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Glia
- Long been neglected

- Name originated from “glue”

- But far more functions than just “glue”

Drawing from Santiago Ramon y Cajal



Glia/neuron ratio
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More glia to neurons in bigger brains . Glia to neurons is 1 to 1 in human



Type of glia

1) Astrocytes

Microglial cell

2) Oligodendrocytes
3) Microglia

Astrocyte

4y Ependymal cells

4
A )
.\
\ %
\ !\':-' 2
‘:5.\""‘1»
g Q‘ \ SR
I} R
( 4 —
\Q

Ependymal cells K g ) Oligodendrocytes

© www.cnx.org



Type of glia
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Origin of glia
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Ernst Haeckel: embryogenesis often recapitulates evolution

Who appeared first in evolution?



Until recently glia was thought to be homogeneous

A

Somatosensory Cell capture
cortex (S1) Whole tissue A
cell suspension ¢\

Biclustering

~ Single-cell

.‘ RNA-seq 3,005 cells
> > 9 classes
47 subclasses

Hippocampus
CA1

B

9 classes Thyt Gad1 Tbr1 Spink8

¢ .' &t K2’

&) Sl S Vs ¥
D fen Sam 0% A
Tt *. \ S ST R R
Sae e N e W

Cell types in the mouse cortex and hippocampus in juvenile mice (21-21 days) revealed by single-cell RNA-seq.

Zeisel A et al, Science. 2015, 347:1138-1142.
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1) Astrocytes

Astrocyte




1) Astrocytes Blood-brain
barrier

-4

Astrocyte e

. , h

Blood vessel

Brain
clean-up



1) Astrocytes Synapse Control of Blood-brain

biogenesis neurotransmission barrier

Gliotransmission
Synapse

QD
Astrocyte -y

o 4
Blood vessel

Neuron

Generation of Brain
new neurons clean-up



1) Astrocytes Synapse Control of Blood-brain

biogenesis neurotransmission barrier

Gliotransmission
Synapse

~
Astrocyte -]

‘-

Blood vessel

Neuron

Generation of Brain

new neurons : clean-up
Neuron metabolic support

Blood flow regulation
lon homeostasis



Morphologies of astrocytes

Pia mater

Molecular layer

Grey matter

Granular layer

White matter

Subependymal zone

Ependyma

microvilli Ventricle

General classical subdivision — fibrous astrocytes in white matter, protoplasmic in grey matter



More complex astrocyte morphology in primates
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Human astrocytes in mouse brain

Forebrain Engraftment
by Human Glial Progenitor Cells Enhances
Synaptic Plasticity and Learning in Adult Mice

Xiaoning Han,'2 Michael Chen,'2 Fushun Wang,'? Martha Windrem,'®* Su Wang,'-® Steven Shanz,'® Qiwu Xu,'-2
Nancy Ann Oberheim,’2 Lane Bekar,'-2 Sarah Betstadt,* Alcino J. Silva,® Takahiro Takano,'? Steven A. Goldman,'23*

and Maiken Nedergaard'-2:3*

Enhancement of mouse learning



Astrocytes are connected through gap junctions

A Gap Junctions
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Tracer/dye injected in one astrocyte
appears in other interconnected astrocytes



Regulation of extracellular K+ concentration and energy supply

- The generation of the electric signal results in increasing
accumulation of K+ in the extracellular space, that is rapidly

buffered by astrocytes

- Astrocytes can accumulate glycogen (polymers of glucose)
for rapid energy supply in the form of lactate to highly active

neurons

-> Astrocytes can “sense” when neurons are active
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The tripartite synapse

- Astrocytes processes are intimately associated with synapses

- Involved in neurotransmitter clearance through specific transporters (e.g., glutamate)

Presynaptic Postsynaptic
terminal terminal
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The tripartite synapse

- Neurotransmitter binding to astrocyte receptors leads to:
- Increase in calcium concentration
- Release of gliotransmitters (e.g., ATP, serine)

- Role in cognition!!!
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Specialized astrocytes mediate
glutamatergicgliotransmissioninthe CNS
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Unique subtype of astrocytes exocytosing glutamate



Astrocytes react to neuronal activity by intracellular calcium elevation

A = : B2o

E<4d

TRENDS in Neurosciences

Figure 3. Astrocyte Ca®* signaling in brain slices and in vivo. (a) Cajal’s drawing of the mammalian hippocampus (reproduced from an original drawing with permission of
the Instituto Cajal) and pseudocolor images from rat hippocampal slices representing fluorescence intensities indicative of astrocyte Ca®" levels before (—5 s) and after (5 s,
20 s) electrical stimulation of Schaffer collaterals. Scale bar, 10 um. (b) Two-photon microscopy images of the in vivo astrocyte Ca®* signal in the barrel cortex. Pseudocolor
images represent fluorescence intensities indicative of astrocyte Ca®* levels before (0 s) and after {9, 15 s) evoked by whisker stimulation. Scale bar, 20 pum. Reproduced,
with permission, from Ref. [33]. Note the astrocyte Ca” elevations evoked by electrical synaptic and sensory stimulation in hippocampal slices (a) and in vivo barrel cortex
(b), respectively.

Perea et al, Trends Neurosci, 2009, 32:421



Calcium waves in astrocytes

- Calcium waves propagate through a network of interconnected astrocytes

- Glia do not generate action potentials, but can send information (Ca2+)
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Calcium waves in astrocyte

Nature Reviews | Neuroscience

Through gap junctions

Through release of signaling molecules (ATP) activating nearby astrocytes



Regulation of blood flow according to synaptic activity
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Belanger M et al, Cell metabolism, 2011, 14:724
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Astrocytes sense neurotransmitter release
during synaptic activity

Astrocytes increase intracellular calcium and
free arachidonic acid

Astrocytes secrete prostaglandins and EETs
Blood vessels dilate

More oxygen and glucose from blood
Arachidonic acid can cause also

vasoconstriction — depending on oxygen
concentration



Role for astrocytes in memory formation

ARTICLES
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Astrocytes contribute to remote memory
formation by modulating hippocampal-cortical
communication during learning

Adi Kol', Adar Adamsky ", Maya Groysman’®, Tirzah Kreisel', Michael London > and
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Astrocytic Activation Generates De Novo
Neuronal Potentiation and Memory Enhancement
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Role for astrocytes in behavior

N\ Tryinghard _——— Givingup During unsuccessful swimming attempts:
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Integration of such signals by astrocytes over longer time

Astrocytes activate inhibitory neurons that block swimming

Radial
astrocytes

Neuron-Astrocyte-Neuron neural network!!!

Neurons

(O Failure detection
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Evidence accumulation
(radial astrocytes)

Behavioral suppression
(GABAergic neurons)

Mu Y. Cell, 2019



Adult neural stem cells are considered as a special type of astrocytes

Wall of lateral ventricle (LV) and Dentate Gyrus (DG) in hippocampus — areas of adult neurogenesis
Contain adult neural stem cells

Upon physical activity adult neurogenesis is enhanced



The Blood-Brain Barrier (BBB)

- Specialized structure preventing
the entry of toxins (and drugs...)
from the blood into the brain

- Composed of

- Astrocytes

- Basal membrane
- Endothelial cells
- Pericytes

© Expert Reviews in Molecular Medicine 2003
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The blood-brain barrier (BBB)




Pathways across the BBB

Paracellular aqueous Transcellular Transport proteins Receptor-mediated Adsorptive
pathway lipophilic transcytosis transcytosis

© Biomed Research International 2015



BBB dysfunction and consequences

Diseases BBB proteins and affected mechanisms

Alzheimer’s disease BBB disruption and permit peripheral IgG to brain. Decrease P-gp and accumulate amyloid-f in
brain [67].

Parkinson’s disease BBB disruption increases therapeutic agent concentration and reduces efficacy of Pgp [6].
Astrocytes secrete TGF that downregulates tissue plasminogen activator (tPA) and

Stroke . .
anticoagulant thrombomodulin (TM) [68].

Epilepsy Transient BBB opening and upregulation of multiple drug resistance (MRD1) Pgp [69].

Trauma Opening of BBB, release of IL-6 from astrocytes, and neuroinflammation [70].

HIV BBB T] disruption. Loss of glycoproteins and apoptosis of endothelial cell lead to increase
diameter of cortical vessels [71].

Infectious processes Increase CSF/serum albumin ratio. Bacterial lipopolysaccharides affect BBB TJ [72].

Breakdown of BBB TJ, overexpress folate, insulin, and transferrin receptor, and downregulation of
claudin 1/3 [73].

BBB breakdown due to MMP?9 release by neutrophils and degradation of occludin, claudins, and
JAM [74].

Brain tumours

Ischaemic brain oedema

© Biomed Research International 2015



Astrocytic response to injury

- Astrocytes can react to several brain insults - astrogliosis
- During stroke, hypoxia, Alzheimer’s, Parkinson’s, traumatic brain injury, etc.

- Characterized by strong GFAP upregulation, hypertrophy and proliferation

(a) Healthy tissue (b) Moderate astrogliosis (c) Severe astrogliosis

| Glial Scar lnflam.

TRENDS in Neurosciences




Astrocyte heterogeneity

Previously knowledge of astrocyte heterogeneity was limited

Are all astrocyte function mentioned before performed by a single astrocyte?



Single cell RNA-sequencing of astrocytes in
mouse cortex and hippocampus
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Different physiological properties of astrocytes

L Calcium wave activity differs in astrocytes of
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Spatial location of astrocyte subtypes
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ASTlﬁ’— ﬁature marginal astrocytes (next to pia and hippocampal SLM)
AST2 — mature cortical protoplasmic astrocytes

AST3 — mature cortical and hippocampal protoplasmic astrocytes
AST4 — hippocampal stem cells

. L . Batiuk et al., 2020
AST5 — possibly transitioning from immature to mature state



2) Oligodendrocytes

- Myelination in CNS and PNS
- CNS: Oligodendrocytes

- One oligodendrocyte can myelinate many neurons

Myelination in the Central
Nervous System

Myelination in the Peripheral
Nervous System

- PNS: Schwann cells

- One Schwann cell/neuron

© Pearson Education 2014



2) Oligodendrocytes

- Formation of myelin sheath

J Gregory 2015 I

Ensheathment Myelination

© Cell Press 2015



L
2) Oligodendrocytes

1 Myelination & myelin remodelling 2 Node f i
ode formation

Na* Na* Na*  Na*
i Na*
NaV1.2

- Myelination | 2

Brevican

- Functions:

NaV1.6

3 Node maturation & maintenance

- Node of Ranvier formation and maintenance

4 Neurotransmission

- Regulation of action potential conduction

5 Metabolic support

- Metabolic support

{ Dopamine, Glutamate, GABA

© Frontiers 2018



Saltatory conduction myelinated action
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. Neurons Astrocytes Oligodendrocytes
Oligodendrocytes and OPCs o e
development
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- Only mature oligodendrocytes produce myelin

- Myelination occurs after birth

- OPCs = oligodendrocyte precursor cells = NG2

glia
TE!/ 1 month 3 months 6 months 10 months 12 months 18 months
OPC specification Differentiation Myelination "
OPC Migration P / \
ou1n & proliferation o%

N2 2
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Human myelination finishes in the mid-late 20th

Why they giving a car to a teenager is a bad idea?



OPCs (NG2 cells)

Oligodendrocyte precursor cells (OPCs) remain in the brain as the main progenitor cell population

OPCs can proliferate and differentiate into oligodendrocytes during adulthood in response to stimulation
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Nishiyama et al., 2009; Dimou&Goetz, 2014



OPCs and “myelin plasticity”

OPCs generate oligodendrocytes

Sensory enrichment

In response to stimulation, and are needed for certain forms of learning
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Oligodendrogenesis and memory

Memory consolidation induces oligodendrogenesis

and myelination in the cortex

NG2/OPCs sense neuronal activity

4d
Eg‘ o @ through neuron-NG2 cell synapses
F{ecent Remote
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Reprogramming of NG2 glia

- OPCs (also referred to sometimes as NG2-glia) can also react to injuries and are being used as

vehicles for neuronal replacement therapies

Cortical stab wound
Sox2-GFP

/

;%i DK In vivo cell
B %{\ ’}{‘ ’fg %‘ Induced NEUN* reprogramming
neuron (Brain injury, AD,
PD, SCI)

Dimou&Goetz, 2014; Heinrich et al., 2014



Demyelinating diseases

- Multiple Sclerosis
- Autoimmune disease with not known genetic cause
- Numbness and weakness in limbs, unsteady gait
- Vision problems

- Slurred speech, fatigue

- Charcot-Marie-Tooth Disease

- Hereditary mutations in PMP22 gene (peripheral myelin

protein 22)
- Reduced myelination and functioning in motor neurons

- Muscle atrophy

© Merck 2020/ Central Coast Orthopedic Group
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3) Microglia

- Macrophages of the nervous system = immunological surveillance

- Become activated following aberrant protein processing (e.g. Alzheimer’s) and general

tissue damage (neurodegeneration)

Homeostatic functions in the CNS parenchyma

! ! !

Apoptotic cell/debris
Growth <
factors ‘
o

050
00
L\

- Support functions

Neuron

Neural development Tissue surveillance Aid oligodendrocyte Synaptic pruning
and phagocytosis myelination

© Nature Reviews Neurology 2019



Microglial cells have a different developmental origin

- Yolk sac macrophages colonize the

_ E9.5 E13.5 Newborn Adult
neural tube at ear|y stages (E9 in Netcoactibaikin | Steady state Brain | Inflamed Brain
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Microgliain action

Activated microglia
Dead neuron



Microglia activation

- Inflammatory response in the brain is mediated by
microglia, which turn into an activated state in the

presence of damage

- Activated microglia proliferate and release several

factors

- M1 activation: Pro-inflammatory

- M2 activation: Anti-inflammatory

© Frontiers 2018/AAAS 2020

a Physiological conditions
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* Maintenance of neuronal plasticity
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Microglia and neurodegenerative disorders

L P

Alzheimer’s disease (AD)

Extracellular AB aggregates * AB plaque formation triggers microglial activation

Intracellular Tau tangle formation * TBEMZ dependent m_icroglial efctivatior? . = @ _"
Hippocampal and cortical neurodegeneration * Higher ApoE expression in activated microglia d
* NLRP3 activation in microglia associated to plaque e 2 ‘
X Microglia associated to plaque ; ’
. _“ | Pl
Parkinson’s disease (PD) Resting microglia Activated microglia

Intracellular a-synuclein aggregates
Lewy body and Lewy neurites
Dopaminergic neurodegeneration

Frontotemporal dementia (FTD)

’ FTLD-Tau (Tau inclusions)
, FTLD-TDP (TDP43 inclusions)
p FTLD-FUS (Tau and TDP43 negative inclusions) APP/PS1

Neuronal degeneration

" Activated microglia

N

Progranulin
Neuron

Microglia

Dopaminergic L
neurodegeneration Y

function

Neurotrap§mission

* Neuronal dysfunction leads to microglial activation * Tau containing neurofibrillary-tangles triggers microglial response
* a-syn aggregates triggers mic;oglial activation : TMF;E:\:?::: a‘::ze;:'l:'; ?L%ifﬁ:::g::':ﬁ;e

*TLR2 and TLR4 activation conformation dependent ! !

* MHCIl upregulation in response to a-syn * Excessive complement system reaction Amyloid p| aque

Microglia

© Frontiers 2018/AAAS 2020



Role of microglia on synaptic pruning and memory

| PLX3397 S.orens | Lesion  ~ < et A Lesion + PLX3397
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Microglia mediates synaptic pruning

Rice et al., 2015; Wang et al., 2020



4) Ependymal cells

Derive from radial glia cells

Lining the ventricles

Celia-like appendixes

Function:

- Cerebrospinal fluid (CSF) movement

- CSF production (choroid plexus)
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@ Neurons

@ Neurons

@ Oligodendrocytes

@ Astrocytes

@ Astrocytes

Ependymal cells

Neuroepithelial
cells

Early ™ Late
radial glial cells g radial glial cells Neurons
“
Oligodendrocytes
. %,  olPC ¥ v
3
” SGZ radial frennnnnns@ ? Astrocytes
& S astrocytes '
San EEEEEEEEEEN SGZ radial
astrocytes
- Neurons
S nIPC
L]
%, "*easss@rnr0es@ ? Oligodendrocytes
% olPC

‘.
.
"'lluulll.?AstrOCYtes

Y
* ‘uojeydadualp
X2)102qNS ‘X110

2\
ZAS

Y
sndwe>oddiy

W=
Juokiquiy

\ e
INpy




Glial cells — Overview

Table 2. Glial Cell Types by location and Basic Function

direct neural growth,
induce blood-brain
barrier in CNS
(astrocyte only)

CNS
glia
Astrocyte Oligodendrocyte Microglia Ependymal cell
PNS glia Satellite cell Schwann Cell -- --
Maintain extracellular
environment, remove :
excess neurotransmitter Create myelin Immune surveillance Leat® and.cwcula.te
Functions ' and phagocytosis Cerebrospinal fluid

(CSF)
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