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Le cerveau humain
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Le cerveau humain



Développement du cerveau: période prénatale
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‣ La plupart des sillons sont présents à la naissance



Le plissement du cortex: une fenêtre sur le développement précoce

Par exemple, chez des adolescents nés grands prématurés (<31 semaines), 
on retrouve une diminution de la profondeur des sillons secondaires, 
comparés à des adolescents nés non-prématurément.

6 sillons de la région orbitofrontale: 
- sillon primaire: le sillon olfactif (6) 
- sillons secondaires: les parties caudale (1) et rostrale (2) du 
sillon latéral orbital, le sillon transverse orbital (3), les parties 
caudale (4) et rostrale (5) du sillon orbital médialGimenez et al., Neurology 2006



Maturation cérébrale pendant l’enfance et l’adolescence
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Matière grise Pruning synaptique

Affiner, stabiliser et 
augmenter l’efficacité 
du réseau

Naissance 7 ans 15 ans

1. Augmentation massive de la densité synaptique 
(surproduction) 

2. Optimisation du réseau par la disparition des connections 
moins utiles (élimination / pruning)



Maturation des connections synaptiques

Des études histopathologiques montrent que les phases d’élimination des 
synapses (pruning) surviennent à des âges différents selon les régions

115.5 22163 0 ans
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Cortex préfrontalx

Huttenlocher et al., 1979



Mesurer l’épaisseur corticale avec l’IRM

logiciel FreeSurfer, http://surfer.nmr.mgh.harvard.edu/
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Mesurer la maturation corticale
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) La mesure de l’épaisseur corticale permet 
une fenêtre sur les processus de plasticité 
au cours du développement et de périodes 
critiques

Shaw, J Neurosci 2008

Le pic d’épaisseur corticale est considéré 
comme un index de maturation



Mesurer la maturation corticale

Le niveau de précision de l’imagerie IRM pour 
identifier la maturation cérébrale est telle qu’il 
corrèle fortement avec la structure 
cytoarchitectonique corticale, telle qu’identifiée 
microscopiquement par des études post-
mortem

• Vert: isocortex à 6 couches 
• Rouge et bleu: allocortex (<6 
couches)

Shaw, J. Neurosci 2008



Maturation corticale & intelligence

Shaw et al, Nature 2006

307 enfants et adolescents, parmi lesquels 178 ont été scannés plusieurs fois, 
subdivisés en 3 groupes selon leur résultat à un test de QI:

Intelligence supérieure (121 – 149)  
Intelligence élevée (109 – 120)  
Intelligence moyenne (83 – 108)



Maturation corticale & intelligence

Shaw et al., Nature, 2006

Différence développementale entre les groupes “supérieur” et “moyen”

Cortex aminci dans le groupe 
“supérieur” comparé à “moyen”

Cortex épaissi dans le groupe 
“supérieur” comparé à “moyen”

ans

ans

Les enfants les plus intelligents montrent une phase 
accelérée et plus longue d’épaississement cortical, 
suivie par un amincissement plus rapide pendant 
l’adolescence



Résumé intermédiaire

‣ Le plissement du cortex est 
majoritairement déterminé 
avant la naissance.  

‣ L’épaisseur du cortex varie 
ensuite passablement pendant 
l’enfance et l’adolescence, et 
reflète le processus de 
maturation du cortex qui 
s’accompagne d’une 
élimination des synapses



L’effet de facteurs environnementaux 
sur le développement cérébral



L’expérience est le principal facteur qui influence le développement cérébral

‣ Notre cerveau est extrêmement plastique, c’est-à-dire capable 
d’adapter sa structure et sa fonction en réponse à 
l’environnement, l’expérience ou des changements 
physiologiques 

‣ Le cerveau humain garde toute la vie une capacité de 
plasticité, qui dépend de l’expérience, et sous-tend tous les 
apprentissages 

‣ Il existe cependant des périodes sensibles dans le 
développement cérébral, pendant lesquelles l’expérience est 
déterminante pour l’acquisition de la fonction



Importance de l’expérience pendant des périodes 
déterminées du développement

‣ Sur le plan visuel, si le cortex 
visuel ne reçoit pas de 
stimulation d’un oeil pendant 
une période critique, le 
cerveau deviendra “aveugle” 
de cet oeil.  

‣ Déjà au cours de la première 
année de vie, on perd la 
capacité à reconnaître des 
phonèmes auxquels nous ne 
sommes pas exposés. 

image: Eyesight4you
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Kuhl, Neuron 2010, readapted from Kuhl et al., Dev. Sci. 2006



Des périodes sensibles pour les fonctions plus complexes?

‣ Les fenêtres critiques pour le 
développement du cortex sensoriel 
primaire ont été bien étudiées, mais il 
semble y avoir des fenêtres sensibles 
aussi pour les cortex associatifs, 
déterminant des capacités comme le 
langage, l’apprentissage des 
mathématiques ou de la lecture 

‣ Certains auteurs suggèrent que 
l’adolescence représente la fin de toutes 
ces fenêtres sensibles de plasticité



Résumé intermédiaire

‣ La maturation cérébrale est un processus 
complexe qui repose sur l’expérience pendant 
des périodes sensibles 

‣ La maturation cérébrale peut être influencée 
par de nombreux facteurs, tels qu’un 
environnement stimulant, le stress (violence / 
maltraitance), le sommeil, l’activité physique…



Les troubles du 
développement cérébral



Trajectoires de maturation anormale associée au TDAH
Age auquel le pic d’épaisseur est atteint

Regions avec un retard associé au TDAH Regions avec une avance de maturation associée 
au TDAH

Shaw, PNAS 2007

TDAH = trouble de déficit de l’attention avec/sans hyperactivité

TDAH

Développement typique



Trajectoires de maturation anormale associée à la schizophrénie

‣ Une accélération du 
pruning synaptique 
pendant l’adolescence 
pourrait être associée à 
l’émergence de la 
schizophrénie

Thompson et al., PNAS 2001



Trajectoires de maturation anormale associée à l’autisme

2002; Sparks et al., 2002; Hazlett et al., 2005; Bloss and
Courchesne 2007; Schumann et al. 2010), while autistic
adolescents and adults have been reported to display cortical
atrophy (Hadjikhani et al., 2006) and reduction in amaygdala
(Aylward et al., 1999; Pierce et al., 2004) and frontal cortex
volumes (Kosaka et al., 2010) (reviews: Amaral et al., 2008;
Courchesne et al., in press). Moreover, meta-analyses of
MRI brain volume in the autism literature (Redcay and
Courchesne, 2005; Stanfield et al., 2008) and postmortem
autistic brain weight (Redcay and Courchesne, 2005) also
confirm early brain overgrowth in autism by 2 to 6 years of age.

Second, based on analyses of head circumference (HC), it
was discovered that this abnormal brain enlargement is not
present at birth in most cases but instead begins during the

Table 1 – Red flags of autism spectrum disorder by 1 to
2 years of age.

Reduced social interest and affect
Lack of warm, joyful emotional expressions
Lack of sharing emotional enjoyment or interest
Lack of response to name
Lack of showing and interacting

Abnormal language development
Lack of coordination of gaze, facial expression, gesture, and sound
during interactions
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Fig. 2 – Brain growth in autism through 16 years. Data plot
shows larger MRI-based volumes in autistic 2- to 4-year-old
males as compared to normal 2- to 4-year-old males and
smaller overall brain volumes in autistic 8–16 year olds as
compared to normal (from Courchesne et al. 2001).

Fig. 1 – Three phases of growth pathology in autism. (A) Model of early brain overgrowth in autism that is followed by arrest of
growth. Red line represents ASD,while blue line represents age-matched typically developing individuals. In some regions and
individuals, the arrest of growth may be followed by degeneration, indicated by the red dashes that slope slightly downward.
(B) Sites of regional overgrowth in ASD include frontal and temporal cortices and amygdala (from Courchesne et al., 2007).
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‣ Une des plus grandes études qui a analysé le 
développement du cerveau (586 scans couvrant 
l’âge de 1 ans à 50 ans) suggère que le volume 
cérébral est plus grand pendant la petite enfance, 
mais que cette croissance accélérée initiale est suivie 
d’une diminution accélérée de volume cérébral 

Courchesne et al, Brain Research 2011 

brain development in ASD. Early in postnatal life in autism,
there is a relatively brief period lasting several years or less
marked by abnormally accelerated brain overgrowth. This short

period is followed by a period of abnormally slowed or arrested
growth between young childhood and older childhood or
preadolescence. This second short developmental period of
growth pathology has been most carefully examined by Carper
et al. (2002), who showed strikingly reduced growth changes in
autism between 2–4 years of age and about 9 years of age in
frontal and temporal cortical regions, as compared to typical
children whose growth in those regions remained steady and
robust (see Table 2). Next, our life span evidence in Fig. 4 shows
what may be a premature and accelerated rate of decline in
brain size from adolescence to later middle age in autism.

3. Discussion

The genetic,molecular, and cellular pathologies in autism that
create the sudden and accelerated overgrowth during the first
years of life must begin before that early age period, namely
during either prenatal or very early postnatal life. We theorize
that the abnormally accelerated rate of early growth and then
premature arrest of growth in the autistic brain signal innate
abnormalities of initial cortical neural and laminar organiza-
tion and connectivity that are not the result of experience and
learning-based activity. By contrast, the normal child's brain
grows more slowly, likely reflecting continued refinement of
organization and connectivity via adaptive functional activity
guided by experience and learning; indeed, some MRI-
behavior studies of normal development indicate that slower
growth, especially in frontal lobes, is associated with a higher
ability long-term outcome (Shaw et al., 2006).

Since the first description of the unusual brain growth
trajectory in autism, it has been theorized that the overgrowth
might be due to excess neurons consequent to cell cycle
dysregulation and/or failure of naturally occurring apoptosis
(Courchesne et al., 2001; Courchesne et al., 2007). To test that
possibility, we chose to quantify neuron counts, using
stereological methods, in one of the regions with pathological
early overgrowth, namely frontal cortex. In a pilot study, we
found that a 3-year-old autistic postmortem male had 43%
more neurons in dorsolateral prefrontal cortex as compared
to a 2-year-old control male. In ongoing work, our laboratory
has found this excess of neuron number in dorsolateral
prefrontal cortex in every young autistic male we have
analyzed to date. There is no known neurobiological mecha-
nism in humans capable of generating during postnatal life
the large excesses of frontal cortical neuron numbers we are
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Fig. 4 – Changes in brain size across the lifespan in ASD. Total
brain volume is shown for ASD (squares) and control (circles)
subjects for (A) males aged 1 to 9 years, (B) females aged 1 to
9 years, and (C) males aged 9 to 50 years. Different colored
markers represent the 3 different source datasets. The red,
dotted lines represent growth normal trajectories of ASD
subjects. The blue solid lines represent the growth trajectories
of normal control subjects.

Table 2 – After early overgrowth in autism, there is
abnormally slow or arrested growth (from Carper et al.,
2002).

%Increase in volumes during childhood

Normal Autism

Frontal gray 20% 1% from 2–4 to 6–8 years
Frontal white 45% 13% from 2–4 to 7–11 years
Dorsolateral
prefrontal gray

48% 10% from 2 to 9 years

Temporal gray 17% 0% from 2–4 to 6–8 years
Temporal white 22% 2% from 2–4 to 7–11 years
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Résumé final

‣ Le processus de maturation corticale est un processus complexe. 
Des altérations dans la régulation de ce processus semblent être 
en lien avec l’autisme, la schizophrénie et le déficit d’attention.
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people worldwide (http://www.alz.co.uk/research/worldreport/), with 
Alzheimer’s disease representing the most common form of demen-
tia. Although amyloid plaques, neurofibrillary tangles and cell death 
remain defining characteristics of Alzheimer’s disease, findings from 
neuropathological and molecular studies provide strong support for 
synapse degeneration as having a central role in Alzheimer’s disease 
pathology7. Together, these disorders span the entire human life and 
comprise symptoms that have altered cognition in common, but with 
distinctions in socio-linguistic (ASD), perceptive (schizophrenia) and 
memory-related (Alzheimer’s disease) behaviors.

Although dendritic spine alterations in other neurodevelopmental 
disorders, such as mental retardation, have been known for some 
time9, neuropathological data for spine dysmorphogenesis in ASD 
have only recently been provided4. This recent evidence from Golgi-
impregnated post-mortem ASD human brain tissue revealed an 
increase in spine density on apical dendrites of pyramidal neurons 
from cortical layer 2 in frontal, temporal and parietal lobes and layer 5 
only in the temporal lobe4. Spine density was inversely correlated with 
cognitive function. Such findings are consistent with an emerging 
hypothesis that the brains of individuals with ASD are characterized 
by hyperconnectivity in local circuits and hypoconnectivity between 
brain regions10. Further evidence of spine pathology is observed in 
tissue from individuals with diseases comorbid with autism. Similar 
to ‘pure’ autism, the fragile X brain is characterized by elevated spine 
density, which is thought to result from pruning deficits, with elon-
gated, tortuous spine morphologies11, indicative of altered function. 
Together, these findings underscore the profound spine pathology 
exhibited by ASDs and comorbid disorders. It is possible that spine 
dysmorphology contributes to abnormalities in specific circuits, 
which in turn may underlie the socio-cognitive impairments charac-
teristic of these disorders.

Neuropathological lines of evidence supporting synaptic pathology for 
schizophrenia and Alzheimer’s disease are far better characterized than 
for ASD. One of the defining neuropathological features of schizophrenia  
is gray matter loss, which is accelerated during periadolescence12. 
Several postmortem studies have examined spine density changes 
in brain regions showing the greatest indices of gray matter loss in 

 schizophrenia and these results support the view that spine density 
changes directly contribute to gray matter loss in the disease3. The 
dorsolateral prefrontal cortex (DLPFC) shows severe dysfunction in 
schizophrenia, as affected individuals show reduced activity of this 
region during cognitive tasks13. Indeed, spine loss in the DLPFC has 
been reported, particularly in layer 3 neurons5. A reduction in superior  
temporal gyrus gray matter volume is one of the most consistently 
reported alterations in the schizophrenia brain14. At the cellular level, 
individuals with schizophrenia show a profound reduction in spine  
density on pyramidal neurons in the superior temporal gyrus, particu-
larly in the primary auditory cortex15. Several studies have shown reduc-
tions in hippocampal volume and reduced spine density on subicular and 
CA3 dendrites in schizophrenia16,17. Collectively, these studies reveal 
strong associations between brain region–specific loss of gray matter, 
reduced spine density and functional hypoactivity in schizophrenia.

Unlike ASD and schizophrenia, Alzheimer’s disease research has 
benefited from over a century of neuropathological investigation. 
Studies analyzing postmortem tissue samples from patients diag-
nosed with Alzheimer’s disease consistently report prominent syn-
apse loss7,18. Dendritic spine loss is observed in the hippocampus and 
throughout the cortex, the principal areas affected by Alzheimer’s 
disease–related pathology18,19. Dystrophic neurites are also associated 
with amyloid plaques in the brains of individuals with Alzheimer’s 
disease19,20. Notably, synapse and dendrite loss demonstrate a stronger 
correlation to cognitive decline than do neurofibrillary tangles or 
neuronal loss18. Detailed analysis of postmortem tissue has revealed 
synapse loss in mild cognitive impairment (MCI), but an even greater 
loss in Alzheimer’s disease, indicating that synapse loss occurs early 
in the progression of Alzheimer’s disease and worsens as the disease 
advances21. Furthermore, synapse loss often appears greater than 
what would be expected from neuronal death, underscoring synaptic 
dysgenesis as a prominent pathology of Alzheimer’s disease, rather 
than a byproduct, and a driving factor in cognitive decline19. That 
synapse deterioration begins early in Alzheimer’s disease highlights 
the need to develop better diagnostics and more thoroughly investi-
gate the neurological changes that take place during prodromal stages 
of the disease, which is likely the most opportune time for interven-
tion. The brain may possess an innate ability to forestall Alzheimer’s 
disease insults, as some studies note compensatory synaptic changes 
in Alzheimer’s disease, such as increased size in remaining spines22. 
Further research into these mechanisms is required as they may sig-
nify modifiable pathways capable of combating disease progression.

Layer-specific loss of spines in schizophrenia and ASD has intrigu-
ing implications for understanding disease etiology. Notably, in schizo-
phrenia, loss of spines occurs in layer 3 of the DLPFC5, but not in 
layers 5 and 6 (ref. 23). This is interesting considering that layer 3 
neurons undergo more substantial synaptic pruning during adole-
scence than layer 5/6 neurons in primates24. Although postmortem 
studies cannot identify the root cause of spine loss, it is likely that 
spine formation and stability are reduced or spine pruning is acceler-
ated in schizophrenia (Fig. 1). Similarly, in ASD the increase in spine 
density found in layer 2 of the frontal and parietal lobe, which was 
not evident in layer 5, could indicate lamina-specific disruptions in 
synaptic formation and/or pruning.

In summary, neuropathological evidence points toward synapse and 
dendritic spine loss in schizophrenia and Alzheimer’s disease, whereas 
ASDs seem characterized by increased spine numbers. Several caveats 
must accompany studies of postmortem human tissue, such as post-
mortem interval, symptomatic heterogeneity and patient medical his-
tory. As these neuropathological studies are performed in an advanced 
stage of the disease, they reflect an endpoint of the disease process 
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Figure 1 Putative lifetime trajectory of dendritic spine number in the in a 
normal subject (black), in ASD (pink), in schizophrenia (SZ, green) and in 
Alzheimer’s disease (AD) (blue). Bars across the top indicate the period of 
emergence of symptoms and diagnosis. In normal subjects, spine numbers 
increase before and after birth; spines are selectively eliminated during 
childhood and adolescence to adult levels. In ASD, exaggerated spine 
formation or incomplete pruning may occur in childhood leading to increased 
spine numbers. In schizophrenia, exaggerated spine pruning during late 
childhood or adolescence may lead to the emergence of symptoms during 
these periods. In Alzheimer’s disease, spines are rapidly lost in late 
adulthood, suggesting perturbed spine maintenance mechanisms that may 
underlie cognitive decline.

ASD: autisme 
SZ: Schizophrénie 
AD: AlzheimerPenzes et al., Nature Neurosci 2011



Merci pour votre attention!


