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- There are roughly equal
number of neurons and glia in
the CNS:

- 98 billion neurons to 96
billion glia (+ or — 9 billion
cells)

- This guy on the right had an
abnormally higher amount
of glia than typical.

- There are SIX different glial
subtypes.

- 4in CNS

- 2in PNS

- They do way more than just act
as “glue”.
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(a) Cnidarian
(hydra)

Central ganglia
(brain)
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Segmental ganglia

(d) Arthropod
(bee)

Nerve ring

Sear
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=== I | }m,,_” 4

Radial
nerves

(b) Echinoderm
(sea star)

Ganglia

(e) Mollusk
(octopus)

modification of work by Michael Vecchione, Clyde F.E. Roper, and Michael J. Sweeney, NOAA; credit f: modification of work by NIH

Every living creature has “signaling cells” but not as many have “brains”

Eyespot

Central
ganglia
(brain)

Transverse
= nerve

(c) Planarian
(flatworm)

Central nervous system

Spinal ———=—
cord 7

Peripheral
nervous
system

(f) Vertebrate
(human)




Neuroglia roles in
nervous system function



Central nervous system

Spinal

Peripheral
nervous
system

What are the glia in the human CNS?

Copyright © The McGraw-Hill Companies, Inc. Permission roquxred for reproduction or display.
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100,000 neurons
(30% all brain cells are glia)
14,000 genes

Using fruit flies to study glia?

~100 billion neurons
(50% all brain cells are glia)
24,000 genes

Fruit flies share 60% of its
DNA with humans.

75% of all human
disease-causing genes in
humans are also found In
fruit flies.

Fruit flies have roughly
same glia subtypes as
mammals/humans
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Types of glia in the fruit fly
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M.R. Freeman, Cold Spring Harb Perspect Biol, 2015



Types of glia in the fruit fly
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Glia and the brain

oligodendrocytes

astrocytes




Oligodendrocytes

« Oligodendrocytes, which are continuously remodeling
the myelin, and thus finely tuning axonal conduction
velocity, in response to neuronal activity.
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Fiber diameter (um)




Oligodendrocytes (this is also the same for peripheral Schwann cells)

« Oligodendrocytes, which are continuously remodeling
the myelin, and thus finely tuning axonal conduction
velocity, in response to neuronal activity.

QOligodendrocyte —

Nucleus

nonmyelinated
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Oligodendrocyte - mouse
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astrocyte - mouse

Astrocytes (I)

* Astrocytes — help provide energy to neurons

CAPILLARY

Neuronal signals
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astrocyte - mouse

Astrocytes (l1)

» Astrocytes have multiple processes and form perivascular feet
that completely enclose all capillaries and ensure blood-brain

barrier intact.

Neuron

Perivascular feet

Astrocyte

o

%
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pericyte ) ¢ chyma cell

mitochondria endothelial
- ell

S pS :
“astrocytic foot ‘basement pch{ytotro
process membrane vesicles

Brain capillary Peripheral capilla

Endothelium
with tight juncthns

nucleus —

lumen

icytes
dothelial cell  astrocytic endfeet Pericy



astrocyte - mouse

Astrocytes (Il)

» Astrocytes have multiple processes and form perivascular feet
that completely enclose all capillaries and ensure blood-brain

barrier intact.

Neuron

Perivascular feet

Astrocyte

A

Astro membranes/astro 3 -
nucleus/neurons Astro membranes/tracheal cell

M.R. Freeman, Cold Spring Harb Perspect Biol, 2015
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astrocyte - mouse

Astrocytes (Il)

» Astrocytes have multiple processes and form perivascular feet
that completely enclose all capillaries and ensure blood-brain

barrier intact.

Neural
parenc h\"”l(!

Astrocyte

functional -

barrier

Non-neural -

tissue

a Perivascular b Perimeningeal

Astrocyte

Neuron

Astrocyte
endfoot

DN ON O

'\"Biloodstream Pial fibroblast Macrophage

@ Myeloid cell LY\ & &
- - .
T cell {i ) f(l.L(;irobrospinal Collagen

; |

Tight junction Arachnoid fibroblast
Endothelial cell

Blood vessel ,\4ex‘ninges

M. Sofroniew, Nature Reviews Neuro, 2015



astrocyte - mouse

Astrocytes (l1)

 Astrocytes, which are communicating across vast distances in
the brain and spinal cord to shape neural activity via extra-synaptic
means.

Fruit fly astrocytes

Mouse astrocytes

Astro membranes/astro Astro membranes/synapses

nucleus/neurons

uptake

Dendritic
spine

Astrocyte/synapses

M.R. Freeman, Cold Spring Harb Perspect Biol, 2015 Eroglu and Barres, Nature reviews, 2010



Astrocytes (lll)

* Astrocytes, which are communicating across vast distances in
the brain and spinal cord to shape neural activity via extra-synaptic
means.

inhibitory v e | excitatory
neuron neuron

astrocytic
process

astrocyte - mouse

Postsynaptic neuron




Astrocytes (lll)

 Astrocytes, which are communicating across vast distances in
the brain and spinal cord to shape neural activity via extra-synaptic
means.

Presynaptic
Neuron

astrocyte - mouse




Neuromodulators utilize astrocyte calcium waves to alter circuit activity and behavior
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Ma et al., Nature, 2016



Response index

Response fraction

Neuromodulators ut|I|ze astrocyte calcium waves to alter circuit act|V|ty and behawor
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Astrocytes (l1)

 Astrocytes, which are communicating across vast distances in
the brain and spinal cord to shape neural activity via extra-synaptic

means.
Fruit fly astrocytes

A

Astro membranes/astro
nucleus/neurons

astrocyte - mouse

Astrocyte/synapses

M.R. Freeman, Cold Spring Harb Perspect Biol, 2015




Astrocyte regulation of synaptogenesis and modulation of inhibitory synaptic signaling
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Microglia (I)

ot r e W A B/ S O * Microglia, which play important roles in synaptic
; \ . -4."“". » - '.lf. ~.. \w 7 . . .
e 5 i - e pruning during development, and have a protective
P Sl e, A B B A | phagocytic immune-related function.

Microglial cell

microglia



Microglia in resting brain

Davalos et al, nature neuroscience, 2005

Microglia (I)

Microglia, which play important roles in synaptic
pruning during development, and have a protective
phagocytic immune-related function.

Neuropetides

(x-MSH, VIP, PACAP) \/

B-adrenergic agonists __——

(norepinephrine)

Adenosine

Prostaglandins (PGE,, 15d-PGJ,)

Astrocyte

Activating signals

Antigen presenting function
* (MHC, CD40, CD86 molecules)

4 Cytotoxic function (02", NO)
4 Chemokine production

* Cytokine production
(TNF, IL-1, IL-12)

+ Leukocyte recruitment
v Th1 activation

$ Macrophage activation

4 Neuroprotection ( ¢ apoptosis)




Microglia + LPS application
-

Nimmerjihan et al., Science 2005

Microglia (I)

* Microglia, which play important roles in synaptic
pruning during development, and have a protective
phagocytic immune-related function.

Activating signals

TGF- Antigen presenting function
' \/ Microglia v (MHC, CD40, CD86 molecules)
S cs $ Cytotoxic function (02, NO)

-MSH, VIP, PACAP ,, '
3 ) T } 4 Chemokine production

B-adrenergic agonists __———f

(norepinephrine) * Cytokine production

(TNF, IL-1, IL-12)
Adenosine

Prostaglandins (PGE,, 15d-PGJ,)

+ Leukocyte recruitment
v Th1 activation

Astrocyte * Macrophage activation
strocy

4 Neuroprotection ( ¢ apoptosis)




Microglia (I)

* Microglia, which play important roles in synaptic
pruning during development, and have a protective
phagocytic immune-related function.

o
T Activating signals
—
D
o
D
&)" nting function
n TGF- Antigen prese
d Microglia v (MHC, CD40, CD86 molecules)
Neuropetides , 4 Cytotoxic function (027, NO)
Ak R, RAGRE) Sy 4 Chemokine production
p-adrenergic agonists — i S Cytokine production
(norepinephrine) v (TNF, IL-1, IL-12)
Adenosine
Prostaglandins (PGE,, 15d-PGJ,)
A ' v Leukocyte recruitment
v Th1 activation
$ Macrophage activation
Astrocyte

4 Neuroprotection ( ¢ apoptosis)

Glial response and
axon debris removal.

Freeman et al, Neuron 2003
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Microglia (Il)

Microglia, which play important roles in synaptic

pruning during development, and have a protective
phagocytic immune-related function.

The Multiple Activities of the
Complement System

OPSONIZATION

Bacteria “
Complement ¢

By /
g,
[

\ A 4
<4

@

Farget cell Phagocyte

ACTIVATION OF INFLAMMATORY CLEARANCE OF
RESPONSE IMMUNE COMPLEXES

Complement (6 )
! AL b M A
receptor

complex

B
Degranulation 12

EXtravasation

f«d

lissue
Blood

Phagocvie

Serum complement proteins and membrane-bound complement receptors partake in a
number of immune activities: lysis of foreign cells by antibody-dependent or antibody-
independent pathways; opsonization or uptake of particulate antigens including bacteria, by
phagocytosis; activation of inflammatory responses; and clearance of circulating immune
complexes by cells in the liver and spleen. Soluble complement proteins are schematically
indicated by a triangle and receptors by a semicircle; no attempt is made to differentiate
among individual components of the complement system here.

Schafer et al, Glia 2013



I

microglia

Microglia (Il)

Microglia, which play important roles in synaptic

pruning during development, and have a protective
phagocytic immune-related function.

Models of microglia-synapse interactions in the CNS
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Schafer et al, Glia 2013



Microglia engulf presynaptic elements undergoing active synaptic pruning

Schafer et al, Neuron 2012



CR3/C3-dependent signaling regulates engulfment of synaptic inputs by microglia)
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Glia and the brain

oligodendrocytes

astrocytes




Forebrain Engraftment by Human Glial Progenitor Cells Enhances
Synaptic Plasticity and Learning in Adult Mice
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Han et al. Cell Stem Cell, 2013
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Neuroglia roles in
nervous system, disease,
and degeneration



- — Cell type Cytokine Cytokine function
ype of stimulus

——_—_——\

Neuron
Hypoxia/anoxia, N

glucose deprivation, e - ) M-CSF P Microglia/macrophage activation
axotom g -~ :
y ) B chemokines Microglia/macrophage recruitment
f :

and activation?

Stressed/damaged
cells 2
p-amyloid IL-1, TNF Inflammation, tissue damage ang
X < 2 ir
Viruses, bacteria, ATP reRa
parasites ? . lia Acute phase response, inflammation
Microg IL-6 glia activation '
Pathogen-related Downregulation of inflammation,
molecules (LPS, Pattern recognition TGF-p neuroprotection, tissue repair
bacterial DNA) ————» receptors (TLRs, D
CR3, mannose R) <

IL-10 Downregulation of inflammation,
3 neuroprotection

N
< IFNy FeR Stimulation of cell-mediated i
( T“ (T IL-12, IL-15, IL-18 ; immune
cel

2 \Ueen) A A Antibody

response

Immune system Chemokines Leukocyte recruitment

A Glia activation?
(cnx 4 4
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Antiviral activity

Viruses Astrocyte IL-6 Acute phase response, inflammation,
glia activation

> TGF-p Downregulation of inflammation,
T neuroprotection, tissue repair

M.:-)croppagesl IL-1B TNF - X P! p

microglia \'ﬂ* M-CSF, GM-CSF Microglia proliferation/ activation
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bFGF, PDGF

o —

Nerve injury Schwann cell IL-6 _’ Acute phase response, inflammation
Chemokines —-} Leukocyte recruitment

TGF-B NE* i) TGF-g —-} Downregulation of inflammation,
| ) T y neuroprotection
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microglia &= NGF, BDNF, GDNF, LIF _} Neuroprotection, nerve repair
CNTF




Diabetes: diabetic peripheral neuropathy disorder

Mononeuropath
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Schizophrenia
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Sekar et al. Nature, 2016



Autism Spectrum Disorders (ASD)

Physiological Conditions Pathological conditions
ASD

. : ; TNFa
Reactive microglia
@® Glutamate

_ . fill CX3CR1
Microglia m’
B MEGF10

MERTK .
& BONF @ Cytokines

Gliotransmitters (glutamate, D-serine, growth factors)

Synaptogenic factors (thrombospondins 1-5,
hevin and glypicans)

PROINFLAMMATORY MOLECULES
TNFa, IL-B, IL-6, IL-2, IL-10

>

Neuron Neuron

Astrocyte Reactive astrocyte

Petrelli et al. Front. Cell. Neurosci., 2016



Alzheimer’s disease

Normal older adult Normal older aduit AD patient
Low amyloid and tau High amyloid and tau High amyloid and tau

s P | 'J
Tau | é;‘ ;“.". h‘ Iﬁ Su::é

Ny

Shown are PET scans that track tau (top row) and beta-amyloid from two normal older people and one patient with Alzheimer’s
disease (AD). The normal older adult on the left has no brain amyloid deposition and minimal tau in the medial temporal lobe. In the
normal older adult in the middle, amyloid deposition is present throughout the brain, and tau has spread out into the temporal
cortex. In the AD patient, both amyloid and tau are spread through the brain. (Image by Michael Schéll)
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Alzheimer’s disease

Healthy control Patient with Alzheimer’s disease

Inflammatory Neuronal

§ Microglial activators
trigger (laminin, MMP3, ae-synuclein, death/damage

l Slébqranre P neuromelanin)
A

LPS
il Reactive microgliosis

4 Self-perpetuating ?
neurotoxicity
Microglial activation MPTP/MPP* T

Neurotoxic factors Glutamate
(PGE., IL-1B8, TNFor, NO, NOO )
Q. HO,) Direct
S Ll neurotoxic
insult

Binding potential
0 1

Nature Reviews | Neuroscience Nature Reviews | Neuroscience

Block et al. Nature Reviews Neuroscience, 2007



Alzheimer’s disease

Healthy control Patient with Alzheimer’s disease Inflammatory Microglial activators Neuronal

(faminin, MMP3, a-synuclein,
Substance P neuromelanin)

A

LPS
il Reactive microgliosis

trigger death/damage

Self-perpetuating
neurotoxicity
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Activated

Diffusion
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of toxic factors
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Microglia respond to traumatic brain injury

Microglia show rapid response in the adult mouse CNS after a laser kills neurons at the surface of the brain

Microglia in resting brain Microglia after laser injury

Davalos et al, nature neuroscience, 2005



Microgliosis induces secondary wave of degeneration after injury

Microglia after laser injury
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Microgliosis induces secondary wave of degeneration after injury

Mlcroglla after mechanlc&njury
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Microgliosis is induced by ATP

Microglia after ATP application
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Microgliosis is induced by ATP

Microglia after ATP application
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e Where is the balance between beneficial and
detrimental glial activation?



e Where is the balance between beneficial and
detrimental glial activation?

 What is the basic biology behind glial activation?



Activating engulfment function in Drosophila

antennal
lobe




Antennal and maxillary palp ORNs innervate distinct glomeruli

antennal
lobe

adult antennal lobes: home of the olfactory system



Antennal and maxillary palp ORNs innervate distinct glomeruli

Curtsey of Dr. Xuejun Sun

~
~

-

~44 antennal ORN innervated
~6 maxillary palp ORN innervated

OR85e-mCD8::GFP

|
|
|
|
|
|
|
|
;
(olfactory neuron axons) |
;
|
|

adult antennal lobes: home of the olfactory system



Drosophila glia respond morphologically to ORN axon injury

degenerating
antennal projections
Uninjured engulfing

Antennal Lobe - \ glia
After antennal /J5ai 85, \ ;

7N ablation .
2@ ) 89 K
antennae \ ) : '
(ﬁ' & “ Oo intact maxillary
\ \ S 4

maxi Iﬂy ~— palp projections

palp
w After maxillary intact antennal
&// palp ablation puo;uuons

Adult Injury Model Q \

degenerating maxillary —* \OQ

palp projections

control 1 day after antennal ablation 1 day after maxillary palp ablation

MacDonald et al., Neuron 2006



Glia and Draper both localize precisely to severed axons after injury
ORN injury results in Draper localizing to severed axons

Draper co-localizes with glial membranes responding to severed axons

1 day after maxillary palp injury
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Glial Draper essential for glial response and engulfment of axon debris

1
glial membranes

Days after maxillary palp injury
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Severed ORN axons are cleared from the CNS within 5 days
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MacDonald et al., Neuron 2006



Drosophila CNS glia surround and invade glomeruli

M"e‘asheathing

B glial nucleus
@ neuropil
0 neuronal cell body

All Glia = repo-Gal4
Ensheathing glia =
MZ0709-Gal4 or TIFR-Gal4

GAL4 >

UAS Target e

(such as GFP)

Doherty et al. J. Neuro, 2009



Steps for successful axon engulfment by glia




Engulfment Steps: Glial Activation

~ 1 hour

Step 1:
Glial Activation

*Recognition



Engulfment Steps

~ 6-12 hours

Step 1:
Glial Activation

*Recognition
*Up-regulate
engulfment proteins

- Glial Activation



Engulfment Steps
~ 6-12 hours

Step 1:
Glial Activation

*Recognition
*Up-regulate
engulfment proteins
*Change morphology

- Glial Activation



Engulfment Steps: Glial Activation
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. L4 LR -

Glia membranes

Glial Activation ‘Glia merhbranes

*Recognition
*Up-regulate
engulfment proteins
*Change morphology



Engulfment Steps: Phagocytosis

1 day after injury
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Glial Activation

*Recognition
*Up-regulate
engulfment proteins
*Change morphology

1-5 days after injury

Step 2:
Phagocytosis

*Internalize debris



Engulfment Steps: Phagocytosis

1-5 days after injury
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Ziegenfuss et al., Nature Neuroscience 2012



Engulfment Steps: Phagocytosis

1-5 dayS after injury ) e ﬁ’ Glia membranes
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*Internalize debris

*Degradation

Ziegenfuss et al., Nature Neuroscience 2012



Engulfment Steps: Phagocytosis and Termination of response

1 day after injury

Step 1.
Glial Activation

*Recognition
*Up-regulate
engulfment proteins
*Change morphology

1-5 days after injury

Step 2:
Phagocytosis

*|Internalize debris

*Degradation

5-10 days after injury

N

Step 3:
Termination

*Down-regulate
engulfment proteins

*Return to resting
morphology



Injury induced changes in glial morphology and Draper require Shark

no injury maxillary palp ablation (day 1) antennal ablation (day 1)
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Severed axons are not cleared from the CNS in shark RNAI flies

shark®VA driven with pan-glial repo-Gal4

maxillary palp ablation
no injury day 1 day 3 day 5

Ziegenfuss et al. Nature, 2008



What happens to severed axons when activation is impaired?

Step 1:

ITA Glial Activation
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Draper is an ancient immunoreceptor with extracellular
domain(s) tuned to “modified self”

Fc receptors (FcyRIIA)

.

O

ITAM !
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glial activation "‘% "Gop engulfment transcription

Ziegenfuss et al. Nature, 2008



Glia devoid of Crk or dCed-12 still respond but fail to eat axon debris
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Ziegenfuss et al., Nature Neuroscience 2012



Glia devoid of Crk or dCed-12 fail to degrade axon debris

Lysotracker:

days after injury in control
no injury 3
Z-stack
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GEF activity essential for phagocytosis of axon debris
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Step 1. Activation

Axon injury

}

Axonal debris

Summary of glial engulfment signaling to date

Draper |

Step 2. Glial membrane recruitement
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