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Lesson 4
Astrocytes functions: 
the Tripartite synapse 

History of glia: non-excitable? not exciting?

Term “neuroglia” = “nerve glue” (coined by Virchow in 1846)

First visualized by Santiago Ramon y Cajal and Camillo Golgi (~1900s) 

Glial cells are defined as “anything in the brain that is not neurons or blood vessels” 
and  include astrocytes, oligodendrocytes and microglia

Possible reasons for neglecting glial cells:

1) Morphology: lack of long axon-like processes

2) Electrophysiology: lack of mechanism for action potential generation

“What is the function of glial cells in neuronal centers? … It may remain unresolved for 
many years to come until physiologists find direct methods to attack it”. – S. Ramon 
Y Cajal (1911)

http://faculty.washington.edu/

chudler/glia.html
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Functions of astrocytes in the CNS
Historically recognized:

• Sequestration of K+ during neural 
activity 

• Removal of glutamate and GABA at 
synapses 

• Synthesis of precursor for 
glutamate and GABA 

• Neuronal pathfinding

• Blood–brain barrier regulation

• Regulation of extracellular pH

Newly established and emerging:

Regulation of neurogenesis in adult 
brain (e.g. hippocampus) 

• Regulation of synaptogenesis 

• Modulation of excitatory and 
inhibitory synapses 

Major portion of synapses has glial 
component

Witcher et al., Glia,2007
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Control of Synapse Number by Glia
Erik M. Ullian, Stephanie K. Sapperstein, Karen 
S. Christopherson, and Ben A. Barres
Science 2001 January 26; 291: 657-661. 

Astrocytes control synapse formation

More glia than neurons in the cortex

A curious observation:
Albert Einstein had more glia cells per neuron than an average person. 
Diamond et al (1985) Experimental Neurology (vol. 88, pages 198-204)
http://paulcooijmans.lunarpages.com/intro.html
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Verkhratsky & Butt, Glial Physiology and Pathophysiology, 2013
http://www.urmc.rochester.edu/labs/Nedergaard-Lab/projects/evolutionary_changes_of_astrocytes 

Evolution of astroglia

Astrocytes processes fill a volume that is best defined as a polyhedron or a sphere 
with less than 5% overlap with the volume occupied by adjacent astrocytes
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Astrocytes “talk” by Ca2+ waves

Astrocytes possess a special type of excitability which can be termed “Ca2+ excitability”. To 
understand the complex “glial language”, one needs imaging methods which have been 
developed relatively recently.

Atrocytes respond with Ca2+ waves to histamine, noradrenaline, acetylcholine, ATP  and GABA

Mechanical 
stimulation of

a retina glial cell

0.9 sec interval 5.4 sec

Short-range signaling

Long-range signaling

Models of the mechanism of astrocytic Ca2+ signaling
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Han et al., Cell Stem Cell, 2013

Human glial cells can support learning

Auditory fear conditioning assessed in a cohort of human chimeric, mouse allografted, and 
unengrafted control mice. Chimeric mice exhibit prolonged freezing behavior in test chamber 
2, during exposure to the tonal conditioned stimulus when compared to unengrafted mice 
and allografted mice. Human astrocytes have larger diameter than mouse astrocytes.
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Astrocytes scale neuronal activity

Fiacco & McCarthy, J. Neurosci., 2004

IP3 uncaging

[Ca2+]i

astrocytic

neuronal 
EPSC

Two examples of astrocytes regulation of 
synaptic activity
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Henneberger et al., Nature, 2010

D-serine assists synaptic function 

Astrocytes can release D-Serine which binds to the 
glycine site of Glutamate receptors (NMDA-type)

Agulhon et al., Neuron, 2008 https://www.ncbi.nlm.nih.gov/pubmed/18817732

Astrocytes modulate synaptic transmission
by releasing glutamate with depressive effect*

(* on amplitude of synaptic activity)

https://www.ncbi.nlm.nih.gov/pubmed/18817732
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Nature 411, 261 - 268 (2001)

AChBP as a
nAChR decoy

Glia works in unspected ways

How did they figure this out?
(or, what does it take to get a paper in Nature?)

• Observation:
– Cultured neurons formed Ach synapses

– When glia were allowed to contact synapses, synaptic depression 
was observed

• Question:
– How do the glia sense and respond to the Ach to modulate 

transmission?

– Sense ACh: Glia have nAChR, which senses increased Ach and 
induces release of AChBP from glia into the cleft, 

– Respond:  AchBP (identified by Bungarotoxin purification scheme, 
partial AA sequence)suppressing transmission (negative 

feedback).
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Freche et al., PLoS One, 2011

(A) The synapse is surrounded by astroglial processes containing glutamate transporters (GLTs). Released

glutamate (blue) diffuses in the cleft and binds to AMPARs (green) or GLTs (pink). AMPARs diffuse between 

the PSD, where they can attach to scaffolding molecules (orange) and the extrasynaptic regions, where they 

can undergo endocytosis (1) and exocytosis (2), maintaining the number of AMPARs at the post-synaptic 

terminal. (B) Two co-axial cylinders represent the pre- and postsynaptic terminal, forming a gap which 

represents the synaptic cleft. AMPARs (green) are distributed inside and outside the PSD. The trajectory of a 

glutamate molecule as illustrated by red, blue or green arrows corresponds to binding to AMPARs, GLTs or 
diffusing away from the cleft (at 500 nm), respectively.

Representation of the synapse dynamics at the tripartite synapse

Freche et al., PLoS One, 2011

Morphology is a key to synaptic efficacy
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Freche et al., PLoS One, 2011

Glial coverage of the synapse is critical for 
neurotransmitter actions 

Clearance time and spreading distance for various glial sheath distances from 10 

nm to 100 nm and transporter densities from 2,500 to 5,000 to 10,000=mm2

Morphological and functional plasticity

Haber & Murai, Neuron Glia Biology, 2006
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Haber & Murai,  J. Neurosci., 2006

Astrocytic processes demonstrate high 
motility rates 

Agulhon et al., Neuron, 2008

ACTIN 
CYTOSKELETON?
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LifeAct-RFP (F-actin) / LckGFP (membrane)

Pollard T., Nature, 2003 Molotkov et al., Cell Calcium, 2013

Bicistronic expression system: simultaneous 
mutant expression and membrane tracing

Molotkov et al., Cell Calcium, 2013
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Basal astrocyte motility is not affected 
by abdProf-1 overexpression

Molotkov et al., Cell Calcium, 2013

- 10 s 50 s 400 s

abdProf-1 raw abdProf-1 filtered

- 10 s 400 s50 s

controlcontrol raw control filtered

Pepripheral astrocytic processes density after Ca2+ uncaging

Molotkov et al., Cell Calcium, 2013
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CONTROVERSY

2007

2008

2010
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Thrane et al., PNAS, 2012

Sun et al., Science, 2013

Adult mouse 
hippocampal astrocytes
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Conclusions

• Glial cells are able to talk to neurons but their
tone depends on situation.

• Morphology and functionality of synapses as
well as current internal state of individual
synaptic components should be considered in
order to understand the role of astrocytes in
synaptic function.


