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The brain has 
considerable 
energetic 
requirements

- 2% of body mass

yet

- 15% of cardiac output

- 25% of whole body 
glucose utilization

- 20% of oxygen 
consumption
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Which are the cellular and molecular mechanisms that 
underlie the coupling of synaptic activity with metabolic 
and vascular responses?
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We conclude then that the chemical products of cerebral
metabolism contained in the lymph which bathes the walls of the
arterioles of the brain can cause variations of the calibre of the
cerebral vessels: that in this re-action the bra in pos s e s s e s a n
intrins ic me c ha nis m by whic h its va s c ula r s upp ly ca n be
va rie d loca lly in c orre s ponde nce with loca l va ria tions of
func tiona l activity.

In: Journal of Physiology (London) 11:85-108 (1890) 



5



Which are the cellular and molecular mechanisms that 
underlie the coupling of synaptic activity with metabolic 

responses?

Neuronal 
Activity

Metabolic 
Responses

• Functional Imaging
• Synaptic function

Glutamate

Vm

Metabotropic Ionotropic
Glutamate receptors

G

Na+ Ca2+

Coupling

Astrocytes

• Neuroenergetics
• Neuronal plasticity
• Disease



Cytological features 
of astrocytes

Graham Knott

Lamellar profiles around 
synapse End-feet around capillaries

Corrado Cali

Astrocyte end –foot on capillary
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Astrocyte-Neuron Lactate Shuttle
(ANLS)

Bittner et al 2011
Lerchundi et al 2015
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Neurons are mainly oxidative          Astrocytes are mainly glycolytic       



Which are the cellular and molecular mechanisms that 
underlie the coupling of synaptic activity with metabolic 

responses?
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Metabolic Plasticity
Is the metabolic coupling between astrocytes 
and neurons subject to plasticity ?

Energy

GlucoseEnergy



Cristina Alberini



Summary

1. Lactate is released with IA training in the hippocampus

2. Blocking glycogenolysis blocks both memory retention and lactate 
release, as well as molecular changes known to underlie long-term 
plasticity and memory formation and LTP.

3. Transport of lactate from astrocytes to neurons is required for 
memory consolidation.

Glycogenolysis and astrocyte-neuron 
lactate shuttling are required 

for long-term memory formation.



Question:

Is lactate necessary for extra 
energetic demands linked 
to plasticity or is it also 
a regulatory signal for plasticity ?

“However, glucose is much less efficient in rescuing the amnesia caused by DAB and 
its effect is transient, indicating that the end mechanisms of lactate or glucose might 
be different or at least have different kinetics.”

(Suzuki et al, Cell 2011)



A role of lactate in neuronal plasticity processes

• L-lactate stimulates in a time and concentration-dependent manner the 
expression of the plasticity-related genes Arc, Zif268 and c-Fos 
(mRNA and protein) in primary cultures of cortical neurons. 

• Intracortical injections of L-lactate similarly induce Arc, Zif268 and c-
Fos expression

• This effect is mediated by NMDA receptors activation (MK 801, 
Glycine site) and it involves the Erk ½ signalling pathway

• L-lactate potentiates glutamate-evoked currents and increases in 
intracellular calcium

• Increases NADH/NAD ratio are involved in the effect of L-lactate

• Lactate acts a signalling molecule and not only as an energy 
substrate



Genes whose 
expression is 
upregulated
(green) or 
downregulated
(red) by 
L-Lactate

Michael Margineanu Hubert Fiumelli

Margineanu et al, Front in Neurosci, 2018



17Nature Reviews Neuroscience, April;19(4) : 235-249, 2018



Lactate-mediated metabolic coupling and signaling 
between astrocytes and neurons 

Magistretti and Allaman, Nature Rev Neurosci, 2018



Which are the cellular and molecular mechanisms that 
underlie the coupling of synaptic activity with metabolic 

responses?

Neuronal 
Activity

Metabolic 
Responses

• Functional Imaging
• Synaptic function

         

  

    
 

 

      

Coupling

Astrocytes

• Neuroenergetics
• Neuronal plasticity
• Disease



RESULTS

Jean-Luc Martin Anthony Carrard



RESULTS

Summary

Peripheral administration of L-lactate produces antidepressant-like 
effects in different animal models of depression that respond to acute 
and chronic antidepressant treatment 
(AFST, OSFST, chronic corticosterone).

The antidepressant-like effects of L-lactate are associated with 
increases in hippocampal lactate levels and with changes in the 
expression of target genes involved in :

- serotonin receptor trafficking (p11) 
- astrocyte functions (S 100β)
- neurogenesis (Hes 5) 
- NO synthesis (NOS 1) 
- cAMP signaling ( PDE4D)



RESULTS



METABOLIC PLASTICITY

Is the metabolic coupling between astrocytes 
and neurons subject to plasticity ?

 Sleep/wake cycle

23

Energy
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Genes Related to “Astrocyte-Neuron Lactate Shuttle” are Up-
regulated  in Astrocytes-enriched Cell Fraction Following Sleep 

Deprivation 
FVB-Tg(GFAP-

GFP)mice
P25-P28

Acute Sleep Deprivation Cortical dissection 
and tissue 
disruption

Cell 
sorting 

GFP-positive cells 
(Astrocytes) GFP-negative cells

(Neurons, oligodendrocytes, 
microglia, …)

Petit et al.,  Sleep (2013);36(10): 1445-58



Conclusion (II)

These results indicate that :
 The transcriptional phenotype induced by sleep deprivation

observed for glycogen metabolism also involves genes related
to the “Astrocyte-Neuron Lactate Shuttle”.

 The astrocytes likely adapt their energy metabolism pathways to
maintain the neuro-metabolic coupling challenged by the sleep
deprivation.
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