Lesson (10)

Inside the neuron VI:

Cytoskeleton and axonal transport

The classical view of vescicle trafficking in neurons

Figure 5.8

The synthesis and storage of different types of {a) i A pi pepl ide is in the rough ER,

2 The precuiaar poptide Is cleaved in tha Golgi pparahkia to yiekd the active itter. 1 Secretory vesic icles ining the

peptide bud off from the Golgi 4 The granules are down the axan 1o v tarminal whers the pspllds
inta

is stored. (b} Amine and amino acid neurotransmitters: | Enzymes convert

the cytosol. @ Transporter proteins load the neurotransmitter into synaptic vesicles in the terminal, where they are stored.

Synaptic
Active peplide vasicles
neurotransmittar

Sacrelory
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Galgl
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moleculs
(i} | Synihetic enzyme

QUESTION:

What makes vescicles travelling towards
synapses (along axons and dendrites)2, .

vasicle

@ 2001 Lippincatt Wilkars & Wilking {b)

() | Transporter protein

23-Oct-16



In this lecture we will see:

*Review of the Cytoskeletal Filaments

*Description of the Roles of Filaments in Neurons

*Axonal Transport

*Microtubule-based Motor Proteins and The Mechanism of

*Fast Axonal Transport

*What is Slow Axonal Transport?

Cytoskeleton

» Functions of Cytoskeleton

1.

S

Dynamic scaffold

Internal framework

Network of highways

Force generating apparatus — cell movement
m-RNA anchoring

Cell division
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Cytoskeleton

» Eukaryotic cell Skeletal System

— Microtubules
* Rigid tubes
» Tubulin
— Microfilaments
+ Solid / thinner
* Actin
— Intermediate filaments
* Tough ropelike fibres
* Many related proteins

REVIEW OF CYTOSKELETAL FILAMENTS

PR

S ¢~ St 3 E Sy 7oA

Actin Filament IF/ Neurofilaments Microtubules (MT)
7-9 nm (f-actin) 8-12 nm (NF) 24 nm

The Actin and Microtubules Filaments have polarity (different ends)
NFs and IFs do not: explanation found in polymerization mechanism.
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The three types of cytoskeletal filaments
have a differential subcellular distribution
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MICROTUBULES

Table 7.2 The Structure and Function of the Cytoskeleton

Property

Structure

Diameter

Protein subunits

Main functions

sooukei Adapted from W, M. Becker, 1. | Kleinsmith, and J. Hardin, The World of the Ceil 4th ed. {San Francisco, CA:

Microtubules

Hollow tubes; wall consists of
13 columns of tubulin molecules

25 nm with 15-nm lumen

Tubulin, consisting of

a-tubulin and B-tubulin

aaintenance ofcell shape
(compression-resisting “girders™)

Cell motility (as in cilia or flagella)
Chromosoime movements in cell division

Orpanelle movements

10
pm

@ Tubulin dimer

Microfilaments
{Actin Filaments)

Two intertwined strands of actin

7 nm

Actin

Maintenance of cell shape
(tension-bearing elements)

Changes in cell shape

Muscle contraction

Cytoplasmic streaming

Cell matility (as in pseudopodia)

Cell division (cleavage furrow formation)

10
ol

Actin subunit

I?nm

Intermediate Filaments

Fibrous proteins supercoiled into
thicker cables

=12 nm
One of several different proteins of the
keratin farmuly, depending on cell type
Maintenance of cell shape
(tension-bearing elements)
Anchorage of nucleus and certain other
organelles
Formation of nuclear lamina

Protein subunits
Fibrous subunits

I10r|m

Benjamin Cummings, 2000}, p. 753
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. Subunit
Microtubules ——

«-Tubulin  GTP GDP f-Tubulin

Minus end

Protofilament{

- Formed by 13 longitudinal strands
arranged in helical configuration.

- Each strand is composed of aligned
globular heterodimers consisting of a-
and B-tubulin subunits.

- This leads to polarized assembly with
one end having mainly exposed o
subunits and the other end having
mainly exposed B subunits

Intermediate Filaments — no polarity

r 46 nm {
NH, ~—{ | ~— cooH  Monomer
Spacers
ke _ . — —— COCH  pargiel
i I . - ) = COOH  gimer
fe—>te ke
Head Rod Tail
NH, )

ggg: tm == NH; Antiparallal

== = tetramer
NH, 7 \\
NH. COOH
2
/ COCH

Protofilament

Protofibnl

Intermediate
filarnant
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Intermediate Filament types

Class and name

Cell type

Types I and 11
Acidic and basic keratins
Type Il
Glial fibrillary acidic protein
Vimentin
Desmin
Peripherin
Type IV
NF triplet (NFH, NFM, NFL)
o-Internexin

Epithelial and endothelial cells

Astrocytes and nonmyelinating Schwann cells
Neuroblasts, glioblasts, fibroblasts, etc.
Smooth muscle ¥

A subset of peripheral and central neurons

Maost neurons, expressed at highest level in large myelinated fibers
Developing neurons, parallel fibers of cerebellum

Nestin Early neuroectodermal cells, The most divergent member of this class;
some have classified it as a sixth type.
Type V .
Nuclear lamins Nuclear membranes
Actin
actin with actin with

F-actin (actin filament): 2 strands in helix, two distinct ends,
Polymerization favored at one (+). Actin “monomer” ~40 K Da
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Nucleation Is the
Rate-limiting
Step in the
Formation of a
Cytoskeletal
Polymer

=
o
o

% actin subunits in filaments

% actin subunits in filaments

nucleation elongation steady state
(lag phase) (growth phase)  (equilibrium phase)

concentration of 1 o ry

monomers at \”1

steady state = C¢ Y
4 .’actin filament @

with subunits
coming on and off

. ;
- 99 < _ 9rowing
e @ actin filament

actin
sugunits
0-.0 — oligomers
(A) time after salt addition —
elongation steady state

(growth phase) (equilibrium phase)

Cc unchanged by
addition of nuclei

[
o >
."actin filamen(‘a
with subunits
coming on and off

® growing

.\’ﬁ{. actin filament

0 nuclei added here

(B time after salt addition —

Figure 16-5. Molecular Biology of the Cell, 4th Edition.

The Two Ends of
Microtubules
and Actin
Filaments Are
Distinct and
Grow at Different
Rates

plus end

(ADP when
in filament)
v

minus end

(A}

B-tubulin

7

o-tubulin

actin molecule

plus end

minus end

(B)

&,

tubulin heterodimer
{= microtubule subunit)

protofilament

minus
end

(B) (C)

Il, 4th Edition.

2559
microtubule

(D)
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Filament Treadmilling and Dynamic Instability Are
Consequences of Nucleotide Hydrolysis

soluble subunits are in T form (M )
polymers are a mixture of T form () and

Dform(©) grow a4t T
:f plus
. ] ‘ S end
POLYMERIZATION FOLLOWED 'g%
BY NUCLEOSIDE HYDROLYSIS g = el /’D
2 + - C| _~—at
K.Z- ‘”} 0 x minus
= v + shrink —£= 1Cc(D) s
— OOCOOOCHEN ~— subunit
[l O ,I/_ concentration
minus-end addition plus-end addition treadmilling range
is slow—hydrolysis is fast—hydrolysis
catchgs upy lags bghindv For C> Ce(T) but < Cg(D),
treadmilling occurs
(A) CclT) is less than Cc(D) (B)

Figure 16-9. Molecular Biology of the Cell, 4th Edition.

C - .
l rapid growth with GTP-capped end Tu b u I I n -
| OCCHE = .
l accidental loss of GTP cap ~ CATASTROPHE dyn a m |C

| 0000 = . .
l rapid shrinkage I nstabl I Ity
[ OCCO 4= T
l regain of GTP cap RESCUE 7 ¢
o0 =
l rapid growth with GTP-capped end
| OOCH ==

l etc.
(A) GTP-tubulin dimer
a

— 8
exchangeable GTP

straight protofilament

|
GTP HYDROLYSIS CHANGES SUBUNIT
CONFORMATION AND WEAKENS
BOND IN THE POLYMER

GTP cap

less stable
region of
[GOF) P microtubule
3 containing
curved protofilament | GDP-tubulin

DEPOLYMERIZATION dimers

|
Gp?mp_u% L
dimer E GROWING SHRINKING

(C)

|
GDP-GTP EXCHANGE
Figure 16-11 part 3 of 3. Molecular Biology of the Cell, 4th Edition,
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£ T uncapped

= population of

B ) filaments: growth L il s

3 ® at plus and minus ~ SPInCiE microtubule growing

5 ends B1 protein

critical ©
I concentration —_— /____
iy
capped Kar9 | >

0 population of protein
- filaments: growth . . — microtubule anchol
‘?1 © o at minus end only budding yeast cell entering mitosis EB1-Kar9 binding
< &Z %
[=
=2
@ Figure 16-36 part 2 of 2. Molecular Biolagy of the Cell, 4th Edition.

Regulatory Proteins Bind to Free Subunits,
Filaments Sides and Filament Ends

stathmin

. 2 microtubule o _microtubule
& MAP2 tau
% ! ®©
& — . eV —
25nm
free tubulin tubulin subunit o ) [0
sequestered pool shrinks Hﬂ
by stathmin - =
GTP i
hydrolysis
catches up

(=] (D)

microtubule
; shrinks

Figure 16-33. Molecular Bialogy of the Cell, &th Editian.

— monomer concentration

NH2 COOH

(A) M&—-@

o-helical region in monomer Intermediate

NH2 i
o 8 g Filaments
coiled-coil dimer W Im al’t
NHg Coiled-coild COOH Y

48 nm

Mechanical

0.1um NH2  cooH %z Stability to
(©

NH2  EooH T COOH iy, Animal Cells

staggered tetramer of two coiled-coil dimers

Figure 16-%

eight tetramers twisted into a ropelike filament
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insight overview

Table 1 Eukaryotic cy poly
Polymer Actin filament Microtubule Intermediate filament
Protein suburit Actin monomer Tubuiin heterodimer Various proteins with an a-helical coiled-coil
Evolutionary origins Prokaryotic hexokinase — Prokaryotic FtsZ Early eukaryotic nuclear lamins.
prokaryotic actin-fike proteins
Polymerization by i gation Yes. Yes. Probably
Bound ATP GTP Nane
Ageing by nucleotide hydrolysis and Yes, allows binding of proteins Yes, destabilizes polymer No
phosphate release that promote di;
Flux of subunits through polymer at Yes, very slow Yes, slow No
steady state il
Dynamic instability (spontaneous fluctuations. No Yes, dramatic No
in length at steady state)
Track for motors Yes, 20 families of myosins Yes, several dyneins and No
many families of kinesins.
Electron micrographs of polymers

Fluorescence micrographs of cells with polymers

Micrographs reproduced ission from ref, 31. The Ieft

micrograph is from . Herman, Tufts Medical Schoal: the middle is from E. Smith and E. Fuchs, University of Chicago: and the
rightis from G. Borisy. University of Wisconsin.

Pollard D.  NATURE |VOL 422| 17 APRIL 2003

ROLE OF FILAMENTS IN NEURONS (DESCRIPTIVE)

axon (less than 1 mm
to more than Tm
in length)

—

dendrites receive
synaptic inputs
cell body

| - P
25 um terminal branches
of axon make
synapses on
target cells

Figure 16-100. Molecular Biology of the Cell, 4th Edition.

The Cytoskeleton is Essential for the Maintenance
of Neuronal Structure

Cell Body & Dendrite, Axon, Synapse, Growth Cone
Many domains/structures all with varied components

23-Oct-16
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(b)
Organization of the Axonal Cytoskeleton

— Axon

IF Network in Neurons and Glia

Glia . (C) ./Ax.on

100 nm 250 nm
NF triplet GFAP microtubules
NFL, NFM, NFH neurofilaments
Side arms of NFM & NFH:

Contribute to wider spacing of NFs relative to glial IFs
a role in determining axonal caliber — role of phosphorylation

Tangles or aggregates of NFs are often associated with
neurodegenerative diseases

23-Oct-16
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ACTIN

Roles:

Cell/ Growth Cone Migration

Synapse Structure

Sensing and Processing
Environmental Cues

filopodium

S
——

contractile bundle gel-like network tight parallel

bundle
100 nm

Figure 16-38. Molecular Biology of the Cell, 4th Edition.

Cultured Hippocampal Neurons (Dotti, 1988)
One process becomes the axon and grows dramatically, the
other processes become dendrites.

Lamellipodia  Minor processes  Axonal outgrowth  Dendritic outgrowth Maturation

* %

Days in culture
0.25 05

Dotti's stages
1 2
New stages
1 2
DV
Rat: 025 05
Mouse: 025 05

23-Oct-16
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Spreading fibroblast extracted prior
to fixation.

Example of filopodial bundles
& cortical network

Lamellipodia

W

Days in culture
0.25

Actin is Enriched in Lamella and Growth Cones

dendrite cell body axon growth cone

(A) Pha.se (B) Fluorescent

10 um

Figure 21-97. Molecular Biology of the Cell, 4th Edition.

23-Oct-16
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! Growth Cones

Mammalian from RyC

Growth cones sample the
environment and respond
to signaling cues.

The end results of the
signaling pathways are
changes in actin and MT
cytoskeletal dynamics.

Copyright © 2002, Elsevier Science (USA] All rights reserved.

Growth Cone of Aplysia Bag Cell Neuron

These mollusc neurons are great for growth cone
studies. Big and flat, note a peripheral (P) region
with actin but relatively empty and the vesicle
filled central (C) region (with mts). MTs
concentrated in the central region, but some in

P region

Tubulin Both

Forscher

23-Oct-16
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Model for the Cytoskeleton Organization in Growth Cone

Actin:
® Filopodia with a polarized bundle polymerize at tip
® F-actin network polymerize at membranea,
® Actin arcs collection of actin filaments Fus end

actin assembly

Transport of network from membrane to arcs “retrograde{

a) Filopodium

Polarized
F-actin bundle

MTs: e stable MTs in C domain (bundled?)
o |ateral MTs associated with actin arcs
® dynamic unbundled MTs:
-polymerize into the periphery along filopodial
F-actin bundles
-are simultaneously cleared from the periphery
by catastrophe and coupling to retrograde actin
flow

MT transport

jumping

b) Actin Arc

h) Less dynamic
Lateral MTs

Stable C Domain MTs

The structure and action of growth cones
©) G-actin

o L))
% Goaog. o Ca?t
0 o

Actin-binding
protein (soluble
and membrane
bound)

Microtubule o g
subunits o T, e
‘i@ s
Tubulin-binding o
proteins (primarily

soluble) &
& \T (- -
o @
& &

Leading
edge

Filop{)dium —

Microtubule v ?
and organelle *~
movement

ey

F-actin depolymerization
NEUROSCIENCE, Fourth Edition, Figure 23.2 (Part 2) ©2008 Snaur Associatss, nc.
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6 Growing filaments push
membrane forward

2 Produce active
1 Extracellular ~ GTPases and
stimul PIP,

ends elongate

7 Capping protein
terminates elongation

“‘

3 Activate D o
WASP/Scar
4 Activate Arp2/3

new filaments
o Activated GTPases

and PIP,

&P WASP/Scar

< ADFcoflin ® ¥ g e

O ATP-actin G Ve q? s
11 Pool of ATP-actin J * <

@ ADP-actin bound to profilin = v

o Profiin

& Capping protein
) Arp2/3 complex

5 L o
28w ¢ e 9 ADF/cofilin severs
&8 \® g o and depolymerizes
Q ADP-actin filaments
S 02 P 4 ©

filaments (8. 9). Profilin e ths point, promoting dissociation of ADP-
subunits available for assembly (11). (mage based on an original figure from ref. 32.)

First, capping protein binds to the growing ends, terminating elongation. Next,a small protein called actin-depolymerizing factor
(ADF)/cofilin binds weakly to the side of ADP—Pi actin filaments and promotes dissociation of the g-phosphate. The ADP
filaments become a target for higher-affinity binding of ADF/cofilin, leading to their severing and depolymerization. Profilin re-
enters the cycle at this point, promoting dissociation of ADP and binding of ATP to dissociated subunits. ATP—actin binds to

profilin, refilling the pool of subunits available for assembly.

o o
3 Ik
o o OfefSId s ©
10 Profiln catalyses & ¥ 82 o)
exchange of ADP  © A4 9
for ATP coidy S M
Qe
Figure 1 ic-nucleation mode for protrusion of lamelipodia. Extemal cues (slep lead 10 GTPases (2). L Alrich
’ ins (), which intum activate Arp2/3 complex. Arp2/ new branch on the side of an exist )
Each new idly (5, fed by a high jon of profiin. in storedii andthis pushes forward (6). Capping prolein
A il s g i2ing factor (ADF i inly inthe ‘older regions of the

inding of ATP to dissociated suburits (10). ATP—actin binds to profiin. refling the pool of

Microtubules

o Are the tracks or highways for organelle transport

e Maintain elongated (asymmetric) neurite process morphology

o Different polarity distribution in axons and dendrites

e Microtubule associated proteins (MAPs) contribute to function

Structural MAPs also different in axons and dendrites

Motor Proteins are also MAPs

23-Oct-16
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Model showing the Origin of Axonal
Microtubules

initiation and release
of microtubules
from centrosome

+ end-specific microtubule assembly
+ end-specific microtubule transport

Axons and Dendrites: Different Microtubule Polarities

(c) Nerve cell =) H}

Dendrite
(+)
""/ () Axon
- <+>

(+) (=)
(+)
MTOC (+) (=)
Nucleus
Cell body

Cultured neuron injected with . : :
P, Axons: uniform MT polarity .
all plus ends face the terminal

Dendrites: MTs have mixed polarity

23-Oct-16
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Axons and Dendrites:
Different Microtubule
Associated Proteins (MAPs)

Two MAPs (structural):
Red: MAP2 in the soma and dendrites

Green: Tau (dephosphorylated) in the
axon

Cultured hippocampal neuron

MAP?2 and tau bind to MTs.

The lengths of their side arms may contribute to spacing of mts.

microtubule
tau

~=-__Mmicrotubule

(B)

(C) MAP2 OE (D) Tau OE I
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Axonal Transport

Axons can be >95%
of total neuronal volume.

All proteins in the axon are
made in cell body and must be
transported into and along the
axon

/ P. Hollanback

Weiss and Hiscove: Discovery of Axonal Transport

Axon Terminals

Cell body
1

Proximal part of axon Distal part of axon

3 Q igature |
4_—d

100 Coppilght Johin Wiley, 1948

23-Oct-16
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Pulse Chase Analysis of Axonal Transport
Rat Optic Nerves (sciatic nerves also popular)

— Metabolic Labeling of Axonal Transport
EYE —_—
® 9 .,

———————————————— il

SEG 1 Ol *

;E(; 2' """"""" OPTIC NERVE

SEG 3

________________ 1€...
OPTIC TRACT S
TECTUM

Pioneer experiments on axonal transport:
Fast and slow axonal transport

{a) (b} MNerve segments Nerve segments

.~ EEE®E e=lo=to=to=

In ect
1 2 3 4

U P1Ll 1l
\

amino acld

Axons of — T —

L [ L

sciatic nerve
. -
' Time 1 [(EEEEHEEE Time 2

— R
e I — —

) e

Spinal cord

1 2 3 4 1 2 3 4

sk
~ [} 3 s stes —— ]
u Nerve e ; Time 3 Time 4 i
1 2 3

=

a4

b
Assay for various
radiolabeled proteins 1 2 3 4 1 2 3 4

sagments
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Metabolic Labeling of Axonal Transport Metabolic Labeling of Axonal Transport

4 Days
——-

4 Hours
—

G

BRSBTS N
{ &

Metabolic Labeling of Axonal Transport

5Ca
40 Days

—-

Tubulin

] bws nee
St EEIEE e S

) v e

The different transport components

Fast Anterograde Axonal Transport
Membrane-bounded organelles (mbo) 100’s of mm/day
(1-2 micron/sec)

Slow Component B Anterograde Axonal Transport
actin and metabolic proteins 2-6 mm/day
(0.02 — 0.07 micron/sec)

Slow Component A Anterograde Axonal Transport
Microtubules, neurofilaments and associated proteins
0.1-1 mm/day (=1000 days to reach the end of a meter-long axon!)
(0.01 — 0.001 micron/sec)

Retrograde Axonal Transport - Fast only
membrane bounded organelles (mbos) 100s of mm/day

23-Oct-16
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Fast Axonal Transport: 100-400
mm/day

Purpose:

Transport membrane-bounded
organelles (mbo) such as
mitochondria and Sinaptic
Vesicles and plasma membrane
proteins to the nerve terminal.

Also retrograde movement of
vesicles containing neurotrophic
factors back to the cell body.

From:
L.Squire et al
Fundamental
Neuroscience
Third edition

Slow Axonal Transport:~0.1-6 mm/day
/,L S
/@ﬁ%

Delivery of cytosolic and cytoskeletal
proteins to the nerve terminal:

Purpose:

Microtubules
Neurofilaments

Enzymes

From:
L.Squire et al
Fundamental
Neuroscience
Third edition

FROM MOLECULES TO NETWORKS Joln H. obers
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WHAT IS SLOW AXONAL TRANSPORT?

Mechanism(s) of Slow Axonal Transport
Ancient dispute: polymer or monomer transport; do structures
move or monomers (ie f-actin, microtubules, and intermediate
filaments, or g-actin, tubulin and NF-H, -M, -L?
Diffusion can not support long axons

Two Models for Elaborating the Axonal Microtubule Array

Active Transport Active Transport
of Microtubules of Free Tubulin

There was controversy, but NFs do move as filaments (Brown).

Evidence: Some cultured neurons have natural gaps in their NFs

Neurofilament protein

—

Staining of an axon of cultured neuron
Note tubulin along the whole length
There is a gap in NF length.

23-Oct-16
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With live cell imaging see
GFP-NFs move across gap.

BUT!!!
NFs move in both directions!

&
While moving they move fast!
Seem to move slow because they
spend much time not moving.

Neurofilament
in gap
|

/ movie
Qe

W
a 3 um

Similar result with NFs when use photobleaching to make gap
and with MTs

23-Oct-16
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Ligation Analysis of Fast Axonal Transport Components

e

Silk Tread
" GlissRod

Nerve 1
|

In a single Axon

Red: Anterogradely
moving organelles
Blue: Retrogradely
moving organelles

Control |

Ligated
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