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óóWhat is the function of glial cells in neural centers? The answer is still not known, 

and the problem is even more serious because it may remain unsolved for many

years to come until physiologists find direct methods to attack itôô

Santiago Ramon-y Cajal (1909/1911)



, neural stem cells

Gliotransmission: synaptic

modulation
New role!



Human astrocytes are largeréé.

Oberheim et al., 2012

Methods Mol Biol. 814: 23ï45. 

doi:10.1007/978-1-61779-452-0_3



Astrocyteswrap around 
synapses and are in close 
contact with neurons:



Individual astrocytes occupy 

distinct domains

The intermingling of protoplasmic astrocytes in 

the hippocampal CA1 molecular layer was 

examined by filling adjoining cells with different 

coloured fluorescent dyes (Alexa 468, a green 

fluorescent dye, and Alexa 488, a red fluorescent 

dye) by microinjection. The discrete region of 

interaction of the fine terminal processes was 

revealed (yellow) by first blurring the images 

slightly (using a Gaussian blur filter) and then 

remapping the colour of the resultant area of 

overlap to bright yellow. This shows where the 

fine terminal processes of the adjoining 

astrocytes are closest to one another, although 

not actually overlapping. The óboundaryô of each 

astrocyte has a distinct surface that abuts 

neighbouring astrocytes. The long thin processes 

that extend from each cell shown in this figure are 

the ósiphonô  processes of the astrocytes, which 

end in sheet-like surfaces that line the adjacent 

blood vessel. Image courtesy of E. Bushong and 

M. Ellisman, The National Center for Microscopy 

and Imaging Research, University of California, 

San Diego, USA.

Volterra & Meldolesi , 2005

doi:10.1038/nrn1722



Astrocyte

domain 

organization in 

pathological

states

Oberheim et al., 2012



Astrocytes and brain homeostasis ï

regulation of blood flow

Å Numerous fine processes of 

astrocytes form close 

associations with capillaries 

and neurons.

Å Enhanced neuronal activity 

causes astrocytes to signal to 

blood vessels for regional 

increases in blood flow.

Å Results in enhanced delivery 

of oxygen and glucose to the 

active brain regions.



Spatial buffering by 

astrocytes.  This conceptual 

diagram indicates the 

pathways available for 

potassium ions to diffuse 

through the glial syncytium 

(light orange) subsequent to 

their release from neuronal 

membranes (dark orange) 

during neural acivity. 



Elimination of Glu and 

GABA from the 

intersynaptic space by 

astrocytes

Glu = glutamate

GS = glutamine sintethetase

Gln = glutamine



The new concept of 

ñGLIOTRANSMISSIONò

Astrocytes are now viewed as óexcitableô cells in the sense 

that, when activated by internal or external signals, they deliver 

specific messages to neighbouring cells ð an activity that has 

been called ógliotransmissionô.  However, astrocytes cannot 

generate action potentials. Their excitation, which is chemically 

encoded, can be revealed not by electrophysiology, as in 

neurons, but by assays of [Ca2+]i transients and oscillations.

Two main forms of astrocyte excitation are well 

documented: one that is generated by chemical signals in 

neuronal circuits (neuron-dependent excitation) and one 

that occurs independently of neuronal input (spontaneous 

excitation).



Cells are linked together by gap 

junctions

(Spacek, 2000)

When glial cells are coupled by 

gap junctions, calcium waves can 

spread from cell to cell in a 

continuous progresson

Astrocyte-astrocyte communication

Stimulation of one astrocyte can cause a calcium response in a subset 

of neighboring astrocytes, but not others, suggesting distinct networks 

of astrocytes.



Glial cells ñsenseò 

neuronal activity 

and respond to 

neurotransmitter 

molecules released 

during synaptic 

transmission by 

increasing 

intracellular calcium 

release

Fields & Stevens-Graham, 2002

Astrocyte-neuron communication



The tripartite 
synapse

Å Individual astrocytes can make 

contact with and ensheath 100s-

1000s of synapses.

Å Astrocytes possess many of the 

same neurotransmitter receptors as 

neurons.

Å Neurotransmitter release by neurons 

activates calcium-based signaling 

cascades in astrocytes.

Å Astrocytes then release neuroactive 

substances back to neurons to be 

used to make more 

neurotransmitters.

Å Also maintain appropriate ion 

concentration of extracellular fluid 

surrounding neurons by taking up 

excess potassiumEroglu and Barres, 2010

doi:10.1038/nature09612 )



ñGLIOTRANSMITTERSò

Petrelli & Bezzi 2016

http://dx.doi.org/10.1016/j.coph.2015.11.010 



Astrocytic 

processes may 

contain synaptyc-

like microvescicles

Volterra & Meldolesi, 2005

Perea et al., 2009

doi:10.1016/j.tins.2009.05.001



Precise intracellular machinery

involved in the release of glutamate, 

D-serine, and ATP from astrocytes.

Glutamate and D-serine are taken up 

into synaptic-like vesicles through (1) 

VGLUT and (2) vesicular D-serine 

transporters (VSERT), respectively. 

These synaptic-like vesicles fuse to the 

plasma membrane,  mediated by 

SNARE proteins including VAMP2 or 

VAMP3, in response to [Ca2+]i  

increase. In contrast, ATP is released

through secretory lysosomes. 

Storage of ATP  into secretory

lysosomes is achieved by (3) VNUT. 

Through the  interaction of SNARE 

proteins including TI-VAMP, ATP-

containing secretory lysosomes are 

Ca2+-dependently exocytosed. 

Moreover, the existence of other

release mechanisms has been

discovered: (4) reverse operation of 

plasma membrane glutamate

transporters, (5) cell swelling-induced

anion transporter (VRAC) opening, (6) 

release via P2X7  receptors, and (7) 

gap junction channels (hemichannels) 

on the cell surface of astrocytes. 

Harada et al., 2016

doi: 10.3389/fnins.2015.00499 



(synaptobrevin) (synapto

brevin)

Comparison of Ca2+-

dependent exocytosis

in neurons and 

astrocytes: SNAREs

proteins involved

Hamilton & Attwell, 2010

doi:10.1038/nrn2803



Purines receptors

Ionotropic Metabotropic

a | Non-exocytotic transmitter release can occur by reversal of plasma membrane glutamate (Glu) transporters

(excitatory amino-acid transporters (EAATs)), or (for glutamate, ATP and d-serine (d-ser)) by efflux through 

volume-regulated anion channels (VRACs), ATP-gated P2X purinoceptor 7 (P2X7) receptor channels or gap junctional 

hemichannels formed by connexins or pannexins.

b | Hybrid release mechanisms might occur if exocytotic release of ATP activates P2X7 and P2Y receptors. This will 

allow non-exocytotic transmitter release through P2X7 receptors and VRACs. VRACs are activated by cell swelling 

produced by the increase in intracellular Ca2+ concentration ([Ca2+]i) generated by the P2X7 or P2Y receptors. These 

non-exocytotic release mechanisms depend on the initial exocytosis of ATP, and so will be inhibited by preventing the 

[Ca2+]i increase.

Non-exocytotic and hybrid release mechanisms 

for gliotransmitters

Hamilton & Attwell, 2010



a | Modulation of neuronal excitability 

and synchrony by glutamate (Glu) 

release from astrocytes. Stimulating the 

Schaffer collateral input to area CA1 (top left) 

evokes glutamate release that triggers fast 

synaptic currents in CA1 pyramidal cells (top 

right), as well as an increase in [Ca2+]i in 

astrocytes mediated by type 1 and type 5 mGluRs. 

This releases glutamate from the astrocytes, which 

activates extrasynaptic NR2B subunit-containing 

NMDARs (shown in green) in nearby pyramidal 

cells, generating slow inward currents that 

enhance excitability and synchronize firing of 

these neurons (the two neurons on the right).

b | Glutamate release from astrocytes 

increases presynaptic glutamate release 

from neurons. A rise of astrocyte [Ca2+]i leads 

to glutamate release, which activates presynaptic 

NR2B subunit-containing NMDARs or group I 

mGluRs, increasing the probability of transmitter 

release (Pr).

c | Glutamate release from astrocytes, 
triggered by GABA activating astrocyte GABAB 

receptors (GABABRs), increases

presynaptic GABA release.

d | Heterosynaptic depression mediated

by astrocyte glutamate release. 
Stimulating the Schaffer collaterals evokes GABA 

release from hippocampal interneurons, which 

activates GABAB receptors on astrocytes. The 

resulting [Ca2+]i increase releases glutamate, 

which acts on presynaptic group IIïIII mGluRs to 

suppress glutamate release from other afferents.

e | NMDAR activation regulated by Ca2+-dependent release of d-serine from astrocytes. d-serine activates neuronal NMDARs by binding to the NR1 

subunit, thus controlling synaptic plasticity. In cultured cells, the [Ca2+]i increase that controls d-serine release has been shown to occur in response to the activation of 

astrocyte mGluRs, AMPARs or kainate receptors by glutamate.

f | Heterosynaptic depression mediated by astrocyte ATP release. Stimulating the Schaffer collaterals evokes GABA release from hippocampal 

interneurons, which activates GABAB receptors on astrocytes. The resulting increase in [Ca2+]i releases ATP, which is degraded to adenosine by extracellular ATPases

(EctoATPases). The adenosine activates presynaptic A1 receptors (A1Rs) and suppresses glutamate release from other afferents. Note the similarity to d.

Synaptic transmission regulation by astrocytes
Hamilton & Attwell, 2010



Optogenetic and Chemogenetic Approaches 

for Studying Astrocytes and Gliotransmitters

Optogenetics and chemogenetics allow functional manipulations both in vitro and in vivo to 

examine causal relationships between cellular changes and functional outcomes. These 

techniques are based on genetically encoded effector molecules that respond exclusively to 

exogenous stimuli, such as a certain wavelength of light or a synthetic ligand. Activation of 

effector molecules provokes diverse intracellular changes, such as an influx or efflux of ions, 

depolarization or hyperpolarization of membranes, and activation of intracellular signaling 

cascades. Optogenetics and chemogenetics have been applied mainly to the study of neuronal 

circuits, but their use in studying non-neuronal cells, in particular astrocytes, has been gradually 

increasing.

In panel (A) the principles of the 

chemogenetic technology are 

schematized: these include the 

delivery of a DREADD (designer 

receptors exclusively activated by 

designer drugs) encoding vector, 

the expression of the designer 

receptor in the cell population of 

interest, and the modulation of this

receptor by a designer drug. In 

panel (B) the principles of the 

optogenetic technology and the 

mechanisms by which commonly

used opsins modulate cell activity

are schematized and simplified. 

Aviello & DôAgostino2016

doi: 10.3389/fphar.2016.00043 



Bang et al., 2016



RGS cultured in the presence of a 

feeding layer of astrocytes or astrocyte-

conditioned medium show ~10-fold more 

excitatory synapse activity and 5-7-fold 

increase in the number of synapses.

Astrocytes play active roles in the 

formation of synapses

Purified retinal ganglion cells (RGCs) 

survive in culture, but show little 

spontaneous synapse activity and form 

few synapses

(Eroglu et al., 2009)

DOI 10.1016/j.cell.2009.09.025



Astrocytosis



Different grades of

reactive gliosis

Sofroniew & Vinters, 2010



Astrogliosis in cerebro-vascular

deseases

Astrogliosis in Alzheimer desease

Sofroniew & Vinters, 2010



Astrocytic scar: good or bad? 

Sofroniew, 2005

DOI: 10.1177/1073858405278321



Ourviewof microgliahasdramaticallychangedin the last decade. From cells
beingάsilentέ ƛƴ ǘƘŜ healthybrain, microgliahaveemergedto be activelyinvolved
in severalbrain physiologicalfunctionsincludingadult hippocampalneurogenesis, 
and cognitive and behavioralfunction.

MICROGLIA: expanding roles for the guardian of the CNS



Microglia originates from a pool of primitive macrophages from the yolk sac that 

appear in the mouse at embryonic (E) day 8.5 and invade the brain from E9.5. These 

cells constitute an independent lineage distinct from other haematopoetic stem cells.

Ginhouks et al., 2013

doi: 10.3389/fncel.2013.00045 


