the exact binding 

properties of proBDNF to p75NTR and TrkB. ProBDNF, applied in concentrations at 

which mBDNF induces robust phosphorylation of TrkB measured by Western blot, fails 

to increase TrkB phosphorylation above control (without neurotrophin added) levels in 

TrkB-positive PC12 cells (Teng et al., 2005). In these cells, neurite outgrowth is triggered 

with higher efficacy by mBDNF than by proBDNF. In this thesis, we show analogous 

specificity effects of proBDNF and mBDNF on Trk phosphorylation in Xenopus laevis 

tadpoles (Chapter 3, Figure 1). Furthermore many of the phenomena in which proBDNF 

and the cleaved prodomain were implicated, such as LTD, apoptosis, spine and axon 

remodeling, have been attributed to p75NTR, or p75NTR and sortilin signaling (Teng et 

al., 2005; Woo et al., 2005; Schwartz et al., 2011; Je et al., 2013; Yang et al., 2014). 

Detailed review of the functions of proBDNF and mBDNF in the brain follows. 
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6.2.10. Functions of BDNF signaling in the adult and developing nervous system 

6.2.10.1. Synaptic plasticity 

There has been considerable interest in the role of BDNF in synaptic plasticity, 

specifically in the hippocampus as understanding the molecular mechanisms of LTP and 

LTD in this brain region can provide important insights about learning and memory. 

Secretion of BDNF has been observed with neuronal depolarization, and with LTP-

inducing electrical stimulation paradigms, e.g. high-frequency stimulation and theta-burst 

stimulation (Balkowiec and Katz, 2000; Gärtner and Staiger, 2002; Edelmann et al., 

2015). As described above, the presence of alternative polyadenylation sites of bdnf 

mRNA results in transcripts that are equivalent in their coding regions but vary in their 

UTRs, generating mRNAs with long and short 3’ UTRs. These alternative splice variants 

seem to be differentially trafficked to and released from the cellular compartments. The 

transcript containing the long 3’UTR has been reported to be enriched in dendrites, 

suggesting that BDNF protein could be synthesized locally on demand in this neuronal 

compartment (An et al., 2008; Lau et al., 2010). The presence of translation machinery in 

close proximity to dendritic spines supports a model where BDNF could be synthesized 

locally in response to a synapse-restricted activation of NMDAR or metabotropic 

glutamate receptors that lead to downstream activation of CaMKII or MAPK (Besse and 

Ephrussi, 2008; Park and Poo, 2013). Direct evidence for endogenous local dendritic 

BDNF synthesis in response to activity is yet to be obtained. The importance of BDNF in 

LTP has been clearly demonstrated (Figurov et al., 1996). Acute application of TrkB-Fc 

which sequesters the available endogenous BDNF impairs hippocampal LTP. Both 

homozygous and heterozygous bdnf knockout mice show reductions in hippocampal LTP 

which can be rescued by viral postsynaptic targeted overexpression or exogenous BDNF 

application (Korte et al., 1995, 1996; Patterson et al., 1996). Moreover, the effect of BDNF 

on LTP induction occurs through activation of TrkB and PLCγ and requires NMDAR 

activation and transient increase in postsynaptic Ca2+ (Kovalchuk et al., 2002; Minichiello 

et al., 2002). On the contrary, knockout mice lacking bdnf from only the postsynaptic CA1 

neurons display normal LTP (Zakharenko et al., 2003). These contradictory results may 
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be explained either by differences in the LTP- induction protocols or by developmental 

alterations in connectivity of the full knockout mice (Korte et al., 1996). Recently, 

compelling evidence demonstrated that postsynaptically released BDNF acts in an 

autocrine manner to activate TrkB within the same dendritic spine which results in an 

increase in the spine volume, a structural change associated with LTP (Harward et al., 

2016). The authors propose that this is not the sole source of BDNF that activates TrkB, 

but it is crucial for functional LTP induction. In the developing visual system of Xenopus 

laevis tadpoles, application of BDNF in the optic tectum potentiates the retinotectal 

synapse via TrkB-dependent increase in neurotransmitter release (Du and Poo, 2004). 

Furthermore, in these animals visual conditioning drives transcription and release of 

BDNF, which leads to facilitation of LTP, associated with increased visual acuity 

(Schwartz et al., 2011). 

Although detection of secreted proBDNF has proved to be a challenging task due 

to its rapid extracellular processing, development of genetic tools and antibodies with high 

specificity over the last decade have permitted experiments showing that indeed 

proBDNF can be secreted into the extracellular milieu. In a study by Yang and coworkers 

(2009), the authors describe a developmental profile of both forms of BDNF, where the 

peak of proBDNF expression falls around the second postnatal week in mice, a period of 

intensive synapse formation in the hippocampus (Yang et al., 2009; Hempstead, 2014, 

p.24). However, the exact explanation for how proBDNF evades intracellular cleavage is 

still unclear. One hypothesis is that dendrites are the main location of proBDNF secretion. 

This model is based on the finding that bdnf mRNA is targeted to dendrites and it is 

plausible that classic somatic protein processing is modified in this compartment (Barker, 

2009). Since neurons can release proBDNF in the extracellular matrix, it was reasonable 

to ask what the function of secreted proBDNF might be. A few studies have thoroughly 

described that proBDNF signaling through p75NTR enhances NMDAR-dependent LTD 

in the hippocampus (Rösch et al., 2005; Woo et al., 2005). Investigation of the behavioral 

relevance of proBDNF shows that the protein levels in the hippocampus seem to elevate 

with memory extinction and blockade of the extracellular cleavage of proBDNF facilitates 

extinction of fear-conditioned memories (Barnes and Thomas, 2008).  Furthermore, 

proBDNF signaling through p75NTR also facilitates a form of LTD in the retinotectal 
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projection of Xenopus laevis tadpoles (Schwartz et al., 2011). In the hippocampus, 

asynchronous activation of neighboring synapses leads to synaptic weakening in a 

proBDNF/p75NTR-dependent manner (Winnubst et al., 2015). Interestingly, the 

propeptide domain of cleaved proBDNF was shown be released in an activity-dependent 

fashion and to facilitate LTD in the hippocampus, adding another layer of complexity in 

the signaling of BDNF (Anastasia et al., 2013; Mizui et al., 2015; Guo et al., 2016). This 

function of the propeptide is dependent on p75NTR activation and application of the 

propeptide in hippocampal slices of bdnf knockout mice produces the same effect as in 

wild-type mice, indicating that the propeptide functions as a ligand independently of 

proBDNF. Finally, the same group showed that propeptide possessing in the common 

human polymorphism Val66Met fails to facilitate LTD. On the other hand, the same Met-

propeptide but not the regular Val propeptide is able to induce growth cone collapse in 

hippocampal cultures (Anastasia et al., 2013). 

LTD often correlates with alterations in spine morphology. Consequently, it is 

reasonable that application of proBDNF leads to reduction in the number of dendritic 

spines in the hippocampus (Koshimizu et al., 2009). ProBDNF knockin mice were created 

in which one bdnf allele was substituted with cleavage-resistant proBDNF. This genetic 

manipulation results in an increase in the levels of secreted proBNDF. Higher levels of 

secreted proBDNF facilitate LTD which is accompanied by a decrease in the number of 

spines along with a decrease in the complexity of the dendritic arbor (Yang et al., 2014; 

Zagrebelsky and Korte, 2014). The observed pruning of dendritic spines could be a result 

of activity-dependent local translation of bdnf mRNA in the dendrites and subsequent 

secretion of proBDNF (Orefice et al., 2016). Analogously, application of the BDNF 

propeptide leads to a decrease in spine density and an increase in the relative number of 

long and thin spines at the expense of stubby spines (Guo et al., 2016). The propeptide 

could arise from extracellular cleavage by the tissue plasminogen activator (tPA)/plasmin 

system or could be released already cleaved by furin or PC, packaged together with 

mBDNF in dense core vesicles (Dieni et al., 2012). These last findings pose the question 

whether the effects of proBDNF observed so far are actually effects of extracellularly 

cleaved propeptide or the propeptide and proBDNF function distinctly, making BDNF one 

protein with three potentially different roles. 
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6.2.10.2. Cell survival 

The role of neurotrophins in cell survival has been studied ever since the time when 

NGF was identified as a trophic factor (Cohen et al., 1954; Levi-Montalcini and Booker, 

1960; Levi-Montalcini, 1965). Decades after their discovery, the neurotrophic factors were 

shown to play a dual role in cell survival and apoptosis, likely due to the differential 

signaling pathways activated by Trk and p75NTR receptors (Ceni et al., 2014 p.194). 

During development, both in the PNS and the CNS, there is a period of overproduction of 

neurons which then are subjected to programmed cell death. In the PNS, numbers of 

pruned neurons reach 50% for some neuronal populations. Different target-derived 

peripheral neurotrophins ensure the survival of specific populations of dorsal root 

ganglion (DRG) neurons expressing the corresponding Trk receptor (Huang and 

Reichardt, 2001). Interestingly, BDNF was shown to play a more autocrine function in cell 

survival of nociceptors as its expression was highest within the DRG rather than in the 

skin (Valdés-Sánchez et al., 2010). In the sympathetic nervous system, sympathetic 

neurons release BDNF which is crucial for the survival of their presynaptic partners, the 

preganglionic neurons (Causing et al., 1997). In the retinae of Xenopus laevis tadpoles, 

exogenous application of BDNF promotes RGC cell survival and sequestering 

endogenous BDNF results in an increase in cell death (Cohen-Cory et al., 1996). These 

experiments together with in situ hybridization showing trkb and bdnf expression in the 

ganglion cell layer, suggest a role for BDNF in RGC survival. Numerous studies have 

investigated the role of BDNF signaling through TrkB in cell survival in the brain (Xu et 

al., 2000; Baquet et al., 2004). TrkB knockout mice have increased apoptosis in the 

hippocampus. However, it appears it is the establishment and maintenance of proper 

neuronal wiring in the striatum and certain cortical regions such as the visual cortex, 

where BDNF’s role is most crucial, rather than simply in ensuring neuronal survival 

(Gorski et al., 2003). Interestingly, BDNF signaling through TrkB may be essential for 

neuronal survival after injury. Sequestering BDNF after severing of the corticospinal 

projection leads to an increase in cortical neuronal apoptosis (Giehl et al., 1998). 

Furthermore, exogenous BDNF application leads to an increase in RGC survival after 

optic nerve crush in rats and cats (Di Polo et al., 1998; Chen and Weber, 2001). 
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On the other hand, a large body of literature indicates that p75NTR promotes 

naturally occurring or injury-induced apoptosis. p75NTR knockout mice display increased 

survival of sympathetic neurons, post-seizure hippocampal neurons and RGCs (Bamji et 

al., 1998; Frade and Barde, 1999; Roux et al., 1999). Both pro- and mBDNF signaling 

through p75NTR in superior cervical ganglionic neurons result in an increase in cell death 

through a mechanism involving p75NTR ICD domain cleavage (Kenchappa et al., 2006). 

In other systems, p75NTR enhances cell survival. In DRGs of p75NTR knockout mice 

there is a marked decrease in neuronal survival (Murray et al., 1999). As described above, 

p75NTR is a pro-survival receptor in the retina Xenopus laevis tadpoles (Hutson and 

Bothwell, 2001). One of the proposed mechanisms for p75NTR’s role in cell survival is 

through NF-κB, which in turn initiates transcription of pro-survival genes as mentioned in 

Section 6.2.9.4.2 (Khursigara et al., 1999). Another model explains the pro-survival 

effects of p75NTR through a synergistic interaction with TrkA or TrkB, leading to 

enhanced activation of PKB (Ceni et al., 2010). 

6.2.10.3. BDNF in circuit refinement during development 

The main focus of this section is to describe the crucial role of BDNF and its 

signaling in the process of synaptic maturation and structural remodeling in developing 

neural circuits. In the primary visual cortex in cats, injection of TrkB-IgG led to a local 

disruption of ocular dominance bands (Cabelli et al., 1997). Interestingly, transgenic mice 

overexpressing BDNF display faster maturation of inhibitory circuitry in the visual cortex 

accompanied by an increase in visual acuity (Huang et al., 1999b). This precocious 

maturation is due to an increased perisomatic targeting of inhibitory basket cells (Huang 

et al., 1999b; Di Cristo et al., 2004). BDNF application results in an increase in the 

proportion of filopodia-like spines in developing Purkinje cells co-cultured with granule 

cells, whereas application of TrkB-IgG to sequester endogenous BDNF leads to a 

reduction in this type of spines (Shimada et al., 1998). These studies were the first to 

suggest that BDNF and its signaling pathways could be among the mechanisms 

underlying activity-dependent neural circuit refinement.  
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Further studies in Xenopus laevis tadpoles explored in more detail the roles of 

BDNF in structural remodeling of pre- and postsynaptic partners in vivo. Bdnf and trkB 

are expressed throughout the ganglion cell layer of the retina and in subset of neurons in 

the inner nuclear layer of Xenopus laevis tadpoles, as well as in chick embryos (Cohen-

Cory et al., 1996; Garner et al., 1996). Exogenous application of BDNF in the optic tectum 

of tadpoles results in an increase in RGC axon branch additions and in total arbor length 

within 2 hours which persists for at least 24 hours (Cohen-Cory and Fraser, 1995). On 

the other hand, sequestering endogenous BDNF by application of anti-BDNF IgG leads 

to a reduction in branch additions and total arbor length both short- and long-term. Along 

with the changes in branch number and total arbor length, exogenous BDNF application 

induces an increase in synaptic density and in the number of presynaptic clusters of 

plausible presynaptic sites labeled by synaptobrevin-GFP (Alsina et al., 2001). 

Furthermore, sequestering BDNF with anti-BDNF IgG results in a fast reduction (within 2 

hours) of stable synaptobrevin-GFP clusters along with a reduction in stable axonal 

branches. Interestingly, exogenous application of BDNF is able to reverse the decrease 

in synaptobrevin-GFP clusters induced by NMDAR blockade (Hu et al., 2005). Those 

studies reveal a role for BDNF in axonal branch and synapse stabilization. On the other 

hand, the observed branch initiation effect could involve addition of new branches from 

an already stable synapse, which might be more resistant to being retracted (Cohen-

Cory, 1999; Ruthazer et al., 2006). 

Elegant experiments indicated that the optic tectum rather than the retina is the 

source of BDNF which affects axonal morphology and synapse formation. Exogenous 

BDNF application in the retina resulted in a decrease in RGC dendritic branches and total 

dendritic length, however, failed to induce any alterations in RGC axon morphology (Lom 

et al., 2002). Another insight on the cellular mechanism of BDNF action came from a 

study from the same group suggesting that BDNF may act directly on the RGC axons 

since injection of exogenous BDNF in the optic tectum leads to an increase in the density 

of PSD-95-GFP puncta only 24-48 h post-treatment. These data point to a direct 

presynaptic role of BDNF in synapse stabilization which in turn later manifests itself 

postsynaptically (Sanchez et al., 2006). Expression in RGCs of the truncated TrkB 

receptor, TrkB.T1, which as described above can bind to BDNF, but lacks the tyrosine 
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kinase domain, results in an increase in axonal branch additions and a decrease in stable 

axonal branches and mature synapses (Marshak et al., 2007). This study is the only one 

in Xenopus laevis tadpoles that attempts to attribute the observed functions of BDNF in 

circuit refinement to TrkB receptor. However, as mentioned above, TrkB.T1 can activate 

non-canonical downstream targets, such as Rho-GDI, which in turn inhibits RhoA. Thus, 

overexpression of the truncated receptor might have more complicated outcomes than 

simply acting as a dominant-negative. Furthermore, overexpression of TrkB.T1 would act 

as a “sponge” of the endogenous BDNF, and thus the observed alterations in axonal 

remodeling potentially cannot be fully attributed to TrkB rather than to p75NTR signaling. 

The finding that endogenous proBDNF could be released from neurons led to an 

increasing interest in its potential role in synaptic plasticity (Pang et al., 2004; Woo et al., 

2005; Yang et al., 2009). Very few studies have investigated the functions of proBDNF in 

structural remodeling during development, especially in vivo. In the developing 

hippocampus, depression of asynchronously active synapses was achieved via p75NTR 

activation by proBDNF, whereas mBDNF signaling through TrkB results in stabilization of 

synapses highly co-active with their neighbors (Winnubst et al., 2015; Niculescu et al., 

2018). Furthermore, differential roles in spine formation and spine maturation along with 

spine pruning have been attributed to mBDNF and proBDNF, respectively (Orefice et al., 

2013). As mentioned above, long 3’ UTR bdnf mRNA which is more likely to be trafficked 

to dendrites seems to lead to translation of proBDNF which is able to escape intracellular 

cleavage (An et al., 2008; Orefice et al., 2016). The dendritic secretion of proBDNF is 

dependent on neuronal depolarization. The authors of this study propose that upon 

release, proBDNF is converted to mBDNF, which signals through TrkB to promote spine 

head enlargement. On the other hand, proBDNF which does not get converted 

extracellularly binds to p75NTR on silent synapses and induces pruning of dendritic 

spines through activation of RhoA (Orefice et al., 2016). Analogously, proBDNF promotes 

growth cone collapse via Rho-activated kinase in DRG axons (Sun et al., 2012). Although, 

those experiments should be interpreted with caution because they were done in cell 

culture and relied on overexpression of fluorescently-tagged proteins which might alter 

their physiological trafficking, similar effects of proBDNF have been shown in knockin 

mice supporting the robustness of the findings. In these mice one of the bdnf alleles was 
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replaced with an allele encoding a mutation in cleavage site of proBDNF (Yang et al., 

2014). Those animals displayed a reduction in spine density and dendritic complexity both 

in hippocampal and cortical neurons. Accordingly, an increase in dendritic complexity was 

described in p75NTR knockout mice (Zagrebelsky et al., 2005). In the PNS, proBDNF 

signaling through p75NTR and sortilin likely has similar functions. In Xenopus laevis 

motor neuron/myocyte co-cultures, proBDNF released postsynaptically leads to a 

retraction of non-stimulated axons via p75NTR, whereas stimulation leads to a MMP-

dependent proBDNF cleavage (Je et al., 2012). Activation of TrkB through the mBDNF 

produced after MMP cleavage results in stabilization of the active “winner” motor neuron 

axon. Similar experiments were performed in the developing neuromusclular junction 

(NMJ) in mice, in which the model described above was validated, with the addition that 

for motor neuron retraction proBDNF requires the cooperative action of p75NTR and 

sortilin (Je et al., 2013).  
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7. Chapter 2: Methodology 

7.1. Animals 

The experiments described in this thesis were approved by the Animal Care 

Committee at the Montreal Neurological Institute and are in accordance with the 

guidelines of the Canadian Council on Animal Care. Animals of both sexes were used for 

the experiments, as at the stages of interest the two sexes could not be discriminated. 

Albino Xenopus laevis tadpoles were generated by induced mating of a sexually mature 

female frog, injected with pregnant mare serum gonadotropin (50 IU) 3 days before 

mating and with 400 IU human chorionic gonadotropin (HCG) immediately before mating, 

and a sexually mature male frog injected with 150 IU HCG up to 8 hours before mating. 

The produced fertilized eggs were reared in 0.1X modified Barth’s saline with HEPES 

(MBSH).    

7.2. Morpholinos 

 Xenopus p75NTR morpholino sequence: 5′-CCA TGC TGA TCC TAG AAA GCT 

GAT G-3′ (Je et al., 2012), referred to as p75-MO and Xenopus TrkB morpholino 

sequence: 5′-CCA CTG GAT CCC CCC TAG AAT GGA G-3′ (Du and Poo, 2004; Je et 

al., 2012), referred to as TrkB-MO, and standard control: 5'-CCT CTT ACC TCA GTT 

ACA ATT TAT A 3' (Gene Tools, LLC), referred to as Ctrl-MO, were generated as 

described previously and were tagged with lissamine on the 3’-end (Gene Tools, LLC). 

7.3. Morpholino injections in 2-blastomere stage embryos 

Each blastomere in albino Xenopus laevis 2-cell stage embryos was microinjected 

with 18 ng/injection TrkB-MO or Ctrl-MO using an automatic pressure microinjector 

(Harvard Apparatus) with micropipettes pulled from glass (6.66 μL, Drummond Scientific), 

using a Flaming Brown Micropipette Puller (P-97, Sutter Instruments CO.). The tadpoles 

were screened for lissamine fluorescence at stage 46 (Nieuwkoop and Faber, 1994). 
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7.4. Labelling of single or few contralaterally projecting RGC axons 

Albino Xenopus laevis tadpoles (stages 40-42) were anaesthetized by immersion 

in 0.02% MS-222 (Sigma) diluted in 0.1X MBSH. The developmental stages were 

determined using the standard criteria of Nieuwkoop and Faber (1994). DNA plasmids or 

DNA and oligonucleotides were pressure-injected into the eye using micropipettes pulled 

from borosilicate glass with filament (outer diameter 1.0 mm, inner diameter 0.78 mm; 

Sutter Instruments) on PC-10 puller (Narishige, Japan) and attached to a custom-built 

manual pressure injection system. Upon pressure injection of plasmid/morpholino 

solutions into the eye, current was delivered across two custom-made platinum plates 

placed in parallel: one on the side of the eye and the other on top of the lens. A Grass 9 

constant voltage stimulator with a 3 μF capacitor placed in parallel was used to deliver 2 

pulses in each direction (1.6 ms duration, 36 V). After electroporation, the animals were 

placed in a 20ºC biological oxygen demand incubator in a 12h light/12h dark cycle. For 

short-term dynamic or long-term daily imaging of contralaterally projecting RGC axons, 

RGCs were co-electroporated with synthetic morpholino oligonucleotides (MO) and 

plasmid encoding EGFP (4.5 μg/μL : 1.5 μg/μL). 

7.5. Labelling of single or few ipsilaterally projecting RGC axons 

To label ipsilaterally projecting RGC axons the protocol for contralaterally 

projecting axons was modified only in the duration of current pulses delivered (2 pulses 

in both polarities, 2.5 - 3 ms, 36V). To express EGFP in ipsilaterally projecting RGC 

axons, 2 μg/μL plasmid was pressure-injected. Solution containing 3 μg/μL : 4 μg/μL MO 

and EGFP was injected into the eye in order to achieve efficient co-delivery. 

7.6. Daily and dynamic imaging of morpholino-loaded/EGFP expressing 

RGC axons 

Stage 39-41 animals were co-electroporated with MO and EGFP and were given 

3 days for sufficient knockdown of the target protein and proper axonal labeling with the 

https://paperpile.com/c/zWCYg7/SsLcg
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fluorescent protein. For daily imaging, animals at st. 45-46 containing a single co-labeled 

RGC axon were selected and imaged over the next 4 days. After anaesthetizing the 

tadpoles by immersion in 0.02% MS-222 (Sigma) in 0.1x MBSH, they were positioned in 

custom-made polydimethylsiloxane (PDMS) imaging chambers. For dynamic imaging, 

pre-screened tadpoles at st. 46 were immobilized by immersion in 2 mM pancuronium 

dibromide (Tocris) and positioned in a custom-made PDMS imaging chambers. The 

animals were habituated in darkness for 30 min. Optical section z-series at 1 μm steps of 

the axons of interest were acquired using an Olympus FV300 confocal microscope 

converted for multiphoton use, equipped with 60x LUMPlanFL N 1.0NA water immersion 

objective. For optimal excitation of the axon-filling EGFP, imaging was carried out at 910 

nm. For dynamic imaging, z-series were acquired every 10 min for 1 h, and for daily 

imaging -- once every day for 4 days. To confirm the presence of lissamine-tagged MO 

in the axons of interest and assure minimal cross-talk between the two channels (green: 

500-550 nm and red: 593-668 nm) 3D fluorescence stacks were also acquired at 840 nm 

where the EGFP excitation is minimal and the lissamine excitation peaks. 

7.7. Dynamic imaging of ipsilaterally projecting RGC axons combined with 

visual stimulation 

Stage 39-41 animals were electroporated either with EGFP or were co-

electroporated with MO and EGFP. Animals were given at least 4 days to assure labeling 

and proper knockdown in ipsilaterally projecting RGC axons and imaging was performed 

in stage 47-48 tadpoles. The animals were immobilized by intraperitoneal injection of 2.5 

mM tubocurarine hydrochloride pentahydrate (Sigma). In the experiments including acute 

pharmacological blockade, 50 μg/mL TrkB-Fc (Recombinant Human Chimera, 688-TK, 

R&D Systems) was injected intracerebroventricularly (ICV). The animals were then 

placed in a custom-built imaging chamber (described below), fixed in place with a small 

drop of 1.8% UltraPureTM Low Melting Point Agarose (Invitrogen, 16520) and placed 

under the two-photon microscope where they habituated in darkness for 30 min. Optical 

section z-series at 1 μm steps of the EGFP labeled ipsilaterally projecting axons were 

acquired every 10 min for 1 hour in darkness followed by 1.5 h of asynchronous 
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stimulation: 10 ms flashes, alternating between the two eyes at a duty cycle of 0.5 Hz for 

each eye (as shown in Chapter 4, Figure 1), followed by 1.5 h of synchronous stimulation: 

simultaneous 10 ms flashes light in the two eyes presented at 0.5 Hz. For some 

experiments involving knockdown of proteins of interest, optical section z-series of EGFP 

and lissamine co-labeled RGC axons were acquired for 1 h in darkness, 2 h in 

asynchronous and 2 h in synchronous stimulation. Imaging was performed at 910 nm 

allowing optimal excitation of EGFP using a ThorLabs multiphoton microscope equipped 

with XLUMPlanFL N 1.0 NA 20x WI objective (Olympus), two channels with gallium 

arsenide phosphide photo-multiplier tubes (GaAsP PMTs) filtered to detect green and red 

emission (525/50 and 630/92) and ThorImage software. During the whole imaging 

session, the tadpoles were perfused with O2-bubbled 0.1x MBSH. Light flashes were 

delivered separately to each eye using an FG365LEC-Custom optic fiber (ThorLabs) 

placed in a channel leading to each eye. To generate light flashes Red Rebel 

102lm@700mA LEDs (Luxeon Star, Ltd) controlled by STG4002 and MC Stimulus-II 

software (Multichannel Systems) were used. For some experiments including co-

electroporation of EGFP and MO, additional optical section z-series were collected at the 

end of each imaging session at 840 nm to ensure minimal excitation of EGFP and 

maximal excitation of lissamine leading to minimal spectral mixing and confirmation that 

the EGFP labeled RGC axons had the proteins of interest knocked down. 

7.8. Design of custom-built imaging/stimulation PDMS chamber 

To ensure a higher survival rate and reliable positioning of the tadpoles during 

imaging of ipsilaterally projecting RGC axons, we modified a previously described setup 

(Munz et al., 2014) by designing a new PDMS imaging/stimulation chamber allowing for 

both perfusion and stimulation of each eye of the animal using fiber optics. Initial AutoCad 

files of similar chamber moulds were generously provided by Dr. Kelly Sakaki (Kurt Haas 

laboratory, UBC) and modified to satisfy our specific needs. Using SolidWorks 2015 

(Dassasault Systems) a three-dimensional mould was designed and printed using 

MakerBot software and MakerBot Replicator Desktop 3D printer (MakerBot), where a 

perfusion, spill-over compartment and channels for each fiber optic were included (Figure 

https://paperpile.com/c/zWCYg7/ekPZ
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1 in this chapter). The mould was then used to pour a PDMS (SYLGARD® 184, Dow 

Corning) imaging chamber used for imaging/stimulation. Careful pouring of the PDMS 

mixture was required in order to avoid air bubbles in the chamber and the PDMS was left 

to solidify for at least 3 days. 

 

 

Figure 1: Experimental setup with custom-made imaging chamber 

(A) Mould design for the imaging chamber, 3D view taken from SolidWorks. (B) Imaging 

setup, including perfusing with 0.1x MBSH. (C) Top view of the imaging chamber and 

the position of the optic fibers. (D) Zoom-in of the tadpole head with a fiber optic 

positioned in close proximity to each eye 

 

7.9. Image Analysis 

All multiphoton z-series were denoised using CANDLE software implemented in 

MATLAB (MathWorks) which relies on non-local means filtering methods (Coupé et al., 

2012). Denoised 3D stacks were then used to reconstruct axonal arbors using “Autopath” 

and “Autodepth” features in Imaris 6.4.2 (Bitplane) for daily imaging experiments and by 

manual tracing in Dynamo software (Munz et al., 2014), implemented in MATLAB 

(MathWorks), generously provided by Drs. Kaspar Podgorski and Kurt Haas (UBC). For 

morphometric analysis of daily imaged RGC axonal terminal branch points, total arbor 

lengths and individual segment lengths were extracted from Imaris 6.4.2. Number of 
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axonal branches = number of terminal branch points - 1, since the software counts the 

initial point of the trace as terminal branch point. Segment length is defined by the 

software as the length between two branch points or between a branch point and a branch 

tip point. Length is measured in μm. The axonal reconstructions were performed blind to 

the experimental design. From the dynamic imaging experiments both of contralaterally 

and ipsilaterally projecting RGC axons branch additions and eliminations between two 

consecutive z-series (10 min) were extracted and further normalizations were performed 

as described in the Results sections for each individual case. A branch is counted towards 

any further analysis only if it attained a length of 1.5 μm at some point during the imaging 

session. Elongation is defined as the sum of the positive change of length (growth) 

between two consecutive timepoints where any change <2 μm for 10 min was excluded 

from further analysis. Retraction is defined as the absolute value of the negative change 

in length between two consecutive timepoints, where any change <2 μm for 10 min was 

excluded from further analysis. Elongations and retractions were then normalized as 

described in the Results sections for each individual case. 

7.10. Western Blotting 

Stage 46 Xenopus laevis were injected with either 200 ng/μL proBDNF (B-240, 

Alomone Labs), 200 ng/μL cleavage resistant proBDNF (B-243, Alomone Labs) or 100 

ng/μL mature BDNF (B-250, Alomone Labs) using the same setup described for 

electroporation-related DNA injections. Brains of st. 46 animals were extracted in NP-40 

extraction buffer (10 mM HEPES/NaOH pH 7.4, 150 mM NaCl, 2 mM EDTA pH 8.0, 

0.05% NP40) with Halt™ protease/phosphatase inhibitor cocktail (ThermoScientific, 

P178442). Each brain was extracted in 10 μL buffer and at least brains from 8 animals 

were pooled together. Brain extracts were then homogenized using 10 s continuous 10% 

Amplitude on a Branson 250 Sonifier (Branson Ultrasonics™) equipped with microtip. The 

extracts were then centrifuged at 13,000 rpm at 4oC for 10 min using a Biofuge 13 

centrifuge (Heraeus Instruments). Laemmli sample buffer (50 mM Tris/HCl pH 6.8, 10% 

Glycerol, 2% SDS, 0.025% Bromphenol Blue, 100 mM DTT) was added to the 

supernatant and the protein sample was then boiled at 100oC for 5 min for reduction and 
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linearization of the protein structure. 8% SDS-PAGE was run, and protein was transferred 

to PVDF membranes (Immobilon-P, 0.45 μm, Millipore) using wet transfer in transfer 

buffer (48 mM Tris base, 39 mM glycine, 0.037% SDS, 20% methanol) for 80 min, 400 

mA. Gels were preincubated in transfer buffer for 12 min prior to transfer. Molecular 

markers of known size (Precision Plus Protein™ Dual Color Standard, Bio-Rad) were run 

in parallel with the proteins of interest. Blots were probed with 1:5,000 rabbit anti-p-Trk 

(Cell Signalling, 9141, AB_2298805) and, 1:10,000 peroxidase AffiniPure Goat Anti-

Rabbit IgG (H+L; Jackson Immuno Research Laboratories, inc.) was used for 

visualization. Blots were blocked using 5% BSA (Fraction V, Fisher Scientific) in TBS-T 

(20 mM Tris/HCl pH 7.6, 135 mM NaCl, 0.05% Tween) for p-Trk, and with 5% fat-free 

milk in TBS-T for β-tubulin. To ensure equal loading the blots were probed with 1:20,000 

anti-rabbit β-tubulin (sc-9104, Santa Cruz Biotechnology, AB_2241191) and 1:20,000 

peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L; Jackson Immuno Research 

Laboratories, inc.). Immobilon™ Western Chemiluminescent HRP Substrate (Millipore) 

was used to visualize the protein bands on the blots, diluted 1:1 in double distilled water.  

HyBlot Autoradiography films (Denville Scientific, Inc.) were used to collect images of the 

protein bands. 

7.11. Statistics 

Statistical analysis was performed using GraphPad Prism 7 and the specifics about 

the tests used for each experiment are described for each figure in Chapter 3 and Chapter 

4.  

http://antibodyregistry.org/AB_2298805
http://antibodyregistry.org/AB_2241191
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8. Chapter 3: The low-affinity neurotrophin receptor 

p75NTR, but not TrkB, in RGCs participates in baseline 

axonal branch dynamics and long-term axonal 

exploration in the developing visual system 

8.1. Overview and rationale 

As reviewed in Section 6.2.10, BDNF has been identified as a pivotal player in 

structural and functional neural circuit development. However, most of these studies have 

either relied on exogenous application of high concentrations of BDNF, which may not be 

physiologically relevant or used overexpression of fluorescently-tagged BDNF. Studies 

utilizing sequestering of endogenous BDNF are difficult to perform in vivo and have been 

mostly performed in cell culture. Notably, as introduced in Sections 6.2.10.1 and 6.2.10.3, 

BDNF can activate both TrkB and p75NTR and could thereby exert opposing effects both 

on axonal and dendritic morphology, along with synaptic plasticity. Je and colleagues 

described the outcome of loss-of-function manipulations of either TrkB or p75NTR in 

parallel, both in co-cultures and in the developing NMJ (Je et al., 2012, 2013). In the CNS, 

Orefice and colleagues described opposing roles for proBDNF and mBDNF, acting 

through p75NTR and TrkB respectively (Orefice et al., 2016). However, these 

experiments were performed in hippocampal cultures. Although the significance of 

endogenous BDNF signaling has been examined in detail in Xenopus laevis tadpoles 

(reviewed in Section 6.2.10.3), including dynamic in vivo observation of circuit refinement 

through structural remodeling of RGC axons or tectal neurons, none of those studies 

provided a comparison between the roles of TrkB and p75NTR in this process (Cohen-

Cory and Fraser, 1995; Lom and Cohen-Cory, 1999; Alsina et al., 2001; Hu et al., 2005; 

Sanchez et al., 2006).  

Here, we have used Xenopus laevis tadpoles to study in detail whether TrkB and 

p75NTR exert differential roles in circuit refinement in the developing visual system, 

https://paperpile.com/c/zWCYg7/Tws6+FKQlo
https://paperpile.com/c/zWCYg7/Y3vJF
https://paperpile.com/c/zWCYg7/T5T7+3F976+LVQDY+vhpz+MG1bR
https://paperpile.com/c/zWCYg7/T5T7+3F976+LVQDY+vhpz+MG1bR
https://paperpile.com/c/zWCYg7/T5T7+3F976+LVQDY+vhpz+MG1bR
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specifically focusing on the retinotectal projection. As described in Section 6.1, 

amphibians provide important advantages that allow the investigation of living neural 

circuit remodeling: their transparent skin and skull provide a “window” into the brain 

allowing for in vivo imaging of both axons and dendrites, these animals also develop 

externally allowing for easy genetic and pharmacological manipulations, and also for 

manipulations of their sensory experience as the sensory systems develop.   

Both trkb and p75ntr mRNA are expressed in the retina of Xenopus laevis 

tadpoles. Expression of trkb is mostly restricted to the ganglion cell layer with sparse 

expression present in the inner nuclear layer in a small subset of amacrine and/or bipolar 

cells (Cohen-Cory et al., 1996). RNA sequencing experiments detected trkB expression 

starting from stage 20 and peaking at stage 30 (Xenopus ntrk2; Session et al., 2016). 

Western blot analysis of extracts showed that TrkB protein is expressed in both the retina, 

including RGC and the optic tectum at stages 40-47 (Cohen-Cory et al., 1996). As 

described in Section 6.2.9.2.2.1, p75ntr mRNA is expressed throughout the retina and 

detectable levels by in situ hybridization were observed from st. 14 onwards (Hutson and 

Bothwell, 2001). The result of these experiments, taken together with cell biology studies 

indicating that both TrkB and p75NTR can be transported anterogradely in the axons 

suggest that it is reasonable to assume that not only are TrkB (Huang et al., 2011; Vaegter 

et al., 2011) and p75NTR (Johnson et al., 1987) expressed on the somato-dendritic 

compartments of RGCs, but are very likely also to be present along the axons. 

As mentioned above, no study to date has addressed whether BDNF signaling 

through TrkB and p75NTR expressed in the presynaptic RGC have differential functions 

in dynamic structural remodeling during circuit refinement in vivo. 

  

https://paperpile.com/c/zWCYg7/QGMm
https://paperpile.com/c/zWCYg7/xbCes+yeev2
http://paperpile.com/b/zWCYg7/yeev2
https://paperpile.com/c/zWCYg7/xbCes+yeev2
https://paperpile.com/c/zWCYg7/QGMm
https://paperpile.com/c/zWCYg7/ql7C4
https://paperpile.com/c/zWCYg7/ql7C4
https://paperpile.com/c/zWCYg7/zWZlA+8Eoza
https://paperpile.com/c/zWCYg7/zWZlA+8Eoza
https://paperpile.com/c/zWCYg7/eXAW3
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8.2. Results 

8.2.1. RGC p75NTR but not TrkB facilitates axonal branch dynamics 

We set out to determine whether signaling through TrkB and p75NTR expressed 

in RGCs have differential roles in regulating axonal branch dynamics under baseline 

conditions without stimulation. Both of the morpholino sequences which we utilized have 

been previously published (Du and Poo, 2004; Je et al., 2012). To validate that TrkB-MO 

knocks down TrkB, we microinjected lissamine-tagged TrkB-MO or Ctrl-MO into 

blastomeres in 2-cell stage embryos and reared them in normal light/dark cycle until they 

reached stage 46 (Figure 1C). We then injected mature BDNF intracerebroventricularly 

and allowed 1 h for sufficient diffusion of the protein in the brain. After brain dissection, 

we ran the brain extracts on SDS-PAGE and transferred the separated proteins on a 

membrane which we probed with an antibody for phosphorylated Trk (p-Trk), which 

recognizes autophosphorylation of both TrkA and TrkB. However, BDNF should not 

activate TrkA, thus the increase in the intensity of the bands we detect is likely due to 

TrkB activation. We observed a decrease in the intensity of TrkB-MO band compared to 

the Ctrl-MO band, which was independent on the sample loading as the β-tubulin bands 

displayed similar intensities (Figure 1D). Since the antibody against p-Trk has been 

shown to exhibit specificity to rat, mouse and human proteins, we ensured that we can 

detect a reasonable pattern of activation of TrkB in Xenopus laevis by injecting proBDNF, 

cleavage resistant-proBDNF (cr-proBDNF) and mBDNF (Figure 1A). Injection of mature 

BDNF led to the highest levels of p-Trk. Cr-proBDNF, even at double the concentration 

of mBDNF, did not induce an increase in p-Trk over control levels. Cleavable proBDNF 

injection induced an increase in p-Trk levels compared to Ctrl and cr-proBDNF, but the 

intensity of the band was markedly lower than that of the bands induced by mature BDNF 

(Figure 1B).  

https://paperpile.com/c/zWCYg7/c6c8+Tws6
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Figure 1. Morpholino validation 

A. Schematic of the experimental procedure to assess specificity of p-Trk antibody in 

Xenopus laevis: proBDNF (200 ng/μL), cleavage resistant proBDNF (cr-proBDNF, 200 

ng/μL) or mature BDNF (100 ng/μL) were injected ICV. One hour after injection, brain 

extracts were obtained after brain dissection. B. Western blot probed for p-Trk and β-

tubulin as a loading control, of brain extracts from animals injected with proBDNF, cr-

proBDNF and mature BDNF. C. Experimental procedure to validate TrkB-MO: injection 

of either Ctrl-MO or TrkB-MO in both cells in 2-cell stage embryos. The morpholino-

injected animals reared to stage 46 and screened for lissamine fluorescence are 

injected with mature BDNF (100 ng/μL) and their brains are extracted 1 h post injection 

and homogenized to yield a brain extract. D. Western blot of brain extracts from animals 

injected with Ctrl-MO or TrkB-MO at 2-cell stage and treated with mature BDNF by ICV 

injection at stage 46, probed for p-Trk and β-tubulin as a loading control. 
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We co-electroporated lissamine-tagged morpholinos with EGFP in the retinae of 

albino Xenopus laevis tadpoles to achieve knockdown of TrkB or p75NTR in the RGCs. 

We reared the animals for three days after electroporation, allowing for a sufficient block 

of new translation and for the turnover of TrkB or p75NTR, synthesized prior to 

electroporation (Figure 2A). We then screened for tadpoles expressing EGFP in a single 

or couple of RGC axons and made sure these axons were co-labeled with lissamine, 

ensuring that the morpholino was present in the axons of interest (Figure 2B). We next 

performed short-interval in vivo multiphoton imaging of the RGC axon (Figure 2A-right) 

while the tadpole remained immobilized under the microscope objective in darkness -- 

the infrared light used to excite the fluorophore is not in the animals’ visible range. We 

subsequently carried out 4-dimensional axonal tracing and performed dynamic 

morphometric analysis to assess axonal branch growth and dynamics at 10 min intervals 

over 1 h (Figure 2B). We observed significantly lower rates of branch additions (Figure 

2C) and eliminations (Figure 2E) in p75NTR knockdown RGC axons (p75-MO) compared 

to TrkB knockdown RGC axons (TrkB-MO) or control axons (Ctrl-MO). Furthermore, we 

found evidence for a decrease in elongations (Figure 2D) and retractions (Figure 2F) in 

p75-MO axons compared to Ctrl-MO axons. These results show that p75NTR but not 

TrkB can promote basal axonal branch dynamics and growth, even in the absence of 

visual stimulation, and indicate that p75NTR signaling may play a crucial role in the 

process of dynamic RGC axon exploration that helps contact and select appropriate 

postsynaptic partners during development.  
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Figure 2. p75NTR but not TrkB in RGCs helps promote basal axon branch 

dynamics and growth 

A. Schematic of experimental procedure. Stage 39-41 tadpoles were co-electroporated 

in the eye with lissamine-tagged morpholino and EGFP to load RGCs. Multiphoton 

imaging of a single RGC axon co-labeled with lissamine and EGFP is performed 3 days 

post electroporation at stage 47. Images of the axons were obtained every 10 min for 

an hour. Merged maximum intensity projections of the red and the green channels 

acquired at 840 nm for Ctrl-MO (B-left), TrkB-MO (B-middle) and p75-MO (B-right) 

cases are shown. Next to each example image, a drawing of the axon depicting branch 

additions (cyan) and branch eliminations (pink) over 10 min is shown. (The traces show 

branch dynamics between timepoints 30 min and 40 min). Branch additions (C) and 

branch eliminations (E) per 10 min shown as percent of the number of axonal branches 

at the initial timepoint. The whole timecourse is shown on the left and the average 

normalized rates over the whole imaging session are shown on the right. Elongation 

(D) and retraction (F) represent the sum of positive or the absolute value of the negative 

change in length per 10 min, normalized to the total arbor length at the initial timepoint. 

Two-way mixed design ANOVA with time as within-subject and morpholino treatment 

as between-subject factor yielded significant main effect for MO-expression with 

F(2,27)=6.874 for branch additions (C), F(2,27)=7.043 for branch eliminations (E), 

F(2,27)=3.089 for elongation (D) and F(2,27)=2.705 for retraction (F). p-values for the 

ANOVAs are shown on the graphs. Tukey’s post-hoc test was performed to find 

differences between morpholinos. The p-values are denoted as asterisks on the graph 

depicting the average additions (C-left), average eliminations (E-left), average 

elongation (D-left) and average retraction (F-left). Ctrl-MO (n=14), TrkB-MO (n=7), p75-

MO (n=9). * p≤0.05, ** p≤0.01. Data in C-left, D-left, E-left, F-left are represented as 

mean+s.e.m and in C-right, D-right, E-right, F-right as mean±s.e.m  

Scale bars: 20 μm 
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8.2.2. p75NTR but not TrkB in RGCs is necessary for normal RGC axon arbor 

elaboration over days 

 We further explored how the aforementioned changes in axonal branch dynamics 

may have led to long-lasting alterations of RGC axon elaboration. We again performed 

retinal co-electroporation of lissamine-tagged morpholino (TrkB, p75NTR or control) and 

EGFP and selected animals, in which a single or couple of axons were co-labeled with 

lissamine and EGFP at three days post electroporation. We then performed daily in vivo 

multiphoton imaging of RGC arbors in these tadpoles for a 4-day period (Figure 3A-B, 

Figure 4A-B). After reconstructing and measuring the axons we observed a significant 

interaction between p75NTR knockdown (p75-MO) and control (Ctrl-MO) RGCs for 

branch density (Figure 3E). As they grow, control axons showed a significant decrease in 

branch density by Day 4 compared to Day 1. In contrast, p75-MO RGC axons failed to 

decrease in branch density over the 4-day imaging period. We did not detect significant 

differences in total branch number (Figure 3C) or in total length (Figure 3D) between Ctrl-

MO and p75-MO axons, though a trend toward smaller arbors was evident in RGCs 

knocked-down for p75NTR. To help explain the differences in branch density, we 

examined the distributions of axonal segment lengths over the 4-day imaging period. 

Axonal segment lengths were extracted from the reconstructions. These were defined as 

the lengths between any two branch points or between a branch point and a branch tip. 

(Figure 3F). The axonal segment lengths were binned into 4 bins: 0-5, 5-10, 10-20, >20 

μm. We found significant differences between Ctrl-MO and p75-MO axons, particularly 

for the 0-5 μm and 5-10 μm bins (Figure 3G-H). Specifically, in control axons the 

distribution of branch segments seems to shift over time from the shorter to longer 

lengths, while in p75-MO cells, not only do the shortest length segments fail to reduce in 

number, but there is even a decrease in the number of longer 5-10 μm length segments, 

suggesting that short segments that normally would have either been pruned or grown 

into longer segments are instead retained.  
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Figure 3. RGC p75NTR is necessary for axonal branch elaboration over days 

Example average intensity projections of images from RGC axons co-labeled with 

EGFP and lissamine from either Ctrl-MO (A) or p75-MO (B) over 4 days. To 

demonstrate the growth of single axon over 4 days, only the green channel image 

acquired at 910 nm is projected and the fluorescence is shown in greyscale. A merged 

average intensity projection of both the green and red channel acquired at 840 nm (A-

B-right) shows the axon of interest surrounded by neighboring axons also filled with 

lissamine-tagged morpholino. Morphometric quantification of RGC axonal arbors: 

branch number (C), axonal length (D), branch density (E). Branch density is defined as 

the number of branches over 100 μm of axonal length. Schematic of axonal segments 

depicted in pink (F). Axonal segment is defined as a segment between two branch 

points or between a branch point and a branch tip point. Analysis of the axonal segment 

length distribution over 4 days of axons filled with Ctrl-MO (G) and p75-MO (H). The 

axonal segment length was binned into 4 lengths 0-5 μm, 5-10 μm, 10-20 μm, >20 μm. 

Two-way mixed design ANOVA with time as within-subject and morpholino treatment 

as between-subject factor yielded a significant interaction, F(3,51)=3.165 for branch 

density (E), p-value for the ANOVA is shown on the graph. Dunnett’s post-hoc test was 

performed to find differences between the branch density over days within each 

morpholino treated group. Significant differences between Day 1 and Day 4 within the 

Ctrl-MO group are denoted as symbols on the graph (E). The analysis failed to yield 

significant differences within the p75-MO group. A two-way mixed design ANOVA for 

each bin was performed for axonal segment length and yielded a significant interaction, 

F(3,51)=4.154 for bin1 (0-5 μm) and F(3,51)=5.073 for bin2 (5-10 μm). To correct for 

the four ANOVA performed on related data, the p-values were calculated using 

Bonferroni’s correction: p=0.0416 for bin1 and p=0.0152. Sidak’s post-hoc test was 

used to compare differences between days within Ctrl-MO and p75-MO (significant p-

values depicted as asterisks in G: for bin1 between Day1 and Day4; Day2 and Day4; 

for bin2 between Day2 and Day4 and H: for bin2 between Day2 and Day4,  

respectively). Ctrl-MO (n=8), p75-MO (n=11). Data are represented as mean±s.e.m. 

(C-E) and mean+s.e.m (G-H).  * p≤0.05, ** p≤0.01. Scale bar: 20 μm, applies to all 

images. 

 

A similar analysis was performed to examine whether there were any long-term 

differences between TrkB knockdown (TrkB-MO) and control (Ctrl-MO) axons (Figure 4). 

Consistent with the absence of effects of RGC TrkB knock down on axon branch 

dynamics, we were unable to identify any significant differences in branch number, branch 
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length or branch density between TrkB-MO and Ctrl-MO cells (Figure 4C-E). Furthermore, 

we did not observe significant interactions for the axonal segment analysis. The two-way 

ANOVA did indicate a significant time effect for the 0-5 μm bin and the 10-20 μm bin, 

which, in the absence of a significant interaction, suggests that the two conditions (Ctrl-

MO and TrkB-MO) changed in parallel over time. Thus, taken together, our data suggest 

that p75NTR, but not TrkB, signaling in RGC axons is essential for normal exploratory 

branch growth in the developing retinotectal projection. 
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Figure 4. RGC TrkB is dispensable for RGC axonal branch elaboration over days 

Example average intensity projections of images from RGC axons co-labeled with 

EGFP and lissamine from either Ctrl-MO (A) or TrkB-MO (B) over 4 days. To 

demonstrate the growth of single axon over 4 days, only the green channel image 

acquired at 910 nm is projected and the fluorescence in shown in greyscale. A merged 

average intensity projection of both the green and red channel acquired at 840 nm (A-

B-right) shows the axon of interest surrounded by neighboring axons also filled with 

lissamine-tagged morpholino. Morphometric quantification of RGC axonal arbors: 

branch number (C), axonal length (D), branch density (E). Branch density is defined as 

the number of branches over 100 μm of axonal length. Two-way mixed design ANOVA 

with time as within-subject and morpholino treatment as between-subject factor did not 

yield a significant interaction. Axonal segment is defined as a segment between two 

branch points or between a branch point and a branch tip point. Analysis of the axonal 

segment length distribution over 4 days of axons filled with Ctrl-MO (F) and TrkB-MO 

(G). The axonal segment length was binned into 4 lengths 0-5 μm, 5-10 μm, 10-20 μm, 

>20 μm. A two-way mixed design ANOVA for each bin was performed and yielded a 

significant main effect for time, F(3,51)=13.94 for bin1 (0-5 μm) and F(3,51)=4.442 for 

bin3 (10-20 μm). To correct for the four ANOVA performed on related data, the p-values 

were calculated using Bonferroni’s correction: p<0.0004 for bin1 (0-5 μm) and p=0.03 

for bin3 (10-20 μm). Ctrl-MO (n=7), TrkB-MO (n=12). Data are represented as 

mean±s.e.m. (C-E) and mean+s.e.m (F-G). Scale bars:20 μm. The scale bars on the 

example images of Day 4 (greyscale) apply to the corresponding merged images. 
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9. Chapter 4: Roles of BDNF signaling, presynaptic 

p75NTR signaling and presynaptic TrkB signaling in 

neural activity correlation-dependent axonal branch 

dynamics 

9.1. Overview, rationale and experimental approach 

As described in Sections 6.2.3-6.2.4, BDNF can be released both through the 

constitutive and the regulated secretory pathways. In particular, BDNF is secreted in an 

activity-dependent manner. Some reports propose that BDNF could be translated on 

demand in the dendrites and released in the extracellular milieu as proBDNF (Yang et al., 

2009; Orefice et al., 2016). Intriguingly, the stabilization of presynaptic clusters, which is 

in part mediated by BDNF, is likely downstream of NMDAR activation, suggesting that 

BDNF requires input co-activation (Hu et al., 2005). Furthermore, sustained and acute 

BDNF signaling have been shown to exert differential effects on neurite growth, with 

application of slowly increasing concentrations of BDNF resulting in sustained activation 

of TrkB and neurite branching, whereas acute application leads to transient activation of 

TrkB and neurite outgrowth (Ji et al., 2010; Guo et al., 2018). The aforementioned findings 

imply a dual mode of BDNF release, an acute activity-dependent and a more tonic, 

activity-independent BDNF secretion. To expand on our results in Chapter 3, we next 

address the involvement of BDNF signaling and specifically TrkB and p75NTR expressed 

on RGCs in the axonal response to patterned activity. 

An experimental approach to study the role of neuronal activity in the structural 

remodeling of the developing visual system has previously been established in our 

laboratory (Munz et al., 2014). This approach utilizes single RGC axons that have 

ectopically grown to innervate the ipsilateral optic tectum. It is well described that unlike 

in mammals, in amphibians nearly all of the RGCs project to the contralateral optic tectum 

(Gaze, 1958). However, in about 40% of Xenopus laevis tadpoles, a small number of 

https://paperpile.com/c/zWCYg7/knlX+2gRzB
https://paperpile.com/c/zWCYg7/knlX+2gRzB
https://paperpile.com/c/zWCYg7/3F976
https://paperpile.com/c/zWCYg7/z0DF+NYp3V
https://paperpile.com/c/zWCYg7/ekPZ
https://paperpile.com/c/zWCYg7/D9qYu
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ipsilaterally projecting RGC axons (typically < 3) are found (Munz et al., 2014). When a 

single axon projects to the ipsilateral optic tectum, it will be surrounded by axons whose 

somata are located in the contralateral retina of the animal (Figure 1A). This lone 

ipsilaterally projecting axon can be visually driven independently from its neighbors simply 

by flashing lights in the ipsilateral rather than contralateral eye of the animal (Figure 1A). 

Postsynaptic (tectal) neurons are driven preferentially by the contralateral eye due to the 

numerical superiority of the contralateral visual inputs. Alternatively, if flashes of light are 

synchronously presented to the two eyes (Figure 1A), the ipsilaterally projecting RGC 

axon effectively participates along with the contralateral eye inputs in driving postsynaptic 

neurons to fire action potentials. As described in Sections 6.1.2.4.6.-6.1.2.4.7, imaging 

the ipsilaterally projecting RGC axons, during synchronous/asynchronous visual 

stimulation paradigms has led to the conclusion that axonal branch growth follows a 

modified Hebbian rule: when the presynaptic and postsynaptic cell “fire together”, the 

axonal branches stabilize, and overall branch dynamic behaviors are downregulated. In 

contrast, during asynchronous stimulation when the pre- and postsynaptic cells “fire out 

of sync”, there is an increase in the growth and dynamics of axonal branches. In this 

chapter, we used this experimental approach to investigate the role of BDNF signaling, 

and more specifically signaling through presynaptic TrkB and p75NTR receptor in 

Hebbian stabilization of branch dynamics and in the asynchrony-induced promotion of 

axonal branch dynamics. 

The main experimental paradigm, in which a single ipsilaterally projecting axon is 

imaged in vivo every 10 min for 1 h of darkness, 2 h of asynchronous binocular stimulation 

(0.5 Hz, 10 ms light flashes) and 2 h of synchronous binocular stimulation (0.5 Hz, 10 ms 

light flashes) will be referred to as dark/asynch/synch (DAS). Introducing a novel imaging 

chamber, as described in Chapter 2 (Figure 1), and the imaging of ipsilaterally projecting 

RGC axons co-electroporated with EGFP plasmid and lissamine-tagged control 

morpholino oligonucleotides (Ctrl-MO), did not alter the previously reported effects on 

axon branch additions of the DAS protocol. Similar to the observations of Munz and co-

workers (2014) imaging ipsilaterally projecting EGFP-transfected cells, we observed that 

the rates of axonal branch addition increased during asynchronous stimulation and 

decreased during synchronous stimulation in Ctrl-MO axons (Figure 1B-C). However, we 

https://paperpile.com/c/zWCYg7/ekPZ
https://paperpile.com/c/zWCYg7/ekPZ


100 

were unable to reproduce Munz and colleagues’ changes in branch elimination rates 

(Figure 1D-E). The reason for this disparity could be due to any of the numerous 

innovations introduced into the experimental design which were necessary to achieve the 

efficiency needed to carry out all the experiments reported below (e.g., electroporation of 

MO for targeted knockdown, new imaging chamber that improved animal survival rates, 

shorter baseline (darkness) imaging period that increased the number of completed 

experiments unimpeded by animal movement). For this chapter of the thesis, Ctrl-MO 

axons serve as the main control group for comparisons with animals in which various 

components of BDNF signaling have been manipulated.  
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Figure 1. Imaging protocol to study effect of correlated neural firing on axonal 

branch dynamics.  

(A) Experimental setup: Left - schematic of retinal co-electroporation of lissamine-

tagged morpholino and EGFP and selection of animals with ipsilaterally projecting RGC 

axons co-labeled with lissamine and EGFP 3-4 days post-electroporation. Right - 

imaging paradigm as in (Munz et al., 2014): imaging of the labeled axons every 10 min 

for 1 or 1.5 h in darkness, 2h in asynchronous stimulation (alternating flashes of light 

between the two eyes), 2h in synchronous stimulation (simultaneous flashes of light in 

the two eyes). Example traces of branches additions (B) and branch eliminations (D), 

representing the number of branches added/10 min (B-C) or lost/10 min (D-E) 

normalized to the average number of branches added/10 min (B-C) or lost/10 min (D-

E) during the whole darkness period. Average branch additions (C) and eliminations 

(E) for each hour of stimulation are displayed for ipsilaterally projecting RGC axons co-

labeled with EGFP and lissamine (Ctrl-MO; n=7) acquired in the current study (black) 

and for ipsilaterally projecting RGC axons expressing only EGFP (n=9) in orange 

acquired by Munz et al., 2014. Robust regression and Outlier removal test (ROUT) at 

Q=2% was used to identify outliers in (C) and (E) led to removal of one cell in Ctrl-MO, 

resulting in n=7 for Ctrl-MO. Non-parametric version of one-way ANOVA (Friedman’s 

test) was performed for branch additions: Ctrl-MO -- p=0.0075, Friedman’s 

statistic=13.94, control from Munz et al., (2014) -- p=0.0007, Friedman’s statistic=19.29; 

and for branch eliminations: Ctrl-MO -- n.s, Friedman’s statistic=1.294, control from 

Munz et al., 2014 -- p=0.0005, Friedman’s statistic=19.96. Dunn’s post-hoc test was 

used to correct for multiple comparisons of the branch additions or eliminations between 

each hour of stimulation and p-values are displayed as symbols on the graphs. # p≤0.1, 

* p≤0.05, ** p≤0.01 

  

https://paperpile.com/c/zWCYg7/ekPZ
https://paperpile.com/c/zWCYg7/ekPZ
https://paperpile.com/c/zWCYg7/ekPZ
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9.2. Results 

9.2.1. BDNF signaling is necessary for correlation-induced suppression of axonal 

branch addition and growth 

 We performed retinal electroporation with EGFP (without MO) and waited for 4 

days to select animals with EGFP-expressing ipsilaterally projecting RGC axon and 

subjected these animals to ICV injection of TrkB-Fc, which serves as a soluble BDNF 

“sponge” to prevent endogenous signaling. We allowed 1 h for diffusion of the protein in 

the brain and then collected multiphoton z-series every 10 min for 1 h in darkness 1.5 h 

in asynchronous and 1.5 h in synchronous stimulation. We compared the dynamic 

morphometric data from the first hour of each stimulation period of the axons in animals 

injected with TrkB-Fc (TrkB-Fc axons) to the first hour of stimulation of the Ctrl-MO axons 

from Figure 1B-E (Figure 2).  

While control axons show decreased rates of new branch addition in response to 

synchronous stimulation compared with asynchronous stimulation, axons in TrkB-Fc-

injected animals, by contrast, showed a slight increase in the rate of branch additions 

during synchronous stimulation. This resulted in a significant statistical interaction for 

branch additions between Ctrl-MO and TrkB-Fc axons by two-way ANOVA (Figure 2A). 

Furthermore, the increase in branch addition rate is accompanied by a significant 

increase in branch elongation during synchronous stimulation in TrkB-Fc compared to 

Ctrl-MO (Figure 2B). Interestingly, we also found a significant increase in elongation 

during synchronous compared to asynchronous stimulation within the TrkB-Fc axons. 

We were unable to detect significant changes in rates of branch elimination (Figure 2C) 

or retraction (Figure 2D) between the two groups of axons, likely due to the increased 

variability in TrkB-Fc axons for those measures. Our data indicate that BDNF signaling 

in the retinotectal system is required for Hebbian stabilization of axonal branches, 

specifically for the suppression of new branch addition and elongation in response to 

correlated activity. 
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Figure 2. BDNF signaling is necessary for correlation-induced stabilization in 

axonal growth. 

Animals expressing EGFP in an ipsilaterally projecting RGC axon were subjected to 

ICV injection of 50 μg/mL TrkB-Fc at least 1 h prior to imaging and imaged using 

modified imaging paradigm: multiphoton z-series were obtained every 10 min for 1 h in 

darkness, 1.5 h in asynchronous stimulation and 1.5 h in synchronous stimulation. 

Branch additions (A) and eliminations (C), as well as elongation (B) and retraction (D) 

in the first hour of each stimulation period were compared to Ctrl-MO from figure 1. 

ROUT test at Q=2% was performed for each data set: for branch additions (A), one cell 

was identified as an outlier from each group (Ctrl-MO n=7, TrkB-Fc, n=5); for retraction 

(D) one cell was identified as an outlier from Ctrl-MO (n=7), but not for TrkB-Fc (n=6). 

No outliers were identified from either group for branch eliminations (C) and elongation 

(B), Ctrl-MO (n=8), TrkB-Fc (n=6). Branch additions and eliminations are defined as the 

number of branches added/10 min, normalized to the average number of branches 

added or lost for 10 min, respectively, for the whole darkness period. Elongation and 

retraction are defined as the positive change of length/10 min and the absolute value 

of the negative change in length/10 min normalized to the average elongation/10 min 

or retraction/10 min of the whole darkness period. Two-way ANOVA was performed 

and yielded significant interaction for branch additions (A), p=0.0310, F(2,20)=4.155 

and a marginally significant interaction for elongation, p=0.0701, F(2,24)=2.976. Sidak’s 

post-hoc test was performed to correct for multiple comparisons between the branch 

additions or elongation for each stimulation period and p-values are shown on the 

graphs as symbols. # p≤0.1, * p≤0.05 
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9.2.2. RGC p75NTR is required for the differential effects on axonal branch 

additions of asynchronous and synchronous firing of an axon with its 

neighboring input. 

Four days after retinal co-electroporation of lissamine-tagged morpholinos (Ctrl-

MO, TrkB-MO, or p75-MO), we selected animals in which a single or a couple of 

ipsilaterally projecting RGC axons were labeled both with EGFP and lissamine. We then 

performed multiphoton in vivo imaging of the selected axons using the DAS protocol 

illustrated in Figure 1A. We found that suppression of p75NTR expression in ipsilaterally 

projecting RGC axons eliminated the significant difference in branch addition rates that 

we observed between asynchronous and synchronous stimulation in Ctrl-MO axons 

(Figure 3A). TrkB knockdown, on the other hand, did not prevent the axon from 

responding differentially to the different stimulation conditions, suggesting its role in RGCs 

is less critical than p75NTR for regulating activity-dependent axonal branch additions. 

The effects of p75NTR knockdown could reflect either a lack of asynchrony-induced 

branch additions or an impairment in the suppression of branch additions during 

synchronous stimulation. Considering our results from Chapter 3, it is very likely that 

p75NTR is required for asynchrony-induced branch addition. 

9.2.3. RGC TrkB signaling suppresses activity-induced branch elimination 

Interestingly, we observed that there is a marginally significant increase in branch 

elimination by the second hour of asynchronous stimulation in TrkB-MO axons, which 

does not decline during synchronous stimulation (Figure 3B). Our data suggest that RGC 

TrkB may act as a general activity-driven brake on axonal branch elimination. 



106 

  



107 

Figure 3. Presynaptic p75NTR but not TrkB signaling is required for synchrony-

induced axonal branch stabilization. 

Ipsilaterally projecting RGC axons co-filled with lissamine-tagged morpholino and 

EGFP were imaged using the imaging paradigm from Figure. 1A. Branch additions (A) 

and eliminations (B) are defined as the number of branches added/10 min or lost/10 

min normalized to the average number of branches added/10 min or lost/10 min during 

the whole darkness period, respectively. The data are averaged over each hour of 

stimulation. ROUT test at Q=2% was performed for each data set and one cell was 

identified as an outlier and removed for both branch addition and eliminations from the 

Ctrl-MO group, n=7. No outliers were identified in any of the other groups, TrkB-MO 

(n=7), p75-MO (n=5). Non-parametric version of one-way ANOVA (Friedman’s test) 

was performed for branch additions: Ctrl-MO -- p=0.0075, Friedman’s statistic=13.94, 

TrkB-MO -- p=0.0140, Friedman’s statistic=12.5; p75-MO, n.s., Friedman’s 

statistic=1.333 and for branch eliminations: Ctrl-MO – n.s., Friedman’s statistic=1.294, 

TrkB-MO -- p=0.0718, Friedman’s statistic=8.604, p75-MO, n.s., Friedman’s 

statistic=6.898. Dunn’s post-hoc test was used to correct for multiple comparisons 

between the branch additions and eliminations within each hour of stimulation and p-

values are displayed as symbols on the graphs. # p≤0.1, * p≤0.05 
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10. Chapter 5: Discussion 

There has been an effort to identify molecular and cellular mechanisms underlying 

activity-dependent circuit refinement in the developing brain over several decades. 

Although much progress has been made in revealing molecular players, a lot of the 

manipulations relied on systemic pharmacological blockade which did not provide much 

detail on the sites of molecular communication between the projecting and target neurons 

in a refining neural circuit. BDNF is one of the molecular candidates proposed to serve as 

a retrograde or autocrine signal resulting in stabilization of axonal arbors and synapses, 

but its exact role in these processes remains ill-defined (Cohen-Cory and Fraser, 1995; 

Hu et al., 2005; Lindskog et al., 2010; Je et al., 2012; Harward et al., 2016; Choo et al., 

2017, Niculescu et al., 2018). 

10.1. RGC p75NTR promotes exploratory axonal branch dynamism 

In the Xenopus laevis retinotectal projection a role for BDNF in axon arbor 

elaboration has been clearly established. However, whether BDNF acts directly on the 

axon to exert its functions remains elusive. BDNF signaling through p75NTR and TrkB 

receptors is complex as p75NTR interacts with other receptors and its presence or 

absence affects TrkB’s affinity to BDNF. In this study, we attempted to discriminate 

between the functions of the two receptors on the experience-dependent modulation of 

axon arbor morphology by specifically knocking them down in the projection neurons 

(RGC) and not the target neurons (tectal cells). We found that in conditions of complete 

darkness p75NTR expressed on the RGC is required for normal axonal branch 

dynamism, both in terms of initiating additions of new branches and elongation of pre-

existing branches, eliminating branches and retraction of pre-existing branches. High 

rates of axonal branch additions and eliminations are consistent with an exploratory 

behavior of the RGC, while in search of a “correct” postsynaptic partner, which, in the 

context of retinotopic map refinement would be a tectal neuron that receives inputs that 

are highly correlated with this axon (Munz et al., 2014). Such increased dynamism has 

been shown to be associated with a state of weak synaptic strengths of the existing 

https://paperpile.com/c/zWCYg7/Tws6+VKf7+3F976+6Fgzq+hIdDT+rilZx
https://paperpile.com/c/zWCYg7/Tws6+VKf7+3F976+6Fgzq+hIdDT+rilZx
https://paperpile.com/c/zWCYg7/Tws6+VKf7+3F976+6Fgzq+hIdDT+rilZx
https://paperpile.com/c/zWCYg7/ekPZ
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synapses with “incorrect” (i.e., uncorrelated) postsynaptic neuronal partners. Our 

proposition that p75NTR expressed on the RGC is required for exploratory behavior 

agrees with reports that proBDNF signaling through p75NTR promotes LTD both in the 

developing visual system in Xenopus laevis tadpoles and in the developing hippocampus 

(Schwartz et al., 2011; Winnubst et al., 2015). Previous studies have suggested that 

proBDNF signaling through p75NTR may lead to activation of RhoA and filopodial 

retraction (Sun et al., 2012). Regulation of RhoA activity downstream of p75NTR is a 

plausible mechanism that could underlie at least in part the function of the receptor as 

promoter of axonal exploration. 

10.2. RGC TrkB is dispensable for basal axonal branch dynamics 

Intriguingly, knockdown of TrkB from RGC failed to induce any changes in axonal 

branch dynamics in conditions of complete darkness. This result is somewhat surprising 

considering the widely accepted model of BDNF action through TrkB to induce synaptic 

stabilization and strengthening which in turn are associated with stabilization of axonal 

arbor dynamics (Alsina et al., 2001; Du and Poo, 2004; Hu et al., 2005; Ruthazer et al., 

2006; Schwartz et al., 2011; Van Horn et al., 2017). However, in those experiments, 

systemic application BDNF or inhibitor k252a was used to block TrkB, which might affect 

postsynaptic TrkB and thus impair the signaling of an alternate retrograde signal to 

stabilize axonal branches. Moreover, k252a has been shown to exhibit relatively broad 

inhibitory action, including on PKC, which is crucial for synaptic plasticity (Kase et al., 

1987; Ramakers et al., 1997). One study in Xenopus laevis tadpoles described that 

presynaptically expressed TrkB.T1 leads to increased dynamics of axonal branches over 

2 hours (Marshak et al., 2007). There are a few important experimental differences 

between our findings and the results that Marshak and colleagues described. Firstly, 

overexpression of TrkB.T1 functions as a more localized “molecular sponge” for BDNF 

compared to TrkB-Fc or anti-BDNF. TrkB.T1 overexpression will then impact both 

p75NTR and TrkB signaling, especially in the case of presynaptic release of BDNF. In 

our experiments, however, we went on to specifically target one or the other receptor. 

Secondly, as described above (Section 6.2.9.1.2) BDNF-dependent TrkB.T1 activation 

https://paperpile.com/c/zWCYg7/V7Gs+mIM2V
https://paperpile.com/c/zWCYg7/Aa4MQ
https://paperpile.com/c/zWCYg7/c6c8+V7Gs+MG1bR+mNXSU+3F976+211YF
https://paperpile.com/c/zWCYg7/c6c8+V7Gs+MG1bR+mNXSU+3F976+211YF
https://paperpile.com/c/zWCYg7/aHOJb+AE8db
https://paperpile.com/c/zWCYg7/aHOJb+AE8db
https://paperpile.com/c/zWCYg7/nXcyx
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results in RhoA inhibition which might lead to profound effects on axonal morphology such 

as increased rates of elongation (Yamashita et al., 1999). Thirdly, Marshak and 

colleagues revealed a cell-autonomous mechanism as they relied on TrkB.T1 expression 

in single RGC axons. On the other hand, the morpholinos we electroporated are small 

oligos which get into multiple RGCs with high efficiency, leading to knockdown in a large 

number of RGCs. This difference is important as sequestering of BDNF, or TrkB blockade 

in a single RGC, might place it at a competitive disadvantage with its neighbors. Fourthly, 

our imaging was performed using multiphoton imaging with infrared excitation light that is 

invisible to the animals, allowing us to assess the structural changes of RGC in darkness, 

whereas Marshak and colleagues used confocal microscopy, which provides inadvertent 

intense visual stimulation. Since BDNF release has an activity-dependent mode, the 

imaging conditions might have led to significant changes in the observed dynamics. 

Finally, differences in outcomes could arise from the slight differences in the timecourses 

of imaging between the two studies. We assed branch dynamics every 10 min over the 

course of an hour, whereas the other groups examined branch dynamics every 2 h over 

6 h. 

Our results on axonal branch dynamics suggest a mechanism in which at least 

during darkness, when BDNF release may be shifted towards a more constitutive rather 

than activity-dependent mode, RGC p75NTR is required for exploratory dynamism, which 

includes branch addition and elimination, as well as elongation and retraction. RGC TrkB, 

however, is not required for any aspect of axonal branch dynamics that we measured. 

These findings in the context of the existing knowledge of BDNF signaling suggest that 

the well-established roles of BDNF in synaptic strengthening and axon branch 

stabilization in the retinotectal projection are most likely exerted through activating 

postsynaptic TrkB rather than axonal TrkB. In this scenario, activation of TrkB, in turn, 

would lead to generation of another retrograde signal instructing synaptic strengthening 

and branch stabilization. 

  

https://paperpile.com/c/zWCYg7/HkB1w
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10.3. RGC p75NTR but not TrkB contributes to long-term axonal arbor 

elaboration 

We were further interested whether effects of p75NTR knockdown on RGC axonal 

branch dynamics persisted over long periods of time or there is an alternative 

compensatory mechanism that comes into play later in development. Furthermore, as we 

failed to observe any changes on branch dynamics of RGC TrkB knockdown axons over 

a 1 h period, we asked whether we could detect any long-term effects of this manipulation, 

which might reflect a specific period of retinotectal refinement sensitive to RGC TrkB 

signaling. Notably, in these experiments, the animals were imaged once a day for  about 

20 min at a time and were exposed to their regular light/dark cycle during the intervening 

time. Therefore, with these experiments, we are not simply investigating the basal effects 

of TrkB and p75NTR knockdown in conditions of darkness. Our data indicate that RGC 

p75NTR helps mediate the normal decrease in axonal branch density over a 4-day period, 

which in this case started three days after morpholino electroporation. This decrease in 

axonal branch density could be indicative of a decrease in branch number or an increase 

in the lengths of each branch segment. It is clear that the RGC axons we imaged add 

more branches over days (Chapter 3, Figure 3 and Figure 4). Therefore, the decrease in 

branch density must reflect the elongation of branch segments. Our analysis of segment 

length suggests that the difference between p75NTR knockdown and control axons 

comes mainly because the shortest segments fail to elongate over days. A recent study 

showed that precocious synapse maturation in animals treated with the NMDAR co-

agonist D-serine correlated with simpler and shorter arbors of RGC axons (Van Horn et 

al., 2017). One could imagine that the RGC axon puts a break on its exploratory growth 

in search of postsynaptic partners once most or all of its synapses with tectal neurons 

have gone through maturation. Consistently, the p75NTR knockdown axonal branches 

fail to elongate their shortest branches over days, which might be indicative of more 

mature synapses compared to control axons. 

In line with the lack of an effect of TrkB knockdown in RGCs on axonal branch 

dynamics, we failed to detect any changes in axon arbor elaboration over days. 

https://paperpile.com/c/zWCYg7/211YF
https://paperpile.com/c/zWCYg7/211YF
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Importantly, other groups have shown that the TrkB-MO used in this study results in a 

decrease in Xenopus TrkB protein levels (Du and Poo, 2004; Je et al., 2012) and we were 

able to confirm this by showing a decrease in the level of BDNF-induced TrkB activation 

(Chapter 3, Figure 1), suggesting that the lack of both short-term and long-term effects of 

TrkB knockdown in RGCs is not due to inefficacy of the knockdown. 

As described in in Section 6.2, TrkB is a neurotrophin receptor, that can bind to 

BDNF, NT-3 and NT-4. On the other hand, p75NTR forms receptor complexes with 

sortilin, NogoR, and LINGO-1, and therefore the activation of any of those receptors by 

their specific ligands can modulate p75NTR activity. Detailed analysis of plausible 

p75NTR ligands would be required to make a conclusion on which one, if any, promotes 

axonal exploratory elaboration. However, BDNF, and in particular its propeptide and 

precursor proBDNF are excellent candidates, as they have been shown to act through 

p75NTR to facilitate LTD, axonal retraction and a decrease in spine density (Section 

6.2.10; Schwartz et al., 2011; Je et al., 2012; Guo et al., 2016). 

To summarize, the findings described in Chapter 3 indicate that p75NTR 

expressed on the RGC is an important player in exploratory dynamism in basal conditions 

without visual stimulation, promoting increased branch addition, elimination, elongation 

and retraction. This function of p75NTR translates into elongation of the shortest filopodia-

like branches, which likely helps RGC axons to contact additional postsynaptic partners. 

10.4. BDNF signaling is required for correlation-induced suppression of 

branch addition and elongation 

In Chapter 4, we investigated whether specific components of BDNF signaling 

underlie any of the morphological outcomes of patterned activity on RGC axon arbor 

formation. As described in Sections 6.1.2.4.6-6.1.2.4.5.7, asynchronous firing of an RGC 

with its neighboring inputs induces an increase in axonal dynamism, both branch 

additions and eliminations (i.e., Stentian mechanisms), whereas synchronous firing of an 

RGC with its neighboring axons results in suppression of new axonal branch addition and 

elimination (i.e., Hebbian mechanisms). Using a novel imaging setup, we were able to 

https://paperpile.com/c/zWCYg7/Tws6+c6c8
https://paperpile.com/c/zWCYg7/V7Gs+Tws6+UbrRo
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reproduce these previously obtained results in terms of branch additions, even in 

ipsilaterally projecting axons electroporated with Ctrl-MO. The branch elimination 

measurements, which differed from prior reported data might be more sensitive to the 

changes introduced to the protocol, or to the tracing of the axons, which was performed 

by different individuals and thus it might require greater number of imaged cells to 

reproduce the effect. 

 We also investigated whether sequestering available endogenous BDNF by ICV 

injection of TrkB-Fc specifically affects the Stentian or Hebbian mechanisms mentioned 

above. Our data indicated that sequestering of BDNF likely affects Hebbian mechanisms 

to a greater extent. It appears that BDNF signaling is required for synchrony-induced 

suppression of axonal branch addition and elongation. The effect on elongation is likely 

more complex, as it seems that blocking BDNF signaling may result in reduced elongation 

during asynchronous conditions (Chapter 4, Figure 2). This experiment by itself does not 

address whether BDNF acts pre- or postsynaptically but implicates BDNF as a ligand 

triggering a molecular mechanism that suppresses new branch initiation and further 

growth of all branches. This experiment is in line with a previously described study in 

Xenopus laevis relying on TrkB.T1 overexpression in RGCs, which showed that 

sequestering of BDNF impairs the stabilization of axonal branches and the maturation of 

synapses, and promotes addition of new branches (Marshak et al., 2007). However, our 

data suggest that this mechanism is specific to the case when an axon is firing in 

synchrony with its neighbors. Previous studies have shown that the suppression of branch 

addition is induced by NMDAR activation, likely on the postsynaptic neuron (Zou and 

Cline, 1996; Rajan et al., 1999; Munz et al., 2014). Thus, it is possible that postsynaptic 

NMDAR activation, directly or via another factor, mobilizes BDNF signaling. Moreover, a 

separate mechanism involving BDNF signaling might be in play to induce exploratory 

elongation during asynchronous firing. As blockade of NMDARs does not prevent activity-

dependent exploratory branch dynamics, this latter mechanism likely involves NMDAR-

independent BDNF signaling. 

https://paperpile.com/c/zWCYg7/nXcyx
https://paperpile.com/c/zWCYg7/ekPZ+zUlSk+I0jUK
https://paperpile.com/c/zWCYg7/ekPZ+zUlSk+I0jUK
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10.5. RGC p75NTR is required for the differential effect of Stentian and 

Hebbian mechanisms on axonal branch addition 

To parse out activity-dependent BDNF signaling through its two receptors p75NTR 

and TrkB, we used the knockdown strategy described in Chapter 3 but combined it with 

the DAS stimulation paradigm. Knocking down p75NTR on RGC axons abrogated the 

difference in rates of branch addition between conditions of asynchronous and 

synchronous firing (Chapter 4, Figure 3). The difference involves asynchrony-induced 

enhancement and synchrony-induced suppression of newly added branches. 

Considering that p75NTR has been implicated in facilitating LTD and that asynchronous 

stimulation was found to induce a marked decrease in synaptic strength, it is reasonable 

to propose that p75NTR may be required for “Stentian” branch addition, which occurs 

during asynchronous stimulation (Schwartz et al., 2011; Munz et al., 2014). This effect 

was only eliminated in p75NTR knockdown axons, but not TrkB knockdown axons. As in 

Chapter 3, it is plausible that knocking down the receptors in the RGC somato-dendritic 

compartment, rather than at the axon terminals themselves could account for our results.  

However, this is less likely to explain the findings presented in Chapter 4, as the different 

axonal branch behaviors were induced in response to changes in the correlation of firing 

between the ipsilaterally projecting axon and its neighbors. This is a non-cell-autonomous 

effect that requires input from both eyes, but the morpholino is only present in the 

ipsilateral eye. Evidence that p75NTR is expressed mostly on axonal terminals in other 

systems also supports the notion that activation of presynaptic p75NTR can promote 

axonal branch addition (Dougherty and Milner, 1999). 

10.6. RGC TrkB signaling suppresses activity-induced branch elimination 

Intriguingly, we observed that RGC knockdown of TrkB resulted in an increase in 

branch eliminations during asynchronous stimulation which seemed to stay high during 

synchronous stimulation. Thus, RGC firing driven by this specific stimulation paradigm 

may recruit axonal TrkB to suppress axonal branch elimination, whereas in darkness this 

mechanism is not activated. It is plausible that activity may be required for a fast burst of 

https://paperpile.com/c/zWCYg7/V7Gs+ekPZ
https://paperpile.com/c/zWCYg7/bVJc
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BDNF release leading to acute activation of TrkB as described by (Ji et al., 2010), which 

differs from a sustained mode of TrkB activation related to constitutive BDNF secretion in 

darkness. Another possibility could be that activity is required for the conversion of 

proBDNF to mature BDNF, which then could act through TrkB (proposed by Je et al., 

2012) to put a break on branch elimination. It is also possible that activity is required for 

a non-ligand activation of TrkB, as revealed by Huang et al. (2008). An alternative 

explanation could be that compared to the experiments in Chapter 3, where TrkB was 

knocked down in a large number of RGC, in Chapter 4, only one or a couple of ipsilaterally 

projecting axons were electroporated with TrkB-MO, surrounded by a multitude of non-

electroporated axons. Since BDNF has a pro-survival role in the retina in Xenopus laevis 

(Cohen-Cory et al., 1996), the axons we imaged might be at a competitive disadvantage 

to their neighbors. This could explain why we observed an increase in axonal branch 

elimination uncoupled from changes in axonal branch additions. Finally, it is worth 

mentioning that the described role of TrkB might be due to activation by not only BDNF, 

but also by NT-3 or NT-4. Exogenous NT-3 application has been shown to lead to an 

increase in additions and retractions of short filopodia-like RGC axonal branches in 

Xenopus laevis (Cohen-Cory and Fraser, 1995). Exogenous NT-4 application results in a 

slight increase in additions of short filopodia-like branches. However, it does not seem to 

have any effect on light-evoked responses in tectal neurons measured with whole-cell 

patch clamp recordings. It seems unlikely then that the knockdown of its receptor will 

produce the same effect as application of NT-3 itself. Unlike BDNF, both NT-3 and NT-4 

seem also inert in altering RGC dendrite morphology and just affect the somatic size (Lom 

and Cohen-Cory, 1999). 

To summarize, our first finding in Chapter 4 suggests that BDNF signaling is crucial 

for Hebbian suppression of branch addition. Considering the fact that knockdown of 

neither receptor in RGCs phenocopied the main effects of TrkB-Fc application, this 

synchrony-induced role of BDNF is likely via activation of one of its receptors on the 

postsynaptic site. Since it is a synchrony-induced effect, it is possible that BDNF signaling 

is downstream of NMDAR activation in this case. Furthermore, because BDNF-

dependent TrkB activation has been shown to promote LTP in the retinotectal system (Du 

et al., 2009; Schwartz et al., 2011), we propose that the BDNF-dependent Hebbian 

https://paperpile.com/c/zWCYg7/z0DF
https://paperpile.com/c/zWCYg7/Tws6
https://paperpile.com/c/zWCYg7/Tws6
https://paperpile.com/c/zWCYg7/aafD
https://paperpile.com/c/zWCYg7/QGMm
https://paperpile.com/c/zWCYg7/VKf7
https://paperpile.com/c/zWCYg7/vhpz
https://paperpile.com/c/zWCYg7/vhpz
https://paperpile.com/c/zWCYg7/c6c8+V7Gs
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suppression of branch addition takes place through activation of postsynaptic TrkB. 

Sequestering BDNF leads to a decrease in RGC axon elongation during asynchronous 

stimulation, which may be associated with the role of presynaptic p75NTR described in 

Chapter 3. The second finding in Chapter 4 which is consistent with the observations in 

Chapter 3 showing that p75NTR on RGCs promotes axonal branch dynamism, is that 

possible presynaptic p75NTR signaling is required for the increased exploratory branch 

additions. Thirdly, presynaptic TrkB signaling participates in suppression of branch 

elimination under any conditions of neuronal activity regardless of whether it is correlated 

with neighboring inputs or not.  

10.7. Caveats and limitations 

10.7.1. Cell-type specificity and subcellular localization of the receptor 

knockdown 

 The approach we chose relies on retinal electroporation, which allows for 

distinguishing the roles of TrkB and p75NTR on RGC and tectal neurons but comes with 

several drawbacks. Firstly, we are not able to target the knockdown exclusively to the 

RGC, but any cell in the retina could potentially be randomly electroporated with 

morpholino. This might affect the retinal circuit locally and lead to alterations in the 

processing or relaying of visual stimuli to the RGCs and ultimately changing what is 

passed to the tectal neurons. The lack of control over the cell type specificity of the 

knockdown should be considered particularly in the interpretation of the results in Chapter 

4. Furthermore, within the RGC the knockdown affects both RGC dendrites, soma and 

axons. It is thus very hard to attribute the observed effects specifically on axonal 

receptors. It is worth mentioning however, that exogenous BDNF application in the retina 

does not induce any changes of visually-evoked postsynaptic currents in tectal neurons 

or any changes in RGC axon arbors (Du and Poo, 2004; Lom et al., 2002). Development 

of reliable subcellular protein targeting will be crucial to address more rigorously the 

subcellular localization of p75NTR and TrkB signaling on the RGC. 

https://paperpile.com/c/zWCYg7/c6c8
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10.7.2. Long-term developmental changes introduced by the knockdown 

 We electroporated the morpholino and reared the animals for 3-4 days until 

imaging. Specifically, in the experiments in which we imaged the RGC over the course of 

4 days, it is possible that knockdown of TrkB or p75NTR might have altered the 

connectivity within the retinal circuit and the observed findings were not due to the direct 

functions of the receptors themselves. Exogenously applied BDNF has been reported to 

induce activation of CREB and increase of immediate early genes such as Arc (Zhou et 

al., 2011). It is possible then that our observations are due to an executed genetic 

program altering the signaling of a myriad of molecular players which could result in the 

revealed morphological changes. Further rescue experiments in which the receptor of 

interest is subsequently reintroduced in the RGC are required in order to fully address 

this caveat.  

10.7.3. ICV injections of TrkB-Fc 

 The administration of TrkB-Fc was performed using ICV injections. Although this 

is an accepted method when using Xenopus laevis as a model organism, it poses a few 

limitations. It is virtually impossible to estimate the final concentration of the injected 

pharmacological agent. Precise calculation of the ventricular volume of each animal 

depends on its specific anatomical properties and it is therefore challenging to estimate 

the final dilution of the injected drug, and in particular the concentration of active reagent 

reaching the neurons of interest after diffusion.  

 Moreover, ICV injection is an invasive procedure which could result in an 

inflammatory response, likely through microglial activation. It has been reported that in 

the mouse cortex the turnover rate of dendritic spines was significantly affected 

depending on whether experiments were done using an open cranial window or thinned-

skull preparation (Xu et al., 2007). The greater dynamics of dendritic spines in the open 

cranial window setup were associated with larger numbers of activated microglia. Data 

from our group suggest that inflammation may similarly induce changes in RGC axonal 

branch dynamics (Farooqi, 2016; Solek, Farooqi, Brake, Ruthazer, 2017).  
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10.7.4. Ipsilaterally projecting RGC axon as a model of the regular projection 

 As mentioned earlier, amphibians such as the albino Xenopus laevis tadpole 

provide an excellent animal model to image the developing neural circuit in vivo. Their 

translucency allows for a natural “window” in the brain. However, this same advantage 

turns into disadvantage when it comes to manipulation of the neural activity in the visual 

system. Classical optogenetic manipulations using channelrhodopsins, halorhodopsin or 

archaerhodopsin prove challenging as their activation relies on intense light stimulation. 

The wavelengths of the light used to activate these channels lie within the visual 

spectrum, making the use of optogenetics to create specific patterns of activity within the 

retinotectal system fruitless. Therefore, our lab has utilized the ectopic ipsilaterally 

projecting RGC to study the effects of patterned activity on circuit refinement. Those RGC 

are likely not an inherently genetically distinct group of RGC, since they are present in 

only about 40% of the animals (Munz et al., 2014). However, if the animals are not 

exposed to a particular visually manipulated environment but are reared in a regular 

light/dark cycle, the ipsilaterally projecting RGC axons are being exposed to a nearly 

permanent asynchronous stimulation, as the two eyes of the tadpole always see a 

different part of the visual field. The regular contralateral projection likely experiences 

both asynchronous and synchronous firing with its neighbors as it is refining its synapses 

with tectal neurons. It is therefore possible that this extreme asynchrony that the 

ipsilaterally projecting RGC neuron lives in, over time results in alterations in transcription 

programs or connectivity. We therefore cannot be certain that ipsilaterally projecting RGC 

axons have the same molecular properties as the regular projection. However, our 

p75NTR data in contralaterally projecting RGC are line with the findings for ipsilaterally 

projecting RGC.  

10.7.5. Semi-automatic axonal tracing 

 In this study, we used two different software packages to trace the axons. For 

dynamic imaging, Dynamo developed and provided to us by the group of Dr. Kurt Haas 

allows for alignment of traces between timepoints. The tracing of the first timepoint is 

done manually and further manual adjustments are required for the consecutive 

https://paperpile.com/c/zWCYg7/ekPZ
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timepoints. Imaris, the commercial software product used to trace the daily imaging data 

has an automatic tracing feature. However, it fails to perfectly trace at the branch points, 

making it a semi-automatic feature which requires the user to adjust the automatically 

traced arbor. Both of these software packages rely on the human user to make a decision 

whether a protrusion of the axon is a branch or not. Manual tracing has been the standard 

way of quantifying structural imaging data in the field. Although in this study all the axons 

were traced blind to the experimental design, it is plausible that the subjective nature of 

the procedure introduced a substantial error influencing the obtained results. The 

significant advances in computer vision brought by machine learning algorithms will allow 

for training of a neural network with large number of tracings generated by many human 

users and hopefully reduce the subjectivity of this quantification procedure in the future. 

10.8. Proposed model 

 Considering the described limitations of the experiments we performed, here we 

would like to propose a model (Figure 1) encompassing our findings in the context of the 

existing literature for molecular mechanisms underlying patterned neuronal activity-

induced structural remodeling during neural circuit refinement. Many of the components 

of this model require further investigation to be fully understood.  

 Neural activity is required to activate possibly presynaptic TrkB to put a brake on 

axonal branch elimination. NMDAR activation, likely on the postsynaptic neuron, results 

in either release of mature BDNF, or cleavage (by MMP or tPA) of proBDNF to activate 

TrkB receptor on the postsynaptic cell. BDNF secretion as either proBDNF or mBDNF in 

this model could take place in presynaptic, postsynaptic or glial cells. TrkB signaling then 

leads to secretion or activation of a retrograde messenger (likely more than one specific 

molecule) which suppresses exploratory branch addition. A default mode of an 

exploratory branch dynamism exists in darkness. If an axon fires asynchronously with its 

neighbors, it requires presynaptic p75NTR for an increase in exploratory branch addition 

in order to find a “proper” postsynaptic partner. Whether p75NTR induces branch addition 

in a ligand dependent manner, and what the exact ligand is, is still elusive. However, 

BDNF signaling may now be implicated in asynchrony induced axonal arbor elongation. 
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Figure 1. Proposed model for molecular signaling in Stentian and Hebbian 

mechanisms in neural circuit refinement 
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11. Contributions to Original Knowledge 

 Our study provides side-by-side comparison between the roles of the two BDNF 

receptors TrkB and p75NTR on RGC in structural remodeling in the developing 

retinotectal projection in vivo. To our knowledge this is the first time knockdown of the 

receptors in RGC were used to study short-term RGC axon dynamics in live animals. 

Although TrkB systemic blockade was previously described to induce synaptic 

strengthening in Xenopus laevis tadpoles, according to our findings, it is more likely that 

this effect together with the associated stabilization of axonal branches is caused by 

postsynaptic tectal TrkB, than presynaptic TrkB. We described a novel role of p75NTR in 

exploratory branch dynamism.  

To the best of our knowledge, this is the first attempt to dissect the molecular 

players underlying patterned activity-induced changes in axonal growth dynamics in vivo. 

Neuronal activity has previously been implicated in BDNF signaling. However, this was 

done with systemic pharmacological blockade of NMDAR or firing of action of potentials, 

which proved to have limitations when studying the instructive functions of neuronal 

activity in the developing neural circuits. Here, we were able to reveal distinct roles of 

BDNF signaling in synchrony-induced suppression of branch addition and in asynchrony-

induced exploratory elongation. Furthermore, we found that RGC TrkB signaling may be 

activated by any neuronal activity regardless of precise timing to decrease axonal branch 

eliminations overall.   
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12. Concluding remarks 

“Many cognitive psychologists see the brain as a computer. But every single 

brain is absolutely individual, both in its development and in the way it encounters 

the world”  

Gerald Edelman, Nobel Prize Laureate  

 (Interview in Discover Magazine, 2009) 

In the history of investigating the mechanisms of brain development, there used to 

be two opposing hypotheses: one, that all of the mechanisms required for building a brain 

are encoded in an inherited genetic program; and the other, that brain development 

depends solely on the specific experience the animal has in its environment. It has 

become apparent that there is a complex interplay between both genetic and 

environmental factors which govern how to build the connections between the neurons in 

the developing brain. It is this very interplay between the specific genetic program we 

inherit from our parents and the particular environment we live in that makes our brains 

unique. Consistently, research in recent years has demonstrated that developmental 

disorders such as autism spectrum disorder and schizophrenia have some genetic 

components but often also depend on environmental factors.  

In this study, we were interested in how the environment impacts neuronal 

connectivity. In particular, we investigated what molecular signals the neurons in the 

developing brain use to communicate between each other the experience-evoked 

patterns of neuronal activity. Although BDNF has previously been implicated in activity-

dependent circuit refinement, we provided details on the specific patterns of neuronal 

activity required to activate particular aspects of BDNF signaling through its receptors 

TrkB and p75NTR. Furthermore, we gained some insight into the pre- vs. post-synaptic 

functions of those receptors. Understanding the molecular mechanisms underlying 

normal experience-dependent development in such detail is crucial for explaining the 

pathological alterations occurring in developmental disorders.  
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