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Vers une nouvelle synthèse?	


•  nouvelles méthodes	

–  imagerie cérébrale	

– séquençage génétique	


– biologie moléculaire	

– …	


•  nouveaux cadres théoriques	

– épigénétique	


– …	




L’acquisition du langage	


•  description de l’état initial	

•  fenêtre sur l’origine du langage	




Développement langagier	


capacités perceptives 
universelles	


naissance	
 1 an	
 3-4 ans	
 adolescence	
 âge adulte	


acquisition du langage: langue maternelle (L1)	

-rapide	


-implicite	

-période critique	


apprentissage d’une langue seconde	

-lent, demande de l’effort, ‘accent étranger’	




Développement langagier précoce	




Des avancés récentes…	


•  spécialisation cérébrale pour le langage	


•  maturation ou expérience : les bébés 
prématurés	


•  périodes critiques	




in the left middle portion of the superior temporal gyrus
(STG) [18,19], lateral to Heschl’s gyrus, which houses the
primary auditory cortex (PAC). The processing of audito-
rily presented words is located in a region anterior to
Heschl’s gyrus in the left STG. This region has been
considered as the area where the processing of auditory
word forms (i.e., a word’s phonological form) takes place
[20–22]. Neurophysiological evidence suggests that the
recognition of a word form’s lexical status (word vs. pseudo-
word) is ultra-rapid (50–80 ms) [23] and so is the initial
response to a word syntactic category error (40–90 ms) [24],
which may be due to the recognition of a particular mor-
phological word form. MEG source analyses reported that
the very early word recognition effect is supported by left
perisylvian sources and the right temporal lobe [23]. The
early word category effect was registered in the anterior
STG (aSTG) bilaterally [24].

Once the phonological word form is identified, its syn-
tactic information and semantic information must be re-
trieved in a subsequent step. Words belong to particular
word classes and categories. The information about a
word’s syntactic category allows the initial construction
of syntactic phases. Based on neurophysiological data,
these phrase structure building processes have been local-
ized in the anterior superior temporal cortex approximate-
ly 120–150 ms after word category information is available
as an early automatic syntactic process [24–26]. The in-
volvement of the aSTG during syntactic phrase structure
building has been confirmed by functional MRI (fMRI)
studies using syntactic violation paradigms [27], as well
as a natural language listening paradigm [28]. It has been
proposed that, in the adult brain, these processes can be
fast because templates of different phrase structures (e.g.,
determiner phrase, prepositional phrase) represented in
the aSTG/STS are available automatically once the phras-
al head (e.g. determiner, preposition) is encountered [29].

The observed anterior-running gradient from PAC to
aSTG/STS moving from phonemes to words and phrases
finds support in a recent meta-analysis [22].

The processing of semantic information is covered in a
wide range of literature, mostly with a focus on semantic
memory investigated at the word or item level [30]. Here, I
will discuss lexical-semantic access and integration as it is
necessary for sentence comprehension. Electrophysiology
provides an interesting entry to this topic as a particular
event-related potential (ERP) component reflecting lexical-
semantic processes at the word and sentence level has been
identified. Lexical-semantic access occurs fast, that is,
approximately 110–170 ms after the word recognition
point, whereas the well-known N400 effect (350–400 ms)
is assumed to reflect controlled processes [23,31,32]. In
sentential context, these lexical-semantic context effects,
elicited by low cloze probability compared to high cloze
probability words, are usually reported between 350 and
400 ms, starting at 200 ms [33]. In fMRI studies, lexical-
semantic processes have mainly been observed in the
middle temporal gyrus (MTG), although they do not seem
to be confined to this region: they also include the associa-
tion cortices in the left and right hemisphere [34]. Seman-
tic processes at the sentential level are more difficult to
localize. They seem to involve the anterior temporal lobe,
as well as the posterior temporal cortex and angular gyrus
[35,36]. The particular function of the anterior and poste-
rior brain regions in semantic processes is still a matter of
debate [30].

Since the anterior temporal lobe appears to be involved
in processing syntactic information and semantic informa-
tion at least at the sentential level, the function of this
neuroanatomical region has been discussed as reflecting
general combinatorial processes which are involved in
phrase structure building as well as in semantic combina-
torics [9,11]. Humphries et al. [37], however, have argued
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Figure 1. The cortical language circuit (schematic view of the left hemisphere). The major gyri involved in language processing are colorcoded. In the frontal cortex, four
language-related regions are labeled: three cytoarchitectonically defined Brodmann [39] areas (BA 47, 45, 44), the premotor cortex (PMC) and the ventrally located frontal
operculum (FOP). In the temporal and parietal cortex the following regions are labeled: the primary auditory cortex (PAC), the anterior (a) and posterior (p) portions of the
superior temporal gyrus (STG) and sulcus (STS), the middle temporal gyrus (MTG) and the inferior parietal cortex (IPC). The solid black lines schematically indicate the
direct pathways between these regions. The broken black line indicates an indirect connection between the pSTG/STS and the PMC mediated by the IPC. The arrows
indicate the assumed major direction of the information flow between these regions. During auditory sentence comprehension, information flow starts from PAC and
proceeds from there to the anterior STG and via ventral connections to the frontal cortex. Back-projections from BA 45 to anterior STG and MTG via ventral connections are
assumed to support top-down processes in the semantic domain, and the dorsal back-projection from BA 44 to posterior STG/STS to subserve top-down processes relevant
for the assignment of grammatical relations. The dorsal pathway from PAC via pSTG/STS to the PMC is assumed to support auditory-to-motor mapping. Furthermore,
within the temporal cortex, anterior and posterior regions are connected via the inferior and middle longitudinal fasciculi, branches of which may allow information flow
from and to the mid-MTG.
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Spécialisation: le cerveau adulte	




Spécialisation: les origines	


•  les origines de la spécialisation cérébrale pour 
la parole et le langage?	


•  expérience prénatal? (audition à partir de la 
24e à 28e semaine de la grossesse)	




Peña et al. (2003)	


•  nouveau-nés	




Peña et al. (2003)	


•  méthode: spectroscopie proche infra-rouge 
(near-infrared spectroscopy; NIRS)	




Peña et al. (2003)	




Sato et al. (2011)	


•  langue maternelle vs. langue inconnue	

•  nouveau-nés	


detection points (Fig. 1B). The measurement positions
were defined as the midpoint between the irradiation and
detection points. The silicon rubber frame rotated around
the fixtures and comfortably secured the optode cap to the
neonate’s head despite the differences in head size. The
fixtures and frame were arranged on a sponge base, so
placement of the optode cap on the neonate’s head did not
awaken him or her.

Stimuli

We used four types of sound stimuli: Japanese played
forward (JFW), Japanese played backward (JBW), English
played forward (EFW), and English played backward
(EBW). These stimuli were created from the recorded voice
of a Japanese-English bilingual female (27-year-old Japa-
nese) who was born in England and who had lived there
until 2-years old (she had also lived in the United States

from age 5 to 7 and from 12 to 15). She read a portion of a
children’s story in Japanese and in English to infants (both
highly intonated compared to an adult-directed voice).
Each recorded speech sound was separated into six 10-s
audio clips. The backward speech sounds were made from
the audio clips using sound-editing software (Sound For-
geV

R

7.0, Sony Pictures Digital Networks, USA). The funda-
mental sound properties of the stimuli were analyzed
using PRAAT speech signal analysis software (ver. 5.2.17)
(www.praat.org). The mean pitch (fundamental frequency:
F0) among six audio clips was respectively 240.3 and 245.3
Hz for Japanese and English, with no significant difference
(t(10) ¼ "0.58, P ¼ 0.58). The mean intensity was respec-
tively 74.6 and 74.3 dB (lE) for Japanese and English, with
no significant difference (t(10) ¼ 1.11, P ¼ 0.29). In total,
we prepared 24 audio clips, six for each type of sound
stimuli (JFW, JBW, EFW, and EBW).

Although the clips all contained natural pauses, none
started with a pause. A 10-s silence audio clip was used as
a control stimulus (CTL).

Measurement Procedure

The neonate to be evaluated was laid in the measure-
ment bed and fitted with the optode cap (Fig. 1C) while
he or she was asleep or in a quiet rest state. We conducted
two sessions for each neonate: a sound session presenting
the four types of sound stimuli (JFW, JBW, EFW, and
EBW) and a control session presenting the control stimuli
(CTL). All stimuli presentations were software controlled
(Platform of Stimuli and Tasks, Hitachi, ARL).

The sound session contained 25 random-length silence
periods and 24 stimulation periods. The silence periods
lasted between 20 and 30 s, and the stimulus periods
lasted 10 s. The silence period durations were varied to
reduce the effect of synchronization between stimuli expo-
sure and spontaneous oscillations [Pena et al., 2003]. In
each stimulus period, the four types of sound stimuli were
presented six times each (4 # 6 ¼ 24 audio clips) in a
pseudo-randomized order through stereo speakers
(MediaMateV

R

, Bose, USA). The volume was controlled so
that the sound pressure at the neonate’s head was 62–65
dB while the background noise (mainly from an air condi-
tioner and the measurement PC) was about 50–53 dB. At
least one sound session was conducted for each neonate; a
second one was conducted if the first was not completed
because of the neonate moving or crying. When a second
sound session was conducted, the data recorded in the
first session was used to the extent possible. Therefore, the
number of stimuli per neonate ranged from 24 to 34. The
data recorded during these sound sessions with silence pe-
riod (20–30 s) enabled us to analyze the hemodynamic sig-
nals in response to sound stimuli, as was done in previous
studies [Grossmann et al., 2010; Homae et al., 2006, 2007;
Minagawa-Kawai et al., 2010].

The control session contained seven random-length
silence periods and six CTL periods, which corresponded

Figure 1.
Measurement apparatus and setup: (A) Bed, optode-cap, two
stereo speakers, and digital video camera. (B) Inside view of
optode cap. Silicon rubber frame with fixtures holding optical
fibers; it maintains distance between irradiated points and detec-
tion points. Fixtures and frame are arranged on a sponge base,
and the frame crosspieces rotate around the fixtures, fitting the
cap to the head size of the neonate. (C) Neonate wearing
optode cap. (D) Arrangement of measurement positions. (E)
Measurement positions estimated using 3D digitizer on model
head based on 3D MR images of 2-month-old preterm infant
(Hirabayashi et al. 2008).
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Sato et al. (2011)	


newborns [Taga et al., 2003]. Recent OT studies have illu-
minated the frontal functions in infants. Minagawa-Kawai
et al. found that the anterior part of the orbitofrontal cor-
tex in 9- to 13-month-old infants was activated when the

infants viewed their mothers’ smile, probably due to emo-
tional changes [Minagawa-Kawai et al., 2009]. Moreover,
the prefrontal cortex was activated in 3-month-old infants
in relation to the auditory habituation/dishabituation

Figure 4.
Differences among sound stimuli determined using oxy-Hb signals: (A) Difference values for com-
pared pair are shown in color in maps at positions where they were statistically significant (Tur-
key-Kramer post-hoc test, P < 0.05, uncorrected). (B) Average time courses for channels of
interest are shown with error bars indicating standard error. Number of neonates on average
was 15 for ch 44, ch 46, and ch 48 and 10 for ch 45.
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Cristia, Gervain et al. (2014)	


•  dialecte natif vs. dialecte inconnu	
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Cristia, Gervain et al. (2014)	




Minagawa-Kawai et al. (2011)	


•  meta-analysis of several infant NIRS studies	
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Fig. 1. Developmental changes of laterality index in various phonological
contrasts. Original data are from [1] Furuya et al. (2001) and [2] Sato et al.
(2007) for consonants, [3] Arimitsu et al. (in preparation), [4] Minagawa-
Kawai et al. (2009a), [5] Sato et al. (2003) and [6] Furuya and Mori (2003)
for vowels, [7] Minagawa-Kawai et al. (2007) and [8] Minagawa-Kawai
et al. (2005) for durational contrast, [1,2] and [9] Sato et al. (2010) for pitch
accent and [3,5,6] for prosody. All studies use the same change detection
paradigm to examine the cerebral responses around auditory area. A lat-
erality index was calculated using the formula (L - R)/(L + R), where L and R
are the maximal total Hb changes in the left and right auditory channels,
respectively. Laterality index is above zero for left dominance and below
zero for right dominance.

date, a recent review paper on left lateralization in adult
language processing had the advantage of looking at 100
data points published within a single year (Price, 2010).
Additionally, the stimuli used in these 11 studies typically
combined a number of features, and we were thus not ide-
ally positioned to adjudicate between the three competing
hypotheses. To this end, we now focus on studies using
more controlled stimuli in the next section.

3.2. Perceiving phonological contrasts

In this section, we examine in detail the neurodevel-
opment of the processing of individual contrasts. Unlike
papers discussed in the previous section, speech process-
ing here is gauged through the comparison of two types
of blocks, one where two stimuli alternate, versus one
where a single stimulus is repeated. This enables the
study of the brain networks involved in speech sound
discrimination. The 9 studies are presented in Fig. 1 and
listed in the figure legend. Before reviewing that data,
let us draw out the predictions for each of the three
hypotheses, as follows. If infants’ neural responses to
sound contrasts depended only on the contrasts’ physi-
cal properties, we would expect a right–left lateralization
gradient, with lexical pitch involving primarily the right
hemisphere, vowel quality involving symmetrical process-
ing, and consonants involving more leftward networks. In
contrast, according to the domain-driven hypothesis, it is
to be expected that all linguistic contrasts would elicit
larger left-hemisphere activations from birth (with, per-
haps, left-dominance decreasing for non-native contrasts
with additional experience). Finally, the learning-biases
hypothesis predicts that left lateralization should emerge
as a consequence of acquisition, and therefore would only
concern contrasts that can be captured using categories

and rules developed from exposure to the ambient lan-
guage(s).

As shown in Fig. 1, before 6 months, infants exhibit
significantly rightward activations for prosodic and pitch
accent in contrast to the leftward activation for consonants
and consistently symmetrical activation for vowels. These
results generally fit the predictions from the signal-driven
hypothesis, as slow, spectrally rich signals (prosodic, pitch
accent) elicit right-dominant, consonants left-dominant,
and vowels symmetrical activations. However it should be
noted that not all the data before 6 months is in accordance
with the signal-driven hypothesis, and that there are very
few data points for consonants.

Developmental results provide support to the learning
bias hypothesis, as contrasts become increasingly left-
lateralized only if they are part of the native phonology,
while non-native contrasts and non-speech analogues con-
tinue to be represented symmetrically/right-dominant. In
consonance with previous behavioral research, the timing
of acquisition appears to vary according to the contrast
type, such that vowel quality (for monosyllabic stimuli,
behavioral: 6 months, Kuhl et al., 1997; NIRS: 7 months,
Minagawa-Kawai et al., 2009a; MEG: 6 months, Imada et al.,
2006) may be acquired earlier than lexical prosody (behav-
ioral: 9 months, Mattock et al., 2008; NIRS: 11–12 months,
Sato et al., 2003; although notice that the stimuli used by
Sato et al. were bisyllabic, whereas Mattock and Burnham
used monosyllables) and vowel duration (behavioral: 18
months, Mugitani et al., 2009; NIRS: 14 months, Minagawa-
Kawai et al., 2007). It is uncertain why some contrasts are
learned earlier than others, but it may be the case that
acoustically salient ones require less exposure (Cristià et al.,
2011a). Although there is little work on consonants,1 these
showed activations that were somewhat left-dominant at
the early age of 5 months.

In all, it appears that a combination of the signal-driven
hypothesis and the learning bias hypothesis, with their rel-
ative contributions varying with the infant age/experience,
may provide a good fit of the data on sound contrasts,
as these results document an increase in lateralization
as a function of development and experience from an
initial state where lateralization responds to signal fac-
tors. To take a specific example, let us focus on the
case of pitch accent. Initially rightward/symmetrical acti-
vations gradually change to left-lateralized only if the
contrast is phonological in the infants’ ambient language,
whereas non-native/non-linguistic analogues continue to
elicit right lateralized responses (with one exception: a
symmetrical response has been reported for pitch contrasts
in Japanese 4 month-olds; Sato et al., 2010). Furthermore,
these results complement those in the previous section,
as they underline the importance of learning for lateral-
ization in response to isolated words, stimuli that allow a
much greater control over the factors influencing lateral-
ization.

1 Dehaene-Lambertz and Gliga (2004) reported in an ERP study that left-
lateralized responses to consonantal contrasts were evident in newborns
and 3-month-olds, but similar left-dominant activations were elicited by
non-speech analogues.



Spécialisation	


•  spécialisation générale en place avant la 
naissance	


•  modulée déjà à la naissance par l’expérience	

•  latéralisation renforcée par l’expérience	




Expérience prénatale: les prématurés	


•  maturation biologique normale	

•  mais expérience linguistique différente	




Peña et al. (2010)	


•  discrimination de langues: expérience ou 
maturation cérébrale?	


“provide(s) a specific neural marker for the perceptual binding
of the spatially separate elements in the infant brain” (9; for a
review, ref. 10). To the best of our knowledge, there are very few
studies on the role of the gamma band during language acquis-
ition. Recent studies in adults have shown an increase in oscil-
latory activity from 40 to 200 Hz during speech perception and/or
production (11, 12).
In our study, we explored whether the power of the induced

gamma-band oscillations can track the gains in language dis-
crimination during the first stages of language acquisition in
healthy full-term and premature infants. To estimate gains in
neural maturation, we carried out periodical clinical assessments
and also evaluated the early components of the event-related
potentials (ERPs) that are associated with age-related changes in
auditory processing. The latency and amplitude of the early
speech ERPs change dramatically from 3 to 6 months of life in
full-term infants (13, 14). These changes are mainly correlated
with changes in myelinization, synaptic efficacy, neural con-
nectivity, and the anatomy of the infant’s head (15, 16). In this
study, we measure the early ERP response as a marker of the
age-related changes in neural maturation. If speech exposure
induces improvement in native language discrimination even
when the brain is highly immature, the gamma-band response of
PT6 infants should reveal discrimination of the rhythmically
similar languages even when their ERP patterns are similar to
those of the more immature full-term infants (i.e., FT3 infants).

Results
Fifteen healthy infants per group were analyzed (Materials and
Methods). All infants evolved with normal pediatric and neural
development after a 2-year outcome (Table S2).

Gamma-Band Power. The computation of the time-resolved
spectral power is detailed in Materials and Methods. The time
course of the mean spectral power from 1 to 100 Hz for all
languages and groups is displayed in Fig. 3.
The statistical analysis of the spectral power was focused on

the time range from 300 to 2,800 ms after the onset of the
utterances and on the frequency range from 55 to 75 Hz. Our
motivation arose from the observation that the oscillatory
activity in this time-frequency range, but not in other time-
frequency windows, displays significant differences with respect
to the baseline when all languages and groups are pooled (Fig. 4;
see Materials and Methods). We submitted the mean induced
gamma-band power of this time-frequency window to repeated
ANOVA with language (Spanish, Italian, and Japanese) as a
within-subjects factor and group (FT3, FT6, PT6, and PT9) as a
between-subjects factor.

We found a main effect of language [F(1.02, 55.8) = 5.7, P <
0.01] with greater gamma-band power for Spanish and Italian
than for Japanese (P< 0.01 and P< 0.04, respectively). Moreover,
a significant interaction of language × group [F(3.02, 55.8) = 3.8,
P < 0.02] was observed, because the mean gamma-band power for
Spanish (the maternal language) was significantly greater than
that observed for Italian utterances in FT6 and PT9 infants only.
In fact, the gamma-band power for Spanish was significantly
greater than that for Italian in FT6 (P < 0.01) and PT9 (P < 0.01)
infants regardless of the fact that Spanish and Italian belong to the
same rhythmic class. In contrast, FT3 and PT6 infants displayed
similar gamma-band power for Spanish and Italian, suggesting
that this neural marker for distinguishing between native and
rhythmically similar languages arises only in more mature infants.

ERP Response. The ERP computation is detailed in Materials and
Methods. The early ERP includes a positive component, peaking
near 200 ms, observed in all groups of infants over the central
anterior electrodes and a negative component, peaking at about
240 ms, observed only in older infants over the central posterior
electrodes (Fig. 5). The mean latency peak and the mean zero-
to-peak amplitude of the positive component were submitted to
the corresponding one-way ANOVA with group (FT3, FT6, PT6,
and PT9) as a between-subjects factor. Scheffé’s test was used for
post hoc multiple comparisons.
A significant effect of group [F(3, 56) = 24.3, P < 0.005] was

observed in the mean latency, because the mean latency of the
positive peak was significantly shorter for older as compared with
younger groups [i.e., latency was shorter for FT6 as compared
with FT3 infants (P < 0.001) and for PT9 as compared with PT6
infants (P < 0.01)]. No significant differences in the mean zero-to-
peak amplitude were observed for the positive component. We
did not compare the negative component because it was not
identified in several infants in the younger groups (i.e., FT3, PT6).
The absence of a negative component around 250 ms has been
previously reported in 3-month-old infants (14) as an age-related
change in ERP topography. This does not mean that this com-
ponent does not exist, but it could mean that the corresponding
dipoles are oriented out of the recorded area in the scalp.

Clinical Assessments. Development of all participants in our study
was normal, as assessed through periodic evaluations that took
place every 3 months until the infants were 24 months old (after
the term age for premature infants). Preterm infants were also
evaluated neurologically every 3 months and given a minimum of
two ophthalmological and audiometric tests at the end of their
second year of life. No neurological or developmental anomalies
were detected in these clinical assessments. Clinical assessments
of the full-term and preterm groups were not significantly dif-

Fig. 1. Maturational age and duration of exposure to broadcast speech. Horizontal bars indicate the duration of intra- and extrauterine life (green and
yellow, respectively) for the four groups. The age in months for the evaluation of full-term and preterm infants is indicated at the top of the first horizontal
bar (i.e., 3 and 6 months after birth for full-term infants, 6 months after birth and after term age for preterm infants). The term age corresponds to the date at
which infants should have been born after 9 months of gestation.

Fig. 2. Stimulation protocol. All infants listened passively to a series of 54 utterances in Spanish (red squares), Italian (blue squares), and Japanese (green
squares), obtained by adding 18 utterances provided by three different speakers per language.
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ferent. The amount of word/sentence comprehension and the
number of words produced evaluated using the McArthur
Communicative Development Inventories (CDI) (17) at 12
months (after the term age in premature infants) showed that all
infants were within the norm of the regional and international
standards. Likewise, the Mental and Psychomotor Devel-
opmental Indexes of the Bayley test (18) applied at 24 months
(after the term age in preterm infants) were within the regional
and international standards (Table S2). Critically, there were no
significant differences between full-term and preterm groups in
the CDI or Bayley test scores.

CorrelationsBetweentheClinical andElectrophysiological Evaluations.
No significant correlations were observed between theMental and
Psychomotor Developmental Indexes of the Bayley test given at
24 months and the gamma-band power amplitude (for any lan-
guage) or latency of the early ERP measurements in any group
of infants.

Discussion
The gamma-band results (Fig. 3) for the more mature infants
(i.e., FT6 and PT9) are the only ones that show greater activity
for Spanish as compared with Italian. These results mesh well
with behavioral data showing that full-term infants distinguish
the maternal language from a rhythmically similar language only
4 months after birth (6, 7). Clearly, FT6 and PT9 infants have
had more than 4 months of exposure to broadcast speech. Cru-
cially, the induced gamma-band response of PT6 and FT3 infants
to Spanish and Italian is not significantly different between the
two groups. In contrast, the FT6 infants respond significantly
only to Spanish and not to Italian. The induced gamma-band
response of the PT6 infants is thus more similar to that of the
most immature infants (i.e., FT3), even though PT6 infants had
received more than 4.5 months of broadcast speech exposure.
We suggest that PT6 and FT3 infants still respond to Italian
because they have not attained the level of neural maturation
that might allow them to recognize that the maternal language is
separate from other rhythmically similar languages. Although,
we cannot discard the influence of other unknown factors, our
results are consistent with numerous behavioral studies that have
previously documented this language acquisition landmark.
Moreover, our early ERP results agree with previous studies

showing that changes in latency, amplitude, and spatial dis-
tribution reflect age-related gains in neural maturation (14, 15).
First, we found that the latency of the P200 was significantly
longer in FT3 and PT6 infants as compared with F6 and PT9
infants, respectively, suggesting similar improvements in neural
development for full-term and preterm infants. The previously
mentioned studies showed that the latency of the P150 decreases
significantly between 3 and 6 months of age in full-term infants.
We conjecture that the P150 latency reported in previous studies
and the P200 latency observed in the current study reflect the
same neural and cognitive correlates. Previous studies used a few
syllables and tones, whereas our study used a larger set of spoken
sentences. Second, we showed that a clear N250 is mostly absent
in FT3 and PT6 infants but becomes stronger in FT6 and PT9
infants. These observations are also consistent with previous

Fig. 4. Time-frequency windows for statistical comparisons. The time course
of the t value and P value obtained from the comparison of the mean
activity at the gamma range observed during the baseline and during lis-
tening to the utterances across all languages and all participants is plotted.
The blue line shows the time course of the mean t value and P value under
0.05 for the middle gamma-band power from 55–75 Hz. The black line shows
the same statistical values for the low gamma-band power from 21–40 Hz
only for visual control comparison.

Fig. 5. Early ERP components per group and language. The topographic
maps illustrate the time course of the mean amplitude of the early ERPs from
160–320 ms after onset of the utterances. The mean activity over a group of
eight central/anterior electrodes (on the left and right sides, delimited by a
black dotted line in the voltage maps) and over eight central posterior
electrodes (on the left and right sides, indicated by a black dotted line in
each voltage map) were used to estimate the latency and amplitude of the
early ERP response. The activity plotted in each subjacent map corresponds
to the grand average of the ERPs at the time indicated by the numerical
label displayed at the top of the figure ± 20 ms. The groups are indicated on
the left side of the figure. The color bar indicates the amplitude of the ERP
response in microvolts.

Fig. 3. Mean induced gamma-band power. The time-frequency maps illus-
trate themean of the spectral power per language and group from 1–100 Hz.
The groups and languages are indicated, respectively, on the left and at the
top of the figure. The color bar to the upper right of the figure shows the
spectral power scale (in SDunits) for allmaps. The frequency range is indicated
in the y axis of the lower right map. Time is plotted in the x axis of the lower
maps. The statistical analysiswas focused on the high gamma frequency range
(55–75 Hz) and from 300 to 2,800 ms after the onset of the sentences. Dotted
white lines indicate the onset of the utterances.
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•  effet labial-coronal: séquences consonantiques 
LC (“pat”) plus fréquentes que les séquences 
CL (“tap”)	


•  à 10 mois les bébés nés à terme préfèrent LC 
à CL	




Gonzalez-Gomez & Nazzi (2012)	




Les prématurés	


•  maturation ou expérience ?	

•  maturation ET expérience	

–  la discrimination linguistique repose sur la 

prosodie & la rythmicité – perceptibles in utéro	


–  l’effet LC repose sur les phonèmes – absents in 
utéro	




Expérience : périodes critiques	


•  timing de l’expérience par rapport à la 
maturation: « the right man at the right place »	


PS66CH07-Werker ARI 11 November 2014 13:14

Pyramidal cell:
excitatory neurons of
the cerebral cortex
whose dendritic spines
are pruned by
experience during CP
plasticity. The
strength of inhibitory
PV-to-pyramidal cell
inputs increases (at a
rate dependent on
sensory experience)
and eventually reaches
an optimal threshold
to promote plasticity
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Figure 1
Recent biological insight into the time course of the critical period (CP). (a) The slow maturation of the
excitatory-inhibitory (E-I) circuit balance [in particular that of parvalbumin (PV) cells] determines the initial
onset and ultimate closure of a window of brain plasticity. (b–d ) As a result, CP timing per se is malleable,
allowing for precocious, delayed, extended, narrowed, dampened, or reopened plasticity. The latter involves
the removal of molecular brakes that are expressed in adulthood to stabilize and consolidate otherwise plastic
circuitry (see sidebar).

Timing of the events that lead to these triggers is constrained by maturation, but clearly
experience is also necessary or the onset of plasticity will be delayed (Figure 1b). How
exactly GABA circuit maturation controls CP onset remains to be explored, but it has been
proposed that inhibition may preferentially suppress responses to spontaneous intrinsic
activity in favor of visually driven input, switching learning cues from internal to external
sources (Toyoizumi et al. 2013).

2. Plasticity is mediated by molecular factors that enable rewiring of a neural circuit in
response to sensory experience. During this open period, experience or the lack thereof can
lead to significant (and sometimes rapid) changes in wiring; hence, this is a time of both
opportunity and vulnerability. A biochemical sequence is triggered, initially freeing synaptic
space through the action of secreted proteases [e.g., tissue-type plasminogen activator
(tPA)] to cleave cell-adhesion molecules (see sidebar) (Hensch 2005). This first prunes away
deprived inputs prior to sprouting of open eye connections in V1. Such delayed homeostatic
growth requires protein synthesis and glial factors [e.g., tumor necrosis factor alpha
(TNFα); Espinosa & Stryker 2012]. Directly disrupting intercellular adhesion molecules
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Timing of the events that lead to these triggers is constrained by maturation, but clearly
experience is also necessary or the onset of plasticity will be delayed (Figure 1b). How
exactly GABA circuit maturation controls CP onset remains to be explored, but it has been
proposed that inhibition may preferentially suppress responses to spontaneous intrinsic
activity in favor of visually driven input, switching learning cues from internal to external
sources (Toyoizumi et al. 2013).

2. Plasticity is mediated by molecular factors that enable rewiring of a neural circuit in
response to sensory experience. During this open period, experience or the lack thereof can
lead to significant (and sometimes rapid) changes in wiring; hence, this is a time of both
opportunity and vulnerability. A biochemical sequence is triggered, initially freeing synaptic
space through the action of secreted proteases [e.g., tissue-type plasminogen activator
(tPA)] to cleave cell-adhesion molecules (see sidebar) (Hensch 2005). This first prunes away
deprived inputs prior to sprouting of open eye connections in V1. Such delayed homeostatic
growth requires protein synthesis and glial factors [e.g., tumor necrosis factor alpha
(TNFα); Espinosa & Stryker 2012]. Directly disrupting intercellular adhesion molecules
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Expérience : périodes critiques	
PS66CH07-Werker ARI 11 November 2014 13:14

Table 1 Summary of the biological and experiential manipulations that alter critical period (CP)
states

CP state Biological manipulation Experiential manipulation

Onset

! Sensory deprivation (e.g., white noise, dark rearing)
! E-I circuit maturation (e.g., GABA, BDNF,

Otx2, PSA-NCAM)

! Premature birth
! SRI exposure
! Maternal depression
! Cochlear implant

Duration

! Synapse pruning/homeostasis (e.g., tPA, TNFα,
Icam5, protein synthesis)

! Environmental enrichment

! Bilingual experience
! Diet

Closure

! Molecular brakes (e.g., myelin, PNN, NgR1/PirB,
Lynx1, HDAC)

! Attentional arousal

! Valproate exposure
! Video games

Abbreviations: BDNF, brain-derived neurotrophic factor; E-I, excitatory-inhibitory; GABA, gamma-aminobutyric acid;
HDAC, histone deacetylases; Icam5, intercellular adhesion molecule 5; NgR1/PirB, Nogo receptor 1/paired
immunoglobulin-like receptor B; Otx2, orthodenticle homeobox 2; PNN, perineuronal net; PSA-NCAM, polysialic
acid/neural cell adhesion molecule; SRI, serotonin reuptake inhibitor; TNFα, tumor necrosis factor alpha; tPA, tissue-type
plasminogen activator.

Brain-derived
neurotrophic factor
(BDNF): a secreted
protein mediating
growth of neurons and
synapses. BDNF
contributes to the
opening of a CP by
promoting maturation
of PV cells

Orthodenticle
homeobox 2 (Otx2):
a protein that triggers
the maturation and
maintenance of PV
cells upon
accumulation in the
cortex following
sensory input. Thus,
Otx2 enables plasticity
and determines CP
time course by
controlling both its
opening and ultimate
closure through PNNs

(e.g., Icam5) shortens CP duration (Barkat et al. 2011), whereas enriched environments
extend it (see Figure 1c) (Brainard & Knudsen 1998, Sale et al. 2007).

3. Molecular brakes on plasticity eventually consolidate the neural circuit from a plastic to
stable state, thereby closing the CP. Thus, the end of plasticity surprisingly involves active
processes that preserve the changes that occurred during the plastic period. Several brake-
like factors emerge after the CP to limit excessive circuit rewiring (see sidebar and Table 1)
(Bavelier et al. 2010). Lifting any one of them through targeted genetic, pharmacological,
or behavioral (e.g., attention training) manipulations can reinstate plasticity later in life (see
Reopening Critical Periods section below) or extend the CP into adulthood (see Figure 1d ).

These brakes include structural obstacles to physically prevent synaptic pruning and outgrowth,
such as perineuronal nets (PNNs) (Carulli et al. 2010, Miyata et al. 2012) or myelin-related
signals including Nogo receptor 1 (NgR1) and the immune gene receptor paired immunoglobulin-
like receptor B (PirB) (see Figure 2) (McGee et al. 2005, Syken et al. 2006). Other functional
brakes (e.g., Lynx1, serotonin reuptake) dampen the neuromodulatory systems [e.g., acetylcholine
(Ach), serotonin (5-HT)] that endogenously regulate excitatory-inhibitory (E-I) circuit balance
(see sidebar) (Maya Vetencourt et al. 2008, Morishita et al. 2010). Finally, epigenetic modifications
[e.g., histone deacetylases (HDACs)] silence gene programs necessary for synaptic rewiring (Maya
Vetencourt et al. 2011, Putignano et al. 2007).

Windows of plasticity, therefore, arise between the maturation of an optimal E-I balance
triggering the machinery of synaptic pruning and a later-emerging consolidating set of brake-like
factors, which persistently limit rewiring throughout adult life (see Figure 1a). With regard to
speech perception in particular, the same principles derived from V1 are increasingly observed
across brain regions. For example, in zebra finches, PNNs emerge in key nuclei as the multistep
CP for song-learning closes. Social isolate rearing, which delays CP timing, then delays PNN for-
mation and plasticity into older ages (Balmer et al. 2009). Adult mouse prefrontal cortex normally
encodes acoustic preferences established during a CP early in life but can be rendered malleable
later by NgR1 deletion or HDAC inhibitors (Yang et al. 2012). More recently, adult hippocampal
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•  bébés témoins	

•  bébés nés à des mères dépressives, sans 

traitement médicamenteux	

•  bébés nés à des mères dépressives, avec 

traitement médicamenteux	
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0.09, P = 0.926, η2 = 0.001] or SRI-exposed groups [F(1,21) =
0.613, P = 0.442, η2 = 0.028; Fig. 2A].
Visual language discrimination at 10 mo. When split into exposure
groups and analyzed at 10 mo (controlling for maternal mood at
10 mo), there were no significant differences for the control [F
(1,18) = 1.626, P = 0.218, η2 = 0.083] or SRI-exposed groups [F
(1,21) = 0.031, P = 0.861, η2 = 0.001], but the depressed-only
group showed a significant main effect for trial [F(1,14) = 6.023,
P = 0.028, η2 = 0.301; Fig. 2B]. Like the 6-mo-old infants in the
control group, the 10-mo-old infants in the depressed-only group
increased their looking to the language switch.
Fetal consonant and vowel discrimination. In the second experiment,
14 fetuses of mothers taking SRI medications during their
pregnancy and 20 nonexposed fetuses were tested. With the
exception of higher depressive symptoms in the SRI-treated
group (based on HAM-D score), maternal demographic and
health characteristics did not differ between the groups (Table
2). Independent-samples Mann–Whitney U comparisons were
used to examine infant state (asleep/awake) at the time of the
study and showed no significant difference between the state of

the infants in the control group versus the SRI-exposed group
for the consonant study (P = 0.191) or vowel study (P = 0.503).
As the sample size was not adequate for three groups, the ef-

fect of prenatal maternal mood was controlled by including it as a
covariate. Heart rate deceleration during a 10-s window was used
as the dependent variable following a switch in speech sound
delivered from a speaker to the mother’s abdomen (Materials and
Methods). It was predicted that nonexposed fetuses would dis-
criminate the vowel contrast but not the consonant contrast.
The vowel discrimination data were analyzed by using two-by-

two-by-10 [group (exposed vs. nonexposed) by trial type (pre-
switch vs. postswitch) by test trial] repeated-measures ANCOVAs,
with maternal mood score (per HAM-D) at 36 wk gestation
included as a covariate. There were no significant main effects, but
there was a significant interaction between trial type (preswitch vs.
postswitch) and test trial [F(1,31) = 3.91, P = 0.031, η2 = 0.11]
and a significant trial type-by-test trial-by-maternal mood (per
HAM-D) interaction [F(1,31) = 4.18, P = 0.025, η2 = 0.12].
To probe these significant interactions, a repeated-measures

ANOVA using prenatal maternal mood (per HAM-D) as a

Table 1. Participant characteristics at 6 and 10 mo

Characteristic

Control Depressed only SRI-exposed

P valueMean ± SD n Mean ± SD n Mean ± SD n

Maternal details
Prenatal HAM-D (56) 3.61 ± 2.01 32 12.95 ± 4.93 21 10.67 ± 4.97 32 0.01*
6 mo HAM-D (56) 4.11 ± 3.99 28 11.42 ± 5.85 19 10.93 ± 6.58 28 0.01*
10 mo HAM-D (56) 3.57 ± 3.60 30 11.05 ± 7.58 19 10.07 ± 7.52 30 0.01*
Education (y) 18.91 ± 3.65 32 17.71 ± 3.02 21 17.38 ± 3.84 32 0.21
Prenatal SRI medications (median mg/d)

Paroxetine — — — — 27.5 ± 9.57 4 —

Fluoxetine — — — — 46.67 ± 23.09 3 —

Sertraline — — — — 90 ± 80.23 5 —

Citalopram — — — — 33.33 ± 19.66 6 —

Escitalopram — — — — 50 ± 0 1 —

Venlafaxine — — — — 154.42 ± 55.39 13 —

Alcohol (no. of drinks during pregnancy) 4.39 ± 8.60 32 4.67 ± 6.00 21 4.69 ± 8.45 32 0.99
Smoking (yes/no) 0 ± 0 32 0.05 ± 0.22 21 0.03 ± 0.18 32 0.51
Age at delivery (y) 33.47 ± 3.88 32 36.3 ± 5.95 21 33.56 ± 5.90 32 0.11
Infant details

Sex (M/F) 14/18 32 12/9 21 (14/18 32 —

Birth gestational age (wk) 39.79 ± 1.45 32 39.78 ± 1.81 21 38.96 ± 1.48 32 0.07
Birth weight (g) 3448 ± 503 32 3530 ± 441 21 3267 ± 440 32 0.11
Duration of prenatal SRI exposure (d) — — — — 255.41 ± 51.84 32 —

Age at 6 m study (d) 183.96 ± 5.61 28 186 ± 6.15 19 184.57 ± 5.67 28 0.45
Age at 10 m study (d) 307.03 ± 7.16 30 308.89 ± 7.47 19 306.43 ± 4.33 30 0.41

*Significant at P < 0.05.

A B

Fig. 1. Comparison of alternating (Hindi dental and retroflex) trials to nonalternating (Hindi dental) trials after being habituated to Hindi dental syllable
(*P < 0.05). Error bars represent SEM. (A) Data from control (n = 25), depressed-only (n = 19), and SRI-exposed infants at 6 mo (n = 27). (B) Data from control
(n = 28), depressed-only (n = 16) and SRI-exposed (n = 30) infants at 10 mo.
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human evidence has not been reported, exposure to SRIs early in
life has been shown to alter tonotopic organization and receptive
field properties in the primary auditory cortex (A1) of rats (15),
suggesting that a disruption in auditory coding per se could explain
a failure to discriminate speech at 6 and 10 mo by SRI-exposed
infants. However, this cannot account for the finding of precocious
consonant discrimination in utero by SRI-exposed fetuses. Thus,
when all the findings are taken into account, the effect of early SRI
exposure appears to be one of accelerated attunement to the
properties of the native language.
Emerging reports from animal models suggest that early SRI

exposure has a positive influence, reversing or “correcting” the
adverse effects of prenatal maternal stress exposure (32–34).
Although they are of interest, our results are not entirely con-
sistent with that pattern, as, in our case, SRI exposure appears to
lead to an “over-correction.” Below, we discuss how SRI expo-
sure could influence age-related changes in speech perception.
Modulating 5-HT levels increase cortical plasticity in the adult

visual system (35, 36). SRIs in particular can reopen cortical
plasticity (37), but the means by which they do so has been largely
undescribed. Recent insight into the cellular and molecular
mechanisms underlying critical period onset and closure in the
neocortex of mice now offers a more detailed mechanistic expla-
nation. The maturation of excitatory–inhibitory local circuit
balance appears pivotal (11). Any manipulation that ultimately
accelerates/delays GABA circuit function will accelerate/delay
critical period timing. By analogy, maturational milestones in the
auditory system may also reflect a shifted excitatory–inhibitory
balance. Apart from the popular action of SRIs on 5-HT transport,
these drugs are notorious for their off-target effects (21). Notably,
in response to submaximal GABA concentrations, fluoxetine can
potentiate current flux through GABAA receptors containing the
α1 subunit (38). Benzodiazepine use early in life is already known
to accelerate critical period onset by this mechanism (39).
Turning to the infants of non–SRI-treated but depressed

mothers, the compelling finding is their robust discrimination at
10 mo of the nonnative speech sound contrast and the visual
language change. This result provides evidence for a delay of the
critical period for attunement to the properties of the native
language rather than a gross perceptual impairment. An organic
difficulty in learning and/or performance on the habituation tasks is
one explanation for unreliable discrimination performance at 6 mo.
Newborns of depressed mothers show inferior performance on the
Brazelton assessment (40, 41), with lower orientation scores, ab-
normal reflexes, inferior excitability, and withdrawal scores (42).
However, the successful discrimination at 10 mo by infants born
to depressed mothers not treated with an SRI may be better

explained by a delayed critical period trajectory caused by early
stimulus deprivation.
By analogy to dark-rearing in the visual system (11), infants of

depressed mothers may not hear sufficient speech, or sufficiently
engaging speech, to initiate the neurological changes that trigger
critical period onset. Depressed mothers do not modify their
speaking style (43, 44) to produce the exaggerated “motherese”
that infants prefer (45–48), and which can highlight speech
sound differences (49). Newborns of depressed mothers fail to
show face/voice preference (22) whereas older infants do not
learn as well from their mothers’ infant-directed speech (50).
Thus, maternal depression may have resulted in subthreshold
levels of appropriately engaging speech input. Further support
for this possibility is provided by the significant correlation we
observed between depression scores at 6 mo and performance in
the visual language discrimination task even in control infants.
In summary, we have found that exposure to SRIs accelerates

speech perception development, whereas exposure to maternal
depression initially disrupts performance and ultimately delays
perceptual narrowing by prolonging the period of sensitivity to
nonnative distinctions. These findings are particularly compelling
when we consider that the timing of speech perception de-
velopment is typically considered to be maturationally delimited.
What is unknown at this time, and of key clinical importance, is
whether these small perturbations in critical period timing of core
perceptual components of language acquisition have a lasting
impact. To date, there are no published reports of language delay
in infants or young children with SRI exposure. However, se-
quential timing and ordered emergence of developing systems is
an essential characteristic of optimal development, as it allows
more complex processes to build on first established, more foun-
dational representations (51).
We know that, in typical language development, infants use

the representations established in native speech sound discrim-
ination to direct later word learning (10) and in rhythmical dis-
crimination to direct later parsing of syntactic units (52). Thus,
disruptions in the perceptual foundations of language could have
a cascading impact on optimal language development (53). A re-
cent population-level finding reports an intriguing association be-
tween prenatal SRI exposure and an increased risk for autism in
early childhood (54), raising critical questions (55) about the long-
term developmental implications of early mistiming in language
development. By providing a deeper mechanistic understanding of
how and when developmental trajectories are altered by early ex-
posure to maternal mood disturbances and/or SRI exposure, more
optimal outcomes can be realized for infants and their mothers.

A B

Fig. 3. Mean fetal heart rate during a speech discrimination task. The y axis represents fetal heart rate in beats per minute (BPM); the x-axis represents the 10
preswitch and 10 postswitch trials. Preswitch comprises repeated presentations of the same sound, and postswitch comprises repeated presentations of the
changed speech sound (*P < 0.05). (A) SRI-exposed (n = 14) and nonexposed (n = 20) fetuses at 36 wk gestation in response to a change in vowel sounds (/a/ vs.
/i/). (B) SRI-exposed (n = 14) and nonexposed (n = 20) fetuses at 36 wk gestation in response to a change in consonant sounds (/da/ vs. /ta/).
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Conclusions	


•  interaction complexe entre biologie et 
expérience	


•  comment biologie et expérience interagissent?	

•  le domaine du langage reste un terrain riche 

pour explorer cette question	
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