
MBG 439- NEUROBIOLOGY

Week 2

Cell and molecular biology of the neuron (Part II) –
cytology (Chap 4)

Synthesis and trafficking of neuronal proteins (Chap 5)



Neurocytoskeleton

Cytoskeleton is the major intrinsic determinant of the shape of a neuron.

It is also responsible for the asymmetric distribution of organelles throughout the neuron.

There are 3 main filamentous structures:

1- microtubules

2- neurofilaments (intermediate filaments)

3- actin microfilaments

These cytoskeletal proteins and the associated proteins make up about 25 % of the total neuronal protein !



1- MICROTUBULES

Form long scaffolds that extend the full length of the neuron

Play a key role in developing and maintaining the neuron’s processes (axons and 

dendrties)

A single microtubule can be as long as 0.1 mm – constructed of 13 protofilaments in a 

tubular array, with a diameter of ~25 nm.

Each protofilament consists of a- and b-tubulin subunits, arranged linearly – with a polar structure that gives minus 

and plus ends.



Initiation of tubulin polymerization begins at 

gamma tubulin 



Linear polymers of alpha/beta anr joined together to forms shees and then circular tubules that serve as a nucleation 

site. Polymerization then continues by addition of dimers to each end 



The tubulins are encoded by a multigene family – at least 6 genes code for both the a- and b- tubulin subunits….

More than 20 isoforms of tubulin are present in the brain because of expression of different genes, as well as post-

translational modifications.



Tubulin is a GTPase….

Microtubules grow by addition of GTP-

bound tubulin dimers at their plus 

ends.

Shortly after polymerization, GTP is 

hydrolyzed to GDP.

When a microtubule stops growing, its 

plus end becomes capped by GDP-

bound tubulin – which results in rapid 

depolymerization, unless MT is 

stabilized by interaction with other 

proteins, such as MAPs –

Microtubule Associated Proteins.

A ribbon diagram based on the 3.7 angstrom resolution model of tubulin 

developed by Berkeley Lab scientists shows the protein to be a dimer 

consisting of two monomers that are almost identical in structure. Each 

monomer is formed by a core of two beta sheets (blue and green) surrounded 

by helices, and each binds to a guanine nucleotide (pink). In addition to a 

nucleotide binding site, each monomer also has two other binding sites, one 

for proteins, and one for the anti-cancer drug taxol. 

(Nogales et al, 1998, Nature) 



MAPs in axons are different than MAPs in dendrites….

MAP-2 present in dendrites (not axons), whereas tau and MAP-3 is present in the axon (not dendrites)

Microtubule associated proteins (MAPs) are tissue and cell type specific. 

They are high molecular weight proteins (200-300 K) or the tau (20-60 k) proteins. One domain binds to tubulin 

polymers or unpolymerized tubulin. 

This speeds up polymerization, facilitates assembly and stabilizes the microtubules. The other end will bind to 

vesicles or granules. 

MAPs vary with the cell type. The best examples are found in neurons. 



Xie et al, 2015

https://onlinelibrary.wiley.com/doi/full/10.1111/jnc.13228

Dawn et al, 2015

https://pubs.rsc.org/en/content/articlepdf/2012/ib/c2ib20126g





The regulation of the tau molecule is acheived through expression, localization, and phosphorylation.

Tau is primarily expressed in neurons, although other non-neuronal cells can have trace amounts of tau. Within 

neurons, tau can be found in all compartments of the cell, but in different phosphorylation states in different 

compartments. This is important since tau's ability to stabilize microtubules can also be controlled by site-specific 

phosphorylation.

It is thought that phosphorylation of specific residues, especially in the microtubule binding repeats can modify tau's 

binding to microtubules and therefore prevent it from stabilizing the microtubule. Another level of control can be 

acheived by the developmental regulation of the expression of tau isoforms and kinases.

Throughout development, the ratios of different tau isoforms to kinases and phosphatases can change, leading to 

different states of tau regulation. 



The MAPs include kinesins and dynein which "walk"

along the microtubules in opposite directions.

The kinesins move the vesicle along towards the plus

end and dynein walks towards the minus end. In

neurons, as the microtubules grow from the cell body

through the processes, the plus end is more

peripheral. These proteins have head regions that bind

to microtubules and also bind ATP. The head domains

are thus ATPase motors. The tail domain binds to the

organelle to be moved.



Kinesin and dynein protein families serve 

as motors that travel along microtubules.

These motors attach to vesicles and carry 

them in specific directions. 

Each type has specific cargo to carry….. 



Colchicine, colcemid, and nocadazol inhibit polymerization by binding to

tubulin and preventing its addition to the plus ends.

The figure to the left shows this inhibition by colchicine (red).

Vinblastine and vincristine aggregate tubulin and lead to microtubule

depolymerization.

Taxol stabilizes microtubules by binding to a polymer.

Drugs that disrupt microtubules 



2- NEUROFILAMENTS

Neurofilaments are the type IV family of intermediate 

filaments that is found in high concentrations along the axons 

of vertebrate neurons.

The three types of neurofilament proteins coassemble in vivo, 

forming a heteropolymer that contain NF-L plus one of the 

others. 

The NF-H and NF-M proteins have lengthy C-terminal tail 

domains that bind to neighboring filaments, generating aligned 

arrays with a uniform interfilament spacing.

During axonal growth, new neurofilament subunits are 

incorporated all along the axon in a dynamic process that 

involves the addition of subunits along the filament length, as 

well as the addition of subunits at the filament ends.

After an axon has grown and connected with its target cell, the 

diameter of the axon may increase as much as fivefold.

The level of neurofilament gene expression seems to directly 

control axonal diameter, which in turn controls how fast 

electrical signals travel down the axon.

Unlike microtubules, neurofilaments are stable and almost totally polymerized….



Unlike microfilaments and microtubules, intermediate filaments (IFs) assemble from a large 

number of different IF proteins. 

There are six general types of IF proteins



Intermediate Filament Associated Proteins (IFAPs, green) connect 

Intermediate Filaments (blue) to microcubules (red). 



Neurofilaments are related to the intermediate filaments of other cell types, all of which belong to a family of proteins 

called cytokeratins.

Other cytokeratins include vimentin, glial fibrillary acidic protein, desmin, and keratin…

Rat Neurons stained with Chicken antibody to neurofilament 

NF-H (green) and Rabbit antibody to GFAP (red). The NF-H 

antibody was used at a dilution of 1:100,000 and the GFAP at a 

dilution of 1:2,000 using our standard fixation and staining 

procedure. 

Picture taken with a Zeiss 20X objective and documented with 

a Digital SPOT camera

©EnCor Biotechnology Inc. 2003. 

Rat glial cells in mixed culture stained with affinity purified 

Chicken antibody to GFAP 

http://www.encorbio.com/Album/images/ChkNFH-GFAP-Hoe-20X-3.JPG
http://www.encorbio.com/Album/images/ChkNFH-GFAP-Hoe-20X-3.JPG
http://www.encorbio.com/Album/images/ChkGFAP-Hoe-63X-1.jpg
http://www.encorbio.com/Album/images/ChkGFAP-Hoe-63X-1.jpg


Neurofilament accumulations are seen in many neurological disorders such as Alzheimer's disease, 

Amyotrophic Lateral Sclerosis (Lou Gehrig's disease), giant axon neuropathies and many others. 

It has long been thought that some of these disease states are actually caused by aberrant transport, 

processing or expression of neurofilaments. 

Recently point mutations in some of the neurofilament proteins have been shown to be causative of 

certain neurological disorders, the best example being certain types of Charcot-Marie-Tooth disease, a 

rather nasty and fortunately rather group of neurological diseases. 



3- ACTIN MICROFILAMENTS

3-5 nm in diameter, they are the thinnest of all cytoskeletal elements…

They, too, are polar molecules of actin monomers, each bearing ATP or 

ADP…

Actin is the most abundant animal protein in nature, present in all cells.

Skeletal muscle actin is a-actin, while neural actin is a mixture of b- and 

g- isoforms.

Actin polymers are relatively short, concentrated at the cell’s periphery, 

on the cortical cytoplasm, forming a dense network along with many 

actin-binding proteins such as ankyrin, talin, and actinin.

This matrix plays a key role on the dynamic events on the cell’s 

periphery, such as growth cones during development or pre-and post-

synaptic specializations…



(a) Structure of actin. (b) Actin filaments. (c) Stacking of actin monomers in the F-actin showing polarity of filament.



•G-actin (Globular) 

•Spherical monomer 

•Present at low ionic strength 

•2 domains: Large & small 

•Nucleotide (ATP or ADP) binding in cleft 

between domains 

•Each actin can bind to 4 other actins 

•G-actin molecule contains a high-affinity myosin 

head binding site 

•2 α types expressed in muscle: Skeletal ; 

Cardiac 

F-actin 

•Helical polymer 

•Self associates 

•Head to tail polymerization of asymmetric monomers 

•At physiologic ionic strength 

•Hydrolysis of ATP to ADP speeds polymerization & 

imposes polarity 

•Steady-state flux of subunits through F-actin 

oNet assembly at plus ends: Nearest the 

peripheral membrane; ATP-actin monomers added 

oNet disassembly at minus ends: Cytoplasmic end; 

ADP-actin monomers released 

•Some actin-binding proteins inhibit polymerization 

•Cytosolic 

oProfilin 1 , and 2 : Concentrated at regions of 

new actin filament assembly 

oThymosin β-4 

oGelsolin : Severs actin filaments in presence of 

submicromolar calcium; Solates cytoplasmic actin 

gels 

Increasing the ionic strength of a solution by the addition of Mg2+, K+, or Na+ causes G-actin to be 

converted into F-actin.

Conversely, lowering the ionic strength causes depolymerization back to the G-actin form 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=102610
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=102540
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=176610
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=176590
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=188395
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=137350




(a) Bundled actin filaments (short crosslinker). (b) Network of actin filaments (long, flexible crosslinker).



Actin is organized into bundles and networks through the binding of crosslinking proteins 

Human erythrocyte showing the 

hubs and linking spectrin 

network 



The organization of the major 

erythrocyte cytoskeletal proteins 

and their interactions with integral 

membrane proteins.



Actin motors called myosins mediate other types of motility such as extension of cellular processes….

Myosins are:

• Molecular motors 

• Interact with actin filaments: Utilize energy from ATP hydrolysis to generate mechanical force  

• Force generation: Associated with movement of myosin heads to tilt toward each other 

The head domain binds the filamentous actin, and uses 

ATP hydrolysis to generate force and to "walk" along the 

filament towards the (+) end (with the exception of one 

family member, myosin VI, which moves towards the (-) 

end). 

The tail domain generally mediates interaction with cargo 

molecules and/or other myosin subunits. 



SYNTHESIS AND TRAFFICKING 

OF NEURONAL PROTEINS

…it is possible that synthesis of specific proteins is the 

essential physical phenomenon paralleling memory, 

fantasy, and intuition. This hypothesis is supported by 

the fact that protein synthesis occurs in strongly 

stimulated neurons and that cells are able to ‘learn’ 

to synthesize new specific proteins…. (Monné, 1948). 



Most proteins in neurons is synthesized in the cell body-

and the proximal portion of dendrites…..



The brain expresses more of the total genetic information than does any other organ 

in the body –

About 200,000 distinct mRNA sequences are present, 10- to 20-times more than 

those in liver or kidney…

Because cell division has stopped, the chromosomes are no longer duplicating themselves …..

They are therefore supposed to function mainly in gene expression, which would explain the 

high ratio of expressed genes in the brain….

The synthesis of many proteins start in the cytosol – the mRNA assembles with 

free ribosomes;  final destination being encoded in the amino acid sequence…..

Cytosolic proteins include the most abundant neural protein groups :  

(i)  neurocytoskeletal elements  and  (ii) metabolic enzymes…..

Proteins destined to become secretory products or constituents of the cellís 

major membrane system are formed on ribosomes that attach to the 

endoplasmic reticulum. 

ex. ion channels, receptors, various pumps 



Nature Reviews Neuroscience 2, 889-898 (2001); doi:10.1038/35104069
LOCALIZATION AND TRANSLATION OF MRNA IN DENDRITES AND AXONS

Electron-microscopic evidence for the existence of Golgi 

markers in neuronal dendrites. 

Using gold-labelled antibodies to trans-Golgi network protein 

TGN38, this Golgi marker can be visualized on the inside of the 

dendritic spine. White arrows indicate TGN38 immunoreactivity on 

dendritic stacks; the black arrow highlights TGN38 immunostaining 

close to synaptic connections. 

Reproduced with permission from Ref. 12 © 1999 Society for 

Neuroscience.

Electron microscopy has identified structures necessary for translation (ribosomes), translocation of 

integral membrane proteins (endoplasmic reticulum/Nissl bodies), and post-translational processing of 

integral membrane proteins (Golgi apparatus/spine apparatus), in distal regions of dendrites. 

Another part of the translational machinery, mRNA, has also been localized to synaptic sites.



Synthesis of proteins occurs almost exclusively in the cell body and in dendrites….

Dendritic translation is made possible by active transport of ribosomes and mRNAs to the dendritic spines…

https://www.sciencedirect.com/sdfe/reader/pii/S0968000402021904/pdf



GFP Reporter Signals Colocalize with Ribosomes and Synaptic Markers

(A) Low- (left) and high-power (right) images of a GFP reporter-expressing neuron immunostained with an antibody

against the synaptic marker PSD-95. The inset shows the GFP signal that forms a cloud around the punctate PSD-

95 signal. Scale BARS = 15, 5, and 1 μm, for low-, high-power, and inset images, respectively.

(B) High-power image of a GFP reporter-expressing neuron immunostained with an antibody against the

presynaptic protein synapsin I, showing that the GFP signal is often in the vicinity of the presynaptic marker.

(C) High-power image of a GFP reporter-expressing neuron immunostained with an antibody against the ribosomal

marker Y10B

Aakalu et al, Neuron 2001



Schematic of mRNA translational processes in dendrites. This schematic attempts to summarize aspects of the 

translational process in dendrites. Messenger RNA is transported from the cell soma into the dendrite through association 

with RNA-binding proteins, and this movement can be regulated by synaptic activity. This might occur by the association of 

mRNAs into granules, or possibly by movement of the RNA–protein complex along the cytoskeleton. Translation occurs by 

the association of the RNA with ribosomes. This association might occur in the cytoplasm followed by docking of the mRNA–

ribosome complex with translation sites, or it might occur directly at the translation site. Translation can be reinitiated on a

particular mRNA, indicating that this is an important regulatory step in dendritic physiology. Dendritic translation can be 

exponential and responds to neuromodulation. Both cytoplasmic proteins and integral membrane proteins can be synthesized 

in dendrites. Translation occurs in both the lamellar placode at the base of dendritic spines and in the dendritic shaft itself.

Nature Reviews Neuroscience 2, 889-898 (2001); doi:10.1038/35104069
LOCALIZATION AND TRANSLATION OF MRNA IN DENDRITES AND AXONS



Most axonal protein is made in the cell body- but some selective translation may occur at nerve endings….

Willis and Twiss, Curr Opin Neurobiol, 2006

Although it was long argued that 

RNAs and ribosomes are actively 

excluded from the axonal 

compartment, there have been 

several observations of RNAs 

occurring in both invertebrate and 

vertebrate axons 

RNAs have been investigated in both 

invertebrate axons and in the axons 

of specific vertebrate neurons. 

The squid giant axon, for example, 

contains more than 100 mRNA 

species (including those encoding   

b-actin, tubulin, kinesin heavy chain 

and neurofilament), as well as 

transfer RNA and ribosomal RNA.



AXONAL TRANSPORT



Proteins are transported in the anterograde direction at different speeds. 

1. The rapid transport component moves at a rate of 410 mm/day (1.7cm/hr) in the sciatic nerve. 

The speed of rapid transport may be slower in other nerves, but it is never less than lOOmm/day. 

Rapid transport carries mainly membrane bound materials such as plasma membrane proteins

and synaptic vesicles.

2. In contrast, slow transport in the anterograde direction moves at a rate of only 1-3mm/day. Slow 

transport carries soluble enzymes and structural proteins such as the microtubule protein, 

tubulin. 

Unfortunately, it is the slow transport rate which determines the rate of recovery following 

injury to a peripheral nerve 

Anterograde: going from the cell body towards the nerve terminal

mediated by kinesin 

http://upload.wikimedia.org/wikipedia/en/7/71/Kinesin_cartoon.png
http://upload.wikimedia.org/wikipedia/en/7/71/Kinesin_cartoon.png


Retrograde: backwards from the nerve terminal to the cell body

1. The rate of retrograde transport is about half that of anterograde transport. The function of 

retrograde transport is not well understood but it is thought that it is important in regulating 

metabolism of the cell. For example, when an axon is cut, the signal which induces the cell 

body to undergo chromatolysis is probably carried by retrograde transport. 

2. Also, some neurotropic viruses such as poliomyelitis, herpes, and rabies and neurotoxins 

enter peripheral nerve endings and ascend to infect the cell body via retrograde 

transport.

In response to the injury, the cell body alters its 

metabolism to produce the materials needed to 

regenerate a new axon. 

The parallel arrays of rough endoplasmic reticulum 

known as Nissl bodies become dispersed into 

smaller ribosomal groupings. 

This dispersal of the chromatophilic Nissl substance is 

called chromatolysis. 

mediated by dynein 



Movement of RNA-containing granules in dendrites of cultured neurons.

a–k | Time-lapse images, taken 20 s apart, of an anterograde-moving granule 
(arrow). The granule is detected by visualization of fluorescent SYTO-14, which 
binds to RNA. The granule moves more than 5   m, with an average velocity of 0.04   
m s-1. This movement was stimulated by depolarization. Reproduced with 
permission from Ref. 34 © 2000 Society for Neuroscience. 

Nature Reviews Neuroscience 2, 889-898 (2001); doi:10.1038/35104069
LOCALIZATION AND TRANSLATION OF MRNA IN DENDRITES AND AXONS



In addition to acting as cytoskeleton, MT and MFs act as tracks along which organelles and 

proteins are transported across the neuron – since both these filaments are polar in nature, the 

cargo can only be delivered in one direction:  

In axons, the plus end of the microtubule points away from the cell body and the minus ends face 

towards the soma…. 

In dendrites, microtubules with opposite polarities are mixed…

Neurons have a highly polarized cell structure and typically contain one long, thin filamentous 

axon and multiple dendrites that differ from one another morphologically and functionally. 

Axons and dendrites differ in their intracellular signaling cascades and trafficking pathways. 

A consensus view is that proteins destined for axons and presynaptic terminals are synthesized 

in the cell body and transported down the axon in membranous organelles or protein complexes. 

Whereas most proteins destined for dendrites and dendritic spines are conveyed from the cell 

body, a subset of mRNAs are transported into dendrites to support local protein synthesis 

IN SUMMARY….



In axons and dendrites, microtubules run in a longitudinal direction and serve as tracks for the transport of 

membranous organelles and macromolecular complexes. 

Microtubules in axons and distal dendrites are unipolar, i.e., the plus end (the fast growing end) points in 

the direction of the synapse. 

In contrast, microtubules in proximal dendrites are of mixed polarity. 

Molecular motors of the kinesin and dynein superfamilies actively move along microtubules carrying 

various cargoes….

Kinesin 

Dynein 



• During neuronal development, KIFs (kinesins) take significant roles in the regulation 

of axon-collateral branch extension, which is essential for brain wiring. 

• Cytoplasmic dynein together with LIS1 takes pivotal roles in neocortical layer 

formation. 

• In axons, anterograde transport is mediated by KIFs, whereas retrograde transport

is mediated mainly by cytoplasmic dynein, and dysfunction of motors results in 

neurodegenerative diseases. 

• In dendrites, the transport of NMDA and AMPA receptors is mediated by KIFs, and 

the motor has been shown to play a significant part in establishing learning and 

memory

Some functions of motor proteins in the nervous system…..



Hirokawa and Takemura, Curr Opin Neurobiol, 2004

Structures of kinesin superfamily proteins (KIFs).

Left, principal members of the KIF superfamily observed by low-angle rotary shadowing electron microscopy. Scale bar, 

100 nm. Right, diagrams of the same KIFs based on electron microscopy studies or predicted from analyses of their 

primary structures. Red ovals show motor domains. 

Kinesin is composed of a kinesin heavy chain (KHC) (KIF5) dimer and kinesin light chains (KLCs) attached to the fan-

like ends. KIF1A and KIF1B are monomeric. KIF2 forms a homodimer and its motor domains are in the middle. KIF3 

forms a trimer: a heterodimer of KIF3A and KIF3B associated with a soluble protein, kinesin-associated protein 3 (KAP3; 

shown in green). KIF4 forms a homodimer. KIFC2 also forms a homodimer, but its motor domain is on the opposite side. 



General model for kinesin- and dynein-mediated transport on the 

cytoplamic microtubule network 

Both kinesin and dynein superfamily proteins are microtubule-dependent motors that slide along 

microtubules. 

The large kinesin superfamily includes 45 members in mice and humans. 

Whereas kinesin superfamily proteins (KIFs) typically move toward the plus end of microtubules and 

participate in anterograde transport, ….

cytoplasmic dyneins are minus-end-directed motors and mediate retrograde transport from axonal or 

dendritic terminals to the cell body.



Model for dynein-mediated sliding of axonemal out doublet microtubules 

Microtubules are transported down the axon as short pieces by molecular motor proteins. 

One popular idea is that these microtubules are transported by forces generated against the actin

cytoskeleton. 

The motor for such transport is thought to be cytoplasmic dynein. 



KIFs and cargoes for axonal and dendritic transport. 

a, Microtubule polarity in the axon and dendrites. 

b, KIFs and their cargoes in the axon. c, KIFs and their cargoes in dendrites. 

mRNA and granules composed of a large number of proteins are transported 

by KIF5. Reproduced with permission from Hirokawa and Takemura (2005). 

(reviewed in Hirokawa, J.Neurosci, 2006)

Many membranous organelles are 

transported from the cell body and down 

the axon to the presynaptic terminal. 

KIF1A and KIF1B transport synaptic 

vesicle precursors containing synaptic 

vesicle proteins such as synaptotagmin, 

synaptophysin, and Rab 3A.

KIF1B and KIF5 transport mitochondria

in the anterograde direction. 

KIF5 also transports other cargoes,

including vesicles that contain APPs 

(amyloid precursor proteins) and vesicles 

containing APOER2 (apolipoprotein E 

receptor 2). 

KIF5 also participates in slow axonal

transport of cytoskeletal proteins. 

KIF3 transports vesicles associated with 

fodrin and is important for neurite

extension. 



Hirokawa and Takemura, Curr Opin Neurobiol, 2004

Model showing how KIFs recognize and bind cargoes, 

and the direction of transport. 

(a) Left, cargo vesicles containing the NR2B subunit of the 

NMDA receptor are transported to dendrites by KIF17 

(towards the plus end of the microtubules). Binding is 

mediated by the adaptor/scaffolding proteins mLin-7 

(MALS), mLin-2 (CASK) and mLin-10 (Mint1) in the order 

shown. In this case, the KIF17 motor has an intrinsic 

propensity towards dendrites. 

Right, cargo vesicles containing the GluR2 subunit of 

AMPA receptors are transported to dendrites by the 

conventional kinesin KIF5 (towards the plus end of the 

microtubules). In this case, binding is mediated by the 

adaptor/scaffolding protein GRIP1 and kinesin heavy 

chains (KHCs). KIF5 has an intrinsic propensity towards 

axons, but when cargoes are bound via KHC, they are 

transported to dendrites. 

(b) Cargo vesicles containing amyloid precursor protein 

(APP; left) or ApoER2 (right) bind to KIF5 and are 

transported to axons (towards the plus end of the 

microtubules). Binding of KIF5 and APP or ApoER2 is 

mediated by the adaptor/scaffolding protein JIP and kinesin 

light chains (KLCs) 



Most neurotransmitters and related drugs modulate neuronal activity through G-protein-

coupled receptors (GPCRs). 

These are synthesized in the endoplasmic reticulum and mature in the Golgi complex. 

Immunohistochemical studies at the electron microscopic level demonstrate that GPCRs are 

targeted to the plasma membrane to interact with neurotransmitters. 

This membrane targeting of GPCRs throughout the neuronal membrane leads to their 

presynaptic or postsynaptic distribution and their synaptic or extrasynaptic localization. 

This determines the sites of neurotransmitter action and thus the putative role of GPCRs in 

regulation of neuronal activities.



Bernard et al, Trends Neurosci, 2006

Regulation of the neuronal trafficking of m2 receptors in vivo by the neurochemical environment. 

(a) After acute stimulation, m2 receptors are internalized from the plasma membrane to the cytoplasm by endocytosis 

through clathrin-coated pits. After endocytosis, the receptor can be either recycled to the plasma membrane or sent 

to the degradation pathway via multivesicular bodies (MVBs) and lysosomes. The receptors continue to be 

synthesized. 

(b) After chronic stimulation, m2 receptors are trapped in the cytoplasm in association with the Golgi apparatus and 

endoplasmic reticulum, and few of them are targeted to the plasma membrane. After blockade in compartments of 

synthesis and maturation, m2 receptors are degraded in lysosomes 



Hirokawa and Takemura, Curr Opin Neurobiol, 2004

The neuronal growth cone and suppression of 

collateral branch extension by KIF2. 

(a) Regions and distribution of cytoskeletal elements 

in the growth cones. Growth cones assume various 

shapes and sizes, but in general contain filopodia 

and lamellipodia and peripheral (P), transitional (T) 

and central (C) regions. The thick central region 

contains bundles of microtubules (green), which are 

relatively stable. The thin peripheral region contains 

an actin meshwork (purple) and dynamic unbundled 

microtubules. In filopodia, there are bundles of actin 

filaments.

(b,c) Microtubule dynamics in growth cones. In the 

presence of KIF2A (b), growth cone extension is 

suppressed because microtubules maintain the 

dynamic equilibrium between polymerization and 

depolymerization, particularly at the edge of the 

growth cone. In kif2A−/− eurons (c), microtubule tips 

at the cell edge do not show controlled dynamics 

and hit the membrane. Microtubule tips turn back 

(red arrowhead) or push the membrane forward (red 

arrow); thus, growth cones are released from 

collateral suppression and start to extend. 

(d,e) Representative hippocampal neurons 2 days after plating. Neurons were double labeled with fluorescein isothiocyanate 

(FITC)-conjugated phalloidin for F-actin (green) and an anti-tubulin antibody (red). Arrows indicate that kif2A−/− neurons 

extend longer collateral branches (e) than do wild-type (kif2A+/+) neurons (d). 



In summary, it is a very dynamic and highly regulated environment inside the neuron ....


