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Abstract 

During neuronal development, one axon and several dendrites are formed out of the immature neurites of one 

single neuron. The asymmetrical structure allows neurons to receive (dendrites) and transmit (axon) signals. A lot 

of molecules are implicated to play a role in neuronal polarization. This thesis touches on the molecules and the 

cellular mechanisms that contribute to the polarization of neurons. Most of these molecules act on the actin or 

microtubule cytoskeleton. Most likely, neuronal polarization is initiated or stimulated by the cooperative action of 

actin and microtubules regulatory proteins. Suggestions for research that should clarify the process further, 

involve in vivo research. 
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1. Introduction 

Most neurons are polar cells which means that they have two types of neurites, compartmentalized in distinct 

areas: an axon and dendrite(s). The structure depends on the cell type: in sensory neurons, one axon and 

dendrite emerge from the same process, while interneurons have an opposite dendrite and axon and 

motorneurons have multiple dendrites. Other cell types have different structures, but most of them are polarized. 

The axon is long and thin and transmits signals to other cells, while dendrites are thick and shorter and receive 

signals. They have distinct molecular compositions and functions. The difference between the axon and dendrite 

allows the neuron to separate signal reception and transduction (Arimura and Kaibuchi, 2007; Conde and 

Cáceres, 2009; Kishi et al. 2005; Witte and Bradke, 2008).  

Neuronal polarization is established during development. In culture it was shown that immature rat hippocampal 

neurons are symmetrical spheres. Then they develop thin filopodia, which later develop into immature neurites. 

These processes grow and shrink in a comparable manner, influenced by positive and negative cues. After half a 

day of culturing however, one of them becomes much longer than the others. The new formed axon launches the 

neuron’s polarity. The other processes keep on growing but also retracting and stay shorter than the axon. After 

one week they mature, get thicker and become dendrites. The last developmental step is the formation of 

dendritic spines and synapses (figure 1; Arimura and Kaibuchi, 2007; Dotti, Sullivan and Banker, 1988; Yoshima, 

Arimura and Kaibuchi, 2006).  

1.1. Neuronal polarization 

A lot of research is performed in search of a determining or major factor that initiates neuronal polarization. These 

studies indicate the importance of the cytoskeleton or external matrix signals for example. Interesting is that when 

one of the neurites starts developing as the axon, its fate can be altered. Goslin and Banker (1989) found that 

dendrites can become axons and vice versa until they reach the last developmental step. If they have not formed 

spines yet (after approximately one week in culture), hippocampal neurons remained their axon-dendrite plasticity 

(also described in Ledesma and Dotti, 2003). In Bradke’s lab it was discovered that when the axon of a mature 

neuron is damaged or cut off, there are two ways in which the cell recovers. When the axon is cut close to the cell 

body (<35 µm), the cell grows a new axon out of a former dendrite. When the axon is cut distal however (>35 µm), 

the original axon elongates and the other neurites become dendrites (figure 2; Gomis-Ruth, Wierenga and 

Bradke, 2008).  
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 Although the developmental process of polarization is documented, it is not fully understood which factors 

contribute in a determining manner. Neurite outgrowth needs a coordinated set of processes including 

cytoskeletal growth and remodeling (Tsaneva-Atanasova et al., 2009), vesicular transport that delivers plasma 

membrane (Sann et al., 2009), and signaling molecules and receptors (Tsaneva-Atanasova et al., 2009). Growing 

axons have special tips (growth cones) that can respond to external guidance cues to direct the growth of the 

axons. The cytoskeleton of eukaryotic cells consists of microtubules, actin (microfilaments) and intermediate 

filaments, which interact with each other to maintain cell shape, enables cellular motion and plays a role in 

intracellular transport and cellular division. Actin and microtubules (microtubules) are especially interesting, 

Figure 1 (above). Development of neuronal 
polarization. Before polarization, the cell is 
a symmetric sphere (a). Then one of the 
neurites gets favored to become the axon 
(by chance or by polarization initiators). 
This neurite has more stable microtubules 
than the others (b). After the initial step, the 
axon rapidly elongates (c). Source: Witte 
and Bradke, 2008. 

Figure 2 (left). When an axon is cut close to 
the cell body of the neuron, another neurite 
becomes the axon (arrow 1). When the 
axon is cut >35 µm from the soma, the 
axon recovers (arrow 2). 
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because they are located in the growth cones of axons and are important for neuronal polarization. The dynamics 

and locomotion of the growth cone depend on the dynamics of actin. Dynamic actin drives the growth cone to 

explore the environment and grow in a direction signaled by guidance cues. Stable microtubules on the other 

hand fixate growth direction and facilitate protrusion (Lowery and Van Vactor, 2009).  

Already before cells polarize, the future axon has a bigger and more motile growth cone and contains more 

vesicles and organelles (Ledesma and Dotti, 2003; Wiggin, Fawcett and Pawson, 2005). Additionally, 

microtubules were shown to be more stable in the neurite that became the axon in immature hippocampal 

neurons (Conde and Cáceres, 2009; Witte and Bradke, 2008). A lot of research focuses on factors influencing 

microtubule stability (Witte, Neukirchen and Bradke, 2008), centrosomes (Calderon de Alda et al., 2005) and 

regulating proteins (Bradke and Dotti, 2000; Conde and Cáceres, 2009). The stability of microtubules, and 

thereby the affinity of motor proteins for the microtubules, is influenced by regulating proteins and external signals 

(Barres and Barde, 2000). Selective transport brings proteins, vesicles containing membrane receptors and ion 

channels, organelles and membrane components to the axon (Bradke and Dotti, 2000; Morfini et al., 2004; 

Pfenninger, 2009; Ye et al., 2006). These requirements for axonal growth are transported along microtubules by 

motor proteins kinesin and dynein (Arimura and Kaibuchi, 2005; Arimura and Kaibuchi, 2007). Other organelles 

and vesicles may be transported by cytoplasmic flow (Mattson, 1999). Instead of distributing these evenly to all 

neurites (before polarization), the cell starts to transport its axonal growth essentials mainly towards the axon 

(Bradke and Dotti, 2000 Wiggin, Fawcett and Pawson, 2005). It is unknown why the proteins are transported to 

the neurite that becomes the axon, and not to other neurites. Membrane dynamics are temporally closely linked to 

growth cone activity and therefore seem important for axonal growth (Bradke and Dotti, 2000). All elements 

involved in axonal growth are recruited, guided or stimulated by internal and external signals. The Rho family of 

GTPases is an example of internal signals that influences actin and cytoskeletal dynamics and membrane 

dynamics (Bradke and Dotti, 2000; Fukata, Nakagawa and Kaibuchi, 2003).  An example of external signals are 

guidance cues that direct the growth cone such as semaphorins, or laminin, an extracellular matrix protein 

(Arimura and Kaibuchi, 2007). However, the way neuronal polarization is mostly studied, namely in hippocampal 

cultures, emphasizes intracellular mechanisms over extracellular (Wiggin, Fawcett and Pawson, 2005). 

In the process of neuronal polarization, an initial starting phase, axon growth, and maintenance of the axon after 

its formation can be discerned. Proteins, signaling cascades and mechanisms that are involved in polarity 

initiation are in general also important for the later phases. Traffic of necessities to the tip of the axon (Horton and 



 7

Ehlers, 2003; “sorting”: separate transport for axon and dendrites, Ledesma and Dotti, 2003), microtubule stability 

(Witte and Bradke, 2008) and inhibition of the formation of another axon (Wiggin, Fawcett and Pawson, 2005) are 

all important after the initial phase.  

1.2. Importance for the field 

Knowledge about mechanisms of neuronal polarization helps in finding treatments for neurodegenerative 

diseases and spinal cord injury for example. In neurodegenerative diseases synapses, myelin, axons and 

complete neurons are broken down. Molecules that are implicated in initiation and maintenance of neuronal 

polarization are also involved in some neurodegenerative diseases, such as Alzheimer’s disease (AD, a common 

form of dementia). Examples are the microtubules binding protein tau and molecules PAK1, PAK2, PAK3, GSK-

3β and CRMP-2 (Konzack et al 2007; Kreis and Barnier, 2009; Yoshimura, Arimura and Kaibuchi, 2006).  

Treatment strategies for degenerative diseases like AD include renewed axon formation. TSC patients suffer from 

deforming and disorganized overgrowth of many organs but often also exhibit epilepsy, mental retardation or 

autism. The genes that are mutated and subsequently cause these symptoms are tuberous sclerosis complex 

(TSC) 1 and 2. Shortage of their protein products was discovered to lead to ectopic axon formation. Indeed it was 

found that Tsc2 is inhibited in the axon during neuronal polarization but that Tsc1 and 2 are present in the other 

neurites (Choi et al., 2008; Conde and Cáceres, 2009). Knowledge of inhibitors of axon formation could help to 

prevent elaborate axon formation in TSC patients. The same knowledge could help in alleviating inhibition to allow 

axon growth in spinal cord injury patients. When axons of spinal cord neurons are severed in an accident, these 

cannot simply recover as they do in early stages of development. That is because some proteins are no longer 

expressed in mature neurons and the environment has changed in a way that it inhibits axon growth (to prevent 

uncontrolled growth and sprouting). In spite of differences with axon formation during neuronal polarization, 

knowledge of axon formation, guidance and inhibition can provide information and ideas that are useful for spinal 

cord injury research (Sandvig et al., 2004; Yiu and He, 2006). 

1.3. Research questions 

The goal of this thesis is to provide lucidity in what is known about neuronal polarization. It will be reviewed what 

factors contribute to the initiation of axon formation and how convincing that progress in the field is. Furthermore, I 

will hypothesize about research that is needed to answer these questions and briefly discuss important factors for 

after the initial phase of neuronal polarization and for maintenance of established polarization.  
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2. Polarization contestants 

As pointed out in the introduction, there are many factors that influence axon formation. Of many of those, it is not 

clear how important their role really is for initiation of neuronal polarization. Here, some of the mechanisms and 

molecules that are involved in neuronal polarization will be discussed. 

2.1. Centrosome and microtubules 

Microtubules consist of tubulin dimers. Head-to-tail connected αβ-tubulin heterodimers form a long string, called a 

protofilament (see figure 3A). Multiple protofilaments (usually thirteen) together form one microtubule (figure 3B). 

microtubules have what is called a plus-end and a minus-end. At the plus-end of the microtubule, a dynamic 

process of assembly and disassembly of heterodimers takes place, allowing explorative behavior of the growth 

cone. These ends are predominantly tyrosinated. At the minus-end, the microtubules are more stable, grow at a 

slower rate and mainly acetylated. Disassembly does take place at the minus-end (Conde and Cáceres, 2009; 

Lowery and Van Vactor, 2009; Witte and Bradke, 2008). The dynamics of microtubules is indicated by their 

content of post-translationally modified α-tubulin. Stable microtubules are rich in acetylated, while dynamic 

microtubules have abundant tyrosinated α-tubulin (Conde and Cáceres, 2009). 

A remarkable difference between the axon and dendrites is the organization of microtubules. In axons, they are all 

neatly organized with their plus-ends toward the distal tip, while in dendrites microtubules are arranged 

bidirectionally (figure 3C; Conde and Cáceres, 2009; Mattson, 1999). Microtubules transport molecules, vesicles 

and organelles via motor-based movements from the cell body to the tip of the axon (Akhmanova, Stehbens and 

Yap, 2009). The directionality of this transport is probably to some extent caused by the polarization of 

microtubules. It is not known what causes the polarized microtubule pattern. However, it is know that actin is not 

necessary for microtubule organization, because presence of inhibitors of actin polymerization does not influence 

the arrangement of microtubules (Takahashi et al., 2007).   

It was suggested that the centrosome is important for polarization, since it is at the base of microtubules. 

Microtubules attach with their minus-ends to the centrosome, which is embedded in the microtubules organizing 

center (MTOC). The MTOC nucleates and organizes microtubules (Akhmanova and Steinmetz, 2008). From there 

they extend to the neurites (de Alda et al., 2005). Dotti and colleagues discovered that more than one centrosome 

in a neuron lead to the production of more than one axon, while inhibition of centrosome functioning inhibited 



 9

axon formation (Calderon de Alda et al., 2005). Based on this finding, it was believed that centrosome localization 

was very important for polarization (Arimura and Kaibuchi, 2007; Conde and Cáceres, 2009). However, in vivo 

research in zebra fish showed that their centrosome localization does not coincide with the position of the axon 

(Barnes, Solecki and Polleux, 2008). Additionally, a little after the centrosome finding of Calderon de Alda and 

colleagues, the group of Raff learned that in fruit flies where an essential protein for centrioles was knocked-

down, neuronal development was nearly normal. These flies did not develop centrioles (and cilia), but did have 

normally polarized neurons (Baste et al., 2006). This later finding seems to make sense, especially since the 

A B 

C 

Growth cone 

Figure 3. Microtubules in the growing axon. A: Linkage of tubulin dimers can form protofilaments. B: Thirteen 
of those protofilaments comprise a microtubule. C: Microtubules (MTs) are organized bidirectionally in the 
dendrites. In the axon, all MTs are organized with their plus-ends towards the tip of the axon and are mainly 
stable. Kinesin transports cargo to the tip of the neurite, while dynein transports cargo in the reverse 
direction. Filamentous actin (F-actin) arcs in the growth cone bundle the MTs together. Dynamic actin allows 
MT protrusion and actin bundles guide the MTs towards the filopodium tips. Source A+B: Akhmanova and 
Steinmetz, 2008. Source C: adapted figure from Lowery and Van Vactor, 2009. 
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location of the centrosome is influenced by the same mechanisms that induce polarization (amongst others, the 

PAR complex, Cdc42 and PI3K, see below; Arimura and Kaibuchi, 2005; Horton and Ehlers, 2003). Furthermore, 

microtubules can also nucleate at other positions in the cell (Efimov et al., 2007).  

Microtubule plus-end-tracking proteins (+TIPs) are microtubule stabilizing factors that are located at distal ends of 

growing microtubules. It is suggested that they are important for initiation of neuronal polarization. +TIPs belong to 

a group of proteins that regulate the dynamics of microtubules and the interactions of microtubules with other 

cellular structures. By binding to the ends of the microtubules, +TIPs influence the structure of microtubules and 

their accessibility for other proteins. +TIPs consist of both motor and non-motor proteins (Akhamanova and 

Hoogenraad, 2005; Akhmanova and Steinmetz, 2008). Examples of proteins in this group are cytoplasmic linker 

protein of 170 kDa (CLIP-170), end-binding protein 1 (EB1), adenomatous polyposis coli (APC), CLASPs and 

neuron navigators (NAVs). Of CLIP-170 and EB1, it is not clear what their role for axon formation is. They are 

+TIPs that localize at the tip of the microtubule by anchoring to the microtubule tip where tubulin is just 

polymerized and simultaneously detaching from the microtubule shaft (Bush and Brunner, 2004). CLIP-170 family 

members stabilize microtubules by preventing degradation and stimulating polymerization (Akhmanova and 

Hoogenraad, 2005). EB1 is a +TIP that interacts with most other known +TIPs (including CLIP-170; Dixit et al., 

2009). Also, it mediates the binding of APC to microtubules (Zhou et al., 2004), which stabilizes microtubules in 

growth cones. APC is a +TIP that accumulates in the distal tip of the neurite destined to become the axon. APC is 

required for partitioning-defective (PAR) complex formation (a complex of aPKC, PAR3 and PAR6), because it 

targets PAR3 towards the axon, where it binds to PAR6 and atypical protein kinase C (aPKC; Conde and 

Cáceres, 2009; Horton and Ehlers, 2003; Wiggin, Fawcett and Pawson, 2005). The PAR complex can bind to 

kinesins (microtubule plus-end directed motor proteins, figure 3C) whereby it regulates polarized trafficking along 

microtubules (Wiggin, Fawcett and Pawson, 2005) and is required for neural polarization (Arimura and Kaibuchi, 

2007; Conde and Cáceres, 2009; Salinas and Zou, 2008; Wiggin, Fawcett and Pawson, 2005). Importantly, APC 

phosphorylation (for example by GSK-3β), reduces its affinity for microtubules and inhibits axonal outgrowth 

(Akhmanova and Hoogenraad, 2005; Wiggin, Fawcett and Pawson, 2005). Together, APC is important for 

polarized traffic along microtubules, and therefore axonal outgrowth, but its importance for initiation of neuronal 

polarization is unclear. CLASPs stabilize microtubules locally whereby axon growth is enhanced. They help to 

cross-link actin to microtubules and interact with other +TIPs such as CLIP-170 and EB1 (Jaworski, Hoogenraad 

and Akhmanova, 2008). NAVs are +TIPs that got attention of the neuronal polarity research field recently, 
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because of their localization in the cell. They are found at the distal ends of microtubules and at growth cone 

edges, suggesting a role in guiding or anchoring microtubules. However, their localization is all that is known in 

relation to a possible role for NAVs in neuronal polarization (Jaworski, Hoogenraad and Akhmanova, 2008).  

Microtubule-associated proteins (MAPs) are another group of proteins that stabilize microtubules and are 

implicated to function in neuronal polarization. In axons, a common MAP is tau, while MAP2 is a widespread MAP 

in dendrites (Bradke and Dotti, 2000; Conde and Cáceres, 2009). It was found that in dendrites, tau exists in an 

inactive (phosphorylated) state, while tau is not phosphorylated (active) in axons (Bradke and Dotti, 2000; 

Takahashi et al., 2007). Tau can only bind to microtubules when it is in a non-phosphorylated state (Wiggin, 

Fawcett and Pawson, 2005).  

Synapses of amphids defective (SAD) kinases A and B are shown to be necessary for neuronal polarization, 

because knock-down leads to unpolarized cells (Kishi et al., 2005). SAD kinases likely operate through local 

phosphorylation of MAPs, thereby hindering microtubule stability. Since SAD kinases can be found in axons as 

well as dendrites, their activity is probably regulated by a protein that is present or active in axons only, such as 

LKB1 (Arimura and Kaibuchi, 2007; Kishi et al., 2005; Kishi, 2008; Wiggin, Fawcett and Pawson, 2005; Witte and 

Bradke, 2008). LKB1 (Peutz-Jeghers tumor suppressor kinase) is a protein that plays a role in polarity (via GSK-

3β and the Wnt pathway; Wiggin, Fawcett and Pawson, 2005). 

Other proteins that regulate microtubule dynamics also influence the process of neuronal polarization. Stathmin is 

a protein that depolymerizes microtubules at plus-ends, making them less stable. Dedicator of cytokenesis 7 

(DOCK7) inhibits stathmin, whereby microtubules become more stable (Arimura and Kaibuchi, 2007; Kishi, 2008; 

Watabe-Uchida, Govek and Van Aalst, 2007; Witte and Bradke, 2008). Rho, Rac and Cdc42 can stabilize 

microtubules (via mDia) as well as destabilize them through stathmin (Akhmanova, Stehbens and Yap, 2009). 

Collapsin response mediator protein 2 (CRMP-2) is a protein that stabilizes microtubules by binding tubulin 

heterodimers during transport and helps them to bind onto the distal microtubule ends (Conde and Cáceres, 

2009; Fukata, Nakagawa and Kaibuchi, 2003; Horton and Ehlers, 2003; Yoshima, Arimura and Kaibuchi, 2006; 

Wiggin, Fawcett and Pawson, 2005).  

Together, these data suggest that the orientation and organization of microtubules are important for neuronal 

polarization. Centrosomes probably do play a role in microtubule organization, but are not essential for neuronal 

polarization. On the contrary, microtubule stability is sufficient to initiate polarization of hippocampal neurons in 
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culture (Witte and Bradke, 2008; Witte, and Bradke, 2008). +TIPs, MAPs and other proteins that regulate 

microtubule dynamics promote neuronal polarization because of their stabilizing effect on microtubules. There is 

no final justification why stable microtubules are important for polarization, but probably, stable microtubules 

enable microtubule assembly and protrusion or provide better transport routes for complexes, vesicles and 

organelles that are needed for axonal growth. This seems feasible since for example kinesin-1 (a microtubule-

based motor protein) preferentially bind to acetylated (stable) microtubules. Another explanation would be that 

stable microtubules function as a landmark for the axonal identity (see paragraph 3.2; Conde and Cáceres, 2009). 

In conclusion, microtubules are important for axon formation, although it is not shown whether they actually 

initiate polarization. 

2.2. The role of actin in neuronal polarization 

Local break-down of actin initiates polarization. Observations showed that the neurite with the most dynamic 

growth cone became the axon (Bradke and Dotti, 1999; Ledesma and Dotti, 2003). Moreover, when actin 

depolymerizing reagents were administered locally to one of the neurites in an early stage of development, that 

neurite became the axon (Bradke and Dotti, 1999).  When actin depolymerizing reagents were administered 

generally, many axons developed at one neuron (Barres and Barde, 2000; Bradke and Dotti, 1999). 

Depolymerized actin gives berth to enhanced microtubule polymerization (figure 3C; Andersen and Bi, 2000). 

Besides several proteins that influence actin dynamics, the family of Rho GTPases controls the actin cytoskeleton 

in response to signals from membrane receptors and their downstream effectors.  

The Rho family of GTPases plays a role in growth cone dynamics by the regulating the actin cytoskeleton. Rho 

GTPases are called ‘molecular switches’, because they are active when bound to GTP and inactive when the 

GTPase activity of Rho converts GTP to GDP. They are important for cell proliferation, division, apoptosis, and 

other common cellular functions (Jain et al., 2004; Kubo et al., 2008; Yiu and He, 2006). Two examples discussed 

here are RhoA and cell division cycle 42 (Cdc42) and their downstream targets. RhoA is activated by extracellular 

guidance cues and induces growth cone collapse (Sandvig et al., 2004). Although the upstream pathways of 

RhoA are not fully understood, the pathway downstream of RhoA is well described. RhoA activates RhoA-

associated, coiled-coil containing kinase (ROCK), which activates the LIM kinase. LIM kinase phosphorylates 

cofilin, a protein that can depolymerize actin filaments. Actin gets stabilized, so that axon growth is inhibited 

(Gopalakrishnan et al., 2008; Kubo et al., 2008; Yiu and He, 2006). Inhibition of the RhoA pathway leads to 
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modest increases in axonal outgrowth and functional recovery in animal models (Baer et al., 2009). In 

experiments where RhoA activation was inhibited by C3 transferase, axon growth inhibition mediated by inhibitory 

extracellular cues could be alleviated (Jain et al., 2004). Pharmacological inhibition of RhoA or ROCK in vivo 

increased axon sprouting after spinal cord hemisection in mice (Kubo et al., 2008; Yiu and He, 2006). Cdc42 

contributes to formation of the PAR complex and (thereby) to axon specification. Stimulating Cdc42 leads to 

multiple axons, while a Cdc42 knock-down or a mutation that is constitutively active and does not cycle between 

being GTP and GDP bound, lead to the inability to initiate development of an axon. The same results were found 

for impeding GTP-GDP binding (making a constitutively active form) or inhibition of Rac1. Cdc42 and Rac1 affect 

actin via PAK1, LIMK1 and cofilin (Wiggin, Fawcett and Pawson, 2005). Because Cdc42 can signal through the 

PAR complex, which via Rac1 activates PI3K, Cdc42 can influence the actin cytoskeleton via PIP3, Akt, GSK-3β 

abd CRMP-2 as well (Arimura and Kaibuchi, 2005; Wiggin, Fawcett and Pawson, 2005; Yoshimura, Arimura and 

Kaibuchi, 2006). The Rho family of GTPases does not only affect the actin cytoskeleton, but they play an 

important role in the regulation of microtubule dynamics too. They affect microtubules through PAKs, IQGAP1, 

Par6 and mDia, which inhibit +TIP stathmin and activate +TIPs APC, CLIP-170 and EB1, promoting microtubule 

stabilization (Fukata, Nakagawa and Kaibuchi, 2003). PAK1, 2 and 3 are involved in neuronal outgrowth, axon 

guidance, and may influence neuronal polarization as well (Kreis and Barnier, 2009).  

In addition to the Rho family of GTPases, external cues, CRMP-2 and GSK-3β are also implicated to play a role in 

neuronal polarization. To what extend is that true? Actin linkage to integral membrane proteins in the growth cone 

contributes to axonal growth. Anchoring to the ECM and CAMs is important because of the external cues that are 

transduced internally and regulate growth (Mattson, 1999) and its mechanics, which is called “the clutch 

hypothesis” (Lowery and Van Vactor, 2009). This is described below in “external signaling”. CRMP-2 promotes 

actin reorganization (and thereby enables axon formation), because it regulates actin filament stability (Arimura 

and Kaibuchi, 2005). Overexpression of Crmp-2 leads to the formation of more than one axon (from neurites and 

even out of dendrites; Arimura and Kaibuchi, 2007, Yoshima, Arimura and Kaibuchi, 2006). A non-active mutant 

of CRMP-2 or reducing expression leads to inhibition of axon formation (Wiggin, Fawcett and Pawson, 2005). 

Glycogen synthase kinase-3β (GSK-3β) inhibits CRMP-2 and MAPs (including tau), and thereby axon formation. 

In conclusion, both external cues and CRMP-2 are important for actin dynamics, although it is unclear whether 

they initiate neuronal polarization, and GSK-3β affects actin through CRMP-2.  
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2.3. Interaction of actin and microtubules 

There are at least four ways at which actin and microtubules interact and at several time points in neuronal 

polarization. The first two interactions are based on the structure of actin and microtubules. A change in actin 

dynamics is linked temporally close to the initiation of neuronal polarization. When actin destabilizes in the growth 

cone, this enables microtubules to invade that axon tip (1). It is not known whether stable actin hinders 

microtubule protrusion by steric hindrance or by its signaling for example, or that destabilizing actin sends a 

growth promoting signal to microtubules (Andersen and Bi, 2000; Bradke and Dotti, 2000). After that, a tangible 

role for actin in the growth cone is microtubule bundling (2). Lateral actin packs microtubules together, which 

facilitates tau to cross-link microtubule protofilaments and helps the formation of microtubule bundles where tau is 

absent. Thereby, actin prevents microtubules from splaying in the axonal shaft and helps microtubule protrusion 

into the growth cone (see figure 3C). This process is regulated by members of the Rho family of GTPases (Conde 

and Cáceres, 2009). Additionally, proteins are involved in the interaction between the two cytoskeletal structures 

(3). The two +TIPs CLASPs and APC directly link microtubules to actin (as well as to cortical proteins). The 

capture and linkage of microtubules contribute to microtubule stabilization (Akhmanova and Steinmetz, 2008). 

Although +TIPs mediate the interaction between microtubules and actin, and the role of this interaction for 

neuronal polarization could be enhancing axon growth, its true functions are not clear (Witte and Bradke, 2008). 

Also other proteins that mediate between actin and microtubules play a role in axon formation. For example, when 

the interaction between an actin binding protein (debrin) and a microtubule end-binding protein (EB3) was 

disrupted, axon growth was impaired (Conde and Cáceres, 2009). PI3K and its product PIP3 can be seen as 

nodes in the actin and microtubule signaling cascades. They affect the actin cytoskeleton through Rac, and 

microtubules via Akt and GSK-3β (Zhou et al., 2004). PIP3 levels are implicated to be of major importance in 

neuronal polarization because the protein functions upstream of GSK-3β, CRMP-2, the PAR complex, Rac and 

Cdc42 (all involved in neuronal polarization). It is not clear how the PIP3 gradient is established (Nakata and 

Hirowata, 2007; Wedlich-Soldner and Li, 2004). Last, cargos can be transferred between actin and microtubules 

(4). To achieve that, cargos can be transported along actin filaments and microtubules by cooperation of specific 

proteins (Schlager and Hoogenraad, 2009). It is not known how this could affect neuronal polarization. Another 

factor that is supposed to play a role in the initiation of axon formation is calcium. It is known to be important for 

neuronal outgrowth regulation in neurons via interaction with actin and microtubules, and it mediates growth cone 

responses to external stimuli (Mattson, 1999). Its exact role in neuronal polarization is not tested.  
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2.4. Cellular transport 

Cellular transport to the growth cone is essential for growth, axon functioning and synapse formation. Therefore, it 

is considered as a contributor to neuronal polarization. Analysis of the immature neuron showed that before axon 

formation starts, one of the neurites receives more vesicles via intracellular transport than the others (Andersen 

and Bi, 2000). Question is whether it also initiates the polarization process, or only contributes in the subsequent 

processes. Microtubules and actin play a major role in cellular transport, because they are the tracks along which 

most of the transport takes place. As importantly, molecular motor proteins are the links that bind to the cargo and 

the microtubule or actin bundles. To generate the energy that is needed for cargo transport, they hydrolyze ATP. 

Actin cargo is transported bidirectionally by myosin. For microtubules, the plus-end directed force is generated by 

kinesin, while dynein transports cargo to the minus-end of microtubules. The cargo binds to one or more motor 

proteins, which in turn additionally bind the cytoskeletal structure (Schlager and Hoogenraad, 2009). The reason 

why transport received interest is that the loads differ for the axon and dendrites. One way in which cargo 

transport could distinguish between those is the modifications of microtubules. Post-translational modifications of 

microtubules (acetylation and tyrosination for example) alter the stability of microtubules. In axons, microtubules 

are more stable than in dendrites. Plus-end motor protein kinesin-1 preferably transports cargo along stable 

microtubules (Witte and Bradke, 2008). Together, it is clear that cellular transport is important for supply of 

essentials for axonal growth. However, it is hard to imagine how it would initiate neuronal polarization, because in 

order for transport to take place, the microtubule and actin tracks along which that occurs have to be formed 

already.  

2.5. External signaling 

Axons grow along adhesive molecules: the ECM (extracellular matrix) and CAMs (cell adhesion molecules). 

These also trigger intracellular signaling pathways (Arimura and Kaibuchi, 2007). Chemotrophic cues released by 

the ECM and CAMs guide the growth cone in a certain direction. The cues that are used by the growth cone are 

not easy to interpret. Their effects depend on spatial location, receptors that are involved and internal signaling 

(Lowery and Van Vactor, 2009).  

An example of an ECM protein is laminin. Ménager and colleagues (2004) used local administration of laminin to 

study its effect on neuronal polarization. Thereby, they found that if one neurite contacted laminin, that neurite is 

triggered to develop into an axon. When two neurites simultaneously contacted laminin, two axons were formed. 

Thus, laminin is a strong positive cue for axon formation. Whether it initiates axon formation is not confirmed, but 
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it is possible. Because Akt and PIP3 accumulated in the neurite that was in contact with laminin and became the 

axon, the authors think that laminin together with the PIP3 pathways initiate of neuronal polarization. However, 

since inhibition of PIP3 production did not completely block the polarization process, other pathways must 

contribute (and be able to take over when PIP3 is blocked; Ménager et al., 2004). It would be interesting to test 

whether such other pathways respond to laminin signaling.  

Focal adhesions are large molecules that link the cytoskeleton to the ECM. Regarding this function, it was an 

unexpected finding that when microtubules bind focal adhesions, the focal adhesion molecules detach from the 

ECM. Because focal disassembly facilitates cell migration or growth cone protrusion or redirection, microtubule 

targeting of focal adhesions is thought to be an efficient mechanism by the cell to realize these changes. This 

detachment coincided with reduced integrin signaling. Integrins are molecules that convert signals bidirectionally 

between the cell and CAMs or the ECM. Microtubules interact with integrins, which leads to stabilization of the 

microtubules (Akhmanova, Stehbens and Yap, 2009). I suggest that reduced integrin signaling further enables 

steering the axon. Microtubules are less stable, so they do not strongly fixate growth direction. Focal adhesion 

targeting therefore does not primarily leads to growth, but to change of growth direction.  

A mechanism for cell adhesion is via transmembrane proteins, called cadherins. Cadherins on different cells can 

link with each other, creating cell junctions. In the cells, actin and microtubules can adhere to cadherins, which 

stabilizes the cytoskeletal structures (Lowery and Van Vactor, 2009). In contrast to focal adhesions, when 

microtubules target cadherins, it positively affects cell-cell contacts (Akhmanova, Stehbens and Yap, 2009). An 

example of cell-cell junctions in neurons is found in the cerebellum between mossy fibers and granule cells. 

Additionally, motor neurons form cell-cell junctions with muscle cells. Microtubules regulate the composition of the 

membrane by delivery of structural and regulatory components, including cadherins. Cadherin transport along 

microtubules is driven by the plus-end directed motor protein kinesin. Kinesin dependent transport is also 

important for focal adhesion disassembly (Akhmanova, Stehbens and Yap, 2009). Because kinesin preferably 

binds to stable microtubules and cadherin has a stabilizing effect on microtubules, cadherin signaling reinforces 

itself. Focal adhesions on the contrary are not, since they have higher turnover rates due to contact with stable 

microtubules. But this could only be a mechanism that initiates polarization if the focal adhesions and cadherins 

can actively attract microtubules or if microtubules can intentionally direct for these molecules. Possible mediators 

are actin or +TIPs.  
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Semaphorins are one of the largest families of repulsive axon guidance signals. Some semaphorins are located in 

the cell membrane, but a well known subclass, sema-3, consists of proteins that are secreted into the ECM 

(Pasterkamp and Verhaagen, 2006). Neuropilin-1 (NP-1) is the receptor for sema-3 (Lepelletier et al., 2006). 

Sema-3 is important for polarized GSK-3β localization and to a lesser extent also for Rac1 localization (Lerman et 

al., 2007). Additionally, sema-3 inhibits PI3K and CRMP-2 (Pasterkamp and Giger, 2009) and is suggested to 

affect SAD kinases and LKB1 (Barnes, Solecki and Polleux, 2008). Hence, semaphorins are involved in a lot of 

cellular signaling mechanisms that are implicated in neuronal polarization. They could theoretically inhibit all 

Figure 4. A simplified model of the molecular pathways involved in neuronal polarization. External cues activate 
Ras and RhoA (perhaps indirectly), and those initiate signaling cascades. The molecules in blue affect MTs, while 
those in red affect actin. PI3L, PIP3, Cdc42, the PAR complex (in yellow) and Rac1 form a loop that stimulates 
each others activity. This could be the molecular equivalent of positive feedback. The PAR complex can inhibit 
GSK-3β and PTEN, of which the latter inhibits PIP3. Perhaps this makes up the negative feedback. These two 
loops act on both microtubules and actin. Source: adapted from Arimura and Kaibuchi, 2007. 

Negative feedback   
loop 
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neurites except one whereby they initiate polarization. However, inhibiting all but one of the neurites is rather 

unlikely. It is more plausible that semaphorins direct polarity (Arimura and Kaibuchi, 2007). This could be of major 

importance if the axon originates at a random position in the cell. Semaphorins and other guidance molecules 

might be necessary to make sure the orientation of the axon is goal-directed.  

3. Hypotheses 

3.1. Feedback loop hypothesis 

A commonly accepted hypothesis is that once a neurite starts developing into an axon (by chance or a 

mechanism), the difference between this neurite and the others is reinforced by a ‘feedback loop’. It is thought 

that before polarization, each neurite stimulates its own growth and inhibits the growth of others. The neurite that 

develops into the axon could produce stronger inhibition cues for the others and reinforce its own growth, to make 

sure that no second axon is formed (Arimura and Kaibuchi, 2007). 

Examples of possible mechanisms for negative feedback (inhibition of growth of the other neurites) are 

membrane elimination, degradation of proteins, stabilizing actin and microtubule disassembly. Positive feedback 

mechanisms (whereby the future axon reinforces its own growth) could be the opposite of these (Arimura and 

Kaibuchi, 2007).  

A practical example of negative feedback is that all neurites apparently have the ability to become an axon, but 

instead, all of them except one develop into dendrites. When that axon is cut off, one of the dendrites elongates 

and becomes the axon. Apparently, the presence of the axon previously inhibited this (negative feedback; 

Arimura and Kaibuchi, 2007; Bradke and Dotti, 1999; Witte, Neukirchen and Bradke 2008). It is suggested that 

the axon itself inhibits other neurites from developing into an axon. An alternative is that some other mechanism 

in the cell notices the presence of an axon and inhibits all other neurites from growing. This seems less likely 

though, since growth of the axon is not inhibited. A cellular mechanism for negative feedback could for example 

be kinesin-1 transport. This microtubule motor protein prefers stable microtubules to transport its cargo. 

Therefore, kinesin-1 cargo is transported mainly to the axon. The lack of transport to the other neurites, or a 

shortage of growth essentials could hold back outgrowth of the other neurites (Witte and Bradke, 2008). Two 

inhibitory proteins in pathways that are implicated in neuronal polarization are GSK-3β and the phosphatase and 

tensin homolog (PTEN) (Arimura and Kaibuchi, 2007). PTEN is a lipid and protein phosphatase that 
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dephosphorylates PIP3 (Yoshima, Arimura and Kaibuchi, 2006). Because of their inhibitory role, these proteins are 

suggested to function in the negative feedback loop. Ménager and colleagues (2004) suggest that laminin can 

overcome inhibition of the negative feedback loop. They used local administration of laminin to trigger one neurite 

to develop into an axon (laminin forms an extracellular matrix that promotes outgrowth). Subsequently, they 

applied laminin to another neurite, whereby the second neurite became the axon and the growth of the initial axon 

was inhibited.  

A possible positive feedback mechanism could be provided by cytoskeleton dynamics, since brief actin 

destabilization or stabilization of microtubules in one of the neurites is enough to make it become the one axon 

(Witte and Bradke, 2008; Witte, Neukirchen and Bradke, 2008). By what signaling mechanisms this is regulated, 

is not known, because there are many candidates. The Rho family of small GTPases and their downstream 

targets are such possible candidates for regulation of actin dynamics. Candidates for microtubule regulating 

mechanisms could involve +TIPs and MAPs. Furthermore, interaction between microtubules and actin, regulated 

by +TIPs such as Clip-170 or EB1, might facilitate the positive feedback of the two independently (Witte and 

Bradke, 2008). A cellular signaling pathway that is involved in axon formation that could provide positive 

feedback, includes the Rho family of GTPases and PI3K (Arimura and Kaibuchi, 2005). A positive feedback loop 

is suggested because PI3K via PIP3 activates the signaling cascade including Cdc42, the PAR complex and Rac. 

Rac in turn activates PI3K, closing the loop (Arimura and Kaibuchi, 2005; Yoshimura, Arimura and Kaibuchi, 

2006). Another possible mechanism for positive feedback concerns Tsc2. Tuberous sclerosis complexes 1 and 2 

(TSC1 and TSC2) are genes of which mutations or malfunctioning results in benign tumor formation, mental 

retardation, epilepsy and autism. Their protein products Tsc1 and Tsc2 inhibit axon formation and growth when 

they are present in high levels. Shortage of these proteins on the other hand leads to ectopic axon formation (both 

in vitro and in vivo, which was tested in mice). In axons, Tsc2 is phosphorylated and thus inhibited, but not in 

dendrites (Choi et al., 2008). Interesting is that PI3K inactivates TSC2 (Choi et al., 2008; Conde and Cáceres, 

2009). Tsc2 might be phosphorylated by the positive feedback loop, or be part the loop itself (Choi et al., 2008; 

Conde and Cáceres, 2009).  

3.2. Landmark hypothesis 

The landmark hypothesis comprises the idea that the axon is identified by certain cues, and is thereby recognized 

for axonal reinforcement (by transport for example) and for inhibition of the formation of more axons. This is more 

or less similar to the feedback that the axon sends (positive to itself, negative to the other neurites) of the 
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feedback hypothesis. A possible mechanism for axonal identity is stable microtubules (Gomis-Ruth, Wierenga 

and Bradke, 2008). Post-translational modifications of microtubules (acetylation and tyrosination) alter the stability 

of microtubules. Stable microtubules can be distinguished from dynamic microtubules by for example kinesin-1, 

whereby an identifiable difference between the axon and the dendrites is created. One alternative or additional 

mechanism could be a differential distribution of calcium in dendrites and axons. Calcium plays a role in neuronal 

outgrowth (Mattson, 1999) and calcium levels in dendrites are significantly higher than in axons. It was observed 

that after injury to an axon, its calcium level rises. In accordance with a hypothesis where calcium serves as an 

axonal landmark, calcium influx in the axon deletes its landmark. The dendrite that develops into the new axon is 

the one showing the lowest calcium level (Mattson, 1999). Another alternative might be formed by PAR3 and 

PAR6. Their presence could possibly function as a molecular landmark, since these molecules cannot be found in 

the dendrites any more after stage two, but only in the future axon. This is the stage where one neurite elongates 

rapidly, while the others stay short (Wiggin, Fawcett and Pawson, 2005). 

4. Conclusions and future perspectives 

A lot of molecules are implicated to play some kind of role in neuronal polarization. They all contribute to the 

process of selecting one neurite to develop into an axon, and inhibiting the other neurites. This thesis touches on 

a lot of those contributors. Most of all contributing molecules or their downstream effectors act on the 

cytoskeleton. The keyword for microtubules that promote neuronal polarization is stability, while for actin this is 

dynamics. Cooperation of actin and microtubules leads to axonal growth, though it is unsure whether it also 

selects the neurite to become an axon and initiates polarization. A question that remains for most factors is 

whether it is just a side effect of polarization, or a true decisive cause of axon formation.  

4.1. Competitors or contributors? 

Do involved factors actually initiate or contribute to initiation of axon formation, and what research is needed to 

answer this question? Watabe-Uchida, Govek and Van Aalst (2007) suggest that a slightly different role for each 

neuronal polarization factor can explain why there are so many molecules and mechanisms involved. They think 

that cross-talk tunes them to initiate polarization together. A possible mediator for this cross-talk could be the 

cytoskeleton. Inhibiting one of those would not inhibit axon formation, but activating one could be sufficient to 

initiate it. Another view is that although a lot of factors have something to do with polarization, just a small amount 

of them or even one can determine which neurite develops into an axon. In that case, inhibiting those important 



 21

factors would inhibit axon formation. Stimulating the determining factors would initiate neuronal polarization but 

stimulating less essential ones would not. This hypothesis is testable. However, a differentiation between 

inhibiting the neuronal polarization mechanism directly or indirectly, via molecules that are important for cell 

metabolism for example, should be made. Perhaps the cell metabolics could be measured using for example the 

metabolic flux analysis (Bonarius et al., 1996). It would be interesting to simultaneously administer axon formation 

inhibiting and stimulating chemicals that affect different mechanisms. For instance, what happens when 

microtubule stabilizing chemicals (using taxol for example; Gomis-Rüth, Wierenga and Bradke, 2008) and PIP3 

inhibitors (by making a PI3K mutant for example) are simultaneously applied?  

External signals provide an environment for axon growth and can inhibit growth, induce multiple axons or direct 

axon growth. For instance, laminin is a strong positive cue for axon formation and semaphorins direct axon 

growth (Ménager et al., 2004; Pasterkamp and Verhaagen, 2006). A question that should be tested is: can an 

axon form in absence of laminin and does it grow goal directed in absence of semaphorins?  

Cellular transport was suggested as an initiator of or contributor to neuronal polarity. However, transport could 

never initiate the process of polarization, since the microtubule and actin tracks along which transport takes place 

have to be in the right location first. Second, the assumption that polarized transport is of major importance 

because it brings limited growth essentials to the axon only, whereby the dendrites are inhibited in their growth, is 

invalid because under certain experimental conditions, neurons can grow multiple axons (Arimura and Kaibuchi, 

2007). Thus, the transported factors are not limiting. 

Overall calcium levels are much higher in dendrites than in axons. Axon injury leads to an influx of calcium and 

thereby to elevation of calcium levels (Mattson, 1999).  However, if the injury is further than 35 µm from the cell 

body, I suppose that calcium levels rise too. In that case, the axon recovers and stays the axon. How is that 

possible? A way to test the input of calcium to neuronal polarization would be to administer calcium to the axon 

and test what happens. It would be interesting to try this in vivo. 

Because the major portion of contributors acts on the cytoskeleton, it seems to be a key in the polarization 

process. It would be interesting to find out whether actin or microtubules initiates the process. If actin gets 

destabilized, axon formation is initiated. But can that be owed to the actin cytoskeleton or to its effect on 

microtubules? A node in the complete network of signaling molecules and the cytoskeleton seems to be the Rho 

family of GTPases. Although they are activated or inhibited by molecules upstream that also effect polarization, 
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the Rho family might be the decisive group of contributors. The members of the Rho family of GTPases are bound 

to guanine difosfate (GDP) and are activated by exchanging GDP for guanine trifosfate (GTP). This is done by the 

enzyme guanine exchange factor (GEF). If it is possible to knock-out this enzyme, the complete family of Rho 

GTPases is inhibited. If this does not affect the neuronal functioning too much, its effect on neuronal polarization 

could be observed.  

I think that from what we know nowadays the best conclusion holds that dynamic actin and stable microtubules 

together initiate polaritization, and that the cellular mechanisms including the Rho family and the PIP3 pathways 

are the most important feedback mechanisms. An overview of this proposal is depicted in figure 5.  

 

4.2. Important role for inhibition 

I tend to agree with the theory of Wiggin, Fawcett and Pawson (2005) that in principle, all neurites are pre-

programmed to become an axon. When the cells are symmetrical in the immature neurons, all neurites have 

similar chances to become axons. However, this equilibrium is dynamic and for short periods, one of the neurites 

can be in favor. When one of the neurites is in favor, a feedback mechanism can be launched rapidly. The neurite 

Figure 5. A simplified model of neuronal polarization. Feedback on the cytoskeleton is depicted in green 
(positive stimulus) or red (negative stimulus). Dynamic actin and stable microtubules together initiate 
neuronal polarization.  
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in favor reinforces itself and inhibits the others. The others are destined to become axons as well, but don’t 

develop that way because of inhibition. Inhibition can be established by for example GSK-3β and PTEN.  

Inhibition of the other neurites to develop into axons as well is very strong.  Apparently, it is very important that a 

neuron develops one axon only. This raises the question what would happen if two or more axons are formed. 

Perhaps with more axons, signals are not transmitted to their goals as efficiently. Mutants in genes TSC1 and 

TSC2 that lead to ectopic axon formation, also lead to symptoms like epilepsy, mental retardation en autism. This 

theory renders the most important role in neuronal polarization for inhibition. In that case, retrograde signaling 

from the axon to the cell body and neurites is of major value. 

4.3. Validation of neuronal polarity findings  

Different types of neurons display different times at which polarization takes place. Also, the structure of those cell 

types varies (unipolar, bipolar or multipolar). Arimura and Kaibuchi (2007) therefore argue that those types of 

polarization processes cannot be explained purely by the hippocampal findings. There has been some research in 

other polarity systems that can be compared to pyramidal cells of the hippocampus. For example, research in 

yeast (Wedlich-Soldner and Li, 2004), epithelial (Müller and Bossinger, 2003) or glia cells (Etienne-Manneville, 

2008). Furthermore, they state that validation in vivo is important to include the effect of extracellular signals 

(Arimura and Kaibuchi, 2007). Some findings were already tested in vivo. +TIPs pathways for example were 

studied in the budding and fission yeasts (Akhmanova and Steinmetz, 2008), although not in higher organisms. 

The importance of PIP3 was tested in chemotactic cells (Wedlich-Soldner and Li, 2004). And the symmetry 

breaking principle was tested in yeast. When one or more polarization factor(s) are stronger in one of the neurites 

at a certain time, the equilibrium of undeveloped neurites breaks and one of them develops into an axon 

(Wedlich-Soldner and Li, 2004). It would be interesting to examine this further in more complex systems. In vivo, 

extrinsic signals influence axon formation, which are (unintentionally) excluded from in vitro research (Wiggin, 

Fawcett and Pawson, 2005). Though the investigations described above (and see Barnes, Solecki and Polleux, 

2008), most of the discovered contributors in vitro have not been tested in vivo yet. It would be interesting to make 

PI3K or PIP3 knock-out mice and test whether neurons can polarize. Since an important role is assigned to 

kinesin-1 that transports cargo to axons along stable microtubules, using a kinesin-1 knock-out mouse would be a 

method to disentangle the influence of kinesin, its cargo and the microtubules. If kinesin-1 is the main initiator of 

polarization, axon formation would be inhibited. If kinesin-1 is not responsible for initiation, but its cargo transport 

is a contributor to the polarization process, you would still see some axon formation probably, although it would be 
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affected by the lack of growth necessities. If stable microtubules are the actual polarization initiating factors 

instead of kinesin-1, axon formation would hardly be affected.  It could be problematic though to use such knock-

out mice if inhibition of kinesin-1 transport leads to other cellular defects as well. Kinesin-1 exists of KIF5A, -B and 

-C. Kanai and colleagues (2000) produced KIF5C knock-out mice, which had smaller brains but were viable. 

However, the authors suggested that the mild effect was owed to compensation by KIF5A and KIF5B. A final idea 

for in vivo research would be the use of genetically modified animals for in vivo imaging with a two-photon 

microscope to validate the in vitro findings during development (Conde and Cáceres, 2009), or use real-time 

imaging to test effects on the cytoskeleton for the same purpose (Watabe-Uchida, Govek and Van Aalst, 2007). 

4.4. Maintenance 

Local and global GSK-3β inactivation leads to the formation of multiple axons (Conde and Cáceres, 2009; Wiggin, 

Fawcett and Pawson, 2005; although complete knock-down of GSK-3 inhibits axon growth, probably by too much 

and too wide-spread microtubule stability; Conde and Cáceres, 2009). This was also observed when GSK-3β 

inhibitors were applied in stage three, when one of the neurites was already becoming the axon. This indicates 

that the presence of GSK-3β is important for maintenance of polarization (Wiggin, Fawcett and Pawson, 2005).  

Currently, the long-term effects of microtubule stabilization on neuronal polarization are studied (Schlager and 

Hoogenraad, 2009). Probably, this affects maintenance of neuronal polarization, because depolymerizing drugs 

cause retraction of neurites (Conde and Cáceres, 2009). A possible mechanism for maintenance via microtubules 

is through its signaling. microtubules recruit +TIPs, which affect the cell cortex including cell adhesions molecules. 

These are important for maintaining stability of microtubules (Akhmanova, Stehbens and Yap, 2009).  

Another mechanism that contributes to maintenance of polarity is sorting. Sorting embodies a selection of proteins 

that travel to the axon and not to dendrites and vice versa. A diffusion barrier was found at the beginning of the 

axon that selectively allows proteins to pass through (Barres and Barde, 2000). Thereby axons receive the 

necessary proteins to grow and send signals, while dendrites receive others.  

4.5. Future investigations 

The research performed in this topic nowadays deals with unsolved questions like the nature and function of 

bidirectional microtubules in dendrites or the effect of neuronal activity on post-translational modifications of 

microtubules (acetylation or tyrosination, for example; Schlager and Hoogenraad, 2009). It is known that neuronal 
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activity affects protein synthesis at synapses (Barres and Barde, 2000). Maybe such proteins affect the 

cytoskeleton. Additionally, a major development would be to repeat all that is tested in vitro but then test it in vivo. 

The reason why this step has been taken only modestly is probably the complexity of neuronal polarization. 

Factors that are implicated as contributors are important for a lot of cellular processes for example, and a lot of 

extracellular cues influence polarization (Barnes, Solecki and Polleux, 2008). However, now that so much is 

known about contestants in vitro, this is the perfect time to transfer to in vivo research. 
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