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Translocation and  
lateral diffusion of 

ProtonsProtons



Theodor Von Grutthus fu allievo di Gay-Lussac. Nutriva grande 
ammirazione per gli studi di Alessandro Volta.
1805 - Von Grotthus e Gay-Lussac migrarono sulle pendici del 
Vesuvio per effettuare studi sull’eruzione da poco avvenuta. 
1805- Von Grotthus pubblica a Roma il famoso pamphlet che 
anticipa una sua famosa pubblicazione del 1806

О Teoria della decomposizione dell’acqua da parte   
dell’elettricità galvanica;

О In analogia con i poli  +  e  ― della pila  di Alessandro 
Volta, Von Grotthus formulò l’ipotesi che anche le molecole d’acqua 
possedessero poli positivi e negativi. In virtù del “semplice contatto tra gli 
elementi costitutivi (l’idrogeno h e l’ossigeno o), l’elettricità naturale è ripartita 
nelle molecole d’acqua in modo tale che h e o acquisiscano, rispettivamente, 
uno stato positivo ed uno stato negativo”.

Von Grotthus formulò la teoria della

DIFFUSIONE  STRUTTURALE  DEL  PROTONE

1817- Theodore von Grotthus concluse che solo la luce che è
assorbita da una molecola può produrre una modifica 
fotochimica in quella molecola. 



О

Diffusione strutturale del protone



Proton Proton diffusiondiffusion accordingaccording toto the the 
GrotthussGrotthuss mechanismmechanism occursoccurs muchmuch

fasterfaster thanthan molecularmolecular diffusiondiffusion
becausebecause itit isis uncoupleduncoupled fromfrom the the 
selfself --diffusiondiffusion of of itsits mass (mass ( KreuerKreuer , , 

1996).1996).



2006

…The pulsed experiments revealed that proton exchange
between the membrane surface and the bulk aqueous phase
takes as much as about 1 ms, but could be accelerated by
added mobile pH-buffers…

…The membrane-buried layers of these networks can 
eventually serve as a 

storage/buffer for protons (proton sponges)…



…A very high contribution of lipid headgroups to the internal
buffering power of the liposomes is observed, amounting to an
equivalent phosphate buffer concentration of 110 mM…

…The lipid headgroup region could represent a two-dimensional
reservoir capable of storage and rapid transfer (Teissie et al., 
1985) of protons from proton delivering reactions to proton
consuming ones (e.g., ATPsynthase )…
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Cardiolipin



Specific roles of protein-phospholipid interactions
in the yeast cytochrome bc1 complex structure. 
EMBO J. 20 pp. 6591-600, 2001
Lange, C., Nett, J.H., Trumpower, B.L., Hunte, C.Max-Planck-
Institut für Biophysik, Heinrich-Hoffmann-Strasse 7, D-60528 
Frankfurt, Germany.  PDB ID: 1KB9

Struttura 3D del Complesso 
respirat. III 

Cardiolipina
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Ipotesi di 
potenziali 

intramembrana
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» Diffusion of protons (by proton-trap) 

» Intramembrane Potential: positive at the centre of
the membrane, negative on the two surphaces



�With the assumptions that protons 
can display a lateral diffusion  (free or 
carried by a phospholipid ) it is possible 
to overcome the assumption that 
requires a closed compartment where 
the protons accumulate

� Implication: in any membrane with 
ATP synthase driven by proton 
diffusion, you can have the 
extramitocondrial synthesis of ATP .
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question: 

are mitochondria the ”exlusive”
site of aerobic ATP synthesis ?



Objection n°1 : 

It is well known that in vitro mitochondria
produce little ATP and that there is the need to
energize them with pyruvate and to add
cyclosporin-A, etc.), which seems anomalous.

Other cellular processes (DNA duplication, 
proteic synthesis, etc.) can procede in vitro
with the same if not higher efficiency than in 
vivo.

Mitochondria (and thylacoid
disks) are considered the 
exclusive site of aerobic ATP 
synthesis. It is true?



Objection n°2 : 

How can ADP and/or ATP cross 4 

membranes? ATP should be synthesized

where it is utilized, like in bacteria. 



Objection n°3 : when a symbiosis is
estabilished there must be a mutual
advantage especially when essential
functions are involved.

ATP SYNTHESIS is the most essential
function for a cell and it seems strange that
the cell would demand to mitochondria
such monopoly.



ATP Turnover :

procaryotes: ~  20 sec

eukariotes : ~   2 – 3 min

Objection n°4 : If the great amount of
oxygen elaborated by the cell came
exclusively from mitochondria, these would
produce so many free radicals to cause 
seroius damage to the particularly
vulnerable mitochondrial DNA.



MOLECULAR CELLULAR BIOCHEMISTRY 
February 6, 1977 Volume 14, numbers 1-3 

GENETIC  DETERMINATION  OF  THE MITOCHONDRIAL  ADEN INE 
NUCLEOTIDE  TRANSLOCATION  SYSTEM  AND ITS ROLE  IN   THE 
EUKARYOTIC  CELL

Ladislav KOVAC, Jordan KOLAROV and Julius SUBIK

� The AdN translocation system serves not only to transport ATP 
synthesized within mitochondria into the cytosol but also to transport
cytosolic ATP into the mitochondria when oxidative phosphorylation is not
functioning.

� It assures appropriate concentrations of intramitochondrial ATP.

ObJection n°5 : the ATP synthesizing apparatus fo 
mitochondria has a capacity similar to that of bacteria, 
therefore can only sustain its metabolic processes. 
If the mitochondria should really produce all of the ATP 
required from the cell it should possess an ATP-
synthesizing molecular machinery far more efficient.



As the concentration of ADP 
increases, the  intramitochon-
drial ATP concentration would be
higher and the whole molecule
could be replicated with the 
consequent appearance of the 
two BamHI fragments.

Objection n°6 :



Objection n°7 :
If di Ethidium Bromide is given to cultured cells (for ex. 
Hepa1-6 cells) these suffer a dramatic damage to
mitochondrial DNA (before the nuclear DNA, which
shows that mitochondrial DNA is little protected and 
displays a faster turnover) and you get even more vital 
cells (and paradoxically) known as 

Rho0  = Cells without MITOCONDRIA
Hepatology Research 36 (2006) 209–216



MitoTracker



Objection n°8 :  (evoluzione)

According to the theory of endo-symbiosis, housed 

bacteria would derive from the mitochondria (most likely 

enocytised) by anaerobes, however the CLASSICAL 

THEORY  of endosymbiosis is not accepted by many 

evolutionists. 

It’s difficult to think that the phagocytized bacteria would 

produce enough  ATP  for the primitive eukaryote. Is is

called "suicide hypothesis" . It 's more likely that the 

bacteria in endosymbiosis had given the OXPHOS 

genes to the nucleus which then would localize them to 

facilities in those subcellular sites where ATP is needed. 





In Summary:

Primordial eukaryotes (archaea) produced methane and 
took advantage of the first  symbiotic bacteria because 
they were receiving hydrogen and, in return, it is 
plausible that the host  would give ATP back to the 
bacteria that could not produce it efficiently, before the 
oxygen era. 

When oxygen appeared bacteria became aerobic, and 
worked out oxidative phosphorylation. In the symbiotic 
association bacteria gave to their host the molecular 
machineries for the oxidative phosphorylation, that is still 
now likely assembled inside the mitochondria and 
exported in subcellular sites where it can be even more 
efficient.



from: 
Hackstein et al.- Zoology (Jena) -2001- 104(3-
4):290-302
Hydrogenosomes: convergent adaptations of 
mitochondria to anaerobic environments.

“…it is reasonable to assume that both, 
hydrogenosomes and mitochondria are
evolutionary adaptations to anaerobic or aerobic 
environments, respectively.”



Experimental data confirm the absence of
mitochondrial production of ATP in some 

cellular types :

Citation n°1: September 2009



Mitochondrial ATP Synthase E.coli ATP Synthase
(Bovine)

εεεε Subunity of E.coli
ATP-synthase

ATP  Molecule



FRET: Fluorescence Resonance Energy Transfer



…By targeting
ATeams to
different
subcellular
compartments, we
unexpectedly
found that ATP 
levels in the 
mitochondrial
matrix of HeLa
cells are
significantly lower
than those of
cytoplasm and 
nucleus…



Citation n°2: March  1974
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Extramitochondrial
ATP synthesis in 

plasmacell





The Development of
the Nervous System 
in Chick
Embryos,studied by
Electron Microscopy
by
RUTH BELLAIRS
[J. Embryol. exp. 
Morph. Vol. 7, Part 
1, pp. 94-115, March 
1959]

1959

Mitochondria

Endopl. Retic.



Complex I (reduzction of ferricyanide):

in S9:    3,76  U/mg ----- In intact Mitochondria 3,47 U/mg
Complex IV (Cytocrome c - Fe++ Oxidation ):

in S9 :   0,09 In intact Mitochondria 0,14 U/mg

Measurements taken on 
20/09/ 2010 in DIPTERIS -
Genoa

Mitochondria bovine 
liver

Inhibition % S9 bovine liver Inhibition %

Sample+
Nigericin
(No added
nutrients)

194,55 µM O2/min/mg 63,55 µM O2/min/mg

+ NADH 63,55 µM O2/min/mg 202,5 µM O2/min/mg

+ Rotenone 7,95 µM O2/min/mg 87% ~  0 µM O2/min/mg ~  100 %

+ Succinate 356 µM O2/min/mg 603,5 µM O2/min/mg

+ Antimycin 55,6 µM O2/min/mg 84% 234,25 µMO2/min/mg 61 %

+ Ascorbate 325,55 µM O2/min/mg 412,9 µM O2/min/mg

+ Cyanide ~  0 µM O2/min/mg ~  100 % ~  0 µM O2/min/mg ~  100 %



MBP Fo-F1 ATP sintasi DAPI

MERGE

L’immagine si riferisce ad una sezione 

di materia bianca umana. In molti 

corpi cellulari dei neuroni si è

evidenziato il Golgi (frecce), marcato 

sia con l’anticorpo contro la MBP sia 

con l’anticorpo contro Fo-F1 ATP 

sintasi (un esempio è rappresentato 

da questa immagine) o COX  

(Complesso IV) e ND4L (Complesso I), 

a suggerire che le proteine 

mitocondriali possono essere 

esportate attraverso ER/Golgi.

Merge of:

MBP and 

Fo-F1 
ATPsynthase

Measurements taken
on  23/09/ 2010 in 
DIPTERIS - Genoa



Rat hepatocyte



Lung cell – TEM  
(from: Rippel Electron Microscope Facility - Dartmouth College ) 





Mature Plasmacell



Blut 35, 11-19 (1977)
Transmission and Scanning Electron Microscopy Study
on Plasma Cell Leukemia
B. Klein, U. Lewinski, F. Shabtai, N. Freidin and M. Djaldetti



Oxygen consumption in plasma cells and 
mitochondria (mesured by Morelli et al.,on Genova, 
4/05/2011 – unpublisched results)

ND0,5691,58 ±
4,6

56.3 ±
6.2

Succinate

198 ± 12,50,2360,63 ±
3,03

99.5 ±
8.4

Pyruvate/Malate

NDND21,34 ±
2,92

27.8 ±
3.2

Sample (basal)

Epathome
culture

Mitocho
ndria no
ciclospo
rin

Mitocho
ndria + 
ciclosp
orin

Plasma cells

Oxygen consumption (µM O 2/min/mg)



ATP synthase

TIM

Liver Plasma B cell

20 kDa

56 kDa

Densitometric analysis
Liver

(homogenate) 
Plasma B Cell
(homogenate)

ATP synthase 1134 1256

TIM 6475 1995

ATP synthase/TIM 0,17 0,63

Western Blot Liver and Plasma Cell
homogenates 24 - 5 - 2011



Extramitocondrial
ATP Synthesis in  
photoreceptors

(6)



retina

Disks

rod

Vertebrate retinal rod photoreceptors, allowing vision at low light 
intensities use a modified cilium (ROS) for the detection of light. The ROS 

is packed with membrane sacs (disks), housing reactions of visual 
transduction



ATP Synthase α chain

ATP Synthase β chain

IF1

Cit.c Ox

Cit. c





Analytical Methods
1759-9660(2010)2:11;1-4
Cover: Panfoli et al.- Imaging of living mammalian retina 
ex vivo by confocal laser scanning microscopy





U /mg  U /mg  proteinprotein

EnzymesEnzymes MitochondriaMitochondria ROSROS
CytosolCytosol

Citrate synthase 2,01±0,32 1,80±0,22

Aconitase 0,052±0,006 0,118±0,01
3

Isocitrate dehydrogenase 0,020±0,002 0,012±0,00
1

αKetoglutarate dehydrogenase0,006±0,001 0,009±0,00
1

Succinyl -CoA synthetase 0,203±0,025 0,095±0,01
0

Fumarase 0,038±0,004 0,015±0,00
2

Malate dehydrogenase 1,5±0,2 4,4±0,6

EXTRAMITOCHONDRIAL TRICARBOXYLIC ACID CYCLE IN RETINAL 
ROD OUTER SEGMENTS.

Biochimie - Panfoli et al. - Accepted , 23-5-2011



H+

H+
H+ H+

H+ H+
H+ H+H+

ADP + P i ATP

Both in thylakoid, and in vertebrate photoreceptor
disks :

� F1FoATP sintetasi is external. ATP synthesis is 
located  WHERE  it IS USED.

� The H+ would accumulate inside absorbed  by 
weak acid / bases in the disc that could act as 
buffer = energetic flywheel

Glycolysis + Krebs cycle
NADH

NADH

Glycolysis + Krebs cycle
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Extramitocondrial
ATP Synthesis in  

neuron



� Considering that brain consumes
much more oxygen than the other
tissues it must have a great
mitochondrial number.   Instead …:

Neuronal mitochondria :

� Are fewer than in the other tissues .

� Have smaller dimensions .

� Have smaller cristal surface .



The Development of
the Nervous System 
in Chick
Embryos,studied by
Electron Microscopy
by
RUTH BELLAIRS
[J. Embryol. exp. 
Morph. Vol. 7, Part 
1, pp. 94-115, March 
1959]

1959

Mitochondria

Endopl. Retic.



Soma: appropriate space 
to the putative breathing 
lamellar structures (Nissl
Substance)

Axon:  little space suitable

For the putative breathing 
lamellar structures
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Extramitocondrial
ATP Synthesis in  

myelin



White matter

~ 60 % of brain







Interdiskal distance:

~35 nm

Interperiodal distance
:

~25 nm



1982

1986



Our attention has focused to the finding of structures

possible vicariant of mitochondria

Myelin sheath
Could be such structure, thanks to its enormous surface



Our attention has focused to the finding of structures

possible vicariant of mitochondria

Myelin sheath
Could be such structure, thanks to its enormous surface



Francis O. Schmitt

(1903–1995) Institute 
Professor at the 
Massachusetts Institute of 
Technology was pioneer in 
molecular biology and 
neuroscience.

The current head of the 
Department of Biology, 
Nobel laureate (1993, Med) 
Phillip A. Sharp, said: 
"Frank's leadership was
critical in developing
modern biochemistry and 
cellular biology at MIT and 
his spirit will be greatly
missed."





Brain cortex

Colture neuron
differentiation

Start 

of glial cell proliferation

Cordeau-Lossouarn, L., 
Vayssiere, J. L., Larcher, J. 
C., Gros, F.,& Croizat, B. 
(1991). 
Mitochondrial maturation
during neuronal differen-
tiation in vivo and in vitro. 
Biology of the Cell, 71, 57–
65.



PMID: 20005986

…mitochondrial transcripts and 
mtDNA are amplified during
oligodendroglial differentiation, and 
differentiating oligodendroglia are 
especially sensitive to mitochondrial
inhibition, suggesting mechanisms
for demyelination observed in 
mitochondrial disease. 

OPC: Oligodendroglial
Primary Cultures

Human oligodendroglioma
cell line





An important task: OXYGEN trap 
and delivery in brain

����There is also the need that other neural and / or g lial
structures are appointed to the absorption of oxyge n, 
because the brain does not contain (unlike other ti ssues, 
e.g. muscle), myoglobin, which acts as a slow reser ve 
(flywheel ) of oxygen

����To meet this need, these structures vicariant of 
myoglobin must have a big (huge) surface development

��MyelinMyelin sheathsheath meetsmeets thesethese requirementsrequirements



In fact, the myelin has a high (50 -55%), % of 
neutral lipid (cholesterol, cerebrosides ) in 

which oxygen can be dissolved at 
concentrations up to 4 -5 times higher than 

water



Experiments with both seasonally cold-bodied fishes and polar fish species
suggest that several factors combine to overcome these limitations in delivery 
of oxygen from the blood to the mitochondria. First, reductions in body 
temperature induce increases in mitochondrial density of Experiments with
both seasonally cold-bodied fishes and polar fish species suggest that
several factors combine to overcome these limitations in delivery of oxygen
from the blood to the mitochondria. First, reductions in body temperature 
induce increases in mitochondrial density of oxidative muscle cells, reducing
the mean diffusional pathlength for oxygen between capillaries and 
mitochondria. Second, cold body temperature in both temperate-zone and 
polar fishes is frequently correlated with a high content of neutral lipid in 
oxidative muscles, providing an enhanced diffusional pathway for oxygen
through the tissue.



Oxygen
Solubility



25 °C

5 °C

Morone saxatilis

Persico spigola

Oxygen on  myoglobin

Oxygen on  lipid



O2 consumed by 1 cm 3 brain: 

~ 1,6 µµµµmol/min
The surface of the ridges of the brain mitochondria  
measured with stereological measurements in 1 cm3 

of brain  is ~ 1,2 m~ 1,2 m22

It 's a totally inadequate surface !!
If 0.16 µmol / min require 5 m2 then 1.6 µmol (10 
times!) 50 m2 or surface area of         mitochondrial cristae
are theoretically required which is indeed 1.2 m2

O2 consumed by 1 cm 3 liver: 

~ 0,16 µµµµmol/min

Absorbed by ~ 5 m5 m22 mitochondrial cristae
(surface of 1 cm3 liver)

O2 consumato da
1400 gr cervello:

~ 50 ml / min

O2 consumato da
1500 gr fegato:

~ 5 ml / min



Development of myelin Surface

⇨ In 1 µm3 of myelin thereare ~ 40 layers of 1 µm2 x 2
(major dense lines have 2 sides at the distance of ~25 nm.)

О 40 x 2 x 1 µm2 = 80 µm2. О 1 µm3 = 80  µm2 .    

But:  1  cm3 = 1 x 1012 µm3

О So  in 1 cmin 1 cm33 = 1012 x 80 µm2 = 67 . 1012 x  10-12 m2

=     80 m80 m22. in mitochondria: 25 m225 m2
О myelin represents only ~ 50 % of white matter . 
О myelin surface in 1 cm3 of white matter

becomes 80 x 0,5 = 40  m40  m22 ,

very colse to 50  m50  m22 necessary.

25 nm

25 nm



“In addition, and initially surprising to us, a number of mitochondrial 
proteins were identified… It is plausible that at least part of this energetic 
demand is supplied by local ‘‘myelin mitochondria .’’ That mitochondria 
have been implicated in several neurodegenerative diseases 
accompanied by loss of myelin adds additional interest to these findings.”

PROTEOMIC STUDIES – 1 (2004)





mU/mg (nMoli substrato consumato/min/mg prot)

Mitochondria homogenate. 
brain

Raw Myelin Myelina

Citrate Synthase 220 ± 20 60 ± 6 80 ± 9 140 ± 20

Aconitase 30 ± 5 60 ± 7 80 ± 10 90 ±

Isocitric Dehydrog 13 ± 2 11 ±1 8 ± 1 11 ± 2

αααα-ketoglut Dehydr 7 ± 1 4 ± 0,5 5 ± 0,5 6 ± 1

Succinyl CoA Synth. 320 ± 30 115 ± 11 155 ± 16 210 ± 23

Succinic Dehyrog 12 ± 2 9 ± 1 6 ± 0,7 6 ± 0,7

Fumarase 900 ± 0,7 87 556 ± 0,7 55 753 ± 73 820 ± 86

Krebs Cycle Enzymes

in  Mitochondria and in  Myelin

Measurements taken in Biology Dep. University of Genova. 

November - December 2009



RESPIRATION  RATE  IN  ISOLATED  MYELIN

* In this case the Complex I + III + IV activity was measured with addition of
pyruvate/malate and cyclosporin A



ATP SYNTHESIS IN ISOLATED MYELINATP SYNTHESIS IN ISOLATED MYELINATP SYNTHESIS IN ISOLATED MYELINATP SYNTHESIS IN ISOLATED MYELIN

0
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Isolated Myelin IM + Oligomycin IM + DCCD IM + Antimycin A
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57 kDa
53 kDa

1          2            3         4

a/b subunits ATP Synthase

1                 2              3          4
45*

* Misura effettuata dic. 2009



TEM IMAGING
αααα/β β β β subunits ATP Synthase αααα/β β β β subunits ATP Synthase (10 nm)+ MBP (15 nm)

αααα/β β β β subunits ATP Synthase (15 nm) + MBP (10 nm)



By a newtechnique
that we have developed
(Bianchini, 2008), 
myelin vesicles and 
optical nerves were
incubated with
MitoTracker Deep Red 
633, a fluorescent dye
that stains actively
respiring membranes. 
After incubation, the 
samples were analyzed
by CLSM.



The International Journal of Biochemistry & Cell Biology 41 (2009) 1581–1591 
Available online 22 January 2009



Evidence for aerobic ATP synthesis in isolated myel in vesicles.
Ravera S, Panfoli I, Calzia D, Aluigi MG, Bianchini P, Diaspro A, Mancardi G, Morelli A
Int J Biochem Cell Biol 2009 Jul 41(7):1581-91 

This study is not just fascinating but potentially revolutionary because it shows 
convincing evidence of extramitochondrial oxidative ATP production in isolated 
myelin vesicles (IMVs). This 'heretical' finding is  not confined to isolated 
subcellular particles, but good evidence is provided  by ex vivo confocal laser 
scanning microscopy and immunohistochemistry that a 'respiratory chain (RC)-
like' system is present in the myelin sheath of the  optic nerve. Their data led the 
authors to conclude that myelin may be a 'respiring  wrap' providing ATP to the 
axon.
The first part of this work is based on classical subcellular fractionation of bovine brain 
myelin and shows that IMVs utilize oxygen to produce ATP by using a proton gradient. 
Mitochondrial contamination is convincingly excluded, and the coexistence of ATP 
synthase and myelin basic protein (MBP) is documented in both IMVs and intact optic 
nerves. While the presence of mitochondrial RC components in extramitochondrial
membranes (endoplasmic reticulum, plasma membrane, and even myelin) is not new 
(and the authors refer to the relevant literature), it is fair to say that the function of these 
'foreign' proteins had not been fully clarified. 

Selected by

Salvatore Di Mauro 
Evaluated 11 Jan 2010



In this article, it is cogently suggested that myelin may be an extension of the 
mitochondrial redox apparatus, indeed a "mitochondrial inner membrane-like 
membrane" (to quote the authors), which would reconcile the high energy demand 
of the brain with its scarcity of mitochondria. 
To support their argument, the authors stress the structural similarity between 
myelin and the inner mitochondrial membrane, especially the common presence of 
cardiolipin, a phospholipid of crucial functional importance for the RC. How does 
this RC-like apparatus get to the myelin sheath? The authors suggest that it is 
synthesized 'orthodoxically' in the inner mitochondrial membrane, after which 
mitochondria fuse with developing myelin sheaths, thus transferring 'ready-to-use' 
RC components. Although this process remains to be documented, it is in keeping 
with our increasing knowledge about mitochondrial dynamics. Obviously, this new 
vision of myelin as a 'respiring wrap' for the axon raises all kinds of possible 
pathogenic scenarios in which myelin RC defects may be involved, but this is 
another story. Strengths of the study include the solid biochemical data and 
convincing ex vivo studies of the optic nerve. Confirmatory data are needed, and 
the pathogenic role of 'respiratory defects' of myelin in demyelinating or 
neurodegenerative diseases is a hypothetical but exciting possibility. The studies 
presented here should be extended to human brain samples from patients with 
leukoencephalopathies, e.g. those associated with known RC defects.
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Gap juntions in 
myelin for radial

Adenosin Nucleotide 
diffusion



Gap Junctions between Cells Expressing Connexin 43 or 32  Show Inverse Permselectivity
to Adenosine and ATP 

Gary S. Goldberg‡§, Alonso P. Moreno¶, and Paul D. Lampe

From the ‡Department of Physiology and Biophysics, State University of New York, Stony Brook, 
New York 11794-8661,

the ¶Krannert Institute of Cardiology, Indiana University School of Medicine, Indianapolis, Indiana 
46202, and

Fred Hutchinson Cancer Research Center, Seattle, Washington 98109

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 277, No. 39, Issue of September 27, pp. 
36725–36730, 2002.



Myelin is rich in Gap -Junctions

Microsomal membrane

mitochondrial/synaptosomal





Sample ATP produced
(nmol/min/mg)

Vesicl Myelin
(+ DMSO) 3,5 ± 0,3

Vesicl Myelin

+ Oleamide 50 µM (in DMSO) 0,5

Vesicl Myelin

+ Oleic Acid  50 µM (in DMSO) 3,5 ± 0,3

Test of ATP production 
with Oleamide, an inhibitor 
of Gap -Junctions
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Hypothesis of Energized Myelin Sheath



Another difficulty is that, according to many authors (e.g . 

Maximow & Bloom, 1942; Grundfest, 1947), the myelin

sheaths of fibres of the central nervous system are 

uninterrupted except at points where the fibres branch.

If this is true, the saltatory theory cannot apply to centr al

fibres.





But some dubts on “insulation ” from myelin …



1991
Velocity as Rushton Theory

Myelinated fibres
Non Myelinated fibres



Main objections against the hypothesis of an "insul ating" 
myelin:

1) The axon is not a conductor of “electric current" because: 
electric current is a flux of electrons that moves with a speed
that can be more than half of light velocity, as normally takes 
place in metals (eg copper).

2) As “electric current” does not exist in an axon there will be no
insulating substance.

3) Even though myelin was “insulating” it should be in intimate 
contac with the axon, but this is not the case, in fact the 
MESAXON, a liquid-filled space, separates the axon from
myelin.



Mesaxon
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Hypothesis of

1) Energizing myelin sheath ;
2) Central role of MBP as

chemiosmotic buffer.



Major dense line
~ 5 nm

Structure 3D  of Myelin
Basic Protein

diameter ~ 4 nm

Hypothesis:
Myelin Basic Protein may act as a

laminar laminar chemiosmoticchemiosmotic bufferbuffer..



Myelin Basic Protein is abundant (~ 30 % total 
proteins)  and is inserted in the major dense line.



Myelin Basic Protein
+

+

+
+

+ + + + + + +
+++++++

FoF1 ATP Synthase



The existence of

Laminar Chemiosmotic Buffer (LCB)

introduces a 3rd possibility of biologic energetic
reserve, besides:

-Glucidic reserve (starch , glicogen)

-lipidic reserve (lipids)

N.B.: the energetic reserve represented by LCB 

has a physical nature, while the others have a 

chemical nature.
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Myelination



tetrodotoxin which can blocks the firing of neurons.



Tetrodotoxin (TTX) blocks the firing of neurons.
αααα-scorpion toxin ( αααα-ScTX) increase the firing of neurons.



Tomoko Ishibashi, Kelly A. Dakin, Beth Stevens, Philip R. Lee, Serguei V. Kozlov, Colin 
L. Stewart, and R. Douglas Fields,
Nervous System Development and Plasticity Section National Institute of Child Health
and Human Development Bethesda, Maryland 20892

…ATP released from axons firing action potentials inhibits
myelination by Schwann cells by arresting their development at an
early stage (Fields and Stevens, 2000). 
---------------------------------------------------------------------------------------
In the CNS, adenosine , presumably generated by the hydrolysis
of extracellular ATP released from axons, inhibits proliferation of
oligodendrocyte progenitor cells (OPCs), and stimulates their
differentiation into a premyelinating stage, thus increasing
myelination (Stevens et al., 2002)…
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Assumptions on the energetic basis of Assumptions on the energetic basis of 
sleepsleep



Model of myelin sheath containing Myelin Basic Prot ein with 
function of laminar chemiosmotic buffer: a hypothesi s on the 

role of MBP in the basic mechanisms of sleep / wake

OA = Oleammide

Does sleep serve to "recharge “ myelin ?



Sleep Across the Human Life Span

Fig. 3.18



�The cognitive ability increase with myelin

�The hours of sleep decrease as the myelin increases
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The The sleepsleep : 
For the vast majority of biological functions, there i s a satisfactory 
explanation,connecting the structure of the organ to i ts function and vice 
versa. For ex. a muscle exerts a mechanical action, a s there are
molecules that slide over each other and receive chemi cal energy from 
other molecules and clearly identified

For the brain we do not know how it used the considera ble energy it uses. 
About sleep, which is one of the most striking feat ures of the brain, we 
have no explanation to date.

It 'been said that if sleep did not have a solid fu nctional justification, it 
would be an extravagance of evolution and / or nature itself.

Among the many theories about sleep, the energetic one is Among the many theories about sleep, the energetic one is 
still considered the most, but its molecular and fu nctional still considered the most, but its molecular and fu nctional 
evidence, if any, is absolutely to define and / or to discoverevidence, if any, is absolutely to define and / or to discover .



� During sleep, glucose burning is 
almost the same as during wakefulness.

�It’s known that during sleep the nervous 
system as a whole consumes less energy.

� It 'possible that the excess energy is 
accumulated in the form of protons 
stored in solution in neutral lipid and/or 
in myelin basic protein



Kalinchuk AV, ei al.    Local energy depletion in the basal forebrain increases sleep.
Eur J Neurosci 2003;17(4):863-9.

Energy depletion in localized brain areas seems to mimick sleep need31: 
interestingly, infusion of 2,4-dinitrophenol (DNP), an uncoupler which prevents 
the synthesis of ATP, in the basal forebrain of rats induced increases in non-
REM sleep that was comparable to those induced by sleep deprivation. 

Oleamide Synthesizing Activity from Rat Kidney
IDENTIFICATION AS CYTOCHROME C

William J. Driscoll, Shalini Chaturvedi, and Gregory P . Mueller
THE JOURNAL OF BIOLOGICAL CHEMISTRY , August 3, 2007

Naturally occurring oleamide was shown to accumulate in the cerebrospinal
fluid of sleep deprived cats and to produce a profound sleep-like state when
administered to rodents.. These findings led to the proposal that
oleamide directly contributes to the biochemical mechanisms
underlying the drive to sleep . More recently,

oleamide was reported to modulate  gap junctions.

Sleep Neuro energetics



Soleep-Memory: Conclusions
�During the conscious waking the energy demand exceeds that mechaanically
possible. There is a conscious activity in neocortical gray matter that utilizes most of the 
energy produced at the time by burning / breathing. Then there is a discernible physical 
activity of the unconscious in the white matter that extabilishes a huge number of 
connections between different sites of the cortex

�This activity during waking consumes the energy reserves represented by the 
accumulation of protons in the chemiosmotic laminar buffer of myelin and the 
feeling of sleep is due to poor energy supply fed by the axon myelin.

� neuronal activity requires a lot of energy intake. Biological systems use chemical 
energy in the form of ATP.

�With sleep we refill the proton and the myelin is energized, because the available 
energy is almost equal to that of wakefulness but during sleep it is mostly devoted to 
recharging, since the needs of the conscious system have decreased significantly.

�It can be assumed that the memory is an energizatio n of axonal connections by 
the white matter,  in light of the fact that sleep strengthens the memory.



Myelin sheath, the multilayered membrane produced by oligodendrocytes, plays a 
pivotal role in the axon surrounding, allowing the nerve to transmit its impulses rapidly. 
However, there is growing evidence
that myelin has also an as yet unexplained neuro-trophic role. We reported that the 
respiratory chain components are expressed in myelin, outside of mitochondria [1]. 
These components would generate a proton gradient across myelin membranes to
support ATP synthesis by an Fo-F1 ATP synthase. This may explain how in 
demyelinising diseases, as Multiple Sclerosis (MS), myelin loss causes an axonal
necrosis.
Recently, Gallup et al [2] described sleep problems and frequent yawning in MS 
patients. During sleep, the glucose consumption by brain is very similar to that in 
wakefulness, even though the neuronal energetic demand is low. We have envisaged an
involvement of myelin sheath. Imagine that myelin sheath acts as a proton (H+) buffer 
capacitor, thank to the abundance of myelin basic protein (MBP) and phospholipids, 
whose exceptional buffering capacity of phospholipids was demonstrated [3]. 

from Morelli, Ravera & Panfoli



This potential would be used by myelin to produce energy, during
the wake period. In turn, sleep would be induced by a “discharge”
of H+ in myelin sheath and wakefulness by a “complete recharge”
of myelin sheath. The sleep need correlates to age. In fact, 
newborn and children have a higher sleep need than the adults. 
This may depend on myelinogenesis, that begins after born and 
goes on until 22-25 years age. Under these conditions, myelin
may be less competent in accumulating energy= H+ and generate 
the need for sleep. Interestingly, sleep is also regulated by
oleamide, an endogenous hypnotic compound that increases
before the sleep, decreases before the wake up and is
accumulated in cerebral spinal fluid of sleep-deprived animals [4]. 
Interestingly, oleamide closes the myelin gap junction, formed by
connexin 32 [5], that seem to transport mainly ATP [6], likely from
myelin to the axon. 
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Myelin
Nerve transmission

Cognitive

Memory .



Cortical thinning occurred primarily in primary sensory and motor cortices, 
whereas WM changes were localized to regions underlying association
cortices. Further, in Older Adults (OA), we found a striking pattern of
region-specific correlations between measures of cognitive performance 
and WM integrity, but not cortical thickness. Specifically, cognitive control
correlated with integrity of frontal lobe WM, whereas episodic memory was
related to integrity of temporal and parietal lobe WM. Thus, age-related
impairments in specific cognitive capacities may arise from degenerative 
processes that affect the underlying connections of their respective neural
networks.

Neurobiology of Aging 31 (nov. 2010) 
pp. 1912–1926



Trends in Neuroscience – 31 , (7) pp 361-370

Experience changes white matter
Myelination is a developmental process, but it has been known for decades that
myelination of the human brain continues into the third decade of life [11], and this can 
now be tracked by noninvasive brain imaging [17]. However, the significance of this was
not fully appreciated. If myelin is simply insulation, why is the process not completed by
birth?
Myelination is nearly completed by birth in animals, such as horses [28] or wild mice
(Acomys) [29], which are precocial and can walk and feed independently soon after
birth, but in humans, myelination is delayed and the process extends at least through the 
first 20 years of life.
The prolonged period of myelination in humans coincides with the same period when the 
human cerebral cortex undergoes massive remodeling of synaptic connections,
which are understood to modify the brain according to experience. This raises the 
possibility that myelin might participate in optimizing information processing through
experience.

June 2008











Peso medio del cervello: ~ 1.500 gr.

4,52 x 15 = 68  ml O 2/ min



���� Bilateral hippocampal lesions result in deficits in the 
ability to consolidate forms of explicit but not implicit 
memory
���� The hippocampus is activated during certain types of 
learning (PET in humans)

���� Hippocampal lesions in rodents lead to deficits in 
learning different types of tasks, especially spatial ones

The hippocampus
The hippocampal
circuits consist of 
excitatory synapses 
that use glutamate as 
a neurotransmitter, 
which can interact 
with different 
subclasses of 

receptors (NMDA, 
AMPA, kainate, 

mGluRs)



Electrophysiological recordings 
from hippocampal slices



Neurochem Research - 2011 May 8 [Epub ahead of print]



WE USED AS  EXPERIMENTAL  MODEL THE  STIMULATION AND RECORDING OF 

'NERVOUS IMPULSE AT THE  SCHAFFER COLLATERAL , A CENTRAL NERVOUS

MYELINATED PATHWAY

Adriano, Perasso, Ravera, Gandolfo, Mancardi, Panfoli, Morelli, Balestrino -
2009

rat hippocampus stained with Black Gold, a dye 

specific for myelin that stains it deep red. The 

arrow indicates the Schaffer collateral, intensely 

colored. The figure shows that this pathway is 

myelinated (modified from: Cellular and Molecular 

Life Sciences 61 (9):1082-1094, 2004)



Adriano, Perasso, Ravera, Gandolfo, Mancardi, Panfoli, Morelli, Balestrino -
2009

Stimulation and recording



Adriano, Perasso, Ravera, Gandolfo, Mancardi, Panfoli, Morelli, Balestrino -
2009
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Adriano, Perasso, Ravera, Gandolfo, Mancardi, Panfoli, Morelli, Balestrino -
2009

Inhibition of Na / K ATPase with uabaina reproduces t he 
effects of ischemia and slows the conduction veloci ty in the 
Schaffer collateral



Adriano, Perasso, Ravera, Gandolfo, Mancardi, Panfoli, Morelli, Balestrino -
2009

The experiment mimics the effect of ouabain and 'isc hemia: 
Blocking of Gap-Junctions between neurons and glia w ith 
Oleammide is compatible with a transfer of ATP from glia to 
axons.



Lab.  Biochemistry, DIPTERS- University of Genoa -
May 2011

Assumptions on memory and energy storage
Since the beginning of '900, it was assumed that the memory was associated 

with the accumulation of energy.

�Anoxia has as immediate consequence the loss of part  or all of the 
memory .

� Cognitive skills are associated with myelination

� Given that sleep strengthens the memory, and the fac t that sleep is 
likely in close connection to myelin energization, f or the transitive 
property we can associate memory to myelin  energizati on

�. A new theory is proposed: 

Hypothesis: the memory can result from 
energization of the myelin of a neural network.



This hypothesis is supported by links to 
mitochondria.:
� Since many components in myelin are mitochondrial, 
we hypothesize that mitochondria may be linked to 
memory. 

� This hypothesis is not entirely daring. There are 
several reports (see slide This hypothesis is not entirely 
daring. There are several reports (see next slide) in line 
with this link: mitochondria-memory.









Training course

Probe test

36-day after



http://en.wikipedia.org/wiki/Barnes_maze
The Barnes maze is a tool used in psychological 
laboratory experiments to measure spatial learning
and memory . The test subjects are usually rodents 
such as mice or lab rats , which either serve as a
control or may have 
some genetic variable 
or deficiency present 
in them which will 
cause them to react 
differently to the maze.
Video:  
http://www.youtube.co
m/watch?v=MBwoYJ7
MdI8



B) Relationship between mitochondrial respiratory function and phenotypic expression of impaired spatial remote memory



These studies allow to conclude that spatial memory  is 
impaired significantly by a decrease of the compone nts of 
mitochondrial respiratory complexes encoded by 
mitochondrial DNA. 

We therefore succeeded for the first time in showing experimental
evidence that a high load of pathogenically mutated mtDNA and 
the resultant mitochondrial respiration deficiencies, in the absence
of severe mitochondrial disease phenotypes, are responsible for
the impairment of spatial remote memory.



parental transmission of
behavior
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