
GLIA



Neurocentric vision…..



Developmental origin





• housekeeping functions necessary to 
maintain neuronal function,

• actively shape synaptic function
• neural precursors in adult neurogenic

regions

Types of glial cells: astrocytes



• Produce and release neurotrophic factors (NGF, CNTF, IGF, TGFβ, 
βFGF)
• Store glycogen as an energy source
• Regulation of composition of the extracellular space(K+, ATP, H+)
• Uptake and degradation of glutamate
• Active role in communication
• spontaneous Ca2+ waves
• glutamate release → neuronal activation
• Promote synapse formation and function

Astrocytes regulate extracellular environment

Glial fibrillary acidic protein (GFAP)



GFAP, a class-III intermediate filament, is a 50kDa protein which is
found in the mature and developing astrocytes

Glial Fibrillary Acidic Protein (GFAP), The Most
Popular Astrocyte Marker



Largest cell bodies among glia cells
Many processes “star-like”
Protoplasmic astrocytes occupy restricted and independent 
territories
‘End feet' contact capillary endothelium
Line the exterior surface of the CNS, (glial limitans)

Astrocytic Morphology



Functions of astrocytes

• Synthesis of extracellular matrix proteins, 
adhesion molecules and trophic factors

• Angiogenesis, BBB
• Extracellular ion buffering
• Glutamate and GABA uptake
• Metabolic support
• Detoxification and immunity



• Sensing neuronal activity
• Calcium dynamics
• Neurovascular unit
• Control of vascular tone
• Dynamic control of synaptic structure and 

function

Functions of astrocytes



Functions of astrocytes



Organization of Neuroglia tissue 

Astrocytes

– are more numerous than neurons

– have processes which associate 
with synapses

– seem to be required for various 
aspects of neural development, 
maintenance and neural dynamics

Nedergaard et al., TINS 26, 523 (2003)



Astrocytes

Astrocytes are connected by gap 
junctions thereby forming a syncytium 
that is able to propagate signals for large 
distances

V. Parpura, UC-Riverside
glial fibrillary acidic protein (GFAP)
tagged with antibody.



Gap junctions
• Homocellular
• Heterocellular

Astrocytes are highly connected
Panglial syncytium



Astrocytes contact virtually every cell component in the brain
• Other astrocytes (gap junctions)
• Ependymal cells
• Neurons (somas, processes, synapses)
• Oligodendroglia
• Capillary endothelial cells

Gap junctions



Gap junctions



Gap junctions



Astrocyte network

protoplasmic astrocytes of the grey matter occupy very
restricted and independent spatial territories.



Astrocytes as Modulators of 
Synaptic Information Transfer



Extracellular ion buffering



Extracellular ion buffering
• Astrocytes buffer excess K+ ions (intense neuronal

activity)
• Distribute ions in the syncytium (spatial buffering)
• Extrude them into the interstitium or perivascular

space (then to blood flow)

• Passive transport ( KIR, transporters)
• Active transport (Na/K ATPase)



Extracellular ion buffering



Regulation of extracellular glutamate
concentration



Regulation of extracellular glutamate
concentration

• Prevent contamination by non synaptic glutamate
• Remove glutamate form synaptic cleft
• Provide rapid replenishment

• Activated by synaptic glutamate
• Transmitter time course
• Reliability of synaptic transmission



Syntesis of glutamate at synapses



Regulation of extracellular glutamate
concentration





Regulation of extracellular glutamate
concentration



Regulation of extracellular glutamate
concentration



Glutamate Transporters



Excitatory Amino Acid Transporters



Excitatory Amino Acid Transporters





Astrocytes control synapse
formation



Astrocytes control synapse
formation

Control of Synapse Number by Glia
Erik M. Ullian, Stephanie K. 
Sapperstein,
Karen S. Christopherson, and Ben A. 
Barres Science 2001





Astrocytes promote synaptogenesis

Spontaneous synaptic activity in purified 
RGCs cultured in the absence (left) or 
presence (right) of glia. (A) Scale bar, 50 µm. 
The density of neurons was similar in both 
cultures. (B) Whole-cell patch-clamp recordings 
of spontaneous EPSCs HP-70 mV Science Vol. 277, 1684 

Pfrieger and Barres 



Astrocytes promote synaptogenesis



The new concept of Gliotransmission



Astrocytes are Ca2+- excitable
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Cultured rat hippocampal astrocytes  Cornell-Bell et al. Science, 247, 373 (1990)



Astrocytes are Ca2+- excitable





Intracellular Calcium handling

Positive feedback via CICR - excitable dynamics



Calcium Induced Calcium Release



Astrocyte network



Astrocyte network



Intercellular Ca2+ Waves
(Cornell-Bell et al., M. Sanderson, A. Charles)

Speed: ~20µm/s

Range: a few hundred µm

Time scale: seconds to minutes



•Direct intercellular diffusion of IP3
•Regenerative release of diffusible extracellula messenger
•Diffusion
•Involvement of neurons, oligodendrocytes and microglia

Intercellular Ca2+ Waves
(Cornell-Bell et al., M. Sanderson, A. Charles)



The new concept of Gliotransmission



The new concept of Gliotransmission



Neurotransmitter/Gliotransmitter release from 
astrocytes

Non vescicular release
•Reverse transport
•Volume activated anion channels
•Hemichannels

Vescicular release
•Astrocytes possess all the main proteins involved in exocytosis, 
vescicular glutamate transporter (VGLUT)
•Source of Ca2+
•Slower than in neurones



Transmitter Target
receptor

Actions

Glutamate NMDA Synchronous depolarization

Kainate Increases miniature postsynaptic current frequency

mGlu Increases probability of release and AMPA-receptor-dependent miniature
postsynaptic current frequency

ATP P2X Insertion of AMPA receptors into postsynaptic site

P2Y Paracrine actions in astrocytic Ca2+ waves in cultures

A1 When degraded to adenosine results in suppression 

d-Serine NMDA Increases NMDA-dependent synaptic transmission, important for the induction
of LTP in many brain regions

Gliotransmission: the release of various 
chemical transmitters from astrocytes



Astrocyte - Neuron Communication



Astrocyte - Neuron Communication



•Astrocytes enwrap synaptic structures
•Specialized appendages
•Indipendent compartments
•Tripartite synapse
•Neuronal-glial synapses

Astrocyte - Neuron Communication



The tripartite synapse

From Fields, Scientific American



The tripartite synapse



The tripartite synapse



Neurons talk to Astrocytes

mGluR

Tripartite Synapse 
(Araque et al. Trends Neurosci 22 (1999))

Fellin et al., Physiology 21, 208 (2006)

Astrocyte processes enwrap synapse



Astrocyte sense neuronal activity

Stimulation of neuronal fibres induce Ca2+ signals in astrocytes
Isolated compartments
Plasticity (frequency)

Bergmann glia at parallel fibers-Purkinje neurons synapses



Gliotransmission: the release of various 
chemical transmitters from astrocytes



Astrocytic processes may contain synaptic-like vescicles













Astrocytic domains



Astrocytic domains



Astrocytic Ca2+ signaling in vivo is organized in functional domains.

spontaneous

Activity-evoked

Astrocytic domains



Local neuronal 
Modulation
Single domain

Widespread neuronal 
Modulation
Multiple domains

Astrocytic domains



Astrocytic domains



Astrocytic domains



Astrocytes talk back to Neurons 
through the release of glutamate

Micro-island: neuron on astrocytes (culture) 
Parpura & Haydon, PNAS, 97 (2000) 

In slice: Fellin et al. , Neuron 43 
(2004) 



Glutamate released from presynaptic terminals and 
from astrocytes acts on distinct NMDA receptors.





Reciprocal Communication

• Astrocytes detect released 
neurotransmitter, e.g. glutamate, by 
appropriate receptors

• This leads to an activation of the calcium 
signaling pathway
– IP3 levels go up
– Calcium is released from internal stores
– May propagate intra/intercellularly



Effects on the synapse

• Reduced amplitude of EPSC’s
• Increased spontaneous releases

– Depends on presynaptic mGluR and AMPA receptors
– These are connected through the existence of a vesicle pool (that 

can become depleted)
• Increases fidelity of “weak” synapses
• There are also effects on the soma which will not be taken 

into account here, but are needed for a treatment of the 
full network.



Astrocyte-derived signals act both presynaptically and 
postsynaptically to regulate synaptic transmission





Astrocyte-derived signals act both presynaptically and 
postsynaptically to regulate synaptic transmission



Enhanced Spontaneous Activity due to Astrocytes

Liu et al. , PNAS, 2004

•Astrocyte is loaded with caged 
Ca2+

•Upon photolysis, astrocyte 
released glutamate causes 
enhanced spontaneous activity.

•Leads to probability of current   
events (y axis) to shift to the 

left.



Extracellular ion buffering and neuronal activity



Extracellular ion buffering and epileptic activity



Astrocyte calcium signaling: the third wave



Modulated synapse

Input spike train

Glia calcium level

Synapse coupling factor

Postsynaptic current



Synchronous Firing Groups- Astrocytic 
Regulation of Neural Networks

During a calcium wave, the 
synaptic environment changes 
dramatically. The astrocytic calcium 
wave reduces Ca2+ in the cleft. 
Decreased [Ca2+] in the cleft 
inhibits further neurotransmitter 
release, despite the arrival of 
action potentials. Only with 
termination of the astrocytic 
calcium wave will Ca2+ return to its 
original level in the synaptic cleft 
allowing neurotransmitter release 
at high levels. 



Synchronous Firing Groups- Astrocytic 
Regulation of Neural Networks

By simultaneously regulating 
neurotransmission in all of the 
synapses an astrocyte has 
enveloped, the astrocytic calcium 
wave may coordinate synapses into 
synchronously firing groups. Thus, 
all of the synapses enveloped or 
partially enveloped by an astrocyte 
may be within that astrocyte's 
domain of synaptic influence. In 
effect, one group of neurons could 
possibly influence another distant 
group of neurons through strictly 
astrocytic pathways. 



Synchronous Firing Groups- Astrocytic 
Regulation of Neural Networks

The implications of this are 
enormous; entire models of 
cognitive functioning could 
possibly be infuenced by these 
astrocyte to neuron 
communications.



Pan astrocytic network….



Pan astrocytic network….



Astrocytes and brain homeostasis: 
regulation of blood flow



Astrocytes and brain homeostasis: 
regulation of blood flow



Astrocytes and brain homeostasis: 
regulation of blood flow



• Astrocytes take up glucose from the blood capillaries via glucose
transporters (GLUTs). 

• In astrocytes, glucose is either stored as glycogen or metabolized to 
pyruvate in the glycolysis. 

• Pyruvate is then converted to lactate by the oxidoreductase lactate
dehydrogenase (LDH) isoform 5 (LDH5). 

Astrocyte-Neuron Lactate Shuttle



• The lactate is transferred from astrocytes to neurons by the 
monocarboxylate transporters (MCTs) MCT1, MCT2, and MCT4 in 
cotransport with a proton. 

• MCT transport activity was found to be facilitated by interaction with 
the carbonic anhydrases (CAs) CAII and CAIV, which catalyze the 
equilibrium of H+, HCO3

– and CO2 both intra- and extracellularly, and 
by the activity of the electrogenic sodium-bicarbonate cotransporter
NBCe1. 

Astrocyte-Neuron Lactate Shuttle



• In neurons, lactate is converted back to pyruvate by LDH1 and 
transferred into mitochondria for aerobic energy production in the 
tricarboxylic acid cycle (TCA). 

• In addition, glucose is directly taken up into neurons where it can 
either serve as energy source in the glycolysis or is shuttled into the 
pentose phosphate pathway (PPP) for production of NADPH and 
cellular building blocks like ribose-6-phosphate.

Astrocyte-Neuron Lactate Shuttle



Activity-Dependent Astrocyte-Neuron Lactate Shuttle



Activity-Dependent Astrocyte-Neuron Lactate Shuttle



As  Neural activity increases   there is an   increased   Energy 
requirement

To solve this…

Astrocytic uptake of Glutamate leads to>    ADP leads to>      
Glycolysis within Astrocytic endfeet which finally leads to> Lactate
delivered to neuron

=Energy demand met! But what about OXYGEN? Waste? Other 
nutrients? 

With increased neural activity, there MUST be an increase in LOCAL 
CIRCULATION OF BLOODFLOW

Astrocytes and brain homeostasis: 
regulation of blood flow



Astrocytes and brain homeostasis: 
regulation of blood flow Astrocyte intracellular Ca2+ elevations

trigger release of vasoactive molecules. 
(1) PLA2 is activated by Ca2+ and converts
phospholipids (PL) to AA. AA is
metabolized in astrocyte endfeet to 
PGE2 (by COX) or EET [by cytochrome
P450 epoxygenase (epoxy)] which dilate
arterioles, or AA can diffuse to smooth
muscle where ω-hydroxylase (ω-HY) 
converts it to 20-HETE and causes
constriction. (2) K+ is released from 
astrocyte endfeet through BKCa, and the 
amount of K+ released is directly
proportional to astrocyte Ca2+ level. K+ is
taken up into smooth muscle through
Kir and causes dilation at low 
concentrations and constriction at high 
concentrations. (3) HO is activated by 
Ca2+ and produces CO, which diffuses to 
smooth muscle and triggers dilation.



Neuron-to-astrocyte signaling is central to the 
dynamic control of brain microcirculation

Zonta et al., 2003

Neural Activity

Ca++ propagation throughout 
astrocytic syncytium
[Ca++] at endfeet attached 
to endothelial cells
Vesicular release of prostanoids 

Relaxation of capillary walls; 
decrease in vascular tone
Bloodflow



Neuronal synaptic activity can act through the 
astrocyte network to regulate the 
cerebrovasculature.



Control of vascular tone



Astrocyte/capillary
interactions: foot process



Isolation and Culture of Mouse Cortical Astrocytes



Debriefing on Astrocytic
functions



Just remind that….



Human Astrocytes

Distinct classes of human astrocytes are 
located within different layers of the cortex.

Interlaminar astrocytes (light blue) layer 1; 
send long fibers terminating in layers 3 and 
4. 

Protoplasmic astrocytes (dark blue) layers 
2–6, varable size. Organized in domains 
associated with neurons and blood vessels. 

Polarized astrocytes (pink) layers 5–6  
extend long processes,with varicosities 

Fibrous astrocytes (green) white matter are 
not organized in domains. 
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