
The Myelin-Forming Cells of the Nervous System

(oligodendrocytes and Schwann cells)

Schwann Cell

Oligodendrocyte



Saltatory (jumping) nerve conduction 

Oligodendrocyte function 




Saltatory (jumping) nerve conduction

Oligodendroglia 

PMD PMD



CNPase-GFP

Variegated expression under the MBP-enhancer 

Sparse Labeling of Oligodendrocytes

Investigating the Myelinogenic Potential 

of Individual Oligodendrocytes In Vivo



Cerebral Cortex



Corpus Callosum

Cerebral Cortex



Caudate PutamenCerebral Cortex

Corpus Callosum



Caudate PutamenCerebral Cortex

Corpus Callosum

Corpus Callosum



Caudate PutamenCerebral Cortex

Ant Commissure
Corpus Callosum

Corpus Callosum



Cerebral Cortex Caudate Putamen

Ant Commissure
Corpus CallosumPiriform Cortex

Corpus Callosum



Characterization of Oligodendrocyte Morphology

Cerebral Cortex

Corpus Callosum

Caudate Putamen

Cerebellum

Brain Stem

Spinal Cord
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!
!

!  CP major cause of chronic neurological morbidity and mortality in children 

!  CP incidence now about 3/1000 live births compared to 1/1000 in 1980 when we 

started intervening for ELBW 

!  Of all ELBW {gestation 6 mo, Wt. 0.5kg} , 10-15% develop CP 

!  Prematurely born children prone to white matter injury {WMI}, principle reason for the 

increase in incidence of CP 

Oligodendrocytes in disease: Cerebral 

Palsy
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Cerebral Palsy


!
! Macro Cystic 

Micro Cystic 

Gliotic 

Khwaja and Volpe 2009 

Spectrum of white matter injury 



Rationale for Repair/Remyelination in 

Multiple Sclerosis



Oligodendrocyte specification
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oligodendrocytes specified from the pMN after MNs

- a ventral source of oligodendrocytes


 
• OLPs arise from the pMN in restricted 

domain, after the time of MN generation 

 
• Restricted domain surprising 

considering OL found abundantly in 

white matter and grey matter 

 
• Link between MN and OLP?? 

 

 
• Evolutionary relic? Advantage of 

myelinating motor circuits? 

• Restricted domain of specification also 
suggests may fall under same cues as 

earlier patterning of neurons? 
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Astrocytes and oligodendrocytes from dif erent 
domains


FGFR3 
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P9 

P9 

P1 

Dif erentiation and myelination following 
specification and migration
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Shh is necessary and suf cient for Olig gene 
expression


 
• Olig1 and 2 ectopically induced under action of Shh 

 

• Failure of Olig1 and 2 expression in animals lacking Shh 

 
• Do Olig genes fall under its regulation? 

 
• Shh patterns the spinal cord via regulation of TF 

expression, as discussed earlier  

 
• Olig genes under same patterning influence as TF 

genes of neuronal patterning 
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Olig2 required for all oligodendrocyte specification


 
• Olig proteins essential for development of all OL in CNS 
 
• Olig2 null lack all OLPs in spinal cord. Generate small pockets of OLPs in forebrain, and near-

normal in midbrain and hindbrain…compensation by Olig1 
 
• Compound mutant lack all OLPs throughout CNS. Overlapping functions of two Olig genes, in 

highly context dependent manner 
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Olig2 required for all motor neuron specification..

The link between OL and MN deepens


 
• Olig proteins also expressed in pMN at time of motor neuron production. 
 
• Olig2 null animals have total lack of motor neurons , and Olig1 cannot compensate for this 
 
• Olig2 ectopic expression can alter dorsal expansion of pMN domain 
 
• Olig2 alone expressed ectopically in dorsal spinal cord cannot induce motor neurons, but 

can along with Ngn2 expression. Thus Olig proteins act in concert with other TFs to promote 

motor neuron fate. 
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motor neuron/ oligodendrocyte connection


Astrocytes not af ected by loss of Olig2

 
• Olig functions also necessary for appropriate pattern formation 

 
• Compound mutants leads to pMN to P2 conversion. 

 
• Olig repression of Irx3 in patterning 
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The Neuron- glial switch in the pMN


 
• Switch very complex. Downregulation of pro-neural, such as 

Ngn2, maintenance of glial precusor potential requires Delta-

Notch signaling. Switch also requires pro-glial expression of 

eg. Sox9. Later phases OLP maturation are Shh independent 

and require Sox10 and Nkx2.2 

 
• Successive outputs of MN and OLP. Shh and Oligs required 

throughout. Additional factors must therefore be evoked for 

switch 
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The Neuron- glial switch in the pMN


Nkx2.2 co- operates with Olig2 in OL maturation




The Adult Oligodendrocyte Precursor Cell
What function do they serve?

Red=PDGFR-alphaGreen=MBP
Chong and Chan, 2009



OPCs continually change their position in the adult cortex, extend 

dynamic filopodia and exhibit self-repulsion in the adult cortex. 

Hughes et al., 2013



OPC density is maintained despite proliferation, 

differentiation, and death

Hughes et al., 2013



NG2+ cell density is maintained through local proliferation

Hughes et al., 2013



OPCs extend processes and encapsulate regions of tissue injury

Hughes et al., 2013



NG2+ cells surround areas of CNS damage and 

proliferate to maintain their density

Hughes et al., 2013





Myelin Abnormalities and Demyelination in Gray 

Matter of ALS Mice Prior to Degeneration

Excision of mutant SOD1 (G37R) from OPCs delays disease onset and prolongs survival in ALS mice
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Schwann Cell Myelin Internodes

Schwann Cell

Axon

The Cells of Schwann
(Theodor Schwann 1810-1882)



Corfas et al., (2004) Mechanisms and roles of axon-Schwann cell interactions. J Neurosci. 24(42):9250-60 

Three Kinds of Schwann Cells?

1. Perisynaptic SCs

2. Non-myelinating

3. Myelinating



Jessen and Mirsky (2005) Nature Reviews Neuroscience. 6:671-682

Schwann Cell Origin



1µm

What do PSCs Do?
TEM of the Frog Neuromuscular Junction Cross-section

Micrograph by Dr. Yoshie 

Sugiura, USC

S

M

N



A PSC at the Frog NMJ Responds to Synaptic 

Activity with Increases in Ca2+

(From Auld & Robitaille, 2003, Neuron 40:389-400)



Anti-neurofilament  & 

anti-synapsin

MAb 2A12 

-bungarotoxin

Chien-Ping Ko and Zhihua Feng



Labeling with PNA (green) and EthD-1 (red) shows the en 

masse ablation of PSCs on treating muscle with mAb 2A12 and 

complement

Chien-Ping Ko



Electron Micrographs of the NMJ 

Following PSC Ablation

Chien-Ping Ko



Acute PSC ablation

1 week after PSC ablation

Perisynaptic 

Schwann cell (PSC)
Nerve 

terminal

Muscle

mEPP EPP

PSC ‘ghost’

Retraction of 

the nerve terminal

PSCs do not play an acute role, but  play a long-term 

maintenance role, in the presynaptic function and structure.

Chien-Ping Ko



Perisynaptic 

Schwann cell (PSC)
Nerve 

terminal

Muscle

2~3 weeks after axotomy

>4  weeks after axotomy

PSC sprouts

Agrin

•Regenerating nerve 

terminals induce PSCs to 

sprout, and PSC sprouts, in 

turn, lead and guide nerve 

terminal sprouts.

•Schwann cells express 

active agrin, and play a role 

in postsynaptic AChR 

aggregation.

Chien-Ping Ko



Schwann cell

Muscle

Nerve growth cone

Intact PSC ~ 1 week after PSC ablation

PSC

Schwann cell factors

•PSCs lead nerve terminal 

extension and play a role in 

the growth and maintenance 

of developing NMJs. 

•Schwann cell-derived 

factors promote 

synaptogenesis, and TGF-

1 may mediate the 

Schwann cell-induced 

synaptogenesis.

•Schwann cell-derived 

factors potentiate 

spontaneous, but inhibit 

evoked, transmitter release 

at developing NMJs in vitro.

Chien-Ping Ko



Jessen and Mirsky (2005) Nature Reviews Neuroscience. 6:671-682

Schwann Cell Development and 

Myelination



The Ultrastructure of Myelin

Baumann and Pham-Dinh, (2001)



Mechanism of myelin wrapping

Mechanism of Myelination



Mechanism of myelin wrapping

AXON

Mechanism of myelin wrapping

Mechanism of Myelination

1. Recognition with axon/inductive cue

2. Mechanisms of polarity

3. Molecular motor



A hand drawing by Ramon y Cajal, 1928

Myelin was Identified 200 Years 

Ago…What Do We Really Know?







Highlights

-Hypoxia within the nerve bridge is selectively

Sensed by macrophages

-Macrophage-derived VEGF-A induces a

Polarized vasculature within the bridge

-Blood vessels are used as tracks to direct

Schwann cell migration across the wound

-Macrophage-induced blood vessels are essential

for nerve regeneration



1
Blood vessels permeate the

bridge prior to SC migration

>95% of rats a bridge was formed in 2 days

Bridge was composed of macrophages,

neutrophils, fibroblasts, and endothelial

cells

Mouse regeneration is slower, but with the

identical innervation of cells.
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Newly formed blood vessels in

the bridge are polarized in the

Direction of SC migration

EdU incorporation of ECs in bridge

Polarized Ecs, aligned in the orientation and

direction of SC migration.
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Migrating SCs interact with the

Vasculature of the bridge

Close association of SCs with ECs

Measured closest distance of SCs to ECs

compared to other cells

3D projection vies of the bridge indicate

that SCs were making physical contact with

vasculature

Clear contact points using CLEM—correlative

light and electron microscopy



4
SCs migrate along

Endothelial tubules in

Vitro
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Hypoxia drives angiogenesis

by a microphage-generated

gradient of VEGF-A

New blood vessels form in response to

low O2 levels—HIF-1 is stabilized and

upregulates pro-angiogenic factors like

VEGF

Hypoxyprobe-1 detects hypoxic cells—mostly

macrophages

Macrophages highly express VEGF—tested to

see if this could promote vascularization using

a migration assay

Cabozantinib is a VEGFR2 inhibitor
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Inactivation of Vegfa in

macrophages inhibits

vascularization of the nerve 

bridge after nerve transection

Vegfa fl/fl Lysm Cre—macrophages and

granulocytes—26% recombination

Vegfa fl/fl Tie2 Cre—hematopoietic cells and

macrophages—82% recombination

Eliminate possibility of effects on ECs—

performed bone marrow transplants in WT 

mice

Gain of function by injecting VEGF-A in the

Vegfa fl/fl Tie2 Cre mice



7
Redirection of the blood vessels

leads to the misdirection of

migrating SCs

VEGF-loaded hepain beads to the side of injury 

results in aberrant regeneration

Vegfa fl/fl Tie2 Cre mice—analyzed 14 days after

lesion



S7
Disorganization of blood

vessels leads to disrupted

Schwann cell migration and 

axonal regrowth

VEGF-loaded hepain beads to the side of injury 

results in aberrant regeneration

Vegfa fl/fl Tie2 Cre mice—analyzed 6 months 

after lesion



Summary
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AXON-GLIA INTERACTIONS IN MYELINATED NERVES
Peles, Elior

Chairman and Professor

Department for Molecular Cell Biology, Weizmann Institute of Science, Israel

Role of glia in clustering of ion channels at nodes of Ranvier



Nerves

Brain

Spinal cord

The need for speed

DRG neuron



Myelinating Glia

Saltatory conduction



Conduction in myelinated axons requires high concentration of Na+

channels at node of Ranvier

NOR
PNJ

Rosenbluth, Int J Dev Neurosci 1998

NOR

Lorincz et al., Science 2010

Nav1.6



Intrinsic vs extrinsic models for Na+ Channel clustering



Na+ Channel clustering in the PNS requires glial contact

1 2 3 4

node MBP/NaCh

heminodes

Poliak & Peles, Nat Rev Neurosci 2003



How do Schwann cells cluster Na+ Channels at nodes of 

Ranvier?
"étranglement annulaire"

Louis-Antoine Ranvier 

(1835-1922)



PNS myelin

Axon

Paranodal loops

Compact myelin

Nodes of Ranvier

A

B

Microvilli

Microvilli-Axon contact

Paranodal junction



PNS nodes of Ranvier 

Axonodal:

Channels - Nav1.6, KCNQ2,3

CAMs - Neurofascin 186 and NrCAM

Cytoskeletal - Ankyrin G and βIV Spectrin



Schwann cells bind Neurofascin ECD



PNS nodes of Ranvier 

Axonodal:

Channels - Nav1.6, KCNQ2,3

CAMs - Neurofascin 186 and NrCAM

Cytoskeletal - Ankyrin G and βIV Spectrin



Gliomedin is localized at the Schwann microvilli that contact NOR

Sciatic nerve Myelinated Culture

Eshed  et al., Neuron 2005

Gldn/ Gldn/ Gldn/

Gldn/ Gldn/



Gliomedin co-localizes with NaCh during development

P1 P4 P8 P10 P14

C
a
s

p
r/

G
L

D
N

N
a
C

h
/G

L
D

N

Sciatic nerve

Myelinated Culture



Gliomedin induces nodal clusters in DRG neurons

DRG neurons

Neurofascin

Ankyrin G

Spectrin

NaV1.2

Caspr

4.1B



• Gliomedin is a glial ligand for both 
neurofascin and NrCAM.

• Gliomedin is localized to the Schwann cell 
microvilli that contact the node of Ranvier 
in the PNS

• Gliomedin accumulates at the edges of 
myelinating Schwann cells early during 
node formation.

• Gliomedin induces nodal clusters in DRG 
neurons



Na+ channel clustering 

High-avidity gliomedin complexes at the forming node

Clustering of NF186 and ankyrin G on the axolemma  

Gliomedin is a perinodal matrix component of PNS nodes

Eshed  et al., JCB 2007

X

XX

WT gldn-/-



Gliomedin is required for clustering of Na+ channels at heminodes

Sciatic nerve

SC/DRG Feinberg  et al., Neuron 2010

N
a

C
h

/C
a

s
p

r/
N

F
H

A
n

k
G

/C
a

s
p

r

/M
B

P
gldn-/-WT

gldn-/-WT

b
IV

/C
a

s
p

r

/M
B

P



Gliomedin, NrCAM and NF186 (nodal adhesion) are required for 

clustering of Na+ channels at heminodes

MBP/Caspr/NaCh

gldn-/-

nrcam-/-

nf186-/-

wt

Heminode

Glial clustering

Immobilization of gliomedin 

by glial NrCAM

NrCAMM



Heminode

Glial clustering

MBP/Caspr/NaCh

gldn-/-

nrcam-/-

Nf186-/-

wt

Node

Additional mechanism?

MBP/Caspr/NaCh

In the absence of nodal adhesion NaCh do not cluster at heminodes 

but accumulate later at mature nodes



Accumulation of NaCh at mature nodes in the absence of heminodal 

clustering

M
B

P
/N

F
1

8
6

/N
a

C
h

gldn-/- nrcam-/- Nf186-/-wt



PNJ restrict the area occupied by Na+ channels

A
x
o

n

NaChPNJ PNJNaChPNJNaChPNJ PNJ

A
x
o

n

A
x
o

n

MBP/Caspr/NaCh

gldn-/- nrcam-/- Nf186-/-wt

MV MV



Nodes are assembled in the absence of PNJ by heminodal clustering

MBP/Caspr/ NaCh/Gldn

Heminodal clustering

Caspr-/-



Role of the paranodal junction in node assembly (?)

WT

Caspr

Gldn

Gldn/Caspr

Node PNJ

Node PNJ

Node PNJ

Node PNJ

X

X

XX



Assembly of the nodes of Ranvier requires axoglial contacts at 

nodes and paranodes

gldn-

/-
Caspr-

/-

gldn-/-

/Caspr-/-



N
a

C
h

/β
IV
s
p
e
c

/N
F

H

wt gldn-/-/caspr-/- nrcam-/-/caspr-/-

Assembly of the nodes of Ranvier requires axoglial contacts at 

nodes and paranodes



Two distinct axoglial contacts cooperate during the assembly of PNS 

nodes of Ranvier 

Clustering

Accumulation

Feinberg  et al., Neuron 2010



Specialization of the axonal membrane (axolemma)



Distinct axoglial adhesion complexes control the functional organization 

of myelinated axons

Clustering

NaCh/Caspr/NFH

WT

KO

Membrane barrier

NaCh/Kv1.2

WT

KO

Scaffold

Kv.2/Caspr

WT

KO

Polarization

Kv1.2

WT

KO



Distinct axoglial adhesion complexes control the functional organization 

of myelinated axons

Membrane barrierClustering

NaCh/Caspr/NFH NaCh/Kv1.2

WT WT

KO KO

Scaffold

Kv.2/Caspr

WT

KO

Polarization

Kv1.2

WT

KO
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Distinct axoglial adhesion complexes control the functional organization 

of myelinated axons
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Nodes of Ranvier


