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The brain has considerable energetic 
requirements

•  2% of body mass

• 15% of cardiac output

• 25% of whole body glucose 
utilization

• 20% of oxygen consumption

yet
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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  brain  possesses  an 
intrinsic  mechanism  by  which  its  vascular  supply  can  be  varied 
locally  in  correspondence  with  local  variations  of  functional 
activity. »

In: Journal of Physiology (London) 11:85-108 (1890)  
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* High relative metabolic cost


* Highly regulated in space and time 
in register with synaptic activity


  ------> Functional brain imaging



Positron Emission Tomography (PET): 
  18F-deoxyglucose 
 15O2
 H2

15O2

Functional MRI (fMRI): 
  change in the ratio of
 oxy-/deoxy hemoglobin

Techniques for functional brain imaging

They detect signals related to energy consumption and production, 
neuroenergetics 



Neuroenergetics

•  What costs energy ?

•  How is energy delivered and produced ?
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Linear relationship between  
glutamatergic neurotransmission and glucose utilization 

(in vivo MRS) 

Sibson et al, 1998 
 



Magistretti, Science (2009) 
 
See Alle et al, same issue 

Energetic cost of signaling in neurons  
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Neuroenergetics

•  What costs energy ?

• How is energy delivered and  
produced ?
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Astrocytes

capillary 

pial surface 

cell bodies 
(8-12 μm) 

processes 
(50-70 μm) 
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from F. Pfrieger and C. Steinmetz, La recherche, 2003 (361)
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Which  are the cellular and molecular mechanisms 
that underlie the coupling of synaptic activity with 

metabolic and vascular responses ? 
 

NEURONAL  
ACTIVITY 

“Coupling” 

FUNCTIONAL  
BRAIN IMAGING 

Glutamate

Vm

Metabotropic Ionotropic
Glutamate receptors

G

Na+ Ca2+

? 

METABOLIC AND 
VASCULAR 
RESPONSES 
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Linear relationship between  
glutamatergic neurotransmission and glucose utilization 

(in vivo MRS) 

Sibson et al, 1998 
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Neuronal glutamate 
 receptors 

G 

GLUCOSE 

Na/K 
ATPase 
α 2 

 

GLUCOSE 

LACTATE 

Glycolysis 
ATP 

ADP 

K+ 

Synaptic vesicles 

Na+ 

GLUTAMATE 

K+ 
H+ 

EAAT 

GLUTAMINE

  ATP 
  ADP 

Mechanism for Coupling Neuronal Activity to Glucose Utilization 

Glutamatergic synapse Astrocyte Capillary 

Na+ 
Reviewed in Magistretti et al 1999; 
Magistretti 2006 

LACTATE 



18

ASTROCYTE-NEURON LACTATE SHUTTLE 
(ANLS) 

  

GLUCOSE

PYRUVATE

LACTATELACTATE

PYRUVATE

MCT
1,4 
& 2

Energy

LDH1 LDH5

GlycolysisPDH

GLUCOSE

Glast/GLT1 

Na/K- 
ATPase 
alpha2 Glut 1 

Glut 3 

Neurons are mainly oxidative          Astrocytes are mainly glycolytic        



ROLE OF ASTROCYTES IN  
BRAIN IMAGING  SIGNALS 

+ 3 N a 

Glutamate 

A S T R O C Y T E 

N E U R O N C A P I L L A R Y 

3   N a 

A T P A D P 

+ 

2  K + 

N a + / K + 
A T P a s e 

18 ATP 

L 

Lactate Lactate 

G l u c o s a c t a t e e 
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18 FDG 

FDG 

Glucose 

PET signal 

fMRI signal 

MRS signal 



Neuroenergetics

•  What costs energy ?

•  How is energy delivered and  produced ?

Ø Energy can also be stored and mobilized
when necessary 
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Glycogen is exclusively localized in astrocytes 
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NA and VIP 
circuits II 
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Illustration by Jamie Simon 



Noradrenaline 
 

VIP  
 

Glycogen 

Glycolysis 

Glutamate 

Glucose 
NaK  

ATPase 
α2 

               

Glycolysis 

LACTATE 
LACTATE 

                              

Astrocyte Neuron 



Neuroenergetics
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Energy can signal information 
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Noradrenaline 
 

VIP  
 

Glycogen 

Glycolysis 

Glutamate 

Glucose 
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α2 

               

Glycolysis 

LACTATE LACTATE 
               

Neuronal plasticity 

               

Arc 
Egr 
BDNF 

Astrocyte Neuron 



Differential gene expression analysis 

47 differentialy expressed transcripts are 
selected using the following cutoff 
 
1. Average Fold change between control and 
Treatment >2 
 
2. Fold change in each Treatment replicate >= 
average  fold change of three Treatment 
replicates 
 
AvgFC=FC(Lac1-Lac2)+FC(Lac1-Lac3)+FC(Lac2-Lac3)/
3 
 
FC (Lac1-Lac2) >=AvgFC 
FC (Lac1-Lac3) >=AvgFC 
FC (Lac2-Lac3) >=AvgFC 
 
3. P value <=0.02 (2% chance could be false 
positive) 
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NMDA Receptor

Lactate



An energy substrate, Lactate, acts also as an 

information signalling molecule.

> The same molecule provides energy and 

information.



Neuroenergetics and ���
brain function

What is next ?

• Modeling
•  New imaging modalities

•  Nanotechnologies for in vivo 

chemical detection
30



Neuroenergetics and ���
brain function

•  Modeling

The KAUST-EPFL-HBP project on
Neuron-glia-vasculature (NGV) modeling and 

visualization

Henry Markram, Felix Schürmann,    EPFL
Heikki Lehvaslaio, Madhu Srinivasan, Corrado Cali,   KAUST
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from F. Pfrieger and C. Steinmetz, La recherche, 2003 (361)
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KAUST – EPFL  MODELING OF NGV 



In-silico imaging and visualization	  

Glutamate 

3   Na 

AT P ADP 

+ 

2  K+ 

L 

Lactate 

Gl u c o s a c t a t e e 
Glucose 

Imaging
signals 

NGV model 

ü Data:     Pattern extraction & rules derivation 
ü Building:    Constraint-based programming 
ü Simulation:    Multi-scale engines    
ü Visualization:   Visual supercomputing 
ü Analysis:      Interactive supercomputing 
ü Virtualization:   In-silico biology 



Neuroenergetics and ���
brain function

What is next ?

•  Modeling

• New imaging modalities
•  Nanotechnologies for in vivo 

chemical detection
35
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Digital Holography Microscopy 
Hologram 

Phase of light: Visualization of 
transparent specimen including  
Living cell in culture 

Quantitative phase image 
of living cells 

Phase [°] 

    DHM Specifications and Advantages 

• No mechanical or optical scanning   • Sensitivity in the z-axis: ~10 nm 

• Short acquisition time ( ~20 µs)   • Strictly non-invasive 
• High reconstruction rate (25 im/sec)   • Phase: endogenous contrast agent 
• Choice of the focalization plane   
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No direct detector 
of the phase ! 

 

->  but can be encoded 
 by interferometry 

Intensity absorption: 

Intensity contrast 
image 

living cells = 
phase object 

Wave front modification: 

Phase contrast 
image 

( , )cd nϕ ∝

nc d 

Light - Cell interaction 



Electrical activity and phase signal recording 

DHM/Electrophysiology set-up 
DHM 
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Neuroenergetics and ���
brain function

What is next ?

•  Modeling
•  New imaging modalities

• Nanotechnologies for in vivo 
chemical detection 42
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Nanotechnologies for in vivo  
chemical detection 

 
Currently : 
Microdialysis, electrochemical detection, enzyme-based probes : 
Low spatial (mm) and temporal (sec, min) resolution 
 
 
Future : 
Need for new technologies with high spatial (um) , temporal (msec) 
and multiscale resolution : single cells within networks  

_____________________________ 
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Nanoelectronics : Nanoscale FET Tian & Lieber 2013 

Nanosensors :  
Genetically-encoded FRETs 

Laconic, a FRET lactate sensor based on the 
transcriptional regulator LldR. 

San Martin et al., 2013 



A neuroenergetic perspective on brain function 

Modeling 

Nanotechnologies Imaging 
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