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ABSTRACT OF THE DISSERTATION 

 
 

Mechanisms of Axon Pathfinding and Survival 
 

 
By 

 
Ali Genie Fenstermaker 

 
Doctor of Philosophy in Neurosciences 

 
University of California, San Diego, 2010 

 
 
 
 

Professor Yimin Zou, Chair 
 
 
 The development of functional neuronal circuits occurs via a series of complex 

events including axon pathfinding and synapse formation followed by selective pruning 

and refining of these circuits by means of programmed cell death and axon degeneration. 

The precise molecular machinery that dictates these exquisite development events is not 

well understood.  My thesis study examines the role of Wnt signaling throughout nervous 

system development.  Wnts have recently been identified as axon guidance molecules but 

the signaling pathways that mediate growth cone turning have yet to be elucidated.  

Furthermore, is there a connection between these guidance events and subsequent 

developmental pruning?  To study the role of Wnt signaling through these events, I 

employed a variety of techniques including analysis of genetically modified mice, ex 

utero electroporation of rat spinal cord cultures, and pharmacological and genetic 



 xv 

manipulation of dissociated neuronal cultures.  Throughout this study, we will 

demonstrate that indeed, Wnt signaling mediates multiple events critical for appropriate 

nervous system development including appropriate anterior-posterior axon guidance of 

both spinal cord commissural neurons and monoaminergic neurons in the brainstem. In 

addition, I explored the potential role for an axon guidance pathway in mediating neuron 

survival.  Here I investigate the role of atypical PKC (aPKC) signaling in the survival of 

developing cortical neurons. Inhibition of aPKC resulted in rapid axon fragmentation.  

We posit that not only does Wnt proteins serve as guidance cues in the developing 

nervous system, but that these attractive cues might also serve as trophic signals to 

developing axons. 

 

 



1 

 

Chapter 1 

Developmental axon biology and Wnt signaling 

 

Precise connections must occur in the central nervous system during development 

for the generation of neuronal circuits and appropriate neural function. The process by 

which an axon finds its appropriate synaptic partner is known as axon pathfinding.  For 

an axon to pathfind and reach its appropriate target, the growth cone, the sensory 

machinery at the tip of the axon, must sense its environment and respond to molecular 

guidance cues.  These cues can act at either long or short range (e.g. diffusible cues 

versus contact mediated cues) and can be either attractive or repulsive (Tessier-Lavigne 

and Goodman, 1996; Dickson, 2002).  These guidance cues activate intracellular 

signaling pathways within the growth cone that must converge and act upon the 

cytoskeleton in a coordinated effort in order to mediate axon progress and growth cone 

turning (Dent and Gertler, 2003).   In addition to appropriate axon guidance, selective 

elimination of exuberant processes and synapses must also occur during development for 

the formation of functioning neuronal circuits.  This production of excessive processes 

followed by precise elimination appears to be a common event in most if not all nervous 

systems (Vanderhaeghen and Cheng, 2010).  

 In this first chapter, I will give an overview of the cell biological events that 

mediate growth cone turning, including both the role of the cytoskeleton and membrane 

dynamics.  Following this, I will describe the emerging experimental evidence that links 

Wnt signaling with axon guidance and how our lab and others have attempted to study its 



 

   

2 

role in the developing nervous system.  Finally, I will touch on a later developmental 

event, selective axon pruning, with a focus on “large-scale elimination” and what role 

guidance molecules may play in those events during circuitry formation. 

 

The cell biology of growth cone turning: The role of the growth cone cytoskeleton 

Growing neurites and axons are tipped with an elaborate, motile structure known 

as the growth cone.  This structure, first described by Santiago Ramón y Cajal in 1890, is 

comprised of a highly organized array of cytoskeletal components, predominantly 

microtubules and actin.  The growth cone has been compartmentalized into three 

morphologically and molecularly distinct compartments.  These domains include the 

peripheral (P) domain, transitional (T) zone, and central (C) domain (Dent and Gertler, 

2003; Geraldo and Gordon-Weeks, 2009).  The P domain consist of both lamellipodia 

and filopodia, is highly motile and rich in F-actin.  At the junction of the P and C domain 

resides the T zone, a band like structure that is the transitional area between the P and C 

domain.  Finally, the most proximal compartment is the C domain, which consists of 

vesicles and organelles and is enriched with bundled microtubules (Goldberg and 

Burmeister, 1986).  

The P domain and specifically filopodia (areas enriched with parallel F-actin 

bundles) within the P domain is probably where the initial contact of guidance cues 

occurs (Mattila and Lappalainen, 2008).  When a filopodium encounters an attractive cue, 

it is stabilized.  Conversely, interaction with a repulsive cue results in filopodium 

retraction.  It is the asymmetric stabilization or destabilization of filopodia that initiates 

growth cone turning.  Although the P domain is rich with actin filaments, dynamic 
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microtubules invade and explore the P domain from the central domain.  It is becoming 

increasingly clear that neither actin nor microtubules alone control growth cone steering, 

rather it is the interaction between actin and microtubules that promotes growth cone 

advance and appropriate growth cone pathfinding (Zhou and Cohan, 2004).  

 

Actin 

 The motility of the leading edge is dependent upon actin dynamics.  Actin 

filaments are polarized, with one end receiving monomeric, globular (G)-actin (the 

barbed end) preferentially to the other end (the pointed end) in a process known as actin 

treadmilling (Mogilner and Keren, 2009).  Because the barbed end is always oriented 

distally, toward the leading edge, the addition of G-actin at the pointed end generates a 

force on the filament that pushes the filament "backward" or towards the central domain.  

This backward motion of actin is known as "retrograde flow" and is further driven by the 

action of the barb-end directed molecular motor protein, myosin II, located in the T zone 

(Medeiros et al., 2006).  Myosin II is believed to be a critical mediator of actin 

rearrangement as actin is compressed into the transition zone (Bridgman et al., 2001; 

Loudon et al., 2006).  The compression of the retrograde F-actin as it is driven into the T 

zone and against the microtubule rich C domain results in the breaking and bending of 

actin filaments within the T zone resulting in a structure known as the F-actin arc 

(Schaefer et al., 2008; Geraldo and Gordon-Weeks, 2009).  If filopodia are strongly 

attached to a substratum (e.g. the extra cellular matrix) and traction is generated, the 

backward force could result in the extension of filopodia forward.  This mechanism is 

commonly referred to as the "clutch" hypothesis (Mitchison and Kirschner, 1988; Bard et 
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al., 2008).  It is important to note that many of these structures such as the actin arc have 

only been thoroughly observed in the very large Aplysia growth cone and not in 

mammalian systems (Forscher and Smith, 1988).  Although these specific observations 

have not been made in mammalian growth cones, we will infer that similar cell biological 

processes occur in these mammalian neurons as well.   

 

Microtubules 

 Similar to actin, individual microtubule monomers are also polarized, consisting 

of a plus and a minus end.   Microtubule monomers always grow at the plus ends, which 

faces toward the leading edge.  Microtubule polymers display the intrinsic property of 

"dynamic instability", the tendency to grow or shrink (i.e. rescue versus catastrophe) 

without an upstream signal (Conde and Cáceres, 2009).  This dynamic property allows 

microtubule polymers to grow from the central domain and explore out into the 

peripheral domain rapidly and frequently.  In fact, this dynamic exploration of 

microtubules into the peripheral domain appears to be required for growth cone attraction 

and repulsion.  Addition of drugs to alter microtubule dynamics have been reported to 

alter the trajectory of growth cones responding to guidance cues (Buck and Zheng, 2002).  

Microtubule dynamics can be regulated by microtubule-associated proteins (MAPs) such 

as plus end tracking proteins (+TIPS). 

 

Interactions between Microtubules and Actin 

 Experimental evidence suggests that actin can serve as both a barrier and director 

for microtubules (Schaefer et al., 2002).  Retrograde flow of actin and the formation of 
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the structure known as the actin arc can serve as a physical barrier and inhibitory force 

that prevents the invasion of microtubules into the peripheral domain.  If actin forces act 

to block microtubule progression into the growth cone, how can microtubules reach the P 

domain?  Microtubule polymerization or rescue occurs at a faster rate than retrograde 

flow but that alone is not sufficient to permit microtubule advance.  Recent advances in 

live cell imaging reveal that microtubules are actually coupled with actin bundles 

(Rodriguez et al., 2003). Microtubules that extend into the periphery of the growth cone 

actually track along actin bundles suggesting that the actin cytoskeleton can serve as a 

guide for exploring microtubules.  Furthermore, it appears that these actin bundles are 

actually required to promote microtubule stability and advance.  Localized loss of actin 

bundles concomitantly results in a loss of microtubules (Zhou et al., 2002). These 

observations suggest that there is physical contact among microtubules and actin and that 

this contact is required for appropriate growth cone responses.  

 

Guidance molecules can directly affect the growth cone cytoskeleton 

 Studies are now beginning to link extra-cellular signaling molecules and guidance 

cues with intracellular cytoskeletal changes.  MAPS that can modify microtubule 

dynamics can be regulated by axon guidance molecules.  Guidance cues have also been 

linked to the regulation of Rho family GTPases, well-known cytoskeletal effectors. The 

action of these graded cues would result in both the spatial and temporal regulation of 

these intracellular effectors to coordinate cytoskeletal changes and promote growth cone 

turning. 
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MAPS 

+TIPS are a group of MAPS that are absolutely critical for appropriate growth 

cone dynamics.  These proteins, which bind specifically to the plus end of microtubules, 

both promote microtubule stability and growth and can regulate cross-linking of 

microtubules to the actin cytoskeleton in either a positive or negative fashion (Lowery 

and Vactor, 2009).   Adenomatous polyposis coli (APC), a +TIPS, is modified in the 

growth cone in response to guidance cues. Addition of Wnt3a, a known axon guidance 

cue, results in a marked loss of APC from the microtubule plus-ends and drastic changes 

in microtubule directionality. Microtubule growth no longer advanced forward into the P 

domain but rather became disorganized, resulting in very large looped microtubule 

structures.  These alterations in microtubule architecture resulted in growth cone stalling, 

enlargement and a loss of directed, forward growth (Purro, 2008). The involvement of 

APC in axon outgrowth was also demonstrated by work in the Snider lab.  Zhou and 

colleagues showed that NGF induced neuronal outgrowth is dependent upon GSK-3β 

inhibition and the subsequent recruitment of APC to microtubules in DRG growth cones.  

This recruitment of APC in the growth cone promoted microtubule assembly and 

subsequent neuronal outgrowth (Zhou et al., 2004).   

Van Vactor and colleagues discovered that the plus-end binding protein, 

orbit/MAST, is involved in a model of growth cone repulsion and collapse.  Using a 

genetic screen in Drosophila, they identified axon guidance defects in the midline in 

orbit/MAST mutants.   The defect observed, ectopic midline crossing, is consistent with 

the loss of axon repulsion, specifically Slit mediated repulsion.  Furthermore, the 

vertebrate homolog of orbit/MAST, CLASP, was demonstrated to stabilize microtubules, 



 

   

7 

resulting in large microtubule loops and less dynamic microtubule exploration into the P 

domain in Xenopus growth cones.  This had the overall effect of growth cone stalling and 

retraction, consistent with growth cone dynamics in response to a repellent cue (Lee et 

al., 2004).  

 

Rho family GTPases 

 The Rho family of small GTPases are regulators of actin dynamics and are 

involved in a number of cellular processes such as cell division and migration (Kaibuchi 

et al., 1999).  Typically the Rho family is though to be comprised of three smaller 

subfamilies of proteins including Rac, Rho, and Cdc42.  All three subfamilies have been 

linked to growth cone dynamics and as effectors of axon guidance molecules. 

 Rho activation is typically associated with growth cone repulsion.  Rho, like other 

GTPases, is activated by guanine nucleotide-exchange factors (GEFs) and is inactivated 

by GTPase-activating proteins (GAPs).  Eph/ephrin signaling has been linked to growth 

cone collapse and repulsion through the activation of RhoA by regulating the GEF, 

ephexin1 (Shamah et al., 2001).  EphA signaling increases the phosphorylation of 

ephexin1 thereby increasing its activity and ability to activate RhoA. This ultimately 

results in actin contraction and growth cone collapse.  Netrin, a "bifunctional" guidance 

cue that can be attractive or repulsive, induces local filopodia formation through the 

activation of both Rac1 and Cdc42 (Shekarabi and Kennedy, 2002; X et al., 2002). 

 Rho GTPase proteins have several downstream effectors that can directly 

influence actin assembly/disassembly.  One of the most well known downstream 

effectors of Rac1 and Cdc42 is the Arp2/3 complex.  Arp2/3 can initiate F-actin 
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nucleation and promotes F-actin branches and lamellipodia and filopodia like structures 

(Geraldo and Gordon-Weeks, 2009).  Although the function of Arp2/3 has been well 

characterize in other cell types, the precise function of Arp2/3 in the growth cone is not 

completely understood.   Another commonly cited Rho GTPase effector is the Rho 

associated protein kinase, ROCK.  ROCK acts downstream of RhoA activation and can 

alter actin dynamics through several downstream targets including myosin light chain 

kinase (MLCK) and  LIM domain kinase (LIMK) (Sakisaka et al., 2004).    BMP7 has 

been shown to regulate growth cone attraction through the activity of LIMK.  LIMK can 

phosphorylate and regulate actin depolymerization factor (ADF)/cofilin thus altering 

local actin dynamics and growth cone responsiveness (Wen et al., 2007).  

 

The cell biology of growth cone turning: The role of membrane dynamics 

 Although not as well characterized or studied as the cytoskeleton, membrane 

dynamics and polarized vesicle transport are emerging as a critical players in appropriate 

growth cone turning.  It has been postulated that attractive growth cone guidance requires 

asymmetric exocytosis of membrane towards the side of attraction, while repulsion and 

growth cone collapse utilizes endocytosis.  In fact, asymmetric activation of either 

endocytosis or exocytosis within the growth cone is sufficient for growth cone turning in 

the absence of a guidance cue (Tojima et al., 2007; Tojima et al., 2010). 

 Rac1 can mediate growth cone repulsion through the localized endocytosis of 

plasma membrane.  The activation of Rac1 by ephrin-A2 or semaphorin 3A results in an 

increase of endocytosis of EphA and PlexinB receptors.  This membrane internalization 

is at the spatial location of guidance cue encounter, thus resulting in spatially restricted 
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endocytosis and changes in the organization of the actin cytoskeleton.  Inhibition of Rac1 

activity blocks this guidance cue induced endocytosis and subsequently inhibits growth 

cone collapse (Jurney et al., 2002).  This study adds to the complexity of what is believed 

to be the role of Rac1 in growth cone guidance.  Because Rac1 activity has also been 

implicated in actin polymerization, it is also a key mediator of growth cone attraction and 

advanced.  Therefore it would appear that the role of Rho family GTPases in axon 

guidance is context dependent.   

 Endocytosis can also mediate changes in growth cone responsiveness by the 

localized removal of guidance cue receptors at the plasma membrane.  Vav2 is a GEF 

downstream of ephrin-Eph signaling.  Activation of Vav2 activity results in the 

endocytosis of Eph receptors (Cowan et al., 2005).    This is significant because contact 

mediate ephrin/Eph receptor signaling at the growth cone can promote adhesion and 

stabilization.  The removal of these receptors is sufficient to overcome this adhesion 

affect and promote growth cone collapse.  Likewise, localized exocytosis can increase the 

number of receptors that mediate growth cone attraction thus actin as a "signal amplifier."  

For example, Netrin-1 can increase the amount of cell surface DCC expression 

(Bouchard et al., 2004). 

  

 

The Midline as a model system for axon guidance 

Axons appear to be guided to particular locales along its trajectory known as 

guideposts or choice points.  Growth cones reach these specific locations and can either 

continue along its previous direction or completely alter its trajectory in response to 
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changing cues at these choice points.  A particularly well-studied choice point that many 

axons encounter is the midline. 

Most organisms develop along a bilateral axis known as the midline.  It is well 

known that a variety of molecules secreted at the midline organize the cell type, 

migration, and axon pathfinding of developing neurons (Matise et al., 1999). Midline 

studies of axon pathfinding are the most used model system to study axon guidance.  

Most longitudinally growing axons cross the midline and project contra-laterally.  This 

common, stereotypical projection is intriguing and generates several questions for study.  

What attracts these axons to the midline and why do they not remain there once they 

reach this guidepost?  In other words, how do these growth cones alter their response 

from attraction to repulsion?  Furthermore, what signals these neurons to now grow along 

a different axis, in a longitudinal projection along the midline? 

 

 

Vertebrate spinal cord commissural neurons as a model for axon guidance studies 

The dorsal commissural neurons of the spinal cord make an attractive model 

system to study axon guidance because of the stereotyped and complex trajectory of their 

axons.  Commissural neurons are born at approximately e10 in mouse or E12 in rat in the 

dorsal aspect of the rodent spinal cord (Bovolenta and Dodd, 1990).  From there, these 

neurons will send axonal processes along the dorsal axis where they reach the ventral 

spinal cord midline, the floorplate, and alter their axis of growth from dorsal/ventral 

(D/V) to posterior/anterior (A/P).  These axons are also no longer responsive to the 
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attractive forces that led them to the midline but now respond to forces that direct them to 

grow anteriorly towards the brain (Bovolenta and Dodd, 1990).   

 Previous work in our lab demonstrated that Wnt proteins could serve as attractive 

guidance cues for pathfinding commissural neurons.  In an elegant series of experiments, 

Lyuksyutova and colleagues demonstrated that an attractive, diffusible molecule (or 

molecules) directs post-crossing commissural neurons anteriorly specifically after 

crossing the floorplate.  This graded attractive force was demonstrated to be Wnt 

proteins.  Both Wnt7b and Wnt4 are expressed ventrally, just outside of the floorplate in 

an anterior high/posterior low expression gradient (Lyuksyutova et al., 2003).  

Furthermore, post-crossing commissural neurons in mice lacking Frizzled3, a Wnt 

receptor, displayed randomized projections along the anterior/posterior axis 

(Lyuksyutova et al., 2003).  

 

Wnts are conserved axon guidance cues 

C elegans 

 Several populations of neurons display axon guidance and polarity defects in Wnt 

signaling mutants in the nematode.  In C elegans embryos, egl-20 (wnt) is highly 

expressed in the tail region.  Both anterior and posterior ventral mechanosensory (AVM 

and PVM respectively) neurons send out a single process that turns anterior upon 

entering the nerve cord.  AVM and PVM neurons both display axon guidance defects in 

Wnt and Frizzled receptor mutants.  Many processes in the mutant embryos either 

bifurcate and/or send processes posteriorly (Pan et al., 2006).  This suggests that Wnt 

proteins act as a repulsive cue residing in the tail of the nematode.  Indeed, the axons of 
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GABAergic D-type motor neurons also appear to be repulsed by a posterior gradient of 

Wnt protein.  These neurons reside along the ventral midline and project axons anteriorly 

where they bifurcate and send a process dorsally, and then bifurcate a final time where it 

sends a process along the dorsal spinal cord in both anterior and posterior directions.  lin-

44(wnt) mutants displayed axons that projected further posteriorly along the dorsal nerve 

cord than in wild type embryos.  Furthermore, this study examines other mutants in the 

canonical Wnt signaling pathway (see Wnt signaling pathways) and also reported similar 

overextension defects suggesting, that at least in nematode, β-catenin/Wnt signaling is 

required for appropriate axon guidance of a subset of neurons (Maro et al., 2009).  

Similarly, other mechanosensory neurons, ALM and PLM also rely on a repulsive Wnt 

signal emanating from the tail in order to polarize correctly along the anterior/posterior 

axis (Prasad and Clark, 2006) 

 

Drosophila 

 At the Drosophila midline, axons from commissural neurons must decide which 

commissure they are to cross (i.e. the anterior or posterior commissure).  Derailed along 

with DWnt5 were both identified in a genetic screen to identify mutant embryos 

displaying commissural axons that did not select the appropriate commissure.  This study 

suggests that DWnt5 acts as an instructive cue for commissural axons by repelling them 

from the posterior commissure and thus influencing them to correctly pathfind through 

the anterior commissure.  Genetic and biochemical analysis suggest that DWnt5 mediates 

this repulsive effect through the atypical kinase receptor, Derailed (Yoshikawa et al., 

2003).  Wnts are also suggested to regulate topographic map formation in the Drosophila 
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visual system.  DWnt4 expression attracts ventral retinal axons to the ventral lamina.  

Misexpression of DWnt4 resulted in aberrant retinal axon pathfinding into the dorsal 

lamina suggesting that DWnt4 serves as an attractive ventral cue in this system (Sato et 

al., 2005). 

 

Mice 

 Ryk, the mouse homolog of Derailed, also mediates Wnt repulsion in vertebrates. 

Descending cortico-spinal axons (CST) project posteriorly along the dorsal spinal cord 

and express Ryk protein on their surface.  Both Wnt1 and Wnt5a are expressed in an 

anterior high, posterior low expression gradient in the dorsal spinal cord.  Explant assays 

reveal that both Wnt1 and Wnt5a repell these axons.  Addition of a function-blocking 

antibody to Ryk abolished repulsion and significantly inhibited the growth of these 

axons, suggesting that CST axons are repulsed down the spinal cord by the actions of the 

Wnt receptor, Ryk (Liu et al., 2005).  Mice deficient for Ryk signaling also display axon 

guidance defects outside of the spinal cord.  Axons aberrantly cross the anterior 

commissure in the cortex of Ryk-/- mice.  Axons grow into the anterior commissure and 

cross correctly but fail to exit the midline appropriately.  The model posited by this study 

suggests that Wnt5a expressed near the anterior commissure helps drive axons out of the 

midline and promotes their fasciculation (Keeble et al., 2006).   

 

Chick 

 Similarly to rodents, Wnt proteins have also been show to guide post crossing 

commissural axon anteriorly.  Unlike mice, Wnt proteins are not expressed in an anterior 
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high/posterior low expression gradient but rather a function Wnt protein gradient is 

generated by the graded expression of the Wnt antagonize sfrp1.  Sfrp1 is expressed in a 

posterior high/anterior low expression profile thus acting to inhibit Wnt activity more 

effectively at caudal positions.  The result is that more Wnt activity anteriorly influence 

axons to grow in that direction, thus suggesting that Wnts are attractive cues for these 

axons (Domanitskaya et al., 2010).  Data from our lab also suggests that Wnt activity is 

required for appropriate retinotopic formation in chick tectum.  Wnt/Ryk signaling acts 

on the interstitial branches of RGC axons by producing a laterally-directed balancing 

force against Ephrin/EphB medially-directed force for the appropriate formation of 

termination zones (Schmitt et al., 2005).   

 

Wnt signaling pathways 

Wnts are secreted glycoproteins that regulate an assortment of cellular processes 

including polarity, cell fate determination, proliferation, migration, patterning, and 

tumorigenesis (Wodarz and Nusse, 1998).  They have recently been implicated in 

neuronal development as they have been shown to regulate axon guidance, synapse 

formation, and cell migration throughout both vertebrate and invertebrate nervous 

systems (Salinas, 1999; Lyuksyutova et al., 2003; Liu et al., 2005; Vivancos et al., 2009). 

Although Wnts have been shown to regulate numerous developmental processes 

throughout neural development, the downstream signaling mechanisms by which it 

mediates its effects are not yet determined.  Wnts are known to signal via three well-

established pathways:  1) the canonical/β-catenin pathway, 2) Wnt-calcium pathway, and 
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3) the planar cell polarity pathway. Which pathway (or pathways) is involved in axon 

guidance is currently an active area for investigation. 

In the canonical β-catenin Wnt pathway, Wnts bind Frizzled and its co-receptor, LRP 

5/6 resulting in inhibition of GSK3β and nuclear translocation of β-catenin leading to the 

transcription of TCF/LEF target genes (Chien et al., 2009).  We previously observed 

normal anterior-posterior (A-P) turning of commissural axons in E11.5 low-density 

lipoprotein receptor-related protein 6 (LRP6) deficient spinal cords (Lyuksyutova et al., 

2003).  Addition of the LRP 5/6 inhibitor, Dikkopf1 (DKK1), also had no effect on A-P 

turning in open-book explants (unpublished observations), further suggesting that LRP 

signaling is not required in Wnt/Frizzled mediated axon guidance.  Because LRP5 and 6 

are indispensable components of canonical/β-catenin Wnt signaling (He et al., 2004), 

these results suggest that canonical Wnt signaling pathway does not play a major role in 

A-P turning of commissural axons in vertebrates.  Recently, canonical β-catenin Wnt has 

been implicated in the axon pathfinding of D-type motor neurons in C elegans. Although 

it appears that this pathway may play a role in axon guidance in the nematode, there is no 

evidence suggesting it is involved in pathfinding in vertebrate systems (Maro et al., 

2009). 

The Wnt/calcium/PKC pathway plays a role in cell migration (Cohen et al., 2002) and 

calcium-dependent PKCs have been implicated in embryonic growth cone guidance and 

inhibition of adult axon regeneration (Xiang et al., 2002; Sivasankaran et al., 2004). We 

tested the role of PKCs in Wnt-mediated anterior turning of commissural axons and 

found by pharmacological inhibition, only calcium independent PKCs seem to have an 

effect on A-P turning of commissural axons.  Thus, we do not think that the 
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Wnt/calcium/PKC pathway is involved in attractive guidance in the vertebrate midline, 

however, there is emerging evidence that Wnt/calcium signaling might be involved in 

axon repulsion.  Kalil's group demonstrated that Wnt5a induces cortical axon outgrowth 

and repulsion through Ryk and Frizzled receptors, and that these events require calcium.  

The study further suggests that although axon outgrowth requires calcium release from 

both internal stores (IP3) and TRP ion channels, repulsion only requires calcium influx 

through TRP channels (Li et al., 2009).  TRP channel activation and calcium influx has 

been implicated downstream of other axon guidance molecules such as netrin-1 and 

BDNF and is also implicated in axon outgrowth (Tai et al., 2009).  The role of TRP 

channels and calcium signaling downstream of Wnts will surely continue to be explored. 

 And finally, the Wnt/planar cell polarity pathway (PCP) is involved in a variety of 

cellular processes including convergent extension and the orientation of hair cells (Fanto 

and McNeill, 2004).  This pathway is believed to establish polarity along the planar axis 

as opposed to the perpendicular, apical/basal axis.    Polarity signaling pathways are 

attractive signaling pathway to explore for the regulation of axon guidance because they 

establish asymmetry within cells and are involved in local cytoskeletal rearrangements 

and membrane dynamics.  Core PCP components include disheveled, Frizzled, prickled, 

Van Gogh (also known as strabismus), and Flamingo (also known as starry night) 

(Barrow, 2006).  Genetic evidence in mice suggests that PCP signaling is indeed involved 

in developmental axon guidance.  Our work previously mentioned, examined 

commissural axon guidance in the Fzd3 knock out mouse (Lyuksyutova et al., 2003).  

Commissural neurons cross and randomized along the A-P axis in these animals.  In fact, 

several axon tracts appear to be missing and misguided in the Fzd3 mutant mouse (Wang 
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et al., 2002).  The mouse homolog of Flamingo, Celsr, has also been implicated in 

regulating axon guidance.  The Celsr3 -/- mouse phenocopies the Fzd3 -/- mouse but is 

slightly less severe (Tissir et al., 2005).  Recent unpublished work in our lab also 

implicates the mouse Van Gogh-like (Vangl) protein in commissural axon guidance.  The 

Looptail mouse contains a single point mutation in the Vangl2 gene rendering Vangl2 

protein unstable and is accepted as a model of Vangl2 loss of function (Kibar et al., 

2001).  Commissural neurons in Looptail mice also project randomly along the A/P axis.  

In chapter 3, I will present studies of serotonergic and dopaminergic axon projections in 

the developing brain stem that will demonstrate that the Wnt/PCP signaling pathway is 

involved in A-P axon guidance away from the spinal cord midline.  

 Although we have established that Wnt/PCP signaling mediates commissural 

axon attraction, data gathered in our lab suggests the existence of another previously 

uncharacterized Wnt pathway that is involved in this process.  During a pharmacological 

screen to identify potential downstream kinases involved in commissural axon turning, 

we discovered that commissural neurons utilize a calcium-independent pathway for 

growth cone guidance.  Inhibition of atypical protein kinase C (aPKC), a calcium 

independent kinase, with a specific myristolyated inhibitor resulted in axon 

randomization after midline crossing (Wolf et al., 2008).  This data in concert with some 

recent discoveries from other labs suggest that Wnts may alter the activity of aPKC 

signaling, to mediate attractive axon guidance (Ohno, 2007).  aPKC is a member of the 

Par polarity complex, a highly conserved signaling pathway that was first identified in a 

C elegans screen for mutants defective in asymmetric cell division (Desai et al., 1988).  

This pathway has been implicated in a number of polarity processes in vertebrates 
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including tight junction formation along the apical/basal axis, polarized cell migration, 

axon determination, as well as asymmetric division (Moscat and Diaz-Meco, 2000).  In 

Chapter 2, I will investigate the role of the aPKC polarity complex in Wnt mediated axon 

guidance by genetically manipulating commissural neurons by ex-utero electroporation 

of rat spinal cords and examining their axonal pathfinding.  

 

 

 

Developmental axon pruning  

 Axon guidance molecules and mechanisms might mediate more than axon 

pathfinding during development.  Axons make more connections and targets receive 

more inputs during development as compared to adulthood.  These exuberant processes 

are selectively eliminated or “pruned” through either axon retraction or degeneration.  

Emerging evidence suggests that some guidance cues, especially those involved in axon 

repulsion, could also mediate these remodeling events.  Axon pruning has been classified 

into two different categories:  small-scale events and large-scale events (Vanderhaeghen 

and Cheng, 2010).   

 Small-scale developmental pruning involves the selective removal synapses and 

local pruning of axon arbors.  Synapse elimination at the neuromuscular junction and 

removal of climbing fiber inputs on cerebellar Purkinjie cells are two classics examples 

of small-scale pruning during development (Vanderhaeghen and Cheng, 2010).  This type 

of pruning appears to occur stochastically and is probably regulated by neural activity.  

Large-scale events include the selective removal of axons over larger physical distances 
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and are regulated in part by molecular cues.  The remainder of this section will be 

dedicated in outlining the molecular mechanisms mediating large-scale axon removal. 

 

Classical examples of large-scale axon pruning 

 One of the most well known examples of large-scale pruning occurs in the 

refinement of subcortical projections from the visual and motor cortices.  Axons from 

these regions project to both the brain stem and spinal cord in overlapping regions.  As 

development proceeds, only the appropriate connections are maintained.  Axon 

collaterals from the visual area that terminated at motor system targets in the spinal cord 

are removed. Likewise, motor system axon branches projecting to visual targets in the 

superior colliculus are also eliminated.  These events occur during the first few weeks 

after birth (Reinoso and O'Leary, 1989).  Early tracing studies of these projections 

showed the presence of blebbed and fragmented axons consistent with pruning by axon 

degeneration rather than retracting back.   

 The hippocampus is another area that experiences large-scale pruning of axons 

during development.  Granule cells in the dentate gyrus project two different bundles of 

fibers to CA3.  One bundle first projects adjacent to the apical dendrites of CA3 

pyramidal cells, while later a second bundle of collateral axons known as the 

infrapyramidal projection (IFB) course towards the basal dendrites of pyramidal cells.  

The IFB is later pruned back during development at a time during relatively high 

expression of the axon repellant Sema3F in the hippocampus (Bagri et al., 2003).   

 Retinotopic map formation is refined by stereotypic axon pruning.  Retinal 

ganglion cells (RGC) project axons from the retina to the midbrain.  Early in 
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development these projections form a very broad, coarse map.  RGC axons initially 

overshoot their intended targets in the superior colliculus (rodent) or tectum (chick).  The 

method by which these axons are pruned back is not currently known, however, axon-

tracing studies revealed blebbing and fragmentation in these axons similar to 

degenerating axons (Nakamura and O'Leary, 1989).   

 Finally the γ neurons in the Drosophila mushroom body (MB) are another 

population of neurons that undergo significant axon remodeling during development (Luo 

and O'Leary, 2005).  Analysis of this pruning event in insects is significant and unique 

because these axons are clearly pruned by axon degeneration mechanisms.  Axons appear 

to fragment into pieces with no distal-to-proximal bias (Watts et al., 2003).  In other 

words, these axons do not retract back, but are clearly self-destructing along the length of 

the axon.  This degeneration mechanism requires the cell-autonomous activation of the 

ubiquitin-proteasome system (UPS) (Watts et al., 2003).  To date, there is no conclusive 

evidence that vertebrates axons are pruned by degeneration although the fragmentation 

observed in the systems above make it a plausible mechanism.   

 

Axon guidance molecules implicated in axon pruning 

 Semaphorin and Ephrin signaling have both been implicated in developmental 

axon remodeling and can serve as axon guidance cues (Faulkner et al., 2007).  

Semaphorins are ligands that bind plexin receptors and can mediate growth cone collapse 

and axon repulsion (Pasterkamp and Kolodkin, 2003).  Mice deficient in plexin-A3 or the 

plexin co-receptor neuropilin-2, display pruning defects in the developing hippocampus.  

The IPB that is normally pruned in development remains abnormally long into adulthood 
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(Bagri et al., 2003).  Dentate granule cells express both plexin-A3 and neuropilin-2 while 

interneuron-like cells in the infrapyramidal region express Sema3F at approximately the 

location where pruning should occur.  In addition, Sema3F -/- mice display similar 

pruning defects as the plexin-A3 and neuropilin-2 mutant mice (Sahay et al., 2003).  No 

fragmentation is visible in these neurons suggesting that Semaphorin mediated pruning in 

the hippocampus is due to the retraction of these axons.  Semaphorin signaling is also 

implicated in pruning outside of the hippocampus.  The neuropilin-2 and the plexin-A3 

and plexin-A4 double mutants both show pruning defects in visual CST axons but not 

motor CST axons (Low et al., 2008).  The mechanisms that mediate axon retraction is 

believe to involve the same cytoskeletal regulators that mediate growth cone repulsion. 

 The pruning of over-extended axons early in retinotopic map formation involves 

that axon repellant function of Ephrin-Eph signaling.  Ephrin-A-EphA forward signaling 

inhibits branch formation posteriorly to the termination zone.  This strong repulsive 

signal results in the removal of overshooting branches.  Unlike IPB pruning in the 

hippocampus, this process might involve selective axon degeneration (Nakamura and 

O'Leary, 1989).  EphB-Ephrin-B reverse signaling has also been implicated in IFB 

pruning in the hippocampus (Xu and Henkemeyer, 2009). 

 Although Wnt signaling has yet to be strongly implicated in axon pruning during 

development, we believe that it along with other axon guidance molecules, may play 

critical roles in circuitry formation outside of axon guidance and synapse formation.  One 

study that potentially links Wnt ligands with neurite survival is during developmental 

pruning in the nematode.  Hayashi and colleagues discovered that in C elegans, Wnt 

detection by CAM-1 kinase (Ror in vertebrates) protected neurites from elimination in 
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AIM neurons (Hayashi et al., 2009).  This study suggests that Wnt could serve as a 

neurotrophic signal during developmental pruning. 

  

Outline 

In the following two chapters, I will present my work in determining what 

downstream signaling events occur in Wnt mediated axon guidance.  In the first study, I 

will use the spinal cord commissural neuron model system to further analyze a novel Wnt 

signaling pathway, the Wnt/aPKC polarity pathway, and its involvement in Wnt mediated 

axon guidance.  In the third chapter, we will explore a model system outside of the spinal 

cord, and examine the axon pathfinding of monoaminergic (i.e. serotonergic and 

dopaminergic) neurons in the developing hindbrain and midbrain.  Unlike the spinal cord, 

the axon pathfinding of these axons has not been well characterized.  Although these are 

not spinal cord commissural neurons, they do grow along the A-P axis maintaining the 

theme that Wnt proteins guide axons along the longitudinal axis.  Here I used several 

genetically modified mice to study A-P guidance in PCP signaling mutants.  Unlike the 

previous chapter, which is almost exclusively comprised of in vitro experiments, most of 

the observations made in this study will be made using an in vivo model system.  Finally, 

in Chapter 4, I will investigate the role of aPKC signaling in mediating axon survival and 

maintenance.  We found that inhibition of aPKC signaling results in rapid axon 

fragmentation of cortical neurons.  We posit that developmental Wnt/aPKC signaling 

might be a key mediator of axon pruning by serving as a trophic signal during 

development and this signaling might be disrupted in neurodegenerative disease models.   
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Chapter 2 

The potential role of the Apical/Basal polarity pathway in Wnt mediated axon 

guidance 

 

Abstract 
 

 

Wnt proteins have been recently identified as molecular guidance cues for 

pathfinding axons.  Although many studies have well established the role of Wnt proteins 

in axon guidance, there is very little known about the downstream intracellular 

mechanisms mediating Wnt guidance.  Previously our lab demonstrated that Wnts act as 

attractive guidance molecules for pathfinding spinal cord commissural neurons through 

the Fzd3 receptor (Lyuksyutova et al., 2003).  Herein this study, we will demonstrate that 

Wnt/Fzd3 axon attraction is mediated in part by atypical PKC (aPKC) signaling. How 

aPKC regulates growth cone guidance is currently unknown, although aPKC has been 

shown to be an essential component of the Par signaling complex, which mediates a 

number of asymmetric cell signaling events, including apical-basal polarity in epithelial 

cells (Assémat et al., 2008). We examined the distribution of aPKC, Par3 and Par6 in 

neuronal growth cones with high-resolution confocal microscopy and found that these 

components are present in the growth cone, particularly along microtubules and possibly 

enriched at microtubule plus ends. Knockdown of aPKC by RNAi, results in dramatic 

changes in growth cone morphology generating a "retraction bulb" like growth cone.  A 

known aPKC substrate, lethal giant larvae (Lgl1), is localized in neighboring areas with 
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aPKC with limited overlap, consistent with their mutually exclusive distributions seen in 

Drosophila neuroblasts (Rolls et al., 2003). Lgl1 appears to be enriched closer to the 

plasma membrane in areas adjacent to aPKC and often is found in some but not all of the 

filapodia. Overexpression of Lgl results in a marked expansion of the plasma membrane.  

Taken together, our data suggests that the coordinate actions of both Lgl and aPKC might 

be involved in growth cone motility and Wnt mediated axon guidance. 

 
 
 
Introduction 
 
 

Apical/Basal (Par/aPKC) polarity pathway 

Cellular polarity is fundamental for cellular functions such as cell division, 

migration, tissue morphogenesis and maintenance, and survival.  Components of the 

apical/basal polarity pathway were first discovered in C elegans.  Six partition-defective 

genes (par) were pulled out of a screen for genes that were necessary for the asymmetric 

division of the C elegans zygote (Desai et al., 1988).  Mammalian homologs of the Par 

proteins have also been shown to regulate cellular polarity and are present in the CNS 

throughout development (Yoshimura et al., 2006).  Par6 and Par3 are regulatory and 

scaffolding proteins that regulate the activity of the threonine/serine kinase, atypical PKC 

(aPKC) (Henrique and Schweisguth, 2003).  aPKC is able to signal to small G proteins 

such as Cdc42 and Rac1 (Lin, 2000).  In epithelial cells, aPKC is present in and 

maintains the apical domain of the cell in opposition to Par4 (Lkb-1), which resides in the 

baso-lateral membrane (Ossipova et al., 2003).  Because aPKC functions to maintain the 
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spatial and molecular distinctions between the apical domain and the basal domain, aPKC 

signaling is considered a key component of the apical-basal (A-B) polarity pathway. 

Another member of the A-B polarity pathway is lethal giant larvae (Lgl), which resides in 

the baso-lateral domain similar to Lkb-1.  Lgl has been shown to be involved in polarized 

vesicle transport and its localization and activation is contained by aPKC phosphorylation 

(Tian and Deng, 2008).  aPKC (PKCζ and PKCι/λ in mammals) has also been shown to 

regulate orientation of the microtubule-organizing center (MTOC) in oogenesis and in 

migrating granule neurons (Hirai and Chida, 2003; Solecki et al., 2004).  In addition, 

aPKC also plays a role in polarized migration as it has been demonstrated to be activated 

at the leading edge of migrating astrocytes after wound healing (Etienne-Manneville and 

Hall, 2003), suggesting that aPKC signaling is a key regulatory of polarized cytoskeleton 

dynamics.  

 

A/B Polarity and Wnt signaling 

During the course of our studies, recent literature suggests a potential link 

between Wnt signaling and the Par/aPKC polarity pathway in axon-dendrite polarization.  

Incubation of hippocampal neurons with Wnt proteins results in increased activation of 

PKCζ and stabilization of PKCζ by the Wnt signaling molecule, Dishevelled (Zhang et 

al., 2007).  Dishevelled can also interact with Lgl and alter its localization in Xenopus 

oocytes (Dollar et al., 2005).  PKCζ and Lkb-1 have both been suggested to 

phosphorylate GSK3β (a Wnt signaling component) and thus modify the Wnt signaling 

pathway (Ossipova et al., 2003). β-catenin is also component of adherens junctions (a 

structure maintained in along the apical-basal axis) and is a critical member of the Wnt 
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signaling pathway (Ligon et al., 2001). Additionally, aPKC phosphorylation of the 

cytoplasmic tail of the Frizzled receptor in the Drosophila eye leads to attenuation of PCP 

signaling during photoreceptor specification (Djiane et al., 2005).   

Establishment of cellular polarity requires multiple cellular processes including 

coordinated polarization of the cytoskeleton, polarized vesicular transport, and proper 

cellular adhesion.  Because similar processes are likely to be involved in growth cone 

migration and turning, we posit that asymmetric signaling, specifically asymmetric 

activation and regulation of cytoskeletal and membrane dynamics are the mechanisms by 

which growth cones turn.  This study aimed to address both the downstream signaling 

components of Wnt-mediated axon turning, specifically the role of aPKC polarity 

signaling and reveal the potential cell biological mechanisms that physically mediate 

growth cone turning.   

 

 

Materials and Methods 

 

Immunohistochemistry  

For cryostat sections, E14 Sprague Dawley rat tissue was dissected and fixed overnight in 

4% PFA, washed with PBS, and then cryoprotected overnight in 30% sucrose at 4°.  

Tissue was then embedded in OCT compound and 10µm sections were collected for 

immunostaining.  Briefly, tissue was incubated in PBS for 10 minutes, then blocked for 

30 minutes at room temperature in PDT (2%BSA, 1% donkey serum, 0.1% Triton in 

PBS).  Primary antibodies were incubated overnight at 4 degrees.  Slides were washed in 
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PBS, and then incubated in secondary antibody for 2-3 hours at room temperature, 

washed again and mounted with Fluoromount G (Southern Biotech).   

 

In situ hybridization 

Non-radioactive in situ hybridization on cryosections (20 µm) from e11.5 CD1 mouse 

embryos was performed as described previously (Lyuksyutova et al., 2003).  Lgl in situ 

probes were generated against the 3' UTR of the gene.  

 

Ex utero electroporation and immunostaining of open book explants 

E14 Sprague Dawley rat embryos were eviscerated and tail removed.  DNA was inserted 

into the central canal using a pulled glassed pipette.  These embryos were then 

electroporated using gold electrodes and a BTX #ECM 830 electroporator.  The program 

used for electroporation was four 100ms pulses at 25V.  After electroporation, the spinal 

cord were dissected out and opened up from the roofplate.  These “open book” cultures 

were cultured with the ventricular zone side down upon a collagen gel matrix for 72hrs at 

37C.   Explants were then fixed with 4% PFA overnight at 4C and washed extensively 

with PBS.  Explants were stained with antibodies against GFP to visualize electroporated 

cell bodies and axons. 

 

Dissociation and electropoation of cortical neuronal cultures 

E16.5 brains were dissected out from CD1 embryos.  DNA was insert to the ventricles of 

these brains by pull glass pipette. These brains were then electroporated with gold plated 

genetrode electrodes with a BTX #ECM 830 electroporator using 3 pulses at 100V each. 



 36 

The cortex was then dissected out from the electroporated brains. Tissue from several 

different embryos was pooled together and incubated in 0.25% trypsin for 20 min at 

37°C. The tissue was then triturated with fire polished glass pasture pipettes and trypsin 

activity was inhibited by the addition of RPMI plus 5% horse serum. Cells were plated in 

Neurobasal media supplemented with either 1 or 2% B27, penstrip, and 2mM Glutamate 

on poly-D-lysine- and laminin-coated glass coverslips  and incubated for 3 days.  

 

RNAi generation 

shRNA against mouse aPKCs was generated using the Oligoengine software available 

online.  Purified oligos were cloned into the pSUPER.retro vector using HindIII and BglI 

restriction sites. 

 

 

 

Results 

 

Components of the Apical/Basal signaling pathway are expressed in commissural 

neurons in the developing spinal cord during axonal pathfinding. 

To investigate the role of apical-basal polarity signaling in commissural axon 

guidance, we immunostained both rat and mouse spinal cords for A-B polarity 

components at the time of active commissural axon pathfinding (i.e. e11.5 mouse and e13 

rat).  At these developmental stages, commissural neurons have already sent projections 

down to the floorplate where these axons have crossed and have started growing 
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anteriorly towards the brain. Phosphorylation of PKCζ at threonine 410 is indicative of 

the activated form of the kinase and it often used as a marker for PKCζ activity (Chou et 

al., 1998). Active aPKC (pPKCζ) is clearly enriched at the ventral funiculus, an area 

enriched with post crossing commissural axons in both mice and rats (Fig. 2.1A, A" 

arrows).  Par6, a binding partner of aPKC, is also enriched in post crossing commissural 

axons (Fig. 2.1B, B" arrows).   Furthermore, we examined the distribution of an aPKC 

downstream substrate, Lgl1 in rodent spinal cord by in situ hybridization. Dcc expression 

is used as a marker for commissural neuron cell bodies and pre-crossing commissural 

neurons (Fig. 2.1C).  Lgl1 is expressed both the ventricular and mantle zones of the 

spinal cord in areas where commissural neuron cell bodies reside (Fig. 2.1D).  

 

Overexpression of a dominant negative, kinase dead version of aPKC results in the 

randomization of pathfinding commissural neurons. 

Previous work in the lab demonstrated that addition of a pseudosubstrate inhibitor 

peptide specific to aPKCs resulted in randomization of post crossing commissural axons 

along the anterior-posterior axis (Wolf et al., 2008).  To further investigate the role of 

aPKC signaling and to determine if aPKC activity is cell autonomous in commissural 

neurons, we utilized an ex-utero electroporation assay to overexpress a kinase dead, 

dominant negative version of aPKC (PKCζ-KD) (Chou et al., 1998).   In this assay, we 

inject IRES GFP DNA constructs into the central canal of E13 rat spinal cord and 

electroporate the DNA into the most dorsal aspect of the spinal cord, where commissural 

neurons are born and migrate.  We then culture these explants as open books for 3 DIV 

and use whole mount immunostaining against GFP to visualize pathfinding axons (Fig. 
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2.2A, 2.2B).  Expression of GFP controls or wt-PKCζ resulted in the anterior turning of 

approximately 90% of post-cross axons.  However, overexpression of PKCζ-KD resulted 

in randomization of pathfinding commissural neurons after crossing the floorplate (Fig. 

2.2C, 2.2D).   Although many of these axons did not pathfind in the correct direction, 

their overall growth and morphology appeared relatively similar to axons expressing wt- 

PKCζ.  

 

Knockdown of aPKC results in "dystrophic" growth cones at the spinal cord 

midline.   

Overexpression of a kinase dead version of PKCζ and inhibition of aPKC activity 

by addition of a pseudosubstrate peptide inhibitor specific to aPKC (data not shown) 

results in the randomization of post-crossing commissural axons suggesting that the 

kinase activity of aPKC is required for appropriate commissural axon guidance.  In order 

to both verify these results and determine if aPKC might have any kinase-independent 

action on commissural neuron pathfinding, we overexpressed an shRNA against aPKCs 

using the pSUPER vector system.  Expression of a control construct expressing a 

randomized shRNA resulted in the majority of axons growing out towards the midline, 

crossing, and turning anteriorly (Fig. 2.3A, 2.3B, Graph. 2.1).  Surprisingly, expression 

of an shRNA against aPKC displayed a dramatic effect on axons prior to floorplate exit.  

Many of the axons expressing aPKC RNAi failed to reach the midline and appeared 

overall unhealthy (Fig. 2.3C, 2.3D).  The few axons that do cross the midline in this 

condition do display a slight yet statistically significant decrease in correct turning 

decisions (Graph. 2.1).  Higher magnification images of growth cones at the floorplate 
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reveals striking differences in the morphology of growth cones expressing aPKC RNAi 

as compared to controls.  Many of the control growth cones either are large and display 

multiple filopodia (Fig. 2.3E) or tend to be very narrow and nearly the same diameter as 

the axon (Fig. 2.3F).  This is in contrast to aPKC RNAi expressing growth cones that 

appear to stall at the midline and form large, round structures reminiscent of "retraction 

bulbs" since in injured neurons (Fig. 2.3E', 2.3F, Graph. 2.2).  Taken together, this data 

suggests that aPKC functions to properly maintain commissural axons and guide them 

appropriately. 

 

Apical-Basal signaling components are present in CNS growth cones 

Although we see the presence of A-B signaling components in the spinal cord in 

areas of active axon pathfinding, pathfinding decisions are made within neuronal growth 

cones and if this pathway is involved in mediating axon guidance decisions, we would 

expect to find these components spatially localized in neuronal growth cones. Indeed, 

immunostaining of both commissural (data not shown) and cortical growth cones reveals 

the presence of these signaling components.  aPKC is highly present in growth cones and 

appears to align along microtubules as seen when co-stained with an antibody against α-

tubulin (Fig. 2.4B-B").  Lgl is also present in neuronal growth cones but displays a 

different protein distribution than aPKC.  Lgl appears to co-localize with F-actin and 

appears to be distributed at distinct membrane patches (Fig 2.4A-A").  Co-staining of Lgl 

and aPKC in the same growth cones reveals that the two proteins often juxtapose, but do 

not overlap (Fig. 2.4C-C").  This is in agreement with other studies that shows that 
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aPKC acts to inhibit Lgl activity by limiting is localization to the basal domain while 

aPKC is enriched at the apical domain in epithelia cells. 

 

Lgl-GFP localizes to pathfinding growth cones in open book explants 

Because A-B polarity components appear to localize to specific regions in 

dissociated neuronal growth cones, we decide to image fusion proteins of PKCζ-GFP and 

Lgl-GFP to observe their localization in pathfinding growth cones in intact explants (Fig. 

2.7D). GFP and PKCζ-GFP appeared to be evenly distributed throughout the growth 

cone of pathfinding axons (Fig. 2.5A-A', 2.5B-B').  Lgl-GFP, however, displayed a 

differential localization in pathfinding growth cones.  Lgl-GFP was often localized to 

patches of membrane within pathfinding growth cones (Fig. 2.5C-C').  We speculate that 

these enrichments of Lgl protein might be involved in growth cone decision-making.   

 

Overexpression of Lgl alters axon morphology and results in membrane expansion

 Although the biological function of Lgl has been studied in epithelial cells, it has 

not been extensively studied in neurons.  To assess the function of Lgl, we overexpressed 

Lgl-GFP fusion constructs in cortical neurons.  Similar to what we observed with 

endogenous localization of Lgl, the Lgl fusion protein appeared to co-localize with the 

actin cytoskeleton (Fig. 2.6A-A").  Lgl overexpression did not appear to affect neuronal 

polarity as neurons were still capable of forming Tau positive axons (Fig. 2.6B-B").  

However, a rather remarkable feature of neurons overexpressing Lgl was that they often 

formed large cytoplasmic expansions that emanated off the soma and axons.  Many of 

these protrusions appear to be devoid of microtubules (Fig. 2.6C-C").  To further explore 
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the relationship between Lgl levels and cell morphology, we compared the morphology 

of neurons expressing PKCζ-GFP with neurons expressing Lgl-GFP.  The 

overexpression of PKCζ resulted in neurons that appeared morphologically identical to 

GFP control neurons (Fig. 2.7A, 2.7B).  However, it is clear that Lgl overexpression 

results in morphological changes in cortical neurons (Fig. 2.7C).  Interestingly, 

overexpression of both PKCζ and Lgl appears to result in an intermediate phenotype.  

The neurons still display large cytoplasmic protrusions but the axons are longer and look 

more similar to the GFP neurons. (Fig. 2.7D).   

In order to further investigate the role of Lgl in membrane expansion, we 

transfected N2A cells with PKCζ and Lgl fusion constructs.  We opted to use N2A cells 

because they tend to have a very rounded morphology and would be easier to assess 

morphological changes than in neurons.  Z stack confocal images reveal that GFP 

expression in N2A cells is very cytoplasmic (see orthogonal views) and the overall 

structure of the cell is very rounded (Fig. 2.7E).  PKCζ-GFP appears to localize to the 

membrane but is also very cytoplasmic as opposed to Lgl-GFP, which appears to be 

predominately localized to the plasma membrane (Fig. 2.7F, 2.7G).  As predicted, Lgl-

GFP resulted in approximately a 2.5X larger cell perimeter as compared to GFP 

transfected cells. (Graph 2.3).  
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Discussion 

 

Atypical PKC signaling is required for Wnt mediated attraction of commissural 

axons 

  Inhibition of aPKC activity either by addition of a specific pseudosubstrate (PS) 

against aPKCs or by overexpression of a kinase dead version of PKCζ resulted in axon 

randomization after midline crossing. Reduction of aPKC by RNAi resulted in altered 

growth cone morphology with grow cones becoming very bulbous and stalling at the 

midline.  These bulbous structures are reminiscent of retraction bulbs, a common feature 

of retracting or injured axons.  The differences in phenotypes using these different 

methods may be explained by the fact that there are three different isoforms of aPKCs 

expressed in the nervous system.  The pseudosubstrate (PS) peptide is generated to a 

common region (the PS binding domain in the catalytic region) in all three isoforms, and 

thus should inhibit the kinase activity of all atypical PKCs.  It is believed that the 

substrates of PKCζ and PKCλ are similar and thus overexpression of a PKCζKD should 

act as a dominant negative for both PKCζ and PKCλ.  Both of these methods should 

work by inhibiting the kinase activity of aPKC.  Knockdown of aPKC, however, would 

result in a decrease of the catalytic activity of the kinase and reveal any kinase 

independent functions of aPKC.  It is tempting to speculate that there is a kinase 

independent function of aPKC that is responsible for regulating microtubule or growth 

cone dynamics and that this function of aPKC is not inhibited by addition of the PS or by 

overexpression of PKCζKD.  Indeed, the regulatory domain of aPKC has been shown to 

bind a number of proteins including Par6 and beta tubulin.   
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Recently it has been demonstrated that growth cone attractive guidance is 

regulated by asymmetric membrane dynamics.  Tojima and colleagues demonstrated that 

attractive growth cone turning in chick DRGs is mediated downstream of calcium by the 

asymmetric transport of both FM1-43 labeled and VAMP2-containing vesicles, and 

VAMP2 mediated exocytosis (Tojima et al., 2007).  This data suggests that asymmetric 

membrane deposition and exocytosis is a key event in growth cone turning.  The yeast 

homologs of Lgl, Sro7/77, has been implicated in polarized exocytosis in budding yeast 

(Kagami et al., 1998).  Thus Lgl could act as a regulator of localized membrane 

exocytosis. 

Although Lgl is a downstream target of aPKC and alters axon morphology when 

overexpressed, the Lgl1 -./- mouse did not display any overt axon guidance defects in 

commissural axon guidance (data not shown). Nervous system defects have been reported 

in the Lgl1 knockout mouse  but axon guidance and morphology was not examined  

(Klezovitch et al., 2004).  There are two Lgl genes in mice so it is quite possible that Lgl 

is involved in Wnt mediated axon attraction but there is no defect in axon guidance in the 

Lgl1 -/- mouse due to genetic redundancy.  It is interesting to note that although the axons 

appear to pathfind correctly in the spinal cord, many of them display an altered 

morphology.  Some of the axons appear a bit thicker and display some awkward 

protrusions (data not shown).    

 

Concluding Remarks 

Our study clearly demonstrates that aPKC is involved in Wnt-mediate axon 

attraction.  aPKC is a highly conserved kinase and a key component of the Apical-Basal 
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polarity pathway.  The A-B signaling pathway is an attractive signaling pathway to 

mediate growth cone turning for the following reasons.  It is asymmetric in nature and it 

regulates both the microtubule and actin cytoskeletons.  We believe that this pathway, 

similar to the PCP pathway, might work to generate asymmetry within the growth cone 

that in turn leads to growth cone turning and advance. 
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Figure 2.1  A-B signaling components are expressed in the rodent spinal cord during 
commissural axon pathfinding 
Immunostaining of pPKCζ in e11.5 mouse (A) and e13 rat (A') spinal cords.  
Immunostaining of Par6 in e11.5 mouse (B) and e13 rat (B') spinal cords.  (C-E) In situ 
hybridization in e11.5 spinal cords.   Note that core A-B components are expressed in 
areas of active axon pathfinding. 
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Figure 2.2     Electroporation of PKCζ  constructs into commissural neurons 
(A) Schematic of ex-utero electroporation of DNA constructs into E13 rat spinal cords.  
DNA is injected into the central canal and electroporated into the dorsal aspect of the 
spinal cord where commissural cell bodies reside.  These spinal cords are dissected and 
culture in the "open book" culture for 3 DIV.  Axons are labeled with GFP and can be 
visualized crossing the floor plate and turning anteriorly.  (B) Representation of PKCζ  
constructs used for spinal cord electroporations.  The kinase dead or dominant negative 
construct was generated by a single point mutation, K281W, in the kinase domain 
making it catalytically inactive.  Both constructs contain IRES GFP cassettes to 
demarcate axons.  (C) Quantification of anterior turning axons in GFP control, PKCζ  
WT and PKCζ  KD overexpressing openbooks.  (D-D") Representative pictures of 
openbook explants overexpressing either GFP or PKCζ  constructs.  Arrowheads denote 
axons that have crossed the floorplate and are either growing anteriorly (see arrow 
pointing towards A) or posteriorly.  RF=roofplate, FP=floorplate  . *=p<0.00005; **=p< 
0.0005.
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Figure 2.3   aPKC RNAi results in altered growth cone morphology in open book 
explants 
Open book spinal cord explants electroporated with either scrambled control RNAi (A,B) 
or RNAi against aPKC (C,D).  When electroporated axons cross the floorplate (FP), 
many of them turn anteriorly in the control conditions, but aPKC RNAi axons do not 
grow out as well and tend to stall at the midline. (E, E’) Higher magnification of 
electroporated growth cones.  Control growth cones usually have filopodia or become 
very narrow at the midline (E) while aPKC RNAi growth cones are very rounded (E’).  
(F) Schematic representation of electroporated growth cones. 
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Graph 2.1  aPKC knockdown in open book explants results in axon guidance 
defects 
 
Quantification of anterior turning in electroporated open book explants overexpressing 
control constructs or aPKC RNAi. **= p<0.05 
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Graph 2.2  aPKC knockdown results in the formation of rounded, dystrophic 
growth cones in open book cultures 
 
Quantification of the number of rounded growth cones observed in electroporated open 
book cultures overexpressing control constructs or aPKC RNAi.  Only growth cones 
present in the midline were quantified.  ns=not significant, **= p<0.05 
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Figure  2.4  Apical-basal polarity components are expressed in neuronal growth 
cones 
Immunostaining of cortical neurons.  (A-A") Lgl (red) highly expressed in the peripheral 
domain of growth cones and partial co-localizes with F actin (green).  (B-B") Unlike Lgl, 
PKCζ (red) is localized throughout the growth cone and appears to specifically align 
along microtubules as labeled with α-tubulin (green).  (C-C") Lgl (red) and PKCζ (green) 
can both localize asymmetrically in a growth cone are appear to be juxtaposed to each 
other. 
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Figure 2.5   Localization of PKCζ  and Lgl fusion proteins in pathfinding grow 
cones. 
Growth cones of electroporated commissural neuron growth cones pathfinding in open 
book explants.  Neurons were electroporated with GFP (A,A'), PKCζ-GFP (B,B'), or Lgl-
GFP (C-C') and immunostained with GFP antibodies to visualize the distribution of the 
proteins in pathfinding growth cones.  Only Lgl-GFP appears to localize to distinct 
membrane patches during growth cone guidance. (D) Schematic of pathfinding growth 
cones in spinal cord open book cultures. 
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Figure 2.6   Visualization of Lgl-GFP in cortical neurons 
Lgl-GFP was electroporated into cortical neurons and then examined for its subcellular 
localization.  Enrichments of Lgl overlap with actin through the neuron (A-A").  Lgl 
localizes to many neurites including Tau positive axons and does not effect axon 
formation (B-B").  Lgl overexpression results in multiple cytoplasmic protrusions that are 
depleted of B-tubulin (C-C") 
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Figure  2.7    Overexpression of Lgl protein results in alterations of cell morphology 
(A-D) Overexpression in cortical neurons. (E-G) Overexpression in N2A cells. 
Overexpression of PKCζ-GFP (B) in neurons display normal morphology and polarity as 
control neurons expressing GFP (A).  Lgl overexpression in neurons results in dramatic 
changes in cell morphology, resulting in the expression of multiple thick processes and 
membrane expansion (C).  Overexpression of both PKCζ-mCherry and Lgl-GFP results 
in an intermediate phenotype between a typical wt type neuron and a Lgl overexpressing 
neuron (D).  Note the appearance of an axon with multiple cytoplasmic protrusions along 
the axon.  Morphology was similarly altered in N2A cells.  Cells expressing Lgl (G) 
display multiple cytoplasmic protrusions as compared to cells overexpressing GFP (E) or 
PKCζ-GFP (F) 
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Graph 2.3 Lgl overexpression results in an enlargement of the cell perimeter in N2A 
cells 
N2A cells were transfected with GFP or Lgl-GFP and cultured for 2 days.  The perimeter 
was then measured with the average perimeter of GFP cells normalized to 1.  Lgl-GFP 
overexpression resulted in approximately a 2.5X increase in cell perimeter 
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Figure  2.8    Proposed model for apical-basal polarity signaling in Wnt mediated 
attraction 
A migrating growth cone encounters an attractive Wnt gradient.  Wnt proteins bind 
Frizzled (Fzd) receptors which act on Dishevelled (Dsh).  Dsh can then activate the 
apical-basal polarity by manipulating two key signaling components.  First, Dsh can bind 
Lgl and localize it to the membrane.  Lgl has been shown to be a regulator of both the 
actin cytoskeleton and exocytosis.  Local recruitment of Lgl to the membrane could 
promote localized exocytosis and directed growth cone progression.  Dsh can also bind 
and stabilize aPKC.  aPKC is a known regulator of asymmetric microtubule dynamics 
and could serve to stabilize microtubules locally.  This shift in microtubule dynamics 
couple with exocytosis could serve as a catalyst to asymmetric signaling within the 
growth cone, resulting in growth cone turning. 
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Chapter 3 

 
Wnt-Planar Cell Polarity signaling controls the anterior-posterior organization of  

 
monoaminergic axons in the brainstem  

 
 

Abstract 

 

Monoaminergic neurons (serotonergic (5HT) and dopaminergic (mdDA)) in the 

brainstem project axons along the anterior-posterior axis. Despite their important 

physiological functions and implication in disease, the molecular mechanisms that dictate 

the formation of these projections along the anterior-posterior axis remain unknown. Here 

we reveal a novel requirement for Wnt/planar cell polarity signaling in the anterior-

posterior organization of the monoaminergic system. We find that 5HT and mdDA axons 

express the core planar cell polarity components Frizzled3, Celsr3 and Vangl2. In 

addition, monoaminergic projections show anterior-posterior guidance defects in 

Frizzled3, Celsr3 and Vangl2 mutant mice. The only known ligands for planar cell 

polarity signaling are Wnt proteins. In culture, Wnt5a attracts 5HT but repels mdDA 

axons and Wnt7b attracts mdDA axons. However, mdDA axons from Frizzled3 mutant 

mice are unresponsive to Wnt5a and Wnt7b. Both Wnts are expressed in gradients along 

the anterior-posterior axis, consistent with their role as directional cues. Finally, Wnt5a 

mutants show transient anterior-posterior guidance defects in mdDA projections.  

Furthermore, we observe that the cell bodies of migrating descending 5HT neurons 

eventually re-orient along the direction of their axons. In Frizzled3 mutants, many 5HT 
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and mdDA neuron cell bodies are oriented abnormally along the direction of their 

aberrant axon projections. Overall, our data suggest that Wnt/planar cell polarity 

signaling may be a global anterior-posterior guidance mechanism that controls axonal 

and cellular organization beyond the spinal cord.   

 

Introduction 

 

Axon guidance cues control the direction of growth cone navigation along the 

major anatomical axes (anterior-posterior (A-P), dorsal-ventral and inferior-superior) 

during neural circuit development. Wnt family proteins are evolutionary conserved A-P 

guidance cues (Zou, 2006; Zou and Lyuksyutova, 2007). In the vertebrate spinal cord, 

Wnts provide directional cues for both ascending sensory axons and descending motor 

axons (Lyuksyutova et al., 2003; Liu et al., 2005; Wolf et al., 2008). In contrast, the A-P 

axon guidance cues that function in the vertebrate CNS more rostral to the spinal cord 

remain largely unknown.  

Monoaminergic neurons (serotonergic (5HT) and dopaminergic (mdDA)) in the 

brainstem control many aspects of nervous system functioning and their malfunctions are 

involved in the pathogenesis of a large number of nervous system diseases, such as 

depression, autism, and Parkinson’s disease (Pardo and Eberhart, 2007; Van den Heuvel 

and Pasterkamp, 2008). These neurons are organized in discrete nuclei in the midbrain 

(mdDA; A9, A10) and hindbrain (5HT; B1-B9) and project axons along the A-P axis to 

reach their final targets in the brain and spinal cord (Rubenstein, 1998; Goridis and 

Rohrer, 2002; Cordes, 2005; Smidt and Burbach, 2007; Van den Heuvel and Pasterkamp, 
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2008). The A-P projections of 5HT and mdDA neurons are established during 

midgestation and are essential for appropriate monoaminergic circuit formation during 

subsequent developmental stages. Surprisingly little is known about the genetic control of 

monoaminergic pathway development, particularly how monoaminergic projections are 

initially established along the A-P axis. 

One of the Wnt signaling pathways, the planar cell polarity (PCP) pathway, is 

involved in tissue morphogenesis and directed cell migration (Wang and Nathans, 2007; 

Zallen, 2007; Goodrich, 2008; Simons and Mlodzik, 2008). Core PCP components 

include Frizzled, Flamingo (Celsrs in vertebrates), Van Gogh, Disheveled, Prickle and 

Diego. In this study, we found that Wnt/PCP signaling is essential for the A-P 

organization of 5HT and mdDA axons in the brainstem. Both 5HT and mdDA neurons 

expressed core PCP components and showed A-P guidance defects in Frizzled3, Celsr3 

and Vangl2 (Looptail) mutant mice. In addition, Wnt5a mutants showed transient A-P 

guidance defects for mdDA axons. Wnt5a and Wnt7b were expressed in gradients along 

the A-P axis in the brainstem, consistent with their role as directional cues. In culture, 

Wnt5a attracted 5HT axons but repelled mdDA axons, whereas Wnt7b attracted mdDA 

axons. In contrast, dopaminergic neurons derived from Fzd3 mutant mice did not respond 

to Wnt5a or Wnt7b. Analyses of wildtype or Fzd3 mutant mice further revealed that cell 

bodies of descending 5HT neurons are initially oriented medial-laterally and gradually 

shift to orient along the A-P axis following the direction of their axons and that proper 

Wnt/PCP signaling is essential for this A-P cellular organization of monoaminergic 

nuclei. Together these results define novel and crucial roles for Wnt/PCP signaling in 

establishing the A-P axonal and cellular organization of monoaminergic systems. Also, 



 63 

these findings indicate that A-P axon guidance functions of different PCP proteins are not 

limited to the spinal cord but function more globally in the vertebrate CNS. 

 

Materials and Methods 
 
 

Animals 

All animal use and care were in accordance with institutional guidelines. CD-1 and 

C57BL/6 mice were obtained from Charles River. Fzd3 mutant mice were obtained from 

Jeremy Nathans (Johns Hopkins University School of Medicine, Baltimore, USA (Wang 

et al., 2002)), Looptail mice from Tony Wynshaw Boris (UCSF, San Francisco, USA 

(Montcouquiol et al., 2006)), and Ryk mutant mice from Steven Stacker (Ludwig Institute 

for Cancer Research, Australia (Halford et al., 2000)). Celsr3 mutant mice have been 

described before (Tissir et al., 2005). Wnt5a mutant mice were purchased from Jackson 

Laboratories. Timed-pregnant mice were killed by means of cervical dislocation. The 

morning on which a vaginal plug was detected was considered embryonic day 0.5 (E0.5). 

For in situ hybridization and immunohistochemistry E11.5-E17.5 brains were fixed in 4% 

paraformaldehyde (PFA) for 30 minutes to 1 hour, followed by immersion in 30 % 

sucrose. Brains were frozen on powdered dry ice, cryosectioned, mounted on Superfrost 

Plus slides (Thermo Fisher Scientific), air-dried, and stored desiccated at -80°C.   

 

In situ hybridization and immunohistochemistry 

Non-radioactive in situ hybridization on cryosections (14 µm) was performed as 

described previously (Pasterkamp et al., 2007). Specific digoxigenin-labeled in situ 
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probes for the mouse Wnt family were as described (Liu et al., 2005).  Whole mount in 

situ hybridization was preformed as described previously (Henrique et al., 1995). 

Cryosections (14 µm) were stained immunohistochemically as described 

previously (Kolk et al., 2009). Sections were counterstained with fluorescent Nissl 

(1:500; Neurotrace, Invitrogen) or DAPI (Sigma), washed extensively and embedded in 

Mowiol (Sigma). Staining was visualized using a Zeiss Axioskop 2 microscope or by 

confocal laser-scanning microscopy (Zeiss LSM510). The following primary antibodies 

were used: rabbit anti-Frizzled3 (1:500, a gift from Jeremy Nathans), rabbit anti-Celsr3 

(1:500, generated in the Zou lab), goat anti-Vangl2 (1:100, Santa Cruz), rat anti-5HT 

(1:500; Accurate Chemicals), rabbit anti-TH (1:1000, Pel-Freeze), and mouse anti-TH 

(1:500, Immunostar). 

 

TH Explant assays 

Three-dimensional collagen matrix assays using SN and VTA explants were performed 

as described previously (Kolk et al., 2009). SN or VTA explants were rapidly dissected 

from E12.5-E14.5 C57BL/6 embryos or from wildtype or Frizzled3 mutant embryos and 

embedded in close proximity to (~300 µm apart) aggregates of HEK293 cells transiently 

transfected with expression vectors for Wnt5a or Wnt7b, or mock-transfected as a 

control. Explants were cultured for 56-58 h, fixed and co-immunostained using rabbit 

anti-TH (1:1000; Pel-Freeze) and mouse anti-βIII-tubulin (1:3000; Covance) antibodies 

to stain dopaminergic and all neurites emerging from the explants, respectively. 

For quantification of explant assays, the length of the 20 longest TH positive 

neurites was measured in both the proximal and distal quadrants of the explant cultures 
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using OpenLab software (Improvision). The average value of the 20 neurites proximal 

and distal was used to determine the proximal/distal ratio (P/D ratio) per explant. Data 

were statistically analyzed by one-way ANOVA (α=5%) and expressed as means ± SEM. 

 

5HT open book explants 

Hindbrains were dissected from E12.5 time pregnant CD-1 mice in L15 media and placed 

ventricular zone down onto a bed of collagen. Blue sepharose beads previously coated 

overnight at 4°C in 100 ng/ul of purified Wnt proteins were placed along the midline of 

the explants and then the explant was covered in a top layer of collagen.  Explants were 

incubated at 37°C for 24 h and fixed with 4% PFA overnight at 4°C. 5HT positive 

neurons were visualized using whole mount immunostaining with rat anti-5HT (1:300; 

Accurate Chemicals). Images were acquired by confocal microscopy and Z stacks were 

compressed and analyzed in ImageJ. 

 For the quantification of hindbrain open book cultures, we counted the number of 

5HT positive axons emanating from the midline of the ascending population. The axons 

were grouped as either growing anteriorly, laterally, or posteriorly. The number of axons 

growing anteriorly was graphed as a percentage of the total number of axons counted. 

Over 100 axons were counted for each explant (control n=10, Wnt4 n=6, Wnt5a n=10, 

Wnt7a n=9). Data was statistically analyzed by one-tailed student T-Test and represented 

as ± SEM. 
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Quantification of premature axon invasion into rhombomere four 

 For quantification of the axon guidance defect of the ascending 5HT population, 

we measured the length of axons past the start of the descending neuron population (see 

arrowhead in Fig 2 G-J.  Both Fzd3 and Lp mice were compared with littermate controls 

as there were developmental differences among different genetic backgrounds (B6 mixed 

versus Sv129J mixed).  This analysis was used to show that the mutants invaded the 

region below rhombomere 4 before their wild type counterparts did. (Fzd3 +/+ n=6, Fzd3 

-/- n=4, Lp +/+ n=4, Lp/Lp n=4). Data was statistically analyzed by one-tailed student T-

Test and represented as ± SEM. 

 

Dissociated neuron cultures 

To generate dissociated neuron cultures from the midbrain, the mdDA system was 

microdissected from E14.5 C57BL/6 wildtype embryos. Tissue from several different 

embryos was pooled and incubated in trypsin for 20 min at 37°C. Trypsin activity was 

inhibited with 20% fetal calf serum. Then, the cells were pelleted by mild centrifugation 

and resuspended in Neurobasal Medium supplemented with B27, pencillin/streptomycin, 

and glutamine. A single cell suspension was generated by putting the cells through a 70 

µm filter after which cells were plated on poly-D-lysine- and laminin-coated glass 

coverslips in a 12-well plate for 2-3 days. Hindbrain neuron cultures were generated 

similar to dopaminergic neurons but with the following modifications.  Hindbrains were 

dissected anterior to rhomobere 4 from E12.5 CD1 mouse embryos.  Tissue from 

multiple embryos was pooled in incubated in 0.025% trypsin for 20 min at 37°C.  The 

tissue was then triturated with fire polished glass pasture pipets and trypsin activity was 
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inhibited by the addition of RPMI plus 5% horse serum. Cells were plated in Neurobasal 

media as above on poly-D-lysine- and laminin-coated glass coverslips and incubated for 

2 days. All cells were fixed with 4% paraformaldehyde for 10 min at room temperature 

and immunostained with the following primary antibodies: rabbit anti-Frizzled3 (1:500, a 

gift from Jeremy Nathans), rabbit anti-Celsr3 (1:500), goat anti-Vangl2 (1:100, Santa 

Cruz), rat anti-5HT (1:500; Accurate Chemicals), rabbit anti-TH (1:1000, Pel-Freeze), 

and mouse anti-TH (1:500, Immunostar). 

 

Quantification cell body orientation 

To assess and quantify mdDA cell body orientation defects in Fzd3 mutant mice, sagittal 

sections from E12.5 Fzd3 -/- embryos (n=3) and littermate controls (n=3) were 

immunostained with anti-TH antibodies and counterstained with DAPI. Images through 

the lateral and medial midbrain region were captured from these sections at identical 

medial to lateral locations using a Zeiss Axioskop 2 microscope. Then, using Zeiss 

Axiovision software, angles were determined between the lining of the mesencephalic 

flexure (baseline, represents 0º) and the trajectory of the initial axon segment just 

proximal to the TH positive cell body. 50-100 TH-positive neurons were measured per 

embryo at the lateral and medial levels and angles were grouped (0/45, 45/90° etc) and 

calculated as percentage of total. 

To analyze the orientation of 5HT cell bodies of the descending population, we 

imaged whole mount immunostaining of 5HT neurons using anti-5HT antibodies from 

E12.5 Fzd3 -/- (n=3) and wildtype littermate controls (n=3). Z-stack images were 

acquired by confocal microscopy and analyzed with Image J. Cell body orientation was 
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assessed by drawing a line vertically down to the center of the cell followed by drawing 

an intersecting line through the center of the initial segment of the leading process. The 

angle of this intersection was measured in Image J. Using this method, a completely 

horizontal cell would give an angle of 90o while a completely vertical cell would yield an 

angle of 180o. Over 100 5HT positive cells were counted per embryo and the angles were 

binned (0/45, 45/90° etc) and graphed as percentage of total as for TH quantification. 

Data were statistically analyzed by one-tailed student T-Test and represented as ± SEM. 

 
 
Results 
 

 

Serotonergic and dopaminergic neurons express core PCP components 

In mouse, ascending 5HT neurons are born between E11.5 and E12.5, just 

posterior to the isthmus and are located close to the midline (Fig. 3.1A, B, upper red 

oval). They reside in 6 different nuclei (B4-B9) and send projections anteriorly to 

innervate various CNS structures. Shortly after the appearance of the ascending 5HT 

neurons, descending 5HT neurons migrate laterally in rhombomeres 5-7, become 

immunoreactive for 5-hydroxytryptamine (5HT), and begin projecting axons posteriorly 

by E12.5 (Fig. 3.1A, B, lower red oval). These neurons reside in 3 distinct nuclei (B1-

B3) and project axons into the cervical spinal cord. Despite the well-characterized 

anatomy of the 5HT system, its axon guidance mechanisms, particularly along the A-P 

axis, are unknown. The first mesodiencephalic dopamine (mdDA) neurons, located just 

anterior to the isthmus, are born at approximately E10.5 and start to extend axons at 
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E11.5. The mdDA system is composed of a medial population close to the midline, the 

ventral tegmental area (VTA, A10), and a lateral subdivision, the substantia nigra (SN, 

A9) (Fig. 3.1A, B, green oval) and both give rise to prominent ascending (anterior) 

axonal projections to the striatum and the medial prefrontal cortex. 

It is evident that robust mechanisms must be in place to guide both hindbrain 5HT 

and midbrain mdDA axons into their normal A-P directions. Wnts and their receptors 

have been implicated in determining the growth polarity of long descending and 

ascending spinal axon projections (Lyuksyutova et al., 2003; Liu et al., 2005; Wolf et al., 

2008). In addition, Wnts and their receptors are expressed in the midbrain during early 

embryonic development to regulate neuronal proliferation and differentiation (Andersson 

et al., 2008). Furthermore, in mice lacking Frizzled3 (Fzd3) dopaminergic innervation of 

the striatum is lost (Wang et al., 2002). These results suggest that Fzd3 and associated 

signaling proteins may act to guide the growth of monoaminergic axons. 

To test this hypothesis, we first examined the expression of core PCP components 

in the developing hindbrain by co-immunostaining against PCP proteins and 5HT. We 

examined sagittal sections of the mouse hindbrain at E11.5 (Fig. Graph. 3.S1) and 

E12.5, stages at which 5HT neurons are born and begin pathfinding. We found that 

several PCP core components, Fzd3, Vangl2, and Celsr3, are expressed at E11.5 and 

E12.5 in both the ascending and descending 5HT populations in cell bodies and fibers 

(Fig. 3.1C). Most, if not all, 5HT-positive cells expressed Fzd3, Vangl2 and Celsr3. We 

also performed dissociated neuron cultures followed by immunocytochemistry and found 

that all 5HT-positive cells express Fzd3 (Fig. 3.1D) and Celsr3 (Fig. 3.1E). To examine 

the expression of core PCP components in mdDA neurons, we used co-immunostaining 
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against PCP proteins and TH on coronal sections. We focused on E11.5 to E14.5, during 

which mdDA axon growth polarity is established. Fzd3, Celsr3 and Vangl2 are widely 

expressed in the midbrain region and in all TH positive mdDA neurons as exemplified by 

E14.5 (Fig. 3.1F). Using dissociated neuron culture and immunocytochemistry, we 

confirmed that all TH-positive cells express Fzd3 and Ceslr3 (Fig. 3.1G, H). 

Unfortunately, the Vangl2 antibody did not stain well in the dissociated cultures. 

However, the immunostaining in Fig. 3.1C and 3.1F clearly shows the presence of 

Vangl2 in 5HT and TH neurons. 

 

PCP signaling is required for A-P guidance of serotonergic axons   

To examine the potential role of PCP signaling in the development of the 5HT 

system, we analyzed mouse lines deficient in PCP signaling components (Fig. 3.2, 3.3). 

Whole mount immunostaining against 5HT in the hindbrain reveals both the cell bodies 

and axons of serotonergic neurons (Fig. 3.2, 3.3). The Fzd3 -/- mouse (Wang and 

Nathans, 2007) displays dramatic axon guidance defects in the 5HT system at E12.5 (Fig. 

3.2A-C). Although 5HT positive cell bodies appear to be in the appropriate A-P positions 

in Fzd3 -/- mice, the axons in both the ascending and descending populations display 

marked misprojections. Axons in the ascending population project posteriorly and 

laterally instead of strictly anteriorly (Fig. 3.2C, 3.2H, 3.3B). At E12.5, when there are 

normally no axons present in rhombomere 4 (R4), axons erroneously descend well into 

this rhombomere (Fig. 3.2C, F, H). The descending 5HT population also displays 

striking axon guidance defects. Descending axons are distinctly shorter than their wild 

type counterparts and project randomly along the A-P axis (Fig. 3.2C). 
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The Looptail mouse carries a mutation in the Vangl2 protein that greatly affects 

Vangl2 stability and displays gross PCP defects (Montcouquiol et al., 2006). At E12.5 the 

Lp mouse displays axon guidance defects in both the ascending and descending 

populations (Fig. 3.2D, 3.2I, 3.3C). The ascending population displays a premature 

invasion of R4 and posterior projections (Fig. 3.2D, 3.2F, 3.2I). The descending 

population displays a striking over-fasciculation defect that is not present in the other 

PCP mutants we analyzed. Many of these axons grow together in tight bundles as if they 

were attracted to each other and appear much shorter (Fig. 3.2D). Higher magnification 

images further reveal that these axons appear highly fasciculated (Fig. 3.3F, G). Like 

Fzd3 mutants, very few axons project posteriorly into the cervical spinal cord in Lp mice.  

We next examined 5HT axon projections in Celsr3 -/- mice (Tissir et al., 2005).  

Like the Fzd3 -/- mouse, ascending axons in Celsr3 -/- mice misproject both posteriorly 

and laterally (Fig. 3.2E, arrowhead).  Axons also invade the R4 region at E12.5 although 

not as prominently as in Fzd3 mutants (Fig. 3.2E, 3.2J). Although the descending 

population appears to show some orientation defects as observed in the Fzd3 -/- mouse, 

many neurons form normal descending projections (Fig. 3.2E). This is in sharp contrast 

to the Fzd3 -/- mouse, in which very few descending axons are formed at this stage. 

At higher magnifications, we found that the cell bodies of wildtype neurons in the 

descending population are first oriented laterally while migrating following the direction 

of their leading axons but eventually become oriented along the A-P axis as their axons 

turn posteriorly (Fig. 3.3H-J, N). However, in Fzd3 -/- mice many of the descending, but 

not ascending, cell bodies appear to remain oriented laterally or even slightly anteriorly. 

These cell bodies give rise to axons that grow out laterally before turning anterior or 
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posterior (Fig. 3.3K, 3.3L, 3.3O). At E12.5, almost 50% of descending 5HT neurons in 

Fzd3 +/+ mice are oriented at 180o compared to 10% in Fzd3 -/- mice (Fig. 3.3P). 

Because during normal development axons are first oriented along the A-P axis before 

the soma rotates into its A-P position, it is plausible that the cell body follows the axon 

and uses it to position itself along the A-P axis (see also Hawthorne et al., 2010). 

Although our observations strongly support this model, we currently cannot exclude the 

possibility that PCP signaling may also regulate soma and dendrite orientation 

independent from A-P axon guidance. 

 Analysis of mice deficient for Ryk (Halford et al., 2000), another Wnt receptor, 

did not reveal obvious defects (Fig. 3.S2). Similarly, genetic inactivation of Wnt5a 

(Yamaguchi et al., 1999), a known PCP Wnt, also did not appear to have a striking effect 

on 5HT A-P axon guidance (Fig. 3.S2).  

 

PCP signaling is required for A-P guidance of dopaminergic axons 

To assess whether Wnt/PCP signaling also controls mdDA axon patterning, we 

visualized mdDA axon trajectories in sections from Fzd3 -/- mice using TH 

immunohistochemistry. At E11.5, many mdDA axons in Fzd3 -/- mice follow an 

abnormal lateral trajectory at the level of the mdDA neuron pool (Fig. 3.S3). At E12.5 

and E14.5, a large number of mdDA axons are directed posteriorly in Fzd3 -/- mice and 

aberrantly traverse the hindbrain (Fig. 3.4A-D). Although a subset of mdDA axons still 

projects anteriorly, presumably due to the presence of other A-P signals (Kolk et al., 

2009; Yamauchi et al., 2009), this anterior projection is significantly reduced and 

disorganized in Fzd3 -/- mice. In addition, many mdDA axons enter abnormal dorsal 
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territories in the midbrain and diencephalon and aberrantly approach the midline (Fig. 

3.4E-G). In the telencephalon, mdDA axons are displaced ventrally and are located in 

close proximity to the optic chiasm (Fig. 3.4H, I). No innervation of synaptic target 

regions such as the striatum or medial prefrontal cortex by mdDA axons is found at E14.5 

or E17.5 (Fig. 3.4J, K; data not shown). 

 Analysis of Celsr3 -/- and Lp mice reveals similar abnormal posterior mdDA 

projections in the hindbrain at E12.5 and E17.5. At E12.5, Fzd3 -/- and Lp mice show a 

similar, large number of posterior mdDA projections, while at this stage this defect is less 

pronounced in Celsr3 -/- mice (Fig. 3.S4). At E17.5, however, numerous mdDA axons 

are projecting into the hindbrain of Fzd3 -/- and Celsr3 -/- mice, but fewer posterior 

projections are present in Lp mice (Fig. 3.4L-O). In the diencephalon and telencephalon 

of Celsr3 -/- mice, many mdDA axons follow aberrant lateral, dorsal and ventral 

trajectories, as observed in Fzd3 -/- mice. In contrast to Fzd3 -/- mice, however, a small 

subset of mdDA axons reaches but does not innervate the striatum in E17.5 Celsr3 -/- 

mice (Fig. 3.S5A, B). MdDA axon projections in the forebrain of E17.5 Lp mice appear 

to innervate the striatum. However, it should be noted that Lp mice have an open neural 

tube and that the overall organization of the telencephalon is markedly changed in these 

mice (data not shown). 

 We also examined mdDA axon projections in Wnt5a -/- mice. In contrast to Fzd3 

-/-, Celsr3 -/- and Lp mice, Wnt5a-/- mice only display a minor and transient posterior 

projection of mdDA axons (Fig. 3.4P; inset). This suggests that the lack of Wnt5a 

signaling is compensated by other Wnt proteins at later developmental stages. We also 

analyzed mice deficient for the Wnt5a receptor Ryk. Ryk -/- mice did not show overt A-P 
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guidance defects (Fig. 3.4Q). In addition, mdDA innervation of the striatum appears 

grossly normal at E17.5 in both Wnt5a -/- and Ryk -/- mice (Fig. 3.S5C-F). 

 The descending 5HT system shows defects in cell body orientation in Fzd3 -/- 

embryos, which may be secondary to defective axon guidance (Fig. 3.3). Intriguingly, 

analysis of mdDA neurons at E11.5 to E14.5 reveals similar defects. At E11.5, the overall 

cellular organization of the mdDA system is normal in Fzd3 mutants (Fig. 3.S3). At 

E12.5, mdDA cell bodies and axons in the most lateral aspect of the mdDA neuron pool 

of wildtype mice are oriented anteriorly (Fig. 3.5A-D, G). In contrast, mdDA cell bodies 

at the same anatomical location in Fzd3 -/- mice are oriented in random directions 

following where the axons are oriented (Fig. 3.5E, F, G). mdDA neurons in the medial 

part of the mdDA system of wildtype mice send their axons dorsally before these axons 

are redirected anteriorly (Nakamura et al., 2000) (Fig. 3.5H, I, L). In contrast to lateral 

mdDA neurons, mdDA neurons in the medial part of the mdDA neuron pool in Fzd3 -/- 

mice do not display obvious defects in cell body orientation (Fig. 3.5J-L). This 

difference between the lateral and medial mdDA neuron pool is reminiscent of what is 

observed for 5HT neurons, with descending (lateral) but not ascending (medial) neurons 

showing cell body orientation defects (Fig. 3.3).  

 

Wnts are expressed in anterior-posterior gradients in the basal midbrain and 

hindbrain 

The only known ligands for PCP signaling are Wnt proteins. Using in situ 

hybridization, we sought to determine whether Wnts are expressed in the hindbrain and 

midbrain region. Several Wnts were expressed in the developing hindbrain but Wnt5a 



 75 

displayed the most striking expression pattern. In the hindbrain, we found that Wnt5a is 

expressed in an anterior high posterior low expression pattern at the midline where 

ascending serotonergic neurons are projecting anteriorly (Fig. 3.6A, B). Interestingly, the 

Wnt5a gradient direction switched from decreasing in the posterior direction to increasing 

at rhombomere 4 (Fig. 3.6A, I). It is therefore possible that Wnt5a attraction contributes 

to the proper A-P guidance of both ascending and descending 5HT axons. In the midbrain 

of E12.5 and E14.5 embryos we identified clear expression gradients for Wnt5a and 

Wnt7b. Wnt5a labels the medial part of the mdDA system (VTA) and displays a high 

posterior low anterior expression gradient with highest expression around the isthmus 

(Fig. 3.6C, D, F, G; (Andersson et al., 2008)). This Wnt5a gradient flips at the isthmus 

and starts to decrease towards more posterior regions (Fig. 3.6I). Wnt7b is expressed in 

both the medial and lateral mdDA system and shows a high anterior low posterior 

expression pattern in the midbrain (Fig. 3.6E, H). In all, these experiments show that 

Wnt proteins form expression gradients in the hindbrain and midbrain at the time 5HT 

and mdDA axons are guided into the appropriate A-P direction. 

 

Wnt proteins influence the orientation of 5HT and mdDA axons and cell bodies 

Because Wnts are expressed in gradients in the mid/hindbrain region, we tested 

whether Wnt proteins can direct the growth of 5HT and mdDA axons. To determine if 

Wnt ligands can direct 5HT axons, we established a new hindbrain “open-book” explant 

culture. We added Wnt coated beads along the midline to disrupt endogenous Wnt 

gradients (Fig. 3.7A). The exogenous presence of Wnt4, Wnt5a, and Wnt7a all affected 

the ability of axons in the ascending population to grow anteriorly towards the brain (Fig. 
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3.7B-7D). Many of these axons now grew into the midline, posteriorly, or laterally, and 

fewer axons projected anteriorly (see blue misprojected axons in Fig. 3.7D). Some 

cultures also displayed 5HT axons and cell bodies that were attracted to the midline after 

the addition of Wnt coated beads (Fig. 3.7D). These defects correlate well with the 

misguidance phenotypes of ascending 5HT neurons in PCP mutant mice. The placement 

of the Wnt coated beads did not appear to have a robust effect on the descending 

population probably due to that fact that the descending axons and cell bodies are too far 

away from the midline, the site of bead implantation. These experiments suggest that 

Wnt5a serves as an attractive guidance cue for ascending 5HT axons (Fig. 3.6I). To 

determine whether Wnts instruct mdDA axons to grow anteriorly we used a previously 

established collagen matrix culture approach (Kolk et al., 2009). The chemotropic 

response of mdDA axons emanating from E12.5 SN or VTA explants to different Wnt 

proteins was tested. When confronted with cell aggregates releasing Wnt5a, TH positive 

SN and VTA axons displayed strong chemorepulsive responses (Fig. 3.7F, 7I). In 

contrast, Wnt7b induced axon attraction of both mdDA axon populations (Fig. 3.7G, 7I). 

When examining all axons emanating from SN and VTA explants, as visualized by βIII 

tubulin staining, no chemotropic effects were found confirming the specificity of the 

response of TH positive axons to Wnt5a and Wnt7b (Fig. 3.7H). These results together 

with the Wnt expression analysis suggest that Wnt5a functions to repel and Wnt7b to 

attract mdDA axons into their normal anterior direction in the midbrain (Fig. 3.6I). 
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Dopaminergic axons from Fzd3 mutant mice are unresponsive to Wnts in vitro 

Our results show expression of core PCP components in 5HT and mdDA neurons 

and axon projections (Fig. 3.1) and reveal A-P guidance defects in 5HT and mdDA axon 

pathways in PCP mutant mice in vivo (Fig. 3.2-4). The only known PCP ligands, Wnt 

proteins, are expressed in instructive gradients in the brainstem and provide directional 

cues for 5HT and mdDA axons in vitro (Fig. 3.6, 3.7). Together, these data support the 

idea that PCP proteins serve as Wnt receptors on monoaminergic axons during A-P 

guidance. To further test this model, we performed collagen matrix assays with VTA 

explants dissected from Fzd3 wildtype or mutant embryos. Fzd3 had been implicated as a 

neuronal receptor for Wnt3a and Wnt4 (Lyuksyutova et al., 2003) (Endo et al., 2008). As 

described above, dopaminergic axons from wildtype explants were repelled by Wnt5a 

and attracted by Wnt7b (Fig. 3.8A, C, E, G). In contrast, axons emanating from 

dopaminergic explants obtained from Fzd3 -/- mice did not display significant repulsive 

or attractive responses to Wnt5a and Wnt7b, respectively, as compared to wildtype and 

knockout control cultures (Fig. 3.8B, D, F, G). These results show that Fzd3 is an 

obligatory component of the receptor for Wnt5a and Wnt7b on dopaminergic axons and 

support the model that PCP receptors on monoaminergic axon projections function to 

sense instructive Wnt gradients in the brainstem thereby controlling A-P axon guidance. 
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Discussion 
 

Serotonergic and dopaminergic axon pathways mediate complex physiological 

functions and are therapeutic targets for many nervous system disorders. Their 

organization is exquisitely complex and requires a myriad of molecular signals for 

regulating different developmental steps. A crucial step in establishing monoaminergic 

connectivity is the initial orientation of 5HT and mdDA axon projections along the A-P 

axis of the brainstem. Here we reveal a novel requirement for Wnt and PCP receptor 

proteins in the A-P guidance of 5HT and mdDA axon projections. In PCP signaling 

mutants, both 5HT and mdDA axons are severely misguided along the A-P axis (Fig. 

3.9). Furthermore, we show that A-P cellular organization (i.e. cell body orientation) of 

monoaminergic nuclei is affected in Wnt/PCP mutants, without marked defects in the 

patterning of the brainstem (Fig. 3.S6). 

 

Wnt signaling controls A-P axon guidance beyond the spinal cord 

Wnt family proteins have been identified as guidance cues that pattern axonal 

connections along the A-P axis in vertebrates and invertebrates (Zou, 2006; Zou and 

Lyuksyutova, 2007; Salinas and Zou, 2008). In vertebrate species, Wnts provide 

directional cues for ascending sensory and descending corticospinal axons along the A-P 

axis of the spinal cord (Lyuksyutova et al., 2003; Liu et al., 2005; Wolf et al., 2008). 

Until now it was unknown whether A-P guidance in parts of the CNS outside the spinal 

cord also required Wnt signaling. In the present study, we show that indeed A-P guidance 

of 5HT and mdDA axons depends on Wnt signaling. Both 5HT and mdDA neurons and 
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axons expressed PCP components (Fig. 3.1) and mice lacking these proteins displayed 

prominent monoaminergic A-P guidance defects in the midbrain and hindbrain (Fig. 3.2-

4, 3.9). The only known PCP receptor ligands, Wnt proteins, were expressed in gradients 

in the brainstem and mediated guidance responses from 5HT and mdDA axons in culture 

(Fig. 3.6, 3.7). mdDA neurons lacking the PCP receptor Fzd3 did not show significant 

axonal responses to Wnt5a and Wnt7b in culture (Fig. 3.8). These results establish that 

Wnt signaling through PCP pathway is a global A-P guidance mechanism that patterns 

axon tracts both in and outside the spinal cord. The marked defects in mdDA axon 

projections found in the telencephalon of Fzd3 and Celsr3 mutant mice (Fig. 3.4) support 

the idea that Wnt signaling may also control A-P guidance in the forebrain. In future 

studies, it will therefore be interesting to explore whether mdDA pathways or other 

longitudinal axon bundles in the forebrain are organized along the A-P axis by Wnt 

signaling. 

 

Complex modes of Wnt signaling during A-P guidance in the brainstem 

Our study also reveals the remarkable complexity of Wnt signaling in the 

brainstem. Wnt gradients in the brainstem are not unidirectional and the same Wnt gene 

(e.g. Wnt5a) can display opposite gradients anterior or posterior to morphologically 

recognizable boundary structures, like the isthmus, or morphologically non-recognizable 

but molecular defined structures, like rhombomere 4 (Fig. 3.6). Furthermore, the same 

mdDA neurons can respond differently to different Wnts, which are deposited in opposite 

gradients in the midbrain (attraction by Wnt7b and repulsion by Wnt5a) to ensure correct 

A-P guidance (Fig. 3.7). In addition, neighboring neuronal populations (mdDA and 5HT) 
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respond differentially to the same Wnt protein (Wnt5a repels mdDA axons but attracts 

5HT axons) (Fig. 3.7). The molecular mechanism that underlies this difference in Wnt5a 

responsiveness is currently unknown but is likely to involve additional receptor proteins.   

There may also be redundancy in the PCP signaling components involved in 5HT 

and mdDA A-P guidance. Fzd3 mutants show broad and strong defects. In contrast, 

mutations in Celsr3 and Vangl2 result in less severe or partial phenotypes. For example, 

descending 5HT neurons show much weaker phenotypes in axon guidance and cell body 

defects in Celsr3 -/- compared to Fzd3 -/- mice (Fig. 3.2). Potentially, other members of 

the Celsr family, Celsr1 or Celsr2 (Tissir et al., 2002), compensate for the loss of 

function of Celsr3. The persistence of a small number of appropriate 5HT and mdDA A-

P projections in different PCP mutants further indicates that in addition to PCP signals 

other molecular cues are involved in A-P guidance in the brainstem (Kolk et al., 2009; 

Yamauchi et al., 2009). Finally, Looptail mice display a severe hyperfasciculation 

phenotype which is not found in Fzd3 -/- and Celsr3 -/- mice suggesting that Vangl2 may 

also control axon-axon interactions (Fig. 3.3). 

Although there is a transient defect in mdDA axon projections in Wnt5a -/- 

embryos, we did not observe a similar phenotype in 5HT axon projections. In addition to 

Wnt5a, Wnt4 and Wnt7b are expressed in the floor plate. The Wnt7b and Wnt5a gradients 

follow the same direction at the level of the ascending 5HT system and both Wnts appear 

to attract ascending 5HT axons. Thus, Wnt7b may compensate for the loss of Wnt5a 

(Fig. 3.6). It is interesting that even though Wnt7b may attract mdDA axons anteriorly, 

we still observed a transient TH axon phenotype in the absence of Wnt5a (Fig. 3.4). It is 

possible that mdDA axons depend more on Wnt5a repulsion than Wnt7b attraction for 
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anterior growth or perhaps the Wnt5a gradient is established first to repel mdDA axons 

anteriorly after which the Wnt7b gradient is formed slightly later to further attract mdDA 

axons anteriorly (Fig. 3.6). In this model, mdDA axon projections may eventually 

become corrected by the Wnt7b gradient in Wnt5a -/- mice. Alternatively, aberrant axons 

in Wnt5a -/- mice may not survive and die back at later developmental stages. Future 

studies will address these and other possible mechanisms. 

 

Wnt/PCP signaling dictates cell body orientation along the A-P axis 

Neural circuit construction involves the proper orientation of axons, dendrites and 

cell bodies. Because of their well-documented anatomical organization, dopaminergic 

and serotonergic nuclei comprise an advantageous system for studying molecular cues 

that establish the polarity of neurons and their projections during development 

(Rubenstein, 1998; Goridis and Rohrer, 2002; Cordes, 2005; Smidt and Burbach, 2007; 

Van den Heuvel and Pasterkamp, 2008). In this study, we report that Wnt signaling is 

required for two different aspects of monoaminergic circuit organization. First, Wnt 

signaling controls the A-P guidance of monoaminergic axons. Second, proper Wnt 

signaling is also required for the correct cell body orientation of both 5HT and mdDA 

neurons in the brainstem, which is disrupted in Fzd3 mutant mice. We found that, at least 

for 5HT neurons, axon guidance appears to precede the final orientation of the soma. In 

wildtype animals, cell bodies of migrating, descending 5HT neurons initially point 

laterally but begin to re-orient along the A-P axis as they approach their final lateral 

position, thereby obeying the direction of their axon projections (Fig. 3.3N). Recent work 

by Hawthorne and colleagues uncovers similar mechanisms and indicates that early-
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differentiated 5HT neurons migrate ventrally from the ventricular zone to the pial surface 

by somal translocation (Hawthorne et al.). During somal translocation, neurons maintain 

a bipolar morphology and the soma translocates along primitive ventricular and pial 

processes. The lateral migration of descending 5HT neurons observed in our “open-book” 

preparations is reminiscent of somal translocation, with the axon being the leading 

process through which the cell body translocates. This would suggest that the direction of 

the axon projections dictate cell body orientation. However, one cannot exclude the 

possibility that cell body orientation and thus dendrite orientation may also be regulated 

independently from the axons by Wnt/PCP signaling. Future studies combining time-

lapse imaging (Hawthorne et al.), fluorescently-labeled mouse lines (e.g. ePet-EYFP lines 

(Scott et al., 2005)) and our newly developed “open-book” cultures will be required to 

further unveil the specific mechanisms underlying cell body re-orientation.  

MdDA neurons are born in the ventricular zone of the mesodiencephalon and 

migrate ventrally along the processes of radial glia to ultimately form the SN and VTA 

(Smidt and Burbach, 2007; Tang et al., 2009). In PCP mutants, ventral (radial) migration 

of mdDA neurons is intact but in the most distal part of this migratory process the 

orientation of mdDA cell bodies that will eventually occupy more lateral domains (e.g. 

the SN) is perturbed (data not shown). One model to explain these defects, based on our 

observations in the descending 5HT system, is that the final stage of mdDA neuron 

migration, but not the radial migration, is guided by PCP signaling. Similar to what we 

suggest for the more laterally located descending 5HT neurons, PCP signaling may 

indirectly influence mdDA neuron cell body orientation by controlling axon guidance. 

Future experiments are needed to address these and other possibilities. 
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Concluding remarks 

Here we show that Wnt/PCP signaling determines the proper A-P organization of 

ascending and descending serotonergic and dopaminergic pathways in the brainstem. 

Although Wnts had previously been reported to regulate the generation and 

differentiation of mdDA neurons (e.g. (Andersson et al., 2008)), our work establishes that 

these proteins are re-used as guidance cues for monoaminergic axons at subsequent 

developmental stages. This finding unveils a previously poorly characterized aspect of 

mdDA pathway formation and identifies one of the first guidance mechanisms involved 

in 5HT circuitry formation in vivo. Furthermore, this is, to our knowledge, the first 

example of a role for Wnt/PCP signaling in A-P axon guidance outside the spinal cord.  
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Figure 3.1.  PCP signaling components are expressed in 5HT and TH positive 
neurons during midbrain and hindbrain development. 
Schematics in A and B indicate the anatomical location of the descending and ascending 
serotonin systems (B1-B3 and B4-B9; red) and the mesodiencephalic dopamine system 
(A9, A10; green) in mouse at E12.5 and E14.5, respectively. (C)  Immunohistochemistry 
for 5-hydroxytryptamine (5HT) in red and PCP receptors in green in sagittal sections 
through the embryonic hindbrain at E12.5.  Frizzled3, Vangl2, and Celsr3 all co-localize 
with 5HT positive neurons and fibers. Insets depict higher magnification images of cells 
indicated by the arrow.  (D) Confocal images showing immunohistochemistry for 
tyrosine hydroxylase (TH) in red and PCP receptors in green in coronal sections through 
the E14.5 midbrain. Frizzled3, Vangl2, and Celsr3 all co-localize with TH positive 
neurons and fibers. Insets depict higher magnification images of cells indicated by the 
arrow.  (D, E) 5HT+ dissociated neurons co-immunostained with 5HT in red and Fzd3 
(D) or Celsr3 (E) in green.  (G, H) TH+ dissociated neurons co-immunostained with TH 
in red and Fzd3 (G) or Celsr3 (H) in green. Scale bar = 20 µm. Zou & Pasterkamp 
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Figure 3.2.  PCP signaling is required for axonal pathfinding of hindbrain serotonergic 
neurons. 
(A) Schematic representation of the developing 5HT system at E12.5. (B-E) Whole mount 
immunostaining against 5HT in the hindbrain.  At E12.5, ascending 5HT neurons in 
Frizzled3 (Fzd3) -/- (C), Looptail (Lp/Lp) (D), and Celsr3 -/- (E) mice all display axon 
misprojections into rhombomere 4 (R4) (see upper arrows). Fzd3 -/- and Celsr3 -/- also 
display laterally projecting axons within the ascending population (arrowheads in C, E). In 
addition, Fzd3 -/- (C) and Lp/Lp (D) mice display aberrant anteriorly projecting 5HT 
projections in the descending population and a marked reduction of proper descending axons 
(lower arrows). (F) Length of axon invasion into R4 in the Fzd3-/- and Lp/Lp mouse. (G-J)  
Higher magnification of premature R4 invasion. Arrowheads indicate the start of the 
descending population and the arrow label axons from the ascending population.  Scale bar = 
250 µm. 
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Figure 3.3. PCP mutant mice display specific axon guidance and cell body 
orientation defects in the 5HT system. 
(A-L) Whole mount 5HT immunostaining. Ascending 5HT populations are depicted in 
A-C and descending 5HT axons are shown in D-L. This is schematized in M.  (A) In 
E12.5 wildtype (WT) embryos, axons in the ascending 5HT population emanate from the 
floor plate (FP) and strictly grow anterior towards the brain (arrows). In contrast, Fzd3 -/- 
(B) or Lp/Lp (C) mice display ascending axons that grow laterally and posteriorly 
(arrows).  Lp/Lp mice display many “wavy” axons characteristic of axons lacking 
appropriate guidance. (D) In wildtype mice, descending axons project posteriorly towards 
the spinal cord at E12.5 (arrows).  Both Fzd3 -/- (E) and Lp/Lp (F, G) mice display 
aberrant descending projections (arrows). Fzd3 -/- mice form very short axons within the 
descending region many of which project into inappropriate lateral and anterior directions 
(E). (G) Lp/Lp mice form axons within the descending region that display a clear 
fasciculation defects and grow in large circles. Cell body orientation is also affected in 
Fzd3 -/- mice. While during their mediolateral migration most WT descending neurons 
display cell bodies oriented first laterally (en route to their final position) and then along 
the anterior/posterior (A-P) axis as they reach their final lateral position (H-J), cell bodies 
in Fzd3 -/- mice are oriented in several different directions, many projecting at an acute 
angle near the midline and failing to orient posteriorly as they reach their lateral resting 
position (K, L). The cell orientation phenotype is schematized in (N, O) and quantified in 
(P). Graph shows average ± SEM. Almost 50% of Fzd3 +/+ mice are oriented at 180o 

compared to Fzd3 -/- mice where only about 10% of neurons are oriented posteriorly. M, 
medial; L, lateral. Scale bar = 50 µm (A-C) and 20 µm (D-G), *P< 0.05, **P< 0.01. 
(Number of mutants analyzed (Fzd3 -/-; n=3 (E11.5) n=15 (E12.5), n=2 (E13.5), Celsr3 -
/-; n=3 (E11.5), n=4 (E12.5), Lp/Lp; n=4 (E12.5)).
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Figure 3.4. PCP mutant mice display axon guidance defects in the mdDA system. 
Immunohistochemistry for tyrosine hydroxylase (TH, in green), was used to analyze 
mdDA axon projections in Fzd3 -/-, Celsr3 -/-, Lp/Lp, Wnt5a -/-, and Ryk -/- mice and 
littermate controls at E12.5 (A, B), E14.5 (C-K), and E17.5 (L-Q). Coronal sections 
shown in panel F-K are counterstained with fluorescent Nissl to demarcate anatomical 
features. A-D and L-Q show sagittal sections. Whereas in wildtype (wt) control mice, 
mdDA neurons project their axons anteriorly towards the forebrain, numerous TH 
positive axons projecting posteriorly into the hindbrain region are found in Fzd-3 -/- mice 
at E12.5, E14.5 and E17.5 (A-D, L, M, arrows indicate posterior misprojections). Dotted 
line outlines mesencephalic flexure (MF) and white line the posterior boundary of the 
mdDA system. Schematic in panel E indicates the location of sections shown in F-K. The 
medial forebrain bundle (MFB) is severely disrupted in Fzd-3 -/- mice and ectopic axons 
can be found at dorsal levels in the brainstem but also near the midline (F, G) and in 
abnormal ventral regions in the developing hypothalamus (DMH) near the optic chiasm 
(H, I). In addition, TH positive axons fail to reach their synaptic targets such as the 
striatum (J, K) in Fzd-3 -/- mice. Celsr3 -/- mice show a massive posterior back 
projection of TH positive axons at E17.5 (N). Lp/Lp mice also show posterior projections, 
but this defect is less pronounced as compared to Fzd3 -/- and Celsr3 -/- (O). In Wnt5a -/- 
mice, a small number of axons project posteriorly at E12.5 (inset, Fig. S4) but at E17.5 
this aberrant projection is no longer observed (P). Ryk -/- mice show normal TH positive 
axon projections (Q). (Number of mutants analyzed: Fzd3 -/-; n=13 (E12.5), n=19 
(E14.5), n=8 (E17.5), Celsr3 -/-; n=4 (E17.5), Lp/Lp; n=2 (E17.5), Wnt5a -/-; n=4 
(E17.5), Ryk -/-; n=3 (E17.5)). Scale bar = 100 µm (A-D, F-K), 50 µm (L-Q).  
Pasterkamp 
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Figure 3.5.  mdDA cell body orientation defects in Fzd3 mutant mice. 
(A, B) Sagittal and coronal view of the mdDA system (green). (B) Red lines indicate the 
location of panels C-F and H-K.  (C-F, H-K) Immunohistochemistry for tyrosine 
hydroxylase (TH, green) of E12.5 sagittal sections. Sections are counterstained with 
DAPI in blue. In wildtype mice, most TH positive neurons in the lateral mdDA system 
project their axons anteriorly (C, D, arrows), while medially located neurons project 
dorsally (and then anteriorly) (H, I). In contrast, in Fzd3 -/- mutants TH positive neurons 
at lateral levels project their axons randomly, i.e. no longer confined to their normal 
anterior direction (E, F). This effect is quantified as shown in G. (J, K) Neuronal 
orientation is largely intact at medial levels in Fzd3 -/- mutants. This is quantified as 
shown in L. Quantifications shown in G and L represent angles between the lining of the 
mesencephalic flexure (baseline, represents 0º) and the trajectory of the axon segment 
just proximal to the cell body. Inserts show axon orientation plots for a few randomly 
selected axons. Scale bar = 25 µm (C, E, H, J), 12.5 µm (D, F, I, K). 
Pasterkamp
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Figure 3.6. Multiple Wnts are expressed in gradients in both the hindbrain and 
midbrain. 
(A) Whole mount in situ hybridization for Wnt5a in E12.5 mouse embryos.  Arrows mark 
the locale of both ascending and descending 5HT populations.  (B) In situ hybridization 
for Wnt5a in a sagittal section of E12.5 hindbrain showing a anterior high, posterior low 
gradient near the midline and below the isthmus consistent with the location of 
pathfinding ascending 5HT axons at E12.5. (C, F) Schematics indicating the location of 
images shown in D-H. In situ hybridization for Wnt5a and Wnt7b in coronal (D-H) 
cryosections of the E14.5 midbrain region reveals a high posterior, low anterior 
expression gradient for Wnt5a and a high anterior, low posterior gradient for Wnt7b. (I) 
Proposed model for the role of Wnt/PCP signaling during A-P guidance of 5HT and TH 
axons. 5HT neurons (red) express the PCP components Fzd3, Celsr3 and Vangl2 to sense 
an attractive Wnt5a expression gradient in the hindbrain region directing ascending 5HT 
axons anteriorly and descending 5HT axons posteriorly. TH neurons (green) sense both 
an attractive Wnt 7b gradient and repulsive Wnt5a gradient guiding their axons 
anteriorly.  Zou & Pasterkamp 
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Figure 3.7. Both hindbrain serotonergic fibers and midbrain dopaminergic axons 
respond to Wnt proteins. 
 (A) Wnt coated beads were placed at the midline of E12.5 mouse hindbrain “open book” 
preparations, cultured for 24 hrs and subjected to 5HT whole mount staining. (C, D) 
Addition of Wnt-coated beads to the midline disrupts the number of axons that project 
anteriorly in the ascending region. Graph in B shows average of different experiments ± 
SEM. (Control n=10, Wnt4 n=6, Wnt5a n=10, Wnt7a n=9), **p<.001, *p<.05 Student’s 
T test. (C) Representative pictures of hindbrain explants showing the ascending 5HT 
system as revealed by 5HT immunostaining. Axons in control, H20 coated beads, project 
anteriorly (arrows, C) while the presence of Wnt4, Wnt5a, and Wnt7a coated beads at the 
midline alters the appropriate location and projections of these neurons. Drawings 
adjacent to the immunostainings in C and D are schematic representations of anteriorly 
(red) and posteriorly (blue) projecting 5HT axons. (E-H) E12.5 VTA explants cultured 
adjacent to HEK293 cells (dotted line) secreting either control protein (E; n=26), Wnt5a 
(F; n=12) or Wnt7b (G, H; n=10). Explants are co-immunostained for TH (green) and 
βIII-tubulin (red). (I) Quantification of the length of TH positive neurites in the proximal 
(P) and distal (D) quadrants of culture assays as shown in E-H. Graph shows average P/D 
ratio ± SEM. Note that whereas Wnt5A repels TH positive axons emanating from SN and 
VTA explants, Wnt7b attracts TH positive axons (SN explants: con, n=9; Wnt5a, n=9; 
Wnt7b, n=9 For each experimental condition, at least three independent experiments 
were performed. Scale bar = 100 µm (B, D), 50 µm (C, E), 80 µm (F-I). ***P< 0.001, 
one-way ANOVA.  Zou and Pasterkamp
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Figure 3.8. Dopaminergic neurons from Fzd3 mutant mice are unresponsive to 
Wnt5a and Wnt7b. 
E12.5-E14.5 VTA explants from either wild-type (A, C, E) or Frizzled3 mutant (B, D, F) 
mice were cultured adjacent to HEK293 cells (asterisks) secreting either control protein 
(A, B; n=19 (for wt and KO), Wnt5a (C, D; n=16 (wt), 18 (KO)), or Wnt7b (E, F; n=17 
(wt), 18 (KO)). Explants are immunostained for TH. (G) Quantification of the length of 
TH positive neurites in the proximal and distal quadrants of culture assays. Graph shows 
average P/D ratio ± SEM. Dopaminergic axons from wild-type but not Fzd3 mutant mice 
are repelled by Wnt5a and attracted by Wnt7b. For each experimental condition, at least 
three independent experiments were performed. Number of mice analyzed: Fzd3 -/-; n=6, 
Fzd3 +/+; n=8. Scale bar = 80 µm. *** P<0.001 as compared to control, one-way 
ANOVA. No statistically significant differences were found between KO-Wnt5a and 
WT-con or KO-con or between KO-Wnt7b and WT-con or KO-con. Pasterkamp 
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Figure 3.9. Axon guidance defects in the brainstem region of PCP and Wnt5a 
mutant mice. 
Schematic representation of the embryonic meso-diencephalic dopamine (mdDA) system 
(A, sagittal view) and ascending (in red) and descending (in blue) serotonergic systems 
(B, horizontal view). (A) In wildtype (WT) mice, mdDA axon projections are oriented 
anteriorly. Frizzled3, Celsr3 and Vangl2 (Lp/Lp) mutant mice display aberrant dorsal and 
caudal projections (from E12.5 until E17.5, the latest timepoint examined). Wnt5a mutant 
mice display a transient abnormal caudal projection at E12.5. (B) In wildtype mice, 
ascending serotonergic neurons (B9-B4) project their axons anteriorly, while descending 
neurons (B3-B1) give rise to posteriorly directed axon projections. Fzd3 and Vangl2 
(Lp/Lp) mutant mice show ascending neurons that project their axons posteriorly or 
laterally and descending neurons that project axons anteriorly. Celsr3 mutant mice 
predominantly show defects in ascending axon projections. Descending projections in 
Vangl2 mice show hyperfasciculation phenotypes not found in Fzd3 or Celsr3 mutant 
mice. 
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Supplemental Figure 3.S1. Expression of PCP proteins in 5HT neurons at E11.5. (A) 
Immunohistochemistry for 5-hydroxytryptamine (5HT) in red, PCP receptors in green 
and DAPI in blue in sagittal sections through the embryonic hindbrain at E11.5.  
Frizzled3, Vangl2, and Celsr3 all co-localize with 5HT positive neurons and fibers. Scale 
bar = 20µm  Zou 
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Supplemental Figure 3.S2. Analysis of 5HT axon projections in Wnt5a and Ryk 
mutant mice. (A, B) Whole mount immunostaining against 5HT in the hindbrain. At 
E12.5, ascending and descending 5HT neurons in (A) Wnt5a -/- and (B) Ryk -/-  appear 
similar to wildtype littermate controls. (Number of mutants analyzed: Wnt5a -/-; n=5 
(E12.5), Ryk -/-; n=6 (E12.5)).  Zou 
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Supplemental Figure 3.S3. Dopaminergic axons project laterally in E11.5 Fzd3 
mutant mice. (A, B) Immunohistochemistry for tyrosine hydroxylase (TH) was used to 
analyze the axonal projections of mdDA neurons in coronal sections of the midbrain of 
wildtype (wt) and Fzd3 mutant mice at E11.5. Note that TH positive axons project 
laterally in E11.5 Fzd3 -/- embryos at the level of the midbrain (arrows), reflecting their 
inability to follow a normal anterior trajectory. (Number of mutants analyzed: Fzd3 -/-; 
n=13 (E11.5)). Scale bar = 80 µm.  Pasterkamp.  
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Supplemental Figure 3.S4. PCP mutants show defects in mdDA axon projections at 
E12.5. (A-J) Immunohistochemistry for tyrosine hydroxylase (TH) was used to analyze 
the axonal projections of mdDA neurons in sagittal sections of the midbrain of wildtype 
(wt) and different PCP mutant mice at E12.5. Anterior is to the left. White lines in A, C, 
E, G and I indicate the posterior boundary of the mdDA system. Panels B, D, F, H and J 
show a higher magnification of the region just posterior to the isthmus, where normally 
no mdDA axons are present. In Fzd3 -/-, Wnt5a -/-, Celsr3 -/-, and Lp/Lp mice numerous 
aberrant posterior axon projections are present at E12.5 (white arrows). Note that at 
E12.5 the number of posteriorly projecting mdDA axons is larger in Fzd3 -/- and Lp/Lp 
mice as compared to Wnt5a -/- and Celsr3 -/- mutants. (Number of mutants analyzed: 
Fzd3 -/-; n=13 (E12.5), Celsr3 -/-; n=3 (E12.5), Lp/Lp; n=2 (E12.5), Wnt5a -/-; n=3 
(E12.5)).  Pasterkamp 
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Supplemental Figure 3.S5. Analysis of dopaminergic innervation of the striatum in 
Celsr3, Wnt5a and Ryk mutant mice at E17.5. (A-F) Immunohistochemistry for 
tyrosine hydroxylase (TH) was used to analyze the axonal projections of mdDA neurons 
in sagittal (A, B) or coronal (C-F) sections of the striatum (STR) of mice deficient for 
Celsr3 (B), Wnt5a (D) or Ryk (F) and littermate controls (A, C, E; wt) at E17.5. (A, B) In 
Celsr3 -/- mice, a few mdDA axons reach but do not innervate the striatum. (C-F) In both 
Wnt5a -/- and Ryk -/- mice, innervation of the striatum by mdDA axons appears intact. 
Note, however, that the brains of Wnt5a -/- mice are reduced in size along the medio-
lateral axis. AC, anterior commissure; LV, lateral ventricle. (Number of mutants 
analyzed: Celsr3 -/-; n=4 (E17.5), Wnt5a -/-; n=4 (E17.5), Ryk -/-; n=3 (E17.5)).  
Pasterkamp 
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Supplemental Figure 3.S6. The overall anatomical organization of the midbrain 
region is intact in Fzd3 mutant mice. 
Immunohistochemistry for tyrosine hydroxylase (TH; A, C, E, G, I, J) in green in 
combination with 1) in situ hybridization for Foxa2 and FGF8 on cryosections through 
the E11.5 (A-D) and E12.5 (E-H) midbrain region of wildtype (A, B, E, F) and mutant 
Fzd3 (C, D, G, H) mice, and 2) immunohistochemistry for Gbx2 on cryosections through 
the E14.5 midbrain of wildtype (I) and Fzd3 mutant (J) mice. Expression of the dorsal-
ventral marker Foxa2 is unchanged in Fzd3 mutant mice. Similarly, expression of FGF8, 
which marks the isthmus organizer (mid/hindbrain boundary), is similar in Fzd3 mutants 
and wildtype littermates. Note that in Fzd3 mutants mdDA axons project caudally beyond 
the FGF8 boundary. Gbx2 is expressed in prosomere 2 and displays a similar distribution 
pattern in wildtype and mutant mice. Note that TH+ axons are projecting rostrally in 
wildtype mice (I) but caudally in mutant mice (J). (K, L) In situ hybridization for TH on 
cryosections through the E12.5 midbrain of wildtype and Fzd3 mutant mice. Note that the 
overall distribution of TH+ cell bodies is unchanged except for a subtle expansion of a 
small subset of neurons (as reported before by Stuebner et al., 2010).  Pasterkamp 
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Chapter 4 

The role aPKC signaling in axonal survival and maintenance 

 

Abstract 

 

Atypical PKC (aPKC) is a membrane of the apical-basal polarity pathway and has 

been implicated in establishing neuronal polarity and axon initiation.  Here, we show that 

aPKC activity is also involved in the maintenance of axons.  Inhibition of aPKC activity 

results in rapid axon fragmentation and subsequent neuronal cell death.  The dramatic 

axon loss is due to a loss of stable microtubules as addition of taxol, a microtubule 

stabilizer, partially rescues the axon loss by aPKC inhibition.  aPKC inhibition has a 

more profound effect in 1% versus 2% B27 suggesting that a component in B27 might 

stabilize or activate aPKC.  Indeed, depletion of insulin, an upstream activator of aPKC, 

results in more rapid axon loss in the 2% B27 condition.  Overexpression of a kinase 

dead "dominant negative" PKCζ alters the localization of the protein.  Wild type PKCζ 

clearly localizes along the axon and to the plasma membrane.  The kinase-dead version of 

PKCζ  displays a more somal localization and it does not appear in distal processes.  

Furthermore we show that inhibition of aPKC might result in rapid axon through the 

subsequent activation of caspase 6.  Addition of a specific inhibitor to caspase 6 partially 

inhibits aPKC induced fragmentation.  This data suggests that atypical PKC signaling is a 

key mediator of axon viability by maintaining axon integrity after axon polarity has been 

established.  Taken together, we posit that aPKC could be involved in developmental 
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axon pruning and plasticity, and may be part of a signaling pathway that is disrupted 

during neurodegeneration.  

 

Introduction 

 

PAR (partitioning defective mutants) proteins were first identified in C. elegans 

as proteins required for appropriate asymmetric cell division  (Desai et al., 1988).  PAR 

proteins have been implicated in a number of cellular processes in vertebrate cells 

including cell migration (Etienne-Manneville and Hall, 2003), asymmetric cell division 

(Betschinger et al., 2003), and tight junction formation (Suzuki et al., 2004b).  More 

recently, members of the PAR signaling complex have been shown to have roles in 

neurons implicated in axon initiation and specification (Chen et al., 2006), axon guidance 

(Wolf, 2008), and synapse formation (Ruiz-Canada et al., 2004).  Members of the PAR 

complex in vertebrates include Par3, Par6, and atypical PKC (aPKC).  

aPKC is the mediator kinase of the PAR complex.  aPKC differs from other 

families of PKCs (conventional and novel) by its structure and its method of activation 

(Moscat and Diaz-Meco, 2000).  Unlike other PKCs, atypical PKCs are calcium and 

DAG insensitive.  There are three different isoforms of aPKCs in vertebrates; PKCζ, 

PKCι/λ, and the more recently identified PKMζ.  All three isoforms appear to be 

expressed in the developing nervous system{Oster, 2004 #1974}. PKCζ, and PKCι/λ are 

approximately 80% identical at the amino acid level and are believed to have similar 

substrates and functional roles (Oster et al., 2004). PKMζ is 100% identical to the 

catalytic regions of PKCζ.  Because it lacks a regulatory domain, it is believed that 
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PKMζ is a constitutively active kinase (Hernandez et al., 2003).  The role of PKMζ is 

still an area of active investigation although recently it has been implicated as being 

involved in learning and memory in the hippocampus (Drier et al., 2002). 

In addition to the more traditional and well-studied role of aPKC's involvement in 

the processes listed above, it is also becoming increasingly clear that aPKC is involved in 

cell survival pathways.  aPKC signaling can regulate the NFκB pathway, a pathway that 

regulates the transcription of many pro-survival factors (Wooten, 1999).  aPKC has been 

shown to phosphorylate and inhibit the pro-apoptotic function of Bax (Xin et al., 2007).  

Although there is a link to the role of aPKC signaling and survival in PC12 cells (Xie et 

al., 2000), no one has clearly demonstrated that aPKC functions as a survival pathway in 

neurons.  In this study, we demonstrate that aPKC activity mediates the stability of 

neuronal axons and subsequently neuronal viability.  Inhibition of aPKC activity results 

in a rapid loss of stable microtubules and axons that subsequently results in neuronal 

death.  Inhibition of caspase 6, an effector caspase that has been implicated in rapid axon 

fragmentation after removal of neurotrophic support (Nikolaev et al., 2009), partially 

rescues axon loss due to aPKC inhibition suggesting that aPKC is an upstream regulator 

of caspase 6 activity. 
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Materials and Methods 

 

Dissociation of cortical neuronal cultures 

To generate dissociated neuron cultures from the cortex, I dissected cortex from e16.5 

CD1 embryos. Tissue from several different embryos was pooled and incubated in 0.25% 

trypsin for 20 min at 37°C. The tissue was then triturated with fire polished glass pasture 

pipettes and trypsin activity was inhibited by the addition of RPMI plus 5% horse serum. 

Cells were plated in Neurobasal media supplemented with either 1 or 2% B27, penstrip, 

and 2mM Glutamate on poly-D-lysine- and laminin-coated glass coverslips  and 

incubated for 3 days.  

 

Immunostaining of cortical neurons 

Dissociated neurons were fixed in 4% PFA for 10 minutes at room temperature and 

washed extensively with PBS.  After washing, neurons were blocked for 1 hour at room 

temperature with PHT (PBS with 2% horse serum, 0.1% TritonX-100, 2%BSA).  

Neurons were then incubated with primary antibodies diluted in PHT at 4C overnight.  

Neurons were then washed extensively with PBS at room temperature followed by 

incubation with secondary antibodies for 1.5 hours at room temperature.  Neurons were 

then washed and mounted with Fluromont G on glass slides. 

 

Nucleoporation of cortical neurons 

Neurons were dissociated as listed before but immediately prior to plating, were 

nucleofected using the Basic Neuron kit for the Amaxa nucleoporation system.  Program 
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O-005 was used to electroporate dissociated neurons.  After electroporation, neurons 

were plated in RPMI supplemented with 10% horse serum.  2-4 hours after initial plating, 

the RPMI media was removed and replaced with Neurobasal media and cultured as listed 

above. 

 

Western blot analysis of cortical neurons  

Dissociated neurons were washed in ice cold PBS and lysed in RIPA buffer 

supplemented with protease and phosphatase inhibitors.  Protein concentration was 

estimated using Bradford assay.  Lysates were subjected to SDS electrophoresis as has 

been previously reported.  

 

 

Results 

 

Addition of a pseudosubstrate peptide to block aPKC activity results in rapid loss of 

neuronal neurites followed by neuronal death 

Cultured cortical neurons begin developing neurites several hours after plating 

and show a distinct axon process by 2 DIV.  Addition of a specific myristolyated 

pseudosubstrate (PS) to atypical PKCs  to 3DIV neuronal cultures results in rapid loss of 

neuronal processes and neuronal death (Fig. 4.1A-A", B-B", C).  Alterations in axonal 

morphology including dystrophic growth cones and swellings along the axon are visible 

as quickly as 1 hour after addition of the peptide (Fig. 4.2A, B).  As neurite degeneration 

continues, many of these neurons show prominent beading along the length of the axon 
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(Fig. 4.1B").  The loss of neurites when treated with aPKC inhibitors seems to later result 

in neuronal death.  Neurons clearly show retracting processes before they become 

TUNEL positive (Fig. 4.3A-A").   In addition, Tau positive processes degenerate faster 

than MAP2 positive neurites suggestions that axons are more sensitive to aPKC 

inhibition than dendrites (data not shown). 

 

Axonal loss is specific to peptides against aPKC 

In order to verify that loss of axonal processes was due to a reduction of aPKC 

activity and not a non-specific affect of adding myristoylated peptides, we added peptides 

to inhibit conventional PKCs and did not see rapid axon fragmentation as with peptides to 

aPKCs (Fig. 4.4A, B, D).  To further confirm this specificity, we treated neurons with a 

known toxic peptide, Aβ.  Addition of Aβ peptide does results in less neuronal processes 

as has been previously reported {Xie, 2000 #2054}, but does not display the same 

dramatic fragmentation that inhibition of aPKC does (Fig. 4.4C, D).  This suggests that 

the addition of this peptide does not result in a general, non-specific toxic response.   

 

Inhibition of aPKC results in a loss of stabilized microtubules 

To investigate what components of the cytoskeleton are altered by aPKC 

inhibition, we immunostained neurons with an antibody to Glu-tubulin.  Glu-tubulin is a 

modified form of tubulin that is associated with more stable microtubules {Hammond, 

2009 #2043}. Glu-tubulin is clearly present in the somal and axons of control neurons but 

is dramatically reduced when treated with the aPKC PS inhibitor.  (Fig. 4.5A-B").  To 

further confirm that the loss of neurites were due to a loss of microtubules, we used the 
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microtubule stabilizing drug, taxol.  Pretreatment of neurons with taxol results in less 

axon fragmentation and partially rescue the aPKC PS phenotype (Fig. 4.6A-C). 

 

 

aPKC induced fragmentation is dependent upon the concentration of B27 and 

insulin  

The extent and kinetics of aPKC induced axon fragmentation is highly correlated 

with the percentage of B27 present in the culture media.  Neurons are sensitive to 5µM of 

the PS in the 1% condition and start showing degenerating neurites in less than 2 hours, 

however, neurons cultured in 2% must be incubated with 10µM of the PS to show 

degeneration within 2 hours (data not shown).  We predicted that a component of B27 

that mediate these differences in sensitivity to the aPKC PS might be insulin.  It has been 

previously reported that aPKC is activity with addition of insulin in other cell types 

{Tremblay, 2001 #1883}.  Insulin is also present in B27 and is essential for neuronal 

survival.  Changing the media to from 2% B27 to 2% B27 without insulin for 12 hours 

prior to the addition of the PS resulted in neuronal cultures in 2% B27 showing 

sensitivity to the peptide at the lower, 5µM concentration  (Fig. 4.7A-D).  Interestingly, 

neurons must be deprived of insulin at least overnight, for 2-4 hours of insulin removal 

was not sufficient for the sensitization.   

 

PKCζ activity determines the localization of the protein 

To examine the role of kinase activity of aPKC in respect to axon viability in 

neurons, we nucleoporated both wild type and a kinase inactive PKCζ construct into 
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dissociated cortical neurons.  Cortical neurons express wildtype PKCζ at levels several 

fold higher than endogenous PKCζ  but kinase dead PKCζ is not expressed as efficiently 

(Fig. 4.8).  Visualization of these electroporated neurons by immunofluorescence against 

βIII tubulin reveals that the morphology of neurons overexpressing either construct 

appears to be relatively normal (data not shown).  Examination of PKCζ protein shows 

that PKCζ localization is dependent upon its kinase activity.  Localization of the wild 

type form of the protein appears to be rather ubiquitous as it is present in the entire 

neuron whereas the kinase inactive version of PKCζ does not localize prominently to the 

distal portion of the neurites (Fig. 4.9A-B").  Closer examination of the localization of 

wildtype and kinase inactive PKCζ  further demonstrate differences between the two.  

Wildtype PKCζ appears to reach the membrane where the kinase inactive form of PKCζ 

does not (Fig. 4.10A-D).  Although the localization of overexpressed PKCζ constructs 

are different and distinct, there is no clear alterations in axon morphology between the 

two constructs. 

 

Caspase 6 inhibition results in axonal rescue 

Because the loss of neurites can occur so rapidly in neuronal culture, we believe 

that we have activated an active, axon self-destruction pathway.  A potential mechanism 

to induce rapid axon fragmentation is to increase the activity of proteases.  Indeed, 

calpain activity has been implicated in axon degeneration (Touma et al., 2007). We 

elected to determine if another group of proteases, caspases, could mediate the rapid loss 

of axons.  Because we did not see an increase in cleaved (active) caspase 3  after addition 

of the PS (data not shown), we elected to look at caspase 6.  Caspase 6 has recently been 
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linked to a number of neurodegenerative diseases such as Alzheimer's and Huntington's 

disease, and has been implicated in axon fragmentation during neurotrophin withdrawal 

and during developmental pruning (Nikolaev et al., 2009).  It has also been reported 

many caspase 6 substrates are components of the cytoskeleton (Klaiman et al., 2008).  

We would predict that if caspase 6 were involved downstream of aPKC, that pre-

incubation of a caspase 6 inhibitor would results in a partial rescue of axon fragmentation 

induced by the aPKC PS.  Indeed, inhibition of caspase 6 with a specific caspase 6 

inhibitor prior to addition of the aPKC PS results in a dramatic rescue of neuronal 

processes (Fig. 4.11A-C).   

 

Discussion 

 

aPKC is a mediator of axon stability 

Although the use of a pseudosubstrate peptide against atypical PKCs resulted in 

rapid and clear axonal fragmentation, we could not demonstrate that inhibition of kinase 

activity of aPKC by other methods also resulted in axonal loss.  Drugs to inhibit kinase 

activity as well as overexpression of a kinase inactive construct did not produce axon 

death in a rapid and specific manner (data not shown).  There are several explanations for 

the differences we observe for the different methods.  Addition of the pseudosubstrate 

appears to result in a rapid reduction of PKC activity whereas the drug inhibition does not 

appear to be as complete or quick (data not shown).  Furthermore, the myristoylated 

peptide consists of the sequence in the regulatory domain of atypical PKC that is 

responsible for mediating multiple protein-protein interactions such as the binding of 
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aPKC to Par6 and to microtubules (García-Rocha et al., 1997).  It is feasible that it is the 

specific disruption of these interactions, and not the kinase activity of the protein itself, 

this is responsible for maintaining the integrity of the axon.  Further experiments using 

RNAi loss of aPKC function must be used to determine this.   

 There are several studies that link aPKC to cell survival and its misregulation in 

disease.  The PKCλ -/- mouse die by E9.5 so is not sufficient to study (Koike et al., 

2005).  The PKCζ -/- mouse survives into adulthood but no nervous system defects have 

been reported in this mouse.  Because PKCζ levels are relatively low in the nervous 

system, we do not believe that PKCζ is the aPKC isoform that mediates axon survival.  

We cannot rule out that PKMζ could be involved as the PKMζ transcript is still present 

in the PKCζ -/- mouse (Hernandez et al., 2003).  Recently, overexpression of PKMζ in 

Xenopus tectal neurons reveals that these neurons now show alterations in filopodia and 

dendritic dynamics.  The authors posit that PKMζ restricts the dendritic arbor size in the 

rectinotectal system by regulating actin dynamics (Liu et al., 2009). Although the authors 

do not provide direct evidence that PKMζ is manipulating the cytoskeleton, it can be 

inferred based upon their observations.  Other studies suggested a connection between 

long term potentaion (LTP) and actin polymerization and suggest that this link might be 

mediated in part by PKMζ expression (Kelly et al., 2007).   

 

Caspase 6 is a key caspase that regulates axon fragmentation  

Our study nicely confirms previous studies suggesting that caspase 6 activity is 

responsible for axon fragmentation {Nikolaev, 2009 #2444}.  Our result that caspase 6 
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appears to be downstream of PKCζ is particular intriguing because of the number of 

disorders that are attributed to caspase 6 activity.  Mice overexpressing a form of the 

Huntington protein that was resistant to caspase 6 cleavage survived for much longer than 

other Htt overexpressing transgenic mice (Graham et al., 2006).  Active caspase 6 has 

also been shown to be present in the brain of Alzheimer’s patients (Albrecht et al., 2009).  

Previously studies have demonstrated that caspase 6 has the ability to activate itself and 

does not need cleavage by an upstream effectors caspase for it activation (Klaiman et al., 

2009).  Furthermore, it was recently demonstrated that phosphorylation of caspase 6 at 

serine 257 by ARK5 results in inactivation of caspase 6 activity (Suzuki et al., 2004a).  

This ARK5 site is also a putative aPKC site.  Therefore it is plausible that caspase 6 may 

be a substrate of aPKC and that the inhibition of phosphorylation by aPKC results in 

caspase 6 activation and subsequent axon fragmentation.  Intriguingly, it has also been 

demonstrated that aPKC is a substrate of caspase 6, resulting in cleavage of the full 

length PKCζ  into the PKMζ  fragment that is very rapidly turnover (Smith et al., 2000).  

This could be a mechanism of feedback where caspase 6 becomes activated and can 

down regulate aPKC activity resulting in further caspase activity.  More detailed study is 

required to fully understand the relationship between aPKC activity and caspase 6. 

Previous studies have demonstrated a connection between aPKC activity and axon 

formation, however, to the best of our knowledge, this is the first study demonstrating 

that aPKC is a key regulator of axon maintenance.  There are a large number of 

publications that have used the pseudosubstrate peptide in cortical neuron cultures.  Some 

of these studies claim that they see a reduction axon formation in their neuronal cultures 

in the presence of this peptide  (Zhang et al., 2007).  It is our opinion that it is the loss of 
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stabile microtubules that might show this effect and that we are manipulating a similar 

pathway in our studies.  Previous studies added the pseudosubstrate when plating the 

cortical neurons, thus the conclusion is that aPKC is involved in axon formation.  

However, we believe that if this peptide was added to these cultures later in development, 

they might see axon degeneration.  In this scenario, aPKC would play key roles in both 

axon formation early in development, and axon maintenance later. 

Another key issue that should be resolved in future studies is which atypical PKC 

isoform is involved in these processes.  The aPKC pseudosubstrate peptide blocks all 

aPKC isoforms including PKCλ, PKCζ, and PKMζ. Individual dominant negative 

constructs and RNAi knock down of specific aPKC isoforms would have to be utilized to 

distinguish which isoform is involved in these processes. 

 

Concluding Remarks 

Although aPKC signaling has been shown to be involved in axon determination 

and neuronal polarity, this is the first documented evidence that aPKC signaling is also 

involved in axonal maintenance and survival.  A better understand of how axon cell 

biology is regulated might shed light into possible therapeutic targets to combat 

neurodegenerative diseases and to slow down axon degeneration in response to insult. 
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Figure 4.1   Addition of a pseudosubstrate inhibitor to aPKC results in rapid neurite 
fragmentation followed by neuronal death 
E16.5 3DIV cortical neurons were treated with 5µM of a non myristoylated 
pseudosubstrate (Non PS) (A-A") or a myristoylated pseudosubstrate (PS) inhibitor (B-
B").  Both DAPI and TUNEL staining was completed to visualize cell death.  Tuj1 
staining labels all neurites.  Note the increase in TUNEL staining and the fragmented 
neurites present in cultures treated with the PS.  (C) Quantification of TUNEL positive 
neurons after PS addition 
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Figure 4.2  Addition of aPKC PS peptides results in dystrophic growth cones 
Cultured e16.5 cortical neurons treated with PS control (A) or 5µM PS against aPKC (B)  
F-actin is labeled in red and microtubules (βIII tubulin) are green. 
 
 

 
 
Figure 4.3  Neurite processes retract prior to neuronal cell body death 
E16.5 neurons treated with 5µM PS against aPKC.  Cell nuclei are visualized by DAPI 
and co-labeled with TUNEL to label dead cells (A, A').  Both dead and living neurons are 
present in these cultures (white arrow is a living cell, red arrow is a dead cell).  
Visualization of neurites by βIII tubulin immunostaining reveals retracting axons in the 
living neurons and complete loss of all neurites in the TUNEL positive cell (A"). 
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Figure 4.4 Rapid axon fragmentation is unique to neurons treated with an aPKC PS 
and not other peptides     
(A) Control cortical neurons treated with DMSO control.  (B)  Treatment with the a 
myristoylated peptide to block conventional PKCs (cPKC), does not result in axon 
fragmentation after 12 hour incubation.  (C)  Addition of Aβ peptide which is known to 
result in neuronal death, results in the loss of some axons but does not result in 
fragmentation or the severity of axon loss as seen with the aPKC PS (D) addition. 
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Figure 4.5  Inhibition of aPKC results in a loss of stabile microtubules 
Cortical control cultures (A-A") or 5µM treated cultures (B-B") were co-immunostained 
with Glu-tubulin (red) and Tuj1 (green).  Glu-tubulin is marker for stable microtubules 
while Tuj1 should label all neuronal microtubules (βIII tubulin)  Scale bar = 10µm 
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Figure 4.6  Taxol stabilization of microtubules partial protects against PS induced 
axon fragmentation 
(A) Control, non-treated neurons.  Neurons treated with 5µm aPKC PS (B) and 5µm 
aPKC PS plus taxol (C).  F-actin is labeled in red, nuclei labeled with DAPI are blue, and 
Tuj1 positive processes are green. 
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Figure 4.7  aPKC PS effectiveness is dependent upon insulin concentration 
Cortical neurons cultured in 2% B27 (A, B) or 2% B27 without insulin (C,D).  Addition 
of PS peptide to (B) and (D) resulted in axon fragmentation in the culture without insulin 
but did not have an affect on normal 2% B27 cultures after 2 hours.  Tuj1 positive fibers 
are labeled in green.  Scale bar = 10µm 
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Figure 3.8 PKCζ  and PKCζKD overexpression in cortical neurons 
 
Cortical neurons were electroporated with PKCζ  constructs and analyzed via western 
blot analysis.  Antibodies were used PKCζ  to monitor the expression levels of both the 
PKCζ  and PKCζKD constructs.  Addition of MG132, a proteasome inhibitor, does not 
result in more accumulation of PKCζKD suggesting that it is not more rapidly turned 
over by the proteasome.  GAPDH was used as a loading control. 
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Figure 4.9  PKCζ  activity is required for its localization distally 
(A-A") Wild-type overexpression of PKCζ  (B-B") PKCζKD overexpression.  Note that 
PKCζKD (red) only localizes to the soma and is expressed at lower levels than the wild-
type protein (A', B'). 
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Figure 4.10 Kinase activity of aPKC is required for its membrane localization 
Confocal Z stack images of neurons overexpressing wildtype PKCζ  (A-A") or kinase 
dead PKCζ  (C-C")  Profile plots demonstrating the pixal intensity along the white arrow 
drawn in each channel (B, D).  Peaks in the plots suggest an enrichment of the protein.   
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Figure 4.11 Caspase 6 inhibitors rescue PS induced neurite loss 
Control cortical neurons (A).  Cortical neurons treated with 5µM aPKC PS or 5µm aPKC 
PS plus a caspase 6 specific inhibitor.  Neurons are labeled with Tuj1 are stained in red.  
Note that the neurons treated with Caspase 6 inhibitor (C) look healthier than those in 
(B). 
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Chapter 5 

 
Closing Remarks 

 
 
 
Wnt/PCP signaling is a global organizer along the anterior-posterior axis 
  
 Our work demonstrates that Wnt/PCP signaling is a key mediator of axon 

guidance along the A-P axis. Unpublished data from our lab implicates Wnt/PCP 

signaling in the commissural axon pathfinding after midline crossing. This result coupled 

with the data in this thesis demonstrating that PCP signaling also regulates 

monoaminergic A-P pathfinding suggests that Wnt/PCP signaling regulates guidance 

along the longitudinal axis for several different neuronal populations.  Wnt/PCP signaling 

is also crucial for the migration of neurons along the A-P axis.  Facial branchiomotor 

(FBM) neurons begin their rostral to caudal migration initiating at rhombomere four and 

concluding in rhombomere six in mouse.  This migration is perturbed in a number of PCP 

mutant mice including the Wnt5a, Fzd3, Looptail, and Scribbled mouse.  Vivancos and 

colleagues demonstrated that these neurons respond to attractive Wnt gradients expressed 

in the hindbrain (Vivancos et al., 2009).   

Emerging evidence suggests that Wnt/PCP signaling serves as a global organizer 

along the anterior-posterior axis mediating polarity events and tissue organization outside 

of the nervous system.  Myocytes in the developing chick are elongated along the A-P 

axis.  Work done by Gros et al. demonstrated that a Wnt11 gradient serves as the 

direction cue that properly orients these developing myocytes (Gros et al., 2009).  PCP 

signaling is also implicated in the correct orientation of nodal cilia.  Vangl2 activity is 
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required to establish the posterior tilt in cilia in Kupffer's vesicle in zebrafish (Borovina 

et al., 2010). Mice deficient in both Vangl1 and Vangl2 display defects in cilia position in 

the node.  Cilia positioning is determined by interpreting A-P patterning information by a 

mechanism that is not completely understood.  Defective cilia positioning in these 

mutants results in aberrant nodal flow which results in defects in left-right (L-R) 

asymmetry formation (Song et al. 2010).  Thus PCP signaling is crucial for appropriate 

cilia positioning and tilt in the node along the A-P axis and defects in these early polarity 

events results in defects along a different axis, the L-R axis.   

 
 
Polarity signaling regulates axon guidance 

 Manipulation of polarity signaling is an attractive mechanism to mediate growth 

cone turning.  Polarity signaling utilizes both intrinsic and extrinsic information to 

organize spatial domains within cells.  Because these signaling pathways can alter the 

cytoskeleton and membrane trafficking both spatially and temporally, we posit that they 

can utilize these mechanisms to establish growth cone asymmetry in response to a 

guidance cue.  Our data supports that Wnt signaling mediates axon guidance through two 

well-known polarity pathways:  Wnt/PCP signaling and the apical-basal (A-B) polarity 

pathway.   

 PCP signaling establishes polarity in tissue along the planar axis while A-B 

polarity is maintained along the apical-basal axis, which is perpendicular to the planar 

axis.  Our data suggests that Wnt gradients might employ these pathways that regulate 

polarity along different axes, to drive growth cone turning.  How Wnt protein gradients 

do this is currently unknown.  Because localization of these components is directly linked 
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to their function and upstream signaling, live imaging of these components in pathfinding 

growth cones is key to understanding both the signaling and cell biological mechanisms 

behind Wnt mediated axon guidance.  We would predict that these pathways might 

interact and crosstalk with each other since both appear to be critical for Wnt mediated 

attraction in the spinal cord.  Other studies provide evidence of this cross talk between the 

PCP and A-B signaling pathways.  The A-B component PKCζ, phosphorylates Frizzled, 

a PCP component, in the Drosophila eye.  This phosphorylation event results in the 

inhibition of PCP signaling (Djiane et al., 2005).  Furthermore Scribble, a protein 

involved in polarity along the planar axis, has been shown to interact with the A-B 

components Lgl and Dlg, and has been suggested to regulate aPKC activity and 

localization (Montcouquiol et al., 2003; Humbert et al., 2006).   In neurons, axon polarity 

is established through the activity of aPKC and its interaction with the PCP component, 

Dishevelled (Zhang et al., 2007).  The precise interactions of these two pathways will 

surely remain an active area of investigation. 

 

Attractive axon guidance cues might maintenance axon viability 

 Previously we established that aPKC signaling occurs downstream of Wnt signals 

to mediate attractive axon guidance in commissural neurons (Wolf et al., 2008).  Other 

groups have also linked aPKC with Wnt signaling in polarity establishment in neurons 

and other cells (Ohno, 2007; Schlessinger et al., 2007; Zhang et al., 2007).  In addition to 

aberrant axon pathfinding, we also noticed dystrophic growth cones and axon 

degeneration when aPKC signaling was inhibited in the spinal cord (Chapter 2, 

unpublished observations).  Furthermore, we present that inhibition of aPKC activity in 



 140 

cortical neurons results in rapid axon fragmentation (Chapter 4).  Because aPKC 

signaling is a critical mediator of attractive guidance and is required for axon 

maintenance, we postulate that guidance cues, specifically attractive cues, might mediate 

neurotrophic functions during circuitry formation.  Many exuberant axons are retracted 

and possibly degenerated during developmental pruning in vertebrates (Vanderhaeghen 

and Cheng, 2010).  Repulsive cues have been linked with axon retraction and even 

neuronal death (Luo and O'Leary, 2005; Vanderhaeghen and Cheng, 2010).  Therefore, 

we think the converse may also be true and attractive guidance cues might protect these 

neurons from developmental pruning.  Interestingly, the Fzd3 -/- mouse shows massive 

axon fragmentation in layer V neurons in the cortex by e18.5 (Wang et al., 2002).  

Although Wnts have been postulated to act as a neurotrophic cue, experimental evidence 

is still lacking to make this conclusion (Alvarez et al., 2004; Arévalo and Chao, 2005).  

Disruption of these survival pathways in the mature animal might be linked to 

neurodegenerative disorders.  Because Wnt signaling and aPKC activity appears to be 

disrupted in neurodegenerative diseases such as Alzheimer's, this connection between 

Wnt signaling and neuronal survival warrants further investigation (Crary et al., 2006; 

Magdesian et al., 2008). 
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