{fromtiers in

BEHAVIORAL NEUROSCIENCE

ORIGINAL RESEARCH ARTICLE
published: 25 January 2011
doi: 10.3389/fnbeh.2010.00193

o

No need to talk, | know you: familiarity influences early
multisensory integration in a songbird’s brain

Isabelle George'*, Jean-Pierre Richard?, Hugo Cousillas? and Martine Hausberger'

T UMRG6552 — Ethologie Animale et Humaine, CNRS, Rennes, France
2 UMRG6552 — Ethologie Animale et Humaine, Université Rennes 1, Rennes, France

Edited by:
Martin Giurfa, CNRS — Université Paul
Sabatier — Toulouse Ill, France

Reviewed by:
Sarah Partan, Hampshire College, USA

*Correspondence:

Isabelle George, UMR6552 — Ethologie
Animale et Humaine, Université
Rennes 1 - CNRS, 263 Avenue du
Général Leclerc, Campus de

Beaulieu — Bat. 25, 35042 Rennes
Cedex, France.

e-mail: isabelle.george@univ-rennes1.fr

It is well known that visual information can affect auditory perception, as in the famous
“"McGurk effect,” but little is known concerning the processes involved. To address this issue,
we used the best-developed animal model to study language-related processes in the brain:
songbirds. European starlings were exposed to audiovisual compared to auditory-only playback
of conspecific songs, while electrophysiological recordings were made in their primary auditory
area (Field L). The results show that the audiovisual condition modulated the auditory responses.
Enhancement and suppression were both observed, depending on the stimulus familiarity.
Seeing a familiar bird led to suppressed auditory responses while seeing an unfamiliar bird led to
response enhancement, suggesting that unisensory perception may be enough if the stimulus
is familiar while redundancy may be required for unfamiliar items. This is to our knowledge the
first evidence that multisensory integration may occur in a low-level, putatively unisensory
area of a non-mammalian vertebrate brain, and also that familiarity of the stimuli may influence

modulation of auditory responses by vision.
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INTRODUCTION

Multisensory interactions are a common feature of communica-
tion in humans and animals (Partan and Marler, 1999). Seeing a
speaker for example considerably improves identification of acoustic
speech in noisy conditions (Sumby and Pollack, 1954) but it can also,
under good listening conditions, lead to audiovisual illusions such
as the famous “McGurk effect,” in which seeing someone producing
one phoneme while hearing another one leads to the perception of
a third, intermediate phoneme (McGurk and MacDonald, 1976).
Multisensory signals often lead to redundancy, that is spatially coor-
dinated and temporally synchronous presentation of the same infor-
mation across two or more senses (Bahrick et al., 2004). Redundancy
enables the perception of simultaneous events as unitary even in
noisy environments (e.g., Gibson, 1966), often through enhancement
of responses (e.g., Evans and Marler, 1991; Partan et al., 2009). It has
been suggested that this could be related to one sensory modality
inducing an enhanced attention toward another one: in the presence
of a vibratory courtship signal, female wolf spiders are for example
more receptive to more visually ornamented males (Hebets, 2005),
suggesting that, in this case, the somatosensory modality may induce
an enhanced attention toward the visual modality. Such an influ-
ence of one modality on another one can vary according to congru-
ence of the stimulation. In horses, congruence between visual and
auditory cues for example enhances individual recognition (Proops
etal.,2009).It can also vary according to familiarity. Horses thus show
more head turns when they hear unfamiliar whinnies than when they
hear familiar ones (Lemasson et al., 2009), suggesting that they may
seek for visual information when they hear an unfamiliar individual
but not when they hear a familiar one. However, the question of
the “binding problem,” that is how an organism combine different
sources of information (e.g., visual and auditory) to create a coherent

percept (Partan and Marler, 1999), remains acute, especially when it
comes to understand where and how in the brain are several types
of information integrated across two or more senses.

Studies of the cat’s superior colliculus have shown that audio-
visual stimuli lead to multisensory response enhancement, suppres-
sion or no change in the firing rate of neurons (Meredith and Stein,
1983). In humans and monkeys, multisensory integration (e.g.,
“seeing speech”) may occur at very early stages of neural process-
ing, in putatively unisensory areas (Calvert et al., 1997; Fort and
Giard, 2004), suggesting for example that visual stimulation may
tune the primary auditory cortex to the acoustic features of speech
via attentional mechanisms and anticipation (Ojanen, 2005). Such
aphenomenon could explain why socially deprived songbirds show
not only hearing deficits but also impaired organization and selec-
tivity of their primary auditory area (Sturdy et al., 2001; Cousillas
etal.,2006). Birdsong is the best-developed model for the study of
language development and its neural bases (e.g., Doupe and Kuhl,
1999; Jarvis, 2004), and it shares with human language the need
for social influences (i.e., multimodal stimulation; Snowdon and
Hausberger, 1997) in order to develop. Behavioral studies have
shown that visual stimuli could enhance song learning (Todt et al.,
1979; Bolhuis et al., 1999; Hultsch et al., 1999), and there appears
to be a complex interplay between vision and vocal output in the
courtship behavior of male songbirds (Bischof et al., 1981; George
et al., 2006). Moreover, social context-dependent brain modula-
tion is especially strong in relation to communicative behavior in
songbirds, where brain activity during the production of specific
vocalizations is dependent on the presence of a communicative
target individual (e.g., Jarvis et al., 1998; Hessler and Doupe, 1999;
Vignal et al., 2005). Finally, and most importantly, social segregation
(that is the mere fact of not interacting with adults that are present
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in the environment) can, as much as physical separation (that is
the total absence of adults in the environment), alter not only the
development of song (Poirier etal.,2004) but also the development
of the primary auditory area (Cousillas et al., 2006, 2008). Thus,
given that stimulations with no auditory component can influence
song behavior or development, and its neural bases, there must
be some neural structures in the vocal-auditory system that are
sensitive to non-auditory feedback. Visually evoked and visually
enhanced acoustically evoked responses have indeed been recorded
in the HVC (used as a proper name; see Reiner et al., 2004; Figure 1),
which is a highly integrative vocal nucleus (Bischof and Engelage,
1985). However, the impact of direct social contacts (which involve
atleast audiovisual stimulations) could be observed as early as at the
level of a cortical-like primary auditory area (namely the Field L;
Cousillas et al., 2006, 2008; Figure 1) that is functionally connected
to HVC (Shaevitz and Theunissen, 2007). One can therefore won-
der whether multisensory interactions could already be observed
at the level of the Field L, which is a putative unisensory area that
is involved in the processing of complex sounds and that is analo-
gous to the primary auditory cortex of mammals (Leppelsack and
Vogt, 1976; Leppelsack, 1978; Muller and Leppelsack, 1985; Capsius
and Leppelsack, 1999; Sen et al., 2001; Cousillas et al., 2005). In
mammals, there has been evidence of multisensory integration in
low-level putatively unisensory brain regions in a variety of species,
including humans (review in Schroeder and Foxe, 2005). However,
to date, no study could provide evidence of multisensory interac-
tions in sensory regions involved in the perception of song (e.g.,
Avey et al., 2005; Seki and Okanoya, 2006). Here we tested the
hypothesis that multisensory integration may occur in the Field L
and that familiarity of the stimuli may modulate it.
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FIGURE 1| Schematic representation of a sagittal view of a bird’s brain
showing some of the nuclei that are involved in song perception (in gray)
and production (in black). Anterior is left, dorsal is up. Structure names are
based on decisions of the Avian Brain Nomenclature Forum as reported in
Reiner et al. (2004). An, nucleus angularis; DM, dorsal medial nucleus of the
intercollicular complex; HVC, used as a proper name; Mld, dorsal part of the
lateral mesencephalic nucleus; NCM, caudal medial nidopallium; NXllts,
tracheosyringeal part of the hypoglossal nucleus; Ov, nucleus ovoidalis; RA,
robust nucleus of the arcopallium.

MATERIALS AND METHODS

EXPERIMENTAL ANIMALS

Five wild-caught adult male starlings were kept together with
other adult starlings (males and females) in an indoor aviary for
4 years. At the start of the experiment, birds were placed in indi-
vidual soundproof chambers in order to record their song reper-
toire, and a stainless steel pin was then attached stereotaxically to
the skull with dental cement, under halothane anesthesia. The pin
was located precisely with reference to the bifurcation of the sagit-
tal sinus. Birds were given a 2-day rest after implantation. From
this time, they were kept in individual cages with food and water
ad libitum. During the experiments, the pin was used for fixation
of the head and as a reference electrode.

The experiments were performed in France (license no. 005283,
issued by the departmental direction of veterinary services of Ille-
et-Vilaine) in accordance with the European Communities Council
Directive of 24 November 1986 (86/609/EEC).

ACOUSTIC AND VISUAL STIMULI

Acoustic stimuli were broadcast through aloudspeaker located over
a 15” TFT screen (placed 30 cm in front of the bird’s head) that
displayed either a constant gray background (audio condition: A) or
life-size images of starlings, perched, in profile, with the beak closed,
in the center of the screen over the gray background (audiovisual
condition: AV; Figure 2). Images were a picture of an unfamiliar
starling found on the internet (© 1996-2010 www.oiseaux.net,
Marcel Van der Tol) and pictures of the experimental birds taken
in a plastic cage (71 cm x 40 cm X 40 cm) equipped with a perch
and a front side made of Plexiglas. Pictures were all taken outside
the breeding season, when the birds’ beaks were black. Starlings were
then cut and past on a uniform gray background in order to obtain
300 % 300 dpi, 1018 X 746 pixel, 16.7 millions color (24 BitsPerPixel)
images. We chose to take pictures of starlings perched, in profile,
with the beak closed because these features were reproducible and
easy to keep constant across birds.

Images on TFT screens have been shown to be realistic enough
to elicit courtship behavior in male zebra finches (Ikebuchi and
Okanoya, 1999), and approach behavior in female house finches
(Hernandez and MacDougall-Shackleton, 2004; see also Bovet and
Vauclair, 2000 for a review on picture recognition in animals). It
has also been shown that a static zebra finch male is an appropri-
ate stimulus with which to investigate the effects of audiovisual
compound training on song learning (Bolhuis et al., 1999).

As acoustic and visual stimuli do not have to be in exact syn-
chrony to be integrated (e.g., Munhall et al., 1996), visual stimuli
appeared before (315.6 £ 25.5 ms) the onset of the acoustic stimuli in
order to check for responses to visual stimuli only. Although it would
have been better to present the visual stimulus on its own as a sepa-
rate condition to control for visual responses, the presentation of the
visual stimulus alone during 315.6 +25.5 ms before the onset of the
acoustic stimulus was enough to detect visually evoked responses
(peak latency of visual responses in the HVC, which is upstream to
Field Lin the stage of neural processing, has been shown to be about
140 ms; Bischof and Engelage, 1985). Moreover, to our knowledge,
no visual responses have ever been reported in the avian Field L, and
arecent study has shown the absence of direct projections between
visual and auditory primary sensory areas in the telencephalon of
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FIGURE 2 | (A) Images that were used as background and visual stimuli. The
top-left image is the constant gray background that was displayed when acoustic
stimuli were tested in audio condition. The other images were the images that
were displayed in audiovisual condition. The top-right image is the image of an

unfamiliar bird (© 1996-2010 www.oiseaux.net, Marcel Van derTol) and the four
other images are images of four of the five birds used in this study. Although
images appear here in grayscale, they were displayed in colors during the
experiments. (B) Schematic representation of the recording conditions.

pigeons (Watanabe and Masuda, 2010). Every acoustic stimulus was
presented twice: once in A and once in AV condition, with a peak
sound pressure of 85 dB SPL at the bird’s ears.

Acoustic and visual stimuli were always congruent: unfamiliar
songs were presented along with the image of an unfamiliar star-
ling (never seen before), and familiar songs with the image of the
corresponding familiar birds (that is, the image that was displayed
was the image of the individual that produced the broadcasted
acoustic stimulus — see below; Figure 2A). Given that we did not
have the pictures of the birds that produced the unfamiliar songs,
we chose to avoid arbitrary association between images and songs
and extensive testing of all the possible combinations, and to thus
limit the number of stimuli (the higher the number of stimuli,
the longer recording sessions are), by using only one picture of an
unfamiliar starling.

We used 8 acoustic stimuli that were the same for all birds (see
Figure 3A): 4 unfamiliar songs (2 species-specific whistles and 2
warbling motifs that our experimental birds had never heard before
the experiment, all coming from song libraries recorded in our
laboratory; species-specific whistles came from wild starlings that
were recorded in the field, in Rennes, in the 1980s, and warbling
motifs came from wild-caught starlings that were recorded in the
lab in 2002) and 4 familiar or bird’s own songs (BOS; all warbling
motifs from our experimental birds; although we did our best to
select motifs that were unique to each bird, it appeared that one of
these motifs was shared by two birds; however, this did not appear
to influence our results). The unfamiliar songs came from different
birds. However, it is very unlikely that our birds could detect that
these songs were produced by different individuals. Indeed, it has
been shown that starlings learn to recognize the songs of individual
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FIGURE 3 | (A) Sonograms of the acoustic stimuli used in the experiment:
familiar stimuli recorded from the experimental birds, and unfamiliar stimuli
recorded from unknown starlings. (B) Examples of response modulations.
Neuronal activity is represented as raster plots corresponding to the 10
repetitions of the stimulation (white areas indicate the time windows
considered for auditory responses, that is from the beginning of the
acoustic stimulus to 100 ms after its end; small inserts on the right indicate
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whether the acoustic stimulus was presented with — AV condition — or
without — A condition — a visual stimulus), and as peri-stimulus time
histograms (PSTHSs) of the action potentials (that is, number of action
potentials per 2-ms time bin) corresponding to the raster plots presented
above. The sonograms of the acoustic stimuli (x axis: time in seconds; y
axis: frequency in kHz) are presented below the PSTHSs. All traces are time
aligned. FR, firing rate.

conspecifics by memorizing sets of motifs that are associated with
individual singers, and a critical role for voice characteristics in
individual song recognition has been eliminated (Gentner, 2004).
Moreover, given that starlings produce two main types of songs:
whistles and warbles (e.g., Hausberger, 1997), we chose to have
a representation of these two song types in our stimuli. Whistles
were represented by class-I songs, which are short, simple, and
loud whistles that are sung by all male starlings and that are used in

species and population recognition in the wild (Hausberger, 1997).
However, since class-1 whistles are hardly produced in captivity
(Henry, 1998), we could not obtain familiar and bird’s own whistles,
and therefore used only warbles as familiar stimuli (see Results and
Discussion for potential effect of this difference between unfamiliar
and familiar stimuli on our results). Finally, regarding the use of
BOS as familiar stimuli, it has been shown that, although Field L
neurons respond selectively to complex sounds (Leppelsack and
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Vogt, 1976; Leppelsack, 1978; Muller and Leppelsack, 1985; Capsius
and Leppelsack, 1999; Sen et al., 2001; Cousillas et al., 2005), they
typically do not exhibit BOS-selective responses (e.g., Margoliash,
1986; Lewicki and Arthur, 1996; Janata and Margoliash, 1999; Grace
et al., 2003). Moreover, a behavioral study has shown that female
starlings do not show any special reaction to their own unique songs
(Hausberger etal., 1997). It is therefore unlikely that the use of BOS
as familiar stimuli has had an effect on our results.

The songs used were 439—-1214 mslong (mean+SD =862+191 ms).
The 8 stimuli were randomly interleaved into a single sequence of
stimuli that was repeated 10 times at each recordingsite,and the A and
AV trials for each stimulus were interleaved. The duration of the whole
sequence of 16 stimuli (8 acoustic stimuli presented twice) was about
30s. The mean (£SD) interval between stimuli was 688 £ 144 ms, with
a minimum of 436 ms.

DATA COLLECTION

Neuronal activity during acoustic and visual stimulation was
recorded systematically throughout Field L, using the same approach
as George et al. (2003). In brief, we used an array of 4 microelec-
trodes (2 in each hemisphere) made of tungsten wires insulated
by epoxylite (FHC n°MX41XBWHCI), each spaced 1.2 mm apart
in the longitudinal plane and 2 mm apart in the sagittal plane.
Electrode impedance was in the range of 3—-6 MQ.

Recordings were made outside the breeding season (October) in
an anechoic, soundproof chamber, in awake-restrained starlings,
in one sagittal plane in each hemisphere, at 1 mm from the medial
plane. Recordings in the left and right hemispheres were made
simultaneously, at symmetrical locations. Each recording plane
consisted of 10 to 12 penetrations systematically placed at regular
intervals of about 230 pm in a rostrocaudal row, between 1000-1645
and 3355-4000 um from the bifurcation of the sagittal sinus. Use
of these coordinates ensured that recordings were made over all
the functional areas of the Field L as described by Capsius and
Leppelsack (1999) and Cousillas et al. (2005).

Only one session per day, lasting 3—4 h, was made, leading to
5-6 days of data collection for each bird. Between the recording
sessions, birds went back to their cage, and a piece of plastic foam
was placed over the skull opening in order to protect the brain.
Birds were weighed before each recording session, and their weight
remained stable over the whole data collection.

Neuronal activity was recorded systematically every 200 pm,
dorso-ventrally along the path of a penetration, independently of
the presence or absence of responses to the stimuli we used, between
1 and 5.6 mm below the surface of the brain.

DATA ANALYSIS

Spike arrival times were obtained by thresholding the extra-cellular
recordings with a custom-made time- and level-window discrimi-
nator (which means that a spike was identified and recorded if and
only if the neural waveform amplitude exceeded the user-defined
trigger point and passed below the same threshold in more than
45 ps and less than 2 ms; see George et al., 2003). Single units or
small multiunit clusters of 2—4 neurons were recorded in this man-
ner. Since several studies found that analyses resulting from single
and multi units were similar (Grace et al., 2003; Amin et al., 2004),
the data from both types of units were analyzed together.

The computer that delivered the stimuli also recorded the times
of action potentials and displayed on-line rasters of the spike data
for the four electrodes simultaneously. At each recording site, spon-
taneous activity was measured during 1.55 s before the presentation
of the first stimulus of each sequence, which resulted in 10 samples
of spontaneous activity (15.5 s).

Neuronal responsiveness was assessed as in George et al. (2005)
by comparing activity level (number of action potentials) during
stimulation and spontaneous activity, using binomial tests. Only
responsive sites were further analyzed.

The difference between the response to an acoustic stimu-
lus presented in AV condition and the response to the same
stimulus presented in A condition was described with the
psychophysical measure d’ (Green and Swets, 1966) such that:
dy_,=2(RS,, —RS,)/V(c,,* +06,%), where RS, and RS, were
the mean response strengths (RS) to the same stlmulus in AV
and A conditions, and 6% was the variance of each mean RS. The
RS of a neuronal site to a stimulus was the difference between
the firing rate during that stimulus and the background rate
(during 1.55 s before the stimulus sequence). The RS was meas-
ured for each stimulus trial and then averaged across trials to
get the neuronal site’s RS to that stimulus, expressed in spikes
per second. A d,,_, >1 indicated a response enhancement in
AV compared to A condition, while a d,,_, <1 reflected a
response suppression. d’ was only calculated for neuronal sites
that exhibited at least one significant response in one of the
two conditions (see also Theunissen and Doupe, 1998; Solis
and Doupe, 1999).

Z-scores were used to assay the strength of neuronal responses
within each condition. Z-scores are the difference between the firing
rate during the stimulus and that during the background activity
divided by the standard deviation of this difference quantity (see
Theunissen and Doupe, 1998).

The mean values calculated for individual birds (n = 5) were
used for statistical comparisons. Multi-factors repeated measures
ANOVAs (Statistica 7.1 for Windows, StatSoft Inc.) were performed
to test for potential modality (A and AV), stimulus (unfam 1-4,
fam 1-4; Figure 2A), familiarity and/or hemisphere effects, inde-
pendently for d and Z-scores. Since no difference between hemi-
spheres was found for any measure, data of both hemispheres were
pooled. These analyses were followed, when appropriate, by post hoc
comparisons with PLSD Fisher tests (Statistica 7.1 for Windows,
StatSoft Inc.). Unless otherwise indicated, data are presented as
mean * SEM.

RESULTS

Multielectrode systematic recordings allowed us to record the elec-
trophysiological activity of 2121 sites throughout the Field L of 5
awake-restrained adult male starlings (mean = SEM = 424 + 15 sites/
bird). Recordings were made in both hemispheres but since no dif-
ference between hemispheres was found data of both hemispheres
were pooled (see Materials and Methods). Fifty-two percent of
the 2121 recorded sites displayed at least one significant response.
No response to visual stimuli only were observed (responses were
obtained only during acoustic stimulation). Only these auditory-
responsive sites (7 = 1104; mean £ SEM = 221 + 19 neurons/bird)
were further analyzed.
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The AV condition modulated the auditory responses of almost
half (42%; n = 465, mean + SEM = 93 + 9 neuronal sites/bird) of
the 1104 responsive neuronal sites recorded (221 % 19 sites/bird),
leading to an enhancement (4" > 1; 40.1 + 2.8% of the cases) or a
suppression (d' < —1; 40.5 £ 2.5% of the cases) of the responses.
Moreover, both enhancement and suppression could be observed at
the same site (19.4 = 3.8% of the cases), depending on the stimulus
broadcast. On average, response enhancement corresponded to an
increase of 150 £ 15% when comparing firing rates obtained in AV
and A conditions, while response suppression corresponded to a
decrease of 46 = 2% (see Figure 3B for examples).

Familiarity appeared as a major factor in the response modula-
tion (as measured by d’), which clearly depended on the stimulus
(One-way repeated measures ANOVA, F,, = 11.65, p < 0.0001).
Thus unfamiliar stimuli induced response enhancement (d’ > 0;
One-sample t-test, df = 4, r=2.88, p = 0.04) while familiar stimuli
induced response suppression (d’ < 0; One-sample t-test, df = 4,
t=-3.98, p = 0.02; unfamiliar versus familiar: One-way repeated
measures ANOVA, F1,4 =21.00, p = 0.01; Figures 3B and 4).

Response magnitude, as measured by Z-scores, was similarly
influenced (Two-way repeated measures ANOVA, familiarity—
modality interaction: F, , = 124.38, p = 0.0004; Figure 5). The AV
condition, compared to the A one, elicited significantly stronger
responses for unfamiliar stimuli (PLSD Fisher test, df =4, p=0.0007)
and significantly weaker responses for familiar stimuli (PLSD Fisher
test, df = 4, p = 0.003).

Given that unfamiliar stimuli were made of whistles and warbles,
we checked for any effect of stimulus type. No significant effect
could be observed, neither for d° (One-way repeated measures
ANOVA, F,, =5.23,p = 0.08) nor for Z-scores (Two-way repeated
measures ANOVA, main effect: Fl, , = 3.74, p = 0.12, interaction:
F,,=4.64,p=0.10).

p=0.01

A2 1

.08 1

.04 1

d>0

] a<0

unfamiliar familiar

FIGURE 4 | Response modulation as shown by mean (+SEM) d’ values
obtained across birds for unfamiliar and familiar stimuli. Only neuronal
sites exhibiting a || value of 1 or more were taken into account. Small inserts
along the y axis indicate whether the acoustic stimuli were presented with (AV
condition) or without (A condition) visual stimuli.

DISCUSSION

Our results show that auditory responses of almost half of the
responsive neuronal sites recorded in the primary auditory area
were modulated by the AV condition. Moreover, the type of modu-
lation was influenced by stimulus familiarity. Unfamiliar stimuli
induced response enhancement while familiar stimuli induced
response suppression. This is to our knowledge the first evidence
that multisensory integration may occur in a low-level, putatively
unisensory brain region in a non-mammalian vertebrate species
(review for mammals in Schroeder and Foxe, 2005).

The fact that we used only one picture of an unfamiliar bird
may have been a limiting factor. However, if this had had an effect
on our results, it would have been a habituation effect (since the
unfamiliar image was presented more often than familiar images),
which would suggest that the response enhancement that we
observed for AV condition in the case of unfamiliar stimuli could
actually be an underestimate. Moreover, this image was displayed
with unfamiliar songs coming from different birds. However, it
is very unlikely that our birds could detect that these songs were
produced by different individuals. Indeed, it has been shown that
starlings learn to recognize the songs of individual conspecifics
by memorizing sets of motifs that are associated with individual
singers, and a critical role for voice characteristics in individual
song recognition has been eliminated (Gentner, 2004). Finally,
unfamiliar acoustic stimuli were made of whistles and warbles,
which might have influenced our results. However, no significant
effect of the stimulus type (whistles or warbles) was observed
(see Results).

p=0.0004

p=0.0007 p=0.003
1.6 - I i T I

Zscores

Vi

unfamiliar

P

familiar

FIGURE 5 | Response magnitude as shown by mean (+SEM) Z-scores
values obtained across birds for unfamiliar and familiar stimuli. Only
neuronal sites exhibiting a |d'| value of 1 or more were taken into account.
Small inserts under the bars indicate whether the acoustic stimuli were
presented with (AV condition) or without (A condition) visual stimuli.
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Previous songbird studies failed to find multisensory interactions
in sensory regions involved in the perception of song, which may
be due to the measures (expression of ZENK gene, not expressed
in Field L; Avey et al., 2005) or the birds’ state (anesthetized in Seki
and Okanoya, 2006). Here the birds were awake and potentially
attentive to stimulation. Moreover, our experiment was done out-
side the breeding season and we cannot exclude that our results
could have been different if recordings had been done during the
breeding season, especially as structural seasonal changes have been
very recently observed in regions involved in auditory processing
(De Groof et al., 2009; however see Duffy et al., 1999).

Selective attention has been proposed as a key mechanism in the
process of song learning from adults (Poirier et al.,2004; Bertin etal.,
2007), and both social segregation (lack of attention) and physical
separation (unisensory stimulation) have been shown to impair the
development of the primary auditory area (Cousillas et al., 2006).
Attention may also explain the effect of familiarity observed here on
auditory responses of adults. Thus, one could imagine that, when
presented with an image of an unfamiliar starling, our birds some-
how focused on the upcoming acoustic stimuli (which could help
them identify the unknown individual), leading to response enhance-
ment, whereas when presented with an image of a familiar starling,
attention to the following acoustic stimulus was more diffuse (or
distributed), leading to response suppression. Alternatively, it could
be that birds reacted differently to a single (unfamiliar) image associ-
ated with four different songs compared to several (familiar) images
each associated with a unique song. Further experiments using the
same number of unfamiliar and familiar images will be needed to
clarify this point. However, behavioral data from horses support the
familiarity hypothesis: horses display lower visual attention after
hearing familiar than unfamiliar individuals (Lemasson et al., 2009),
suggesting that they may seek for visual information when hearing
unfamiliar individuals but not when hearing familiar ones.

Attention may not only alter perception at the peripheral level
(Puel et al., 1988) but also modulate multisensory integration
processes. Thus, seeing speech is supposed to tune the primary
auditory cortex of humans to the acoustic features of speech, via
multisensory attentional mechanisms and anticipation (Ojanen,
2005). Moreover, Talsma et al. (2007), using a combined audio-
visual streaming design and a rapid serial visual presentation
paradigm, have found, in the human brain, reversed integration
effects for attended versus unattended stimuli — that is, when
both the visual and auditory senses were attended, a superad-
ditive effect was observed (multisensory response > unisensory
sum ), whereas, when unattended, this effect was reversed (mul-
tisensory response < unisensory sum). According to them, this
effect appeared to reflect late attention-related processing that had
spread to encompass the auditory component of the multisensory
object. In the same way, we could imagine that, in our birds, the
opposite effect observed for unfamiliar versus familiar stimuli
could reflect attention-related processing taking place in the HVC
(a highly integrative vocal nucleus where both visually and audi-
tory-evoked responses have been recorded; Bischof and Engelage,
1985) that had spread to the Field L (which is functionally con-
nected to HVC; Shaevitz and Theunissen, 2007).

Overall, our findings add to the parallels between birdsong and
human speech: in both cases, vision modulates audition in auditory
areas of the brain, and they also open the way to promising lines
of research on the attention-related integration of multisensory
information and the role of audio/visual components in identify-
ing the source of a signal.
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