...the growth cone may be regarded as a sort of club or
battering ram, endowed with exquisite chemical
sensitivity, with rapid ameboid movements, and with
certain impulsive force, thanks to which it is able to
proceed forward and overcome obstacles met in its way,
forcing cellular interstices until it arrives at its destination.

Santiago Ramén y Cajal (1909)

Histologie du systéme nerveux de I'homme
et des vertébrés, p.599

Figure 12.23 (modified) Diagram of a Motor Neuron

Input from
other neurons
"

Axon
Growth cone

Dendrites

Growth Cones discovered (Ramoén y Cajal, 1890)




RAMON'Y
CAJAL WERE
ALIVE TODAY,
WHICH REVIEW
JOURNALS
DO YOU

CHANCES ARE, YOU'D
FIND THE
LATEST ISSUE OF
CURRENT OPINION IN
NEUROBIOLOGY

| IN HIS LAP.

The inventor of tissue culture and first observer of live growth
cones (1910) with the discoverer of the “organizer.”

Hans Spemann & Ross Harrison

1869-1941 1870-1959

Figure 12.24 Growth Cone structure
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Growth Cone
extending in vitro

Mechanisms of Growth Cone Guidance
Contact-mediated (short-range)
- requiring direct cell-cell or cell-substrate contact

Contact attraction

Contact repulsion
Diffusible (* long-range”)

Chemoattraction

Chemorepulsion

(Tessier-Lavigne & Goodman, 1996 “Molecular Biology of Axon Guidance”)

Mechanisms of Growth Cone Guidance

Contact mediated (short-range) - requiring direct cell-cell or cell-substrate contact

Contact attraction - mediated by two classes of proteins

Direct Cell-Cell Adhesion: Cell Adhesion Molecules (CAMs)

Cell - Substrate Adhesion: Extracellular (ECM) Matrix proteins
and their cellular receptors




Figure 13.18 Outgrowth of Sensory Neurons
Cultured sensory neurons growing on stripes of laminin (ECM protein)

! i of Cone

Cell Adhesion Molecules (CAMSs)

Major classes:

Calcium-dependent Adhesion proteins: Cadherins
e.g. N-cadherin, E-cadherin, P-cadherin

Immunoglobulin Superfamily Adhesion proteins:
1g-CAMs
e.g. NCAM, L1, Fasciclin II (FasII), etc.

Figure 3.28 Cadherin-Mediated Cell Adh

Adhesive Phosphorylation sites
recognition site a

Both Cadherins and IgCAMs
mediate homophilic
binding

(like to like).

cadherin
binding

adherin

DEVELOPMENTAL BIOLOGY, Soventh Ediion, Figura 325




Figure 3.23 Reaggregation of Cells From Amphibian Neurulae

Presumptive
epidermal cells

Spontaneous Segregation
reaggregation of cell type:

Dissociation

Outside

Neural cells,
Neural plate
cells

Cadherins mediate tissue-specific adhesion

[DEVELOPMENTAL G1OLOGY, Sevents Edio, Fiurs 323

Fig 12.6 Expression of N- and E-cadherin Adhesion Proteins During Neurulation

(A) Normal development

Neural plate  presumptive Neural groove
epidermis
E-cadherin  N-cadherin 1
Neural
tube

Cadherins aid separation of epidermal & neural ectoderm

DEVELOPUENTAL BIOLOGY Sovrt Edion, Firs 12 (P

N-cadherin plays a role in neural crest cell migration

N-Cadherin level is high prior to neural crest cell migration,
low during migration, and high again after migration ends.

Level of
N-cadherin
on neural
crest cells

Begin End
migration migration




Cell Adhesion

Cell adhesion can promote or inhibit migration

Rate of
Migration

Strength of Cell adhesion to Substrate

Mechanisms of Growth Cone Guidance

Cell Adhesion Molecules (CAMs)
Immunoglobulin Superfamily Adhesion proteins: _1g-CAMs
NCAM, L1, Fasciclin II, etc.
NCAM - more general nervous system “glue”
- used to direct retinal growth cone outgrowth (1 function)
- two different forms based on glycosylation:
high SA (lower adhesion)

low SA (higher adhesion)
[SA = sialic acid]
- high SA found during growth, low after reaching target

Ig Superfamily CAM Example

Protein domain model of L1 CAM

homophiic adhesion

neurite outarow
promoling activites
region

Human L1-CAM t

|g domain
repeats (6)

Fibronectin-like
domain repeats (5)

transmembrane domain

cytoplasmic domain




Mechanisms of Growth Cone Guidance

Cell Adhesion Molecules (CAMs)

Immunoglobulin Superfamily Adhesion proteins: _1g-CAMs
NCAM, L1, Fasciclin II, etc.

L1 - more specific vertebrate CNS CAM
- found in limited number of tracts, regions of brain & s.c.

Human mutations cause neurological disorders such as
X-linked hydrocephalus, MASA syndrome

L1 disruption by ethanol may cause part of Fetal Alcohol
Syndrome birth defects

Human L1 CAM mutations

Deletior
frameshift mutations:

R —
Leutaovas A

2= GRS

o i75er HSAS, MASA and STG

HSAS; frameshiftat Argl07—se

—~a— ArgIBGIn; HSAS
~— His210GIn; MASA and ACC

~a— Cps264Tyr; HSAS
~*— Glu9Lys; HSAS andMASA  Figure3. Changes in the Human L1-CAM
Polypeptide That Are Caused by dentified,
Known Mutations in the Human L1-CAM
HSAS; 48 a.a. deletion. ~— GlyI70Arg HSAS and MASA
CuazsGings oA Gene

Deletions, nonsense mutations, and splice

-
‘sogmonts or frameshift mutations aro shown
HSAS; nonsense Argi8Sstop—i-

olaturo forthe humanL1-CAMsoquenco pub-

TS mary clinical diagnosis for each specific

HSAS; frameshift at Tyrs11 — B mutation s indicated as well (HSAS, X-inked

h jus; MASA, MASAsyndrome;

SPG1, X-linked spastic.paraplogia; ACC,

‘agonasis of the corpus callosum). The infor-

HSAS and SPG1; 41 a2, mation for some unpublished L1-CAM muta-
m ne unpu e

deletion, Val917-Leu9ss —= -

HSAS; frameshiftat Glydé1 — proriivion
~— TyrioC THSAS
PG, frameshiftatSer1 163y, ol
M
MASA; deetion from Serl 181 ~— SerlI94Leu; HSAS and MASA
o COOH terminus 7
HISAS frameshift st Gly1225
Figure 21.13(2) Possible i Pr ing Fetal Alcohol Sy (FAS)

(D)

Cells
adhering
by L1

Control cells
not expressing L1

Percent adherent cells

0 10 20 30 40 50
Ethanol concentration, mM

EVELOPHENTAL BIOLOGY, Seventh Edtio,Figurs 2113 Par2)




Figure 21.12 Comparison of a Brain from an Infant with Fetal Alcohol Syndrome
(FAS, Left) With a Brain From a Normal Infant of the Same Age (Right)

DEVELOPHENTAL BIOLOGY, Sevent Edion igur 2

Figure 21.13(1) Possible i Pr ing Fetal Alcohol Sy (FAS)

Ethanol-treated

Normal (Ethanol-treated © plus SOD

Nile-Blue stained dying cells
in 9d mouse embryo brain

EVELOPHENTAL B0LOGY Seventh Eain, Figrs 21.13 P

Mechanisms of Growth Cone Guidance

Contact attraction by CAMs

The “Labeled Pathways” Hypothesis -

Most growth cones are guided along axons already laid down
(by “pioneer neurons”) - each with a unique molecular
marker or set of markers




Identified Growth Cone Guid
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A Grid of Pioneer Axon Bundles Guides Later Growth Cones, such as ‘G’
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A Grid of Pioneer Axon Bundles Guides Later Growth Cones, such as ‘G’

Experiments:

Kill cells that make A/P bundle:
G growth cone guidance disrupted

Block function of Fas IT (found on A/P bundle):
G growth cone guidance disrupted

Mechanisms of Growth Cone Guidance

Contact attraction by CAMs

Intermediate cell recognition by pioneer neurons:
“guidepost cells” in grasshopper limb bud

Pioneer Neurons in the Grasshopper Limb Bud

10



Fig. 13.20 The Action of in 1 in the D i h Limb

Semaphorin 1
/.

Developing
limb

Contact repulsion also
guides pioneer neurons

Blocking G-semal with
antibodies disrupts Til guidance

EVELOPHENTAL B10LOGY,Soven Eatin, Figus 1320

Ventral nerve cord

Crossing of retinal axons at the optic chiasm

" Optic
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Ephrins act in contact repulsion at the optic chiasm
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Growth cone repulsion also acts at the optic chiasm (Fig 13.31)
Optic disc A
Establishment of retinal layers
g A N-Cadherin
] *' Directed axonal growth
¢ _B. NCAM
Orderly progression into optic nerve ‘
p C. NCAM
Decision to cross or turn ‘

D. Ephrin (midline), Eph Receptor(RGC)|
Homing to target region

Optic ——
nerve

Optic
tract

Arrival at target

Establishment of topographic map ‘

(O
P fectur®

Mechanisms of Growth Cone Guidance

Extracellular Matrix proteins:

Collagen, Fibronectin, Laminin, etc.

ECM Receptors:

Integrins (a and p subunits)

Fig. 6.33 - SEM of Extracellular Matrix

-

Epithelium
A i "
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There are many different types of Collagen (at least 16)

Table 12-2 Types of Collagen and Their Properties

Molocular  Polymerized
Type Formula®  Form Distinctive Features Tissue Distribution
I faMhez)  fibrl low hydroxylysine  skin, tendon, bane,
low carbohydrate ligaments, comnea,
broad fibrils interal organs
80-90% of {accounts for 90%
collagen is of body collagen)
types I-III o e, foril high hydroxylysine  cartliage,
high carbohydrate intervertebral disc,
usually thinner fibrlls  notochord, vitreous
than type [ body of eye
m o feaum, fibril high hydroxyproline skin, blood vessels,
low hydroxylysine internal organs
low carbohydrate
N (e basal very high basal laminae
{controversiall  lamina hydroxylysine
high carbohydrate
probably retains
procollagen

extension peptides

vV [@Ve2)  unknown high hydroxylysine  widespread (in small
high carbohydrate amounts)

“The seven different a-chains are designated 1111 through a1tV), a2(l, and a2t).

Fig. 6.23(A - rotated) - Fibronectin in the ECM of Xenopus Gastrula
(A)

DEVELOPMENTAL BIOLOGY, Seventh Edition, Figure 6.32 (Part 1) Sinauer Associates, Inc.
5 2003 Al ights reserved.

Mechanisms of Growth Cone Guidance

ECM Receptors:
Integrins (a and p subunits)

Different combinations of o and § subunits make
receptors that bind different ECM proteins:

ol

Examples -
a4, integrin binds collagen, laminin

agf4 integrin binds fibronectin

—(z

‘.m =

4

-G-8
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Mechanisms of Growth Cone Guidance

Chemoattraction by diffusible substances

Chemoattraction of growth cones first shown with NGF

60 min

0min NGE

Fig 13.27 Embryonic Axon From a Rat Dorsal Root Ganglion Turn in Response to NT-3

10 min

14



Figure 13.22 Traje y of the C i Axons in the Rat Spinal Cord

(a) (B)

Netrin-2 gradient
Neural ~_
tube

|- — Commissural
neuron

Netrin-1 gradient

Floor plate

Netrin-1 mRNA expression

DEVELOPMENTAL BIOLOGY, Soveni Edton Figurs 132

Fig.13.23 Tv Chick Fil (COS) Cells ing Netrins Elicit Axon
Outg of Cc i from 11-d Emb. Rat Dorsal Spinal Cord Explants

(B)

Floorplate [

DEVELOPHENTAL 810LOGY, Sovnth Edin, Fiur 1523 Prt 1)

Fig. 13.23 Chick Fil (cos) cells ing Netrins Elicit Axon
of Cc i from 11-d Emb. Rat Dorsal Spinal Cord Explants

D)

g

Fibroblasts
Expressing
& Netrin-1
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Signals can be attractive or repulsive, depending on the receptor

Netrin-mediated dorsal/ventral signaling is an ancient feature of animal
nervous systems.

Netrin signaling also patterns growth cone guidance and cell migration
in the nematode C. elegans.

Mutants with abnormal nervous system function (“unc” -
uncoordinated) were found to be affected in netrin-mediated growth
cone guidance.

The first example of a netrin receptor mediating chemorepulsion was
discovered in C. elegans (the unc-5 gene).

Chemorepulsion by netrins is also found in the vertebrates.

Figure 13.24 C.e. Netrin Expression And Fi ion in Axonal

Unc-6 = netrin
Unc-40 = netrin receptor (+)
Unc-5 = netrin receptor (-)

Sensory — g ¢ Q b unc-6(-/-): no netrin

neurons
express Unc-40 \ & d

/.
Ventral body wall Motor
epidermoblasts neurons Expression of Unc-6/Ce Netrin
express Unc-5

Y o YUY o
unc-5(-/-): no q b Q b unc-40(-/-): no
chemorepulsisve chemoattractive
netrin receptor netrin receptor

SNs OK, MNs defective SNs defective, MNs OK

Figure 13.25 Netrins inhibit Outgrowth of Trochlear
Axons From Explants of the Mouse Brain Stem

Dorsal Fibroblasts
: i Expressing
(a) Spinal Cord ®) Fibroblasts (© Netrin-1 ) Floorplate

Trochlear
axons

Mouse
brain stem

A vertebrate example of Chemorepulsion by a netrin

DEVELOPMENTAL BI0LOGY, Soventh Edion, Figurs 1325 S
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Figure 13.21(2) Semaphorin 3 as a Selective Inhibi

Projections into the Ventral Spinal Cord

of Axonal

(B)

Semaphorin 3-
secreting cells.
Semaphorin 3-

secreting cells

Mechanoreceptor responsive
neurons

neurons

DEVELOPMENTAL BIOLOGY Sovent Ecitin, Figur 1321 (Part2) e e

Engrailed-2 as a secreted chemorepulsive and chemoattractive
agent for Xenopus Retinal Neurons

e V59 Mo 0 208 s
The transcription factor Engrailed-2 guides
retinal axons

Isabele Brunet', Christine Weinf’, Michael Piper’, Alain Trembleau', Michel Volovitch', William Harris®,
Alin Prochiantz’ & Christine Holt!

Temporal Xenopus Retinal Neurons are repulsed by
gradient of En-2; Nasal Retinal Neurons are attracted.

Temporal Temporal
a 0‘@ A 60/ c
B )
: \

|
.~
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Engrailed-2 can function as a secreted signaling protein

a FITOmEn2 b FITC-EnSA

¥ | i
/ N 1
Fluorescently- \ \
labelled En-2 % L " |
taken up by € FITO-EnasP d FATC-Ob2.
retinal growth y
cone.

it

WE inponstin
Al £2
21
en-2 I Y
I3 10
o, I W g
SR £
Enasp [ == 29
o 5
g

10l Control En-2 EnsR EnASP.

ure2 inthe
internalzation. a-c, Live retinal growth cones following 3 min exposure to

Engrailed-2 is
secreted and can be
internalized by growth
cones.

Internalization is
essential for En-2’s
guidance function

Neuronal Development

Neuronal cell death is a normal part of development in

all nervous systems.

Lt

3
CNS - e Lateral Motor Column
Spinal cord £ o (motor neurons):
Laan) 20K to 12K - 40% loss
1m0
[ s A A T
o
o [Erm—
H
PNS F o
‘Zg Ciliary Ganglion

=l (Parasympathetic NS):
6.5K to 3K - 53% loss

o P A
ncubston (dsys) 7 FS 0 1 A
Derdopmenslsge N 31 % 3 3 % % ¥ M B 0 0 BB kg

@ 1
) Trochlear Nucleus:
NS g 1400 to 500 - 64% loss
- 5
midbrain é mr

P

Inesbaton @) 3 T B 5 0 B 13 7 Vi
Devopmenilsge B ¥ B 8 £ & Ater haihing

Many neurons in
the vertebrate
nervous system
(CNS and PNS)
normally die
during
development
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- C.elegans embryonic lineage  ,ygqe
o— Many cells die in
neuronal
lineages in

. ABalaa simpler animals
like the
nematode
- C. elegans.
(x = death)

Head neurons &glla

Loss of target tissue causes increased cell death among neurons

b T 3 .
Ventral horn motor neurons missing from side without limb

Extra target tissue supports the survival of additional neurons

Normal side

Extra Limb
v 7 "

Ventral horn

Extra hindlimb from Spinal cord in region
transplanted limb bud of extra limb

19



Extra limbs from ‘natural experiment’ in frog

Lumbar spinal cord

<Dorsal columns

Normal : 3legs

Extra tissue also supported growth and survival of neurons distant
from the transplant - indicating a diffusible factor

Levi-Montalcini & Hamburger, 1951

Extracts of peripheral tissues support PNS neurons in vitro

Cultured PNS without NGF

Cultured PNS with NGF

Chick 8d embryo DRG, 24 hr in culture
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Discoverers of Nerve Growth Factor (NGF)

Viktor Hamburger Rita Levi-Montalcini
1900 - 2001

The Nobel Prize in Physiology or
Medicine 1986

“for their discoveries of growth factors"
y :

—=a)

e N
Stanley Cohen Rita Levi-Montalcini
@ 1/2 of the prize @ 1/2 of the prize
UsA Italy and USA
Vanderbilt University Institute of Cell Biology of
School of Medicine the C.N.R
Nashville, TN, USA Rome, Italy

NGF function is essential for neuronal survival in vivo
sections whole-mounts
¥ k

(A)

Normal
Ganglion

s bea

~ Normal

/ Ganglia

mice

Ganglia from
anti-NGF treated
> W

&
5CG, 9d mouse Sympathetic ganglia, 20d mouse

Levi-Montalcini, 1972
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Neurotrophic Factors support the survival of specific types of neurons

Neurotrophins - family of NGF-related proteins
NGF - Nerve Growth Factor
BDNF - Brain-derived neurotrophic factor
NT3 - Neurotrophin 3
NT4 - Neurotrophin 4

NGF homodimer
bound to part of
p75 NGF Receptor

NGF homodimer

Neurotrophic Factors support the survival of specific types of neurons

Neurotrophins - family of NGF-related proteins
NGF - Nerve Growth Factor
BDNF - Brain-derived neurotrophic factor
NT-3 - Neurotrophin 3
NT-4 - Neurotrophin 4

13 kDa secreted glycoproteins (as homodimer)

Bind to receptor tyrosine kinases: TrkA, TrkB, TrkC
e.g., NGF receptors - TrkA
BDNF, NT-4 receptor - TrkB

NT-3 receptor - TrkC
(NT-3 also binds to TrkA, TrkB)

Neurotrophic Factors support the survival of specific types of neurons

Neurotrophins - family of NGF-related proteins
NGF - Nerve Growth Factor
BDNF - Brain-derived neurotrophic factor
NT3 - Neurotrophin 3
NT4/5 - Neurotrophin 4/5

Other Neurotrophic and Differentiation Factors:

GDNF- Glial-derived neurotrophic factor

CDF/LIF - Cholinergic differentiation factor/
Leukemia inhibiting factor

22



Figure 13.29 Effects of NGF And BDNF On Axonal Outgrowth

(A) Sympathetic (B) Dorsal root (C) Nodose

NGF

BDNF

|DEVELOPHENTAL B10LOGY, Seventh Eion,Figure 12

Neurotrophic Factors support the survival of specific types of neurons

Three potential functions of neurotrophic and related factors
1. Neurotrophic factor
2. Chemoattractive factor

3. Instructive (inductive/signaling) factor

NGF shows all three functions

Experiment showing NGF’s instructive role:
NGF can convert presumptive adrenal medulla cells
(would become chromaffin cells) into neurons.

Figure 13.7 Differentiation of trunk neural crest cells

Sympathetic~

ganglion o
Sympathetic \
weoron )

NGF-responsive
cell

proteins

Bipotent——
precursor cell

Inhibition

of neural
differentiation

Chromaffin cll

medulla
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Neuronal Differentiation Factors

Example: CDF/LIF
CDF is made by heart muscle cells.

Some NC-derived neurons that innervate heart
initially make norepinephrine (NE).

Interaction with heart converts cells to use ACh.

CDF has other roles in development:
LIF (immune system)
Essential for implantation of blastocyst

24



