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Abstract

Large morphological sex differences in the vertebrate brain were initially identified in song
control nuclei of oscines. Besides gross differences between volumes of nuclei in males
and females, sex differences also concern the size and dendritic arborization of neurons
and various neurochemical markers, such as the calcium-binding protein parvalbumin (PV).
Perineuronal nets (PNN) of the extracellular matrix are aggregates of different compounds,
mainly chondroitin sulfate proteoglycans, that surround subsets of neurons, often express-
ing PV. PNN develop in zebra finches song control nuclei around the end of the sensitive
period for song learning and tutor deprivation, known to delay the end of the song learning
sensitive period, decreases the numbers of PNN in HVC. We demonstrate here the exis-
tence in zebra finches of a major sex difference (males > females) affecting the number of
PNN (especially those surrounding PV-positive cells) in HVC and to a smaller extent the ro-
bust nucleus of the arcopallium, RA, the two main nuclei controlling song production. These
differences were not present in Area X and LMAN, the lateral magnocellular nucleus of the
anterior nidopallium. A dense expression of material immunoreactive for chondroitin sulfate
was also detected in several nuclei of the auditory and visual pathways. This material was
often organized in perineuronal rings but quantification of these PNN did not reveal any sex
difference with the exception that the percentage of PNN surrounding PV-ir cells in the dor-
sal lateral mesencephalic nucleus, MLd, was larger in females than in males, a sex differ-
ence in the opposite direction compared to what is seen in HVC and RA. These data
confirm and extend previous studies demonstrating the sex difference affecting PNN in
HVC-RA by showing that this sex difference is anatomically specific and does not concern
visual or auditory pathways.

Introduction

Brain plasticity was initially considered only at the functional level and covered phenomena
such as long-term potentiation or depression (LTP/LTD)[1]. It was however realized that there
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is also a morphological plasticity in the brain including eventually addition of new neurons in
specific structures throughout the entire life [2]. Understanding this plasticity in aging, during
neurodegenerative diseases or after injury is of paramount biomedical and societal interest and
the analysis of model systems where such a plasticity is spontaneously displayed seasonally or
as a function of experience might provide important insights into underlying mechanisms.
Changes in neuronal connectivity represent an important part of this morphological plasticity.
They are controlled by a variety of mechanisms including changes in the extension of glial
cells, secretion of extracellular matrix proteins and activity of a variety of enzymes.

Songbirds such as zebra finches (Taeniopygia guttata) learn their song by processes that
present significant analogies with the acquisition of human speech; they are thus useful models
to study experience-dependent plasticity. Both songbirds and humans need a tutor to learn
their species-specific vocalizations and go through similar developmental phases [3-5]. Song
learning in male zebra finches takes place during a sensitive period that ends at about 90 days
post-hatch. During this period, juveniles need to hear male adult song as a model. This song
will be memorized during the sensory phase and this memorized template will be compared to
first imperfect songs produced during the sensori-motor phase (subsong, equivalent to bab-
bling in children) before the fully stable crystallized song develops [2,3,5,6]. Tutor deprivation
or deafening during ontogeny leads to less structured and unstable song in adulthood [3,7,8].

In zebra finches only males sing whereas females never do so even if treated with exogenous
testosterone in adulthood [9,10]. This major qualitative behavioral difference correlates with
extensive neuroanatomical differences affecting a set of discrete brain nuclei that control the
learning and production of song, the so-called song system [11]. Two main pathways have
been identified in the song system. The posterior motor pathway connects HVC (used as a
proper name; see [12]) to the robust nucleus of the arcopallium (RA) that ultimately projects to
the motoneurons innervating the syrinx. This pathway clearly controls song production and le-
sions of HVC or RA block song production [13-15]. The anterior forebrain pathway also links
HVC to RA but indirectly via Area X of the basal ganglia, the medial part of the dorsolateral
thalamic nucleus (DLM) and the lateral magnocellular nucleus of the anterior nidopallium
(LMAN) (see [16] for a review). Lesions of this pathway in adulthood do not disrupt singing in
the short term but lesions during ontogeny markedly inhibit song learning. This pathway also
seems to be implicated in the control of song stability [5,17-19].

Multiple sex differences in the song control system have been described in association with
the absence of singing behavior in female zebra finches. They concern the volume of most nu-
clei that are larger in males than in females, with Area X being completely absent in females,
the numbers, size and dendritic arbor of neurons in these nuclei and the connections between
them [11,20,21]. Connections between neurons of the song control system are largely estab-
lished during ontogeny (see [22] for a detailed analysis of the growth of the HVC to RA projec-
tion) but they remain plastic to some extent in adulthood at least in canaries and starlings, two
open-ended learner species [23-25]; to our knowledge, this type of plasticity has not been re-
ported in zebra finches. This plasticity involves retraction and regrowth of axonal/dendritic
processes associated with an important reorganization of the neuronal extracellular matrix that
limits intercellular connections. Such a reorganization of the extracellular matrix might also
occur in a sexually differentiated manner during zebra finch ontogeny when neural connec-
tions are formed and stabilized.

Perineuronal nets (PNN) of the extracellular matrix are aggregates of different compounds,
mainly chondroitin sulfate proteoglycans that surround subsets of neurons, mostly GABAergic
inhibitory interneurons [26-28]. These neurons often express parvalbumin (PV), a calcium
binding protein, and PV-positive cells are thus frequently surrounded by PNN.
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The specific role of PNN remains somewhat unclear but they seem to prevent plasticity
through stabilization of the extracellular milieu and synaptic stabilization. Their implication in
experience-dependent neural plasticity has been extensively studied in the mammalian visual
cortex where it was demonstrated that degradation of PNN with chondroitinase ABC restores
visual plasticity [27-29]. Similarly enzymatic degradation of chondroitin sulfate with chondroi-
tinase ABC promotes axonal growth and functional recovery after spinal cord injury [30]. In
mouse cell cultures, chondroitin sulfate degradation leads to higher GABAergic excitability
[31]. In general, the development of PNN appears to be associated with a decrease in synaptic
plasticity and the end of sensitive periods in multiple models of neural plasticity.

In zebra finches specifically, PV neurons have a high electrophysiological activity during
early phases of development associated with song learning. Their electrophysiological activity
diminishes at later stages when they have been shown to be surrounded by PNN [32]. PV neu-
rons are more numerous in vocal learner than in vocal non-learner species in both mammals
and birds. It has thus been suggested that they could be implicated in song and vocal behavior
development [33], a notion consistent with the observation that these neurons appear early
during the sensitive period for song learning in zebra finches. In Area X specifically, a brain re-
gion relevant for song acquisition, the number of PV neurons is higher in 33 day-old than in
adult males [8].

In contrast, the end of the sensitive period for song learning seems to be temporally associat-
ed with the development of PNN in the song control nuclei HVC and RA so that PNN are
more numerous in adult than in 33-day-old males and they are more frequently associated
with PV-positive neurons [8]. Most interestingly tutor deprivation (social isolation), which is
known to delay the closure of the song learning sensitive period, decreases the percentage of
PNN surrounding PV-positive cells and the percentage of PV-positive neurons in HVC [8],
clearly suggesting that these structures play a role in the sensitive phase of song learning and
stabilization of the related neural structures as shown in other functional systems [28,34]. In
one recent set of experiments, a chondroitinase ABC treatment alone failed to restore song
plasticity in adult zebra finches but did so when associated with social interactions [35].

Although female zebra finches do not sing they must learn to recognize male song. The
song control system, in particular HVC, seems to be implicated in this process in songbirds
and it has been shown that lesions of HVC or LMAN in female songbirds modified their ability
to discriminate male songs [36-38] (but see [39] suggesting a lack of effect of HVC lesions in
zebra finches). Other studies have however suggested that auditory brain areas, especially the
caudal medial nidopallium (NCM) in males and the caudomedial mesopallium (CMM) in fe-
males, are critical for the storage of the learned information related to the species-specific male
song [40-42]. One can thus hypothesize that the neural pathways mediating these processes
develop differentially in male and female zebra finches and must be sexually differentiated in
adult birds. Indeed, in zebra finches, PV-positive projection neurons are present in large num-
bers in the song control motor pathway of males but not females [43] and in the related Bengal-
ese finch, PV gene expression is higher in males than females in HVC, RA and Area X at 45
days posthatching and in adulthood [44]. We therefore recently started investigating the possi-
ble sex difference in PNN, PV and their association in the zebra finch brain. As these investiga-
tions were in progress, an article appeared indicating that PNN expression is higher in the
HVC and RA of males as compared to females but that this sex difference was not present in
nuclei of the anterior forebrain pathway, LMAN and Area X (or the corresponding part of the
basal ganglia in females) that is largely implicated in song learning and song stability [45]. We
therefore slightly reorganized our investigations with two goals in mind: 1) determine the re-
producibility of the sex differences previously reported in the caudal but not rostral song con-
trol system and 2) assess their anatomical specificity by studying whether such differences are
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present in the song system only or also extend to auditory and visual areas where a dense, func-
tionally significant expression of PNN has also been observed in mammalian species. This
question is particularly relevant since previous work in other species showed that PNN regulate
plasticity in multiple functional networks including those involved in vision, somatosensation,
fear conditioning and spinal motor control [27,28].

Material and Methods
Animals and tissue collection

Six adult male and six adult female zebra finches (Taeniopygia guttata) from our own breed-
ing colony were used for this study. Birds were over 160 days of age when their brain was col-
lected, an age when song learning is entirely completed and the related brain plasticity is
presumably reduced. They had been raised in a common aviary (2 x 2 x 2 m) with their pa-
rents and a large group (n = more or less 40-50 depending on breeding stage) of conspecifics).
They had thus been exposed to extensive social interactions and tutor song. Throughout their
life, birds were held on a 13L:11D dark/light cycle and they had food and water constantly
available ad libitum.

Birds were captured and immediately anesthetized within less than 3 min with pentobarbital
(0.05 ml Nembutal at 0.6 mg/ml). The heart was exposed and a blood sample was collected
with a syringe from the left ventricle. Birds were then perfused with 200 ml phosphate buffer
saline (PBS) followed by paraformaldehyde (4% in PBS) fixation. Brains were dissected out of
the skull and postfixed for 24 hours in the same fixative. They were transferred into a 30% su-
crose solution until they sank, frozen on dry ice and kept at -80°C until processed.

Ethics statement

All experimental procedures were in agreement with the Belgian laws on animal experimenta-
tion and had been approved by the local Animal Care Committee (Commission d’Ethique de
I'Utilisation des Animaux d’Expérience de I'Université de Liége; Protocol number 1396).

Immunohistochemistry

Brains were cut on a cryostat at -20°C in the sagittal plane at 30 pm thickness and collected in 4
series of 3 wells for each hemisphere (120 um between each section in one series). One series of
sections from each bird was stained by double label immunohistochemistry for perineuronal
nets and parvalbumin using procedures similar to those described in Balmer et al. (2009). Sec-
tions were blocked during 30 minutes in 5% Normal Goat Serum diluted in Tris buffered saline
(TBS) with 0.1% Triton-X-100 (TBST). They were then incubated overnight at 4°C in a mix-
ture of two primary antibodies diluted in TBST: a mouse monoclonal anti-chondroitin sulfate
antibody (CS-56; C8035, 1:500, Sigma Aldrich) specific for the glycosaminoglycan portion of
the chondroitin sulfate proteoglycans that are main components of the perineuronal nets
(PNN) extracellular matrix and a polyclonal rabbit anti-parvalbumin (PV) antibody (ab11427,
1:1000, Abcam). These two antibodies were used and validated in two previous studies on the
same species [8,45]. Bound primary antibodies were then visualized using fluorescent second-
ary antibodies diluted in TBST: a goat anti-mouse antibody coupled to Alexa fluor 488 (green
labeling, 1:100, Invitrogen) and a goat anti-rabbit antibody coupled to Alexa fluor 546 (red la-
beling, 1:200, Invitrogen). Finally sections were mounted on slides using TBS with gelatin and
coverslipped with the Vectashield mounting medium containing DAPI to stain all cell nuclei.
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All sections were stained in 3 batches, each containing 2 males and 2 females. Statistical
analysis revealed however no effect of the staining batch and this factor was not considered in
subsequent analyses.

Data analyses

Regions of interest (ROI) were visually detected based on the presence of PNN and PV stain-
ing. Multiple brain regions were clearly showing, even at low magnification, a dense PNN
immunofluorescence compared to the rest of the brain. These nuclei included the song system
nuclei (HVC, used as a proper name, see [12]; the robust nucleus of the arcopallium, RA; Area
X of the basal ganglia in males, an equivalent area located at the same anatomical position with
respect with nearby landmarks such as the lateral magnocellular nucleus of the anterior nido-
pallium and the lamina pallio-subpallialis but not discernible by itself was quantified in fe-
males; the lateral magnocellular nucleus of the anterior nidopallium, LMAN), 3 auditory areas
(Field L; the dorsal lateral mesencephalic nucleus, MLd; the medial nucleus of the dorsolateral
thalamus, DLM), and 3 visual areas (the nucleus rotondus, ROT; the nucleus spiriformis latera-
lis, SpL; the nucleus subpretectalis, SP).

One picture of each ROI for each marker (PNN, PV, and DAPI) was taken with the 40x ob-
jective of a microscope connected to a digital camera in the section where the ROI had the larg-
est surface. One picture was collected for each bird and each hemisphere. Once the microscope
was focused using the PNN staining, the 3 pictures with the 3 different filter sets were taken
with the same focus and frame. Pictures included almost the entire ROI except for Area X,
ROT, SpL, Field L and MLd that were larger than one 40x microscope field, in which case the
field of view was centered in the ROL

Pictures were taken with a Leica DMRB Fl. 100 microscope for fluorescence and a Leica
DFC-480 color camera. The same settings (gain and exposure) were used for the same staining
in a specific region for all subjects. Settings were different between ROI because some had a
brightest background demanding a decrease in gain or exposure time. Pictures were adjusted
for brightness and contrast with the Image J software (NIH, Research Service Branch) using
the same settings for a given ROl in all subjects. Selected photomicrographs presented in this
paper were additionally obtained by confocal microscopy on a Nikon A1R microscope (488
and 561 nm lasers).

The number of DAPI stained nuclei in the entire images were automatically counted using
the “particle count” function of the Image J software. Parvalbumin-immunoreactive (PV-ir)
cells and PNN were visually counted in the corresponding images. PV-ir cells were defined as
round to ovoid red fluorescent filled structures. PNN were defined as more or less circular fluo-
rescent green shapes (brighter than the background) surrounding a PV-ir cell or a DAPI-
positive nucleus, as defined in the merged images (PV+PNN, PNN+DAPI) in Image J]. We
counted in this way, the total numbers of DAPI-positive, PV-ir cells and PNN as well as the
numbers of PV-ir cells surrounded by PNN. These numbers were then used to calculate the
percentage of DAPI cells that were PV-ir (%PV-ir cells) or were surrounded by PNN (%PNN
cells), the percentage of PV-ir cells surrounded by PNN (%PV with PNN) and the percentage
of PNN surrounding PV-ir cells (%PNN with PV) were also calculated, which provided a form
of normalization of data for regional differences in cell densities.

Additionally, we finally measured in all PNN images the average intensity of the green fluo-
rescence (Alexa 488). These measures were obtained with the Image J software on native pic-
tures that had not been adjusted for brightness or contrast. Each pixel was assigned a grey
value between 0 and 255 and the average brightness of the entire ROI was then obtained (PNN
density). Pictures were then made binary and thresholded to highlight only surfaces that
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contained detectable immunofluorescence and the program calculated the percentage of the
area covered by immunopositive material (PNN fractional area or % PNN area). These mea-
sures were taken while the observer was blind to the sex of the birds.

Statistical Analysis

All data for the song control nuclei (absolute numbers of DAPI-positive cells, PV-ir cells, PNN
and PNN+PV as well as their proportions and the PNN immunofluorescence intensity and PNN
fractional areas as described in the previous section) were initially analyzed by three-way mixed
models analyses of variance (3-way ANOVA; 2x2x3) with the sex of the birds (male-female) and
staining batch (3 levels) as fixed factors and the brain hemisphere (left-right) as repeated mea-
sures factor. Since no effect of the staining batch could be detected, this factor was then excluded
and data concerning song control nuclei as well as auditory and visual areas were analyzed by
2-way ANOVA (2x2) with sex as fixed factor and brain hemisphere as repeated factor.

In a few cases, some sections could not be quantified due to various technical problems thus
reducing the number of available data points. Final sample sizes are presented in Table 1. In vi-
sual areas, the immunoreactive signals could not be analyzed for a number of subjects in one or
the other hemisphere due to technical problems with the PV immunostaining. The analysis of
lateralization in these regions thus had a limited power and since no left-right asymmetry had
been detected in the song control and visual nuclei (see results below), these data, averaged for
left and right side when they were both available, were simply analyzed by one-way ANOVA
with sex as a factor.

Overall no effect of lateralization and no interaction between brain side and sex was detected
with only a few exceptions (significant effect of side for PNN area in RA only [p = 0.017]; sig-
nificant interaction for number of PV-ir cells surrounded by PNN in area X [p = 0.032] and
number of PNN around PV-ir cells in SP [p = 0.015]) that were actually less numerous than
what would be excepted by chance (Type I error). The rest of this presentation will therefore
focus exclusively on sex differences observed in the ANOV As.

Results
Neuroanatomical distribution of PV and PNN

As previously reported [8], at low magnification the chondroitin sulfate-related green immuno-
fluorescence (Alexa 488) was very heterogeneously distributed in the telencephalon, diencepha-
lon, mesencephalon and brain stem (Fig 1A). A dense immunofluorescence namely labeled the
song control nuclei (HVC, RA, area X and LMAN; Fig 1A and 1C) but also, in other parasagittal
planes, auditory areas such as Field L, MLd, DLM, but not NCM or CMM, and visual areas in-
cluding ROT, SpL and SP. All these nuclei were highlighted by a dense immunofluorescence as
compared to the surrounding. At higher magnification, it could be observed that in many of
these brain regions a large fraction of the immunofluorescent material was organized in brightly
fluorescent rings specifically surrounding cells, the perineuronal nets (Fig 1D).

Similarly, inspection at low magnification of sections with filters visualizing the red Alexa
546 associated with parvalbumin identified dense clusters of immunopositive cells that specifi-
cally overlapped with the telencephalic song control nuclei (HVC, RA, Area X and LMAN)
and with many other diencephalic and mesencephalic structures (Fig 1B and 1C). At higher
magnification, this immunofluorescence was associated with labeled perikarya. Quite interest-
ingly, a very substantial fraction (often more than half at first sight) of the PNN were surround-
ing cells that were themselves PV-immunopositive and this anatomical relationship was
subsequently quantified (Fig 1D).
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Table 1. Sex differences in the numbers of DAPI positive cells, in numbers of parvalbumin-immunoreactive (PV-ir) cells, of perineuronal nets
(PNN) and in PV-ir cells surrounded by PN (PV+PNN), and in the intensity and percentage of surface covered by chondroitin sulfate-immunoreac-
tive material (PNN intensity and PNN fraction area) in 4 song control nuclei and 3 auditory and 3 visual areas of the zebra finch brain.

Absolute cell numbers Intensity & Area
DAPI PV PNN PV+PNN  Sample PNN PNN fraction Sample
Size intensity area (%) Size
SONG HVC Male 304.41 16.08 9.33 5 (1.39) n=6 28.97 (1.92) 60.37 (1.17) n=4
(17.17) (2.11) (1.91)
CONTROL Female 315.67 215 4.42 0.58 n=6 17.33(3.43) 62.74 (2.56) n=4
(21.75) (4.49) (0.61) (0.32)
NUCLEI F 0.25 0.93 12.34 19.43 7.73 2.48
p 0.626 0.357 0.006 ** 0.001 *** 0.032 * 0.166
RA Male 204.67 30.58 10.33 75(250) n=6 43.45 (4.6) 59.02 (0.94) n=3
(18.78) (5.04) (2.95)
Female 242.17 18.00 6.50 2.08 n=6 32.30 (2.68) 56.89 (1.48) n=4
(25.00) (2.37) (1.44) (1.25)
F 2.74 9.72 1.86 12.11 2.81 1.21
p 0.129 0.011 * 0.203 0.006 ** 0.155 0.322
Area Male 203.92 19.50 5.00 1.33 n=6 17.99 (2.34) 59.06 (1.27) n=4
X (25.45) (2.44) (2.67) (0.53)
Female 214.75 22.17 3.00 1.83 n=6 19.14 (1.68) 58.45 (1.21) n=4
(22.22) (2.52) (0.76) (0.67)
F 0.20 1.29 7.71 0.40 0.12 0.43
p 0.665 0.282 0.020 * 0.540 0.737 0.537
LMAN Male 251.42 29.58 3.42 2.83 n=6 41.08 (2.00) 57.35 (1.59) n=4
(30.83) (5.21) (1.05) (0.79)
Female 261.50 50.33 3.00 1.17 n=6 30.73 (3.53) 55.20 (2.12) n=4
(22.98) (9.02) (0.89) (0.42)
F 0.09 4.06 0.04 4.60 5.80 1.19
p 0.774 0.072 (*)  0.840 0.058 (*) 0.053 (*) 0.318
AUDITORY Field Male 243.17 27.58 5.58 4.92 n=6 34.78 (5.47)  59.23 (1.25) n=6
L (28.56) (2.46) (0.79) (0.83)
AREAS Female 279.70 30.50 5.20 4.20 n=5 30.86 (1.35) 57.18 (1.83) n=6
(18.77) (2.07) (0.64) (0.60)
F 1.04 0.78 0.13 0.45 0.48 0.85
p 0.335 0.400 0.723 0.519 0.053 (*) 0.318
DLM Male 244.80 44.80 5.10 4.60 n=5 26.48 (2.04) 55.56 (1.86) n=6
(11.01) (3.42) (1.29) (1.22)
Female 271.10 46.80 7.50 7.20 n=5 28.42 (4.28) 56.80 (1.10) n=6
(19.88) (7.09) (1.95) (2.02)
F 1.04 0.06 1.05 1.22 0.17 0.33
p 0.337 0.806 0.334 0.302 0.691 0.579
MLD Male 264.00 11.88 12.88 2.63 n=4 42.00 (6.98) 55.35 (0.92) n=6
(19.42) (2.33) (2.25) (0.52)
Female 261.50 13.17 11.83 4.00 n=6 4117 (2.88)  56.62 (1.03) n=6
(22.91) (1.90) (1.17) (0.56)
F 0.01 0.18 0.20 2.86 0.00 0.79
p 0.941 0.679 0.663 0.129 0.990 0.396
VISUAL ROT  Male 142.00 29.58 12.75 9.00 n=6 23.66 (3.13) 54.04 (2.72) n=6
(10.18) (4.39) (2.34) (2.09)
AREAS Female 142.67 28.92 10.25 7.67 n=6 2717 (2.24)  52.95 (3.49) n=6
(9.59) (3.96) (1.91) (1.50)
F 0.00 0.04 0.80 0.30 1.05 0.09

(Continued)
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Table 1. (Continued)

DAPI
p 0.957
SPL Male 174.00
(16.55)
Female 177.67
(19.92)
F 0.06
p 0.813
SP Male 238.50
(21.44)
Female 217.42
(23.30)
F 0.60
0.457

Absolute cell numbers Intensity & Area

PV PNN PV+PNN  Sample PNN PNN fraction Sample
Size intensity area (%) Size

0.853 0.391 0.593 0.330 0.768

36.90 11.50 8.70 n=>5 23.51(3.19) 52.66 (2.76) n=6

(5.17) (1.16) (0.84)

37.25 10.83 7.58 n=6 25.07 (2.92) 49.35 (2.06) n=6

(3.96) (1.28) (0.79)

0.01 0.36 2.18 0.19 0.38

0.927 0.563 0.173 0.672 0.551

35.42 20.25 18.08 n=6 22.86 (2.57) 52.69 (3.69) n=6

(8.57) (3.18) (3.22)

38.50 21.17 18.50 n=6 24.21(2.76) 53.17 (3.40) n=6

(2.76) (2.03) (1.76)

0.53 0.12 0.02 0.18 0.02

0.484 0.735 0.886 0.683 0.891

In each case the table lists the mean + SEM (in parentheses) of values in males and females, followed by the associated F and p obtained in the
corresponding ANOVA (see methods for detail of statistical analyses). The sample size in each case is indicated in a last column separately for all cell
counts first and then for PNN intensity and fractional areas.

*** = p<0.001
** = p<0.01, = p<0.05 and
(*) = 0.10<p<0.05.

doi:10.1371/journal.pone.0123199.t001

Quantitative analyses

Quantitative analyses failed to detect significant differences in the total number of DAPI-posi-
tive cells between males and females in all brain areas that were analyzed (see Table 1). All sex
differences detected for PNN and PV-ir cells and their relative numbers are thus not the result
of general differences in cell densities and specifically concern these neurochemical markers.

Song control nuclei

The four main telencephalic song control nuclei were clearly identified by dense populations
of PV-ir cells associated with PNN (Table 1). Depending on the nucleus, 5 to 15% of the
DAPI-positive cells expressed PV and 1 to 8% of them were surrounded by PNN. These two
neurochemical markers were also frequently associated so that 3 to 30% of PV-ir cells were sur-
rounded by PNN and conversely 12 to 87% of PNN surrounded PV-ir cells (these are extreme
figures depending on the nucleus and sex; see Fig 2 and Table 1).

In HVC, PNN expression and its association with PV-ir cells was sexually differentiated.
Males had a larger absolute number of PNN and of PV-ir cells surrounded by PNN (Table 1), a
larger percentage of DAPI-positive cells surrounded by PNN (p = 0.011), of PV-ir surrounded
by PNN (p = 0.005) and of PNN surrounding PV-ir cells (p = 0.004; see representative photo-
micrographs in Fig 3A and 3B).

Very similar trends were observed in RA with a more frequent association between PNN
and PV-ir cells in males than in females (Fig 3C and 3D). However some of the differences that
were significant in HVC were only associated here with statistical tendencies (p<0.10) and the
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1000 pm

Fig 1. Representative photomicrographs illustrating the distribution of chrondroitin sulfate immunoreactivity and of parvalbumin-immunoreactive
cells in parasagittal sections of the male zebra finch brain. Panels A through C illustrate at low magnification the chrondroitin sulfate (A) and parvalbumin
(B) distribution as well as the overlay of the two signals (C). Panel D illustrates a few PNN surrounding or not parvalbumin-immunoreactive cells in Area X.

doi:10.1371/journal.pone.0123199.g001

only fully significant differences concerned the absolute number of PV-ir cells surrounded by
PNN (Table 1) and the percentage of DAPI-positive cells expressing PV (p = 0.005).

The situation was different in Area X and LM AN, the two nuclei of the anterior forebrain
pathway. Two significant differences only were detected in Area X: males had a larger total
number of PNN (Table 1) and correlatively a larger percentage of DAPI cells surrounded by
PNN (p = 0.023). Females had surprisingly a numerically larger percentage of PNN surround-
ing PV-ir cells but this difference was not significant (p = 0.10). In LMAN, one single sex differ-
ence was present: in males a larger percentage of PNN was surrounding PV-ir cells (p = 0.047).
This difference was accompanied by one statistical trend pointing in the same direction: males
tended to have a larger absolute number of PV-ir cells surrounded by PNN than females

PLOS ONE | DOI:10.1371/journal.pone.0123199  April 7, 2015 9/19
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Fig 2. Sex differences in the percentage of DAPI cells that were immunoreactive for parvalbumin (%PV-ir cells) or were surrounded by
perineuronal nets (%PNN cells), in the percentage of PV-ir cells surrounded by PNN (%PV with PNN) and in the percentage of PNN surrounding
PV-ir cells (%PNN with PV) in 4 song control nuclei, HVC (used as a proper name), RA (robust nucleus of the arcopallium), Area X of the basal
ganglia and LMAN (lateral magnocellular nucleus of the anterior nidopallium). The figure shows the mean + SEM of data in males (black bars) and
females (open bars). Numbers of data in each case are listed in Table 1. ** = p<0.01, * = p<0.05 and (*) = 0.10<p<0.05.

doi:10.1371/journal.pone.0123199.9002
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(Table 1). However females tended to have more PV-ir cells than males in absolute number
(Table 1) and in percentage of DAPI-positive cells (p = 0.069).

Analysis of the overall PNN immunofluorescence intensity and fractional area covered by
PNN immunofluorescence by the same statistical techniques (except that data from only 4
males and 4 females could be used in general with one male being excluded from the analysis
of RA nuclei as a statistical outlier) identified few significant sex differences (Table 1): males
had an overall denser PNN immunofluorescence intensity than females in HVC and a similar
statistical tendency was observed in LMAN.
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Fig 3. Representative photomicrographs illustrating the distribution of chrondroitin sulfate immunoreactivity (Green signal) and of parvalbumin-
immunoreactive cells (red signal) as observed in in parasagittal sections of male (C, C) and female (B, D) zebra finch brains. Panels A_B illustrate
differences in HVC, panels C-D concern RA. The magnification bar in D (20 um) also applies to all other panels.

doi:10.1371/journal.pone.0123199.9003

Auditory areas

A high intensity of PNN fluorescence was located in three nuclei that are part of the auditory
system, MLd, DLM and Field L.

The same 10 dependent variables were analyzed in these three nuclei (See Table 1 and
Fig 4). No sex difference was however observed in these nuclei with one exception: the percent-
age of PNN surrounding PV-ir cells was larger in females than in males in MLd (p = 0.049).
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Fig 4. Sex differences in the percentage of DAPI cells that were immunoreactive for parvalbumin (%PV-ir cells) or were surrounded by
perineuronal nets (%PNN cells), in the percentage of PV-ir cells surrounded by PNN (%PV with PNN) and in the percentage of PNN surrounding

PV-ir cells (%PNN with PV)

in 3 auditory areas (Field L; the dorsal lateral mesencephalic nucleus, MLd; the medial nucleus of the dorsolateral

thalamus, DLM), and 3 visual areas (the nucleus rotondus, ROT; the nucleus spiriformis lateralis, SpL; the nucleus subpretectalis, SP). The figure
shows the mean = SEM of data in males (black bars) and females (open bars). Numbers of data in each case are listed in Table 1. * = p<0.05 and

(*)=0.10<p<0.05.

doi:10.1371/journal.pone.0123199.9004

Visual areas

Similarly, the same 10 dependent variables were collected from three visual areas (Table 1 and
Fig 4) where a dense PNN immunoreactivity was observed, ROT, SpL and SP. No sex differ-
ence was however observed in these 3 brain regions with the potential exception that there was
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a statistical trend (p = 0.056) in SP for females to have a higher percentage of DAPI cells show-
ing PV immunoreactivity compared to males.

Discussion

This study demonstrates the existence in zebra finches of a major sex difference

(males > females) affecting the number of PNN in HVC and to a smaller extent RA, the two
main nuclei of the caudal forebrain pathway controlling song production. The difference con-
cerned mostly and was by far more prominent for the PNN associated with cells expressing PV
that are to a large extent local inhibitory neurons. In contrast, such differences were in general
(see below for exceptions) not present in Area X and LMAN the two main nuclei of the anterior
forebrain pathway. Because PNN have been implicated into the plasticity of visual areas in
mammals [29,46,47], we extended these studies to investigate whether such sex differences
would be present in the visual and also auditory pathways. A dense expression of material im-
munoreactive for chondroitin sulfate was detected in several nuclei of these sensory pathways
and this material was often organized in perineuronal rings but quantification of these PNN
did not reveal any sex difference with the exception that the percentage of PNN surrounding
PV-ir cells in MLd was larger in females than in males, a sex difference in the opposite direc-
tion compared to what is seen in the caudal forebrain pathway of the song system. Interestingly
there was almost no chondroidin sulfate-immunoreactive material in the secondary auditory
area, NCM and CMM and no PNN could be detected in these structures. No sex difference was
similarly observed in the visual areas that were investigated.

Comparison with previous work

The distribution pattern of PNN and PV-ir cells in the song control nuclei observed here essen-
tially matches and confirms results recently published on the same topic while our study was in
progress [45]. This published study indeed also identified major sex differences in PNN num-
bers in HVC and RA but a lack of such differences in Area X and LMAN.

Three dependent variables were reported by Meyer and colleagues and can thus be directly
compared with the present results: the percentage PV-ir cells, the percentage of cells sur-
rounded by PNN, and the percentage PV-ir cells with PNN. With only one exception, similar
numerical trends were always observed in both studies (males > females or females > males
depending on the variable and nucleus) and limited differences between our results and those
of Meyer et al. only concern the degree of statistical significance of a few results. Specifically, in
HVC the % of PV-ir cells was larger in females than in males in both studies but the difference
was significant in the study of Meyer and colleagues (p = 0,0014) but not here (p = 0,34). Con-
versely in RA this percentage was higher in males than in females in both studies but the differ-
ence was highly significant here (p<0.005) but less so in Meyer and colleagues (p = 0.043). The
percentage of PV-ir cells surrounded by PNN in RA was larger in males than females in both
studies but this difference was very significant in the study of Meyer and colleagues (p<0.001)
and only marginal here (0.071)

The largest discrepancy between the two studies concerns the percentage of cells sur-
rounded by PNN in Area X, which was sexually differentiated here (males>females, p = 0.023)
but not at all in Meyer et al. (p = 0.76). Since Area X is the brain region where PNN are the
clearest and can most easily be distinguished from the more diffuse immunoreactivity, it ap-
pears very unlikely that the discrepancy could relate to differences in counting efficiency. Area
X is however a very large area and its equivalent structure in the female basal ganglia is not nec-
essarily obvious. The difference between studies could thus in this case relate to the sampling of
different brain subregions.

PLOS ONE | DOI:10.1371/journal.pone.0123199  April 7, 2015 13/19



@' PLOS ‘ ONE

Sex Difference in Perineuronal Nets

These limited differences could result from the use of different cell markers. Indeed, Meyer
et al. used a Nissl stain to label all brain cells whereas we used a DAPI staining of cell nuclei.
Absolute number of cells used as a basis for percentage calculation could thus differ. There
might also exist subtle differences in staining intensity and counting methods that could pro-
duce these minor discrepancies but the high degree of reproducibility of the pattern found in
song control nuclei is very reinforcing.

The present study also confirms earlier studies on PV-ir cells by showing that the absolute
number and percentage of PV-ir cells in RA is larger in males than in females. One paper had in-
deed shown that in this nucleus PV-positive neurons projecting to motor neurons of the tracheo-
synringeal nucleus (nXIIts) are more numerous in males than in females [43]. The sex difference
associated with a subset of neurons (those projecting to nXIIts) is thus carrying over to the entire
population. In addition in the related Bengalese finch, the total number of cells expressing PV
mRNA is higher in males than females in HVC, RA and Area X at 45 days post-hatching and in
adulthood and the numbers of these cells per unit surface is higher in the HVC and RA of adult
males [44]. Why these differences translate into sex differences in the numbers of cells expressing
the protein in RA only and not in other nuclei (nucleus-specific regulation of translation, differ-
ential sensitivity of in situ hybridization and immunohistochemistry) remains unclear at present.

Functional significance

The lower density of PNN in the female HVC and RA, the two song control nuclei of the motor
pathway, has been suggested to reflect the fact that zebra finch females never sing [45]. Therefore
these brain structures would maintain in females a greater degree of neuronal plasticity in con-
trast to males in which crystallization of song structure seems to be associated during ontogeny
with an increase in PNN density that should limit potential changes in neuronal connectivity [8].
In contrast, since females learn like males to recognize conspecific songs (See introduction) and
are probably able to update this information during their adult life, the anterior forebrain path-
way that is implicated in song learning, should display no major sex difference in neural plastici-
ty. The detailed quantification of PNN performed here in the song control nuclei is in general
agreement with these ideas. Based on these speculations, one would then predict that in species
where females sing either spontaneously (duetting birds such as tropical wrens; e.g. [48]) or after
treatment with exogenous testosterone (e.g. canaries, Serinus canaria and European starlings,
Sturnus vulgaris)[49-51], the sex difference identified in HVC and RA should no longer exist
after the females have crystallized their song and we are currently testing this idea in canaries.
Somewhat to our surprise, we found here no major difference in PNN expression in the au-
ditory and visual areas of the zebra finch brain. It might have been anticipated that males and
females process auditory information in a different manner and this could be reflected in PNN
local densities. The presence of estrogen receptors alpha and of aromatase has indeed been de-
tected in the inner ear of zebra finches [52] and aspects of aromatase expression are sexually
differentiated in auditory regions, in particular the NCM, of the zebra finch brain [53,54], rais-
ing the possibility of a control of auditory activity by circulating or locally produced sex ste-
roids. This possibility is supported by a few studies of auditory brainstem responses (ABRs),
the immediate output of the inner ear, recorded by electrophysiological techniques at the
brainstem level. ABRs are far-field action potentials resulting from synchronous neural dis-
charges along the ascending auditory pathway in response to the onset of auditory stimuli.
They appear as a suite of peaks or waves representing the progressive propagation of neural au-
ditory activity. These ABRs are changing seasonally in songbirds [55] and appear to be sexually
differentiated in zebra finches (higher amplitude and shorter latency responses for waves 1 and
2 in females than in males)[56]. Another aspect of auditory responses to amplitude-modulated
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tones, the envelope following responses (EFRs), thought to reflect the strength of phase locking
of the stimulus in the auditory nerve and possibly brainstem to the envelope, was also shown to
differ between male and female cowbirds, Molothrus ater [57].

In addition, an abundant literature demonstrates that in mammals PNN limit plasticity in the
visual system and develop following exposure to light. Following monocular light deprivation,
plasticity is maintained in the “blind” hemisphere and PNN become established in much smaller
amounts [46,47]. There is to our knowledge no direct evidence demonstrating sex differences in
the activity of visual pathways in birds but such evidence exists in mammals [58]. Furthermore
aromatase has been identified in fibers and perikarya of the visual system in quail [59]. Aroma-
tase-immunoreactive fibers are also present throughout the visual system of neonate rats (optic
tract, suprachiasmatic nucleus, lateral hypothalamus, geniculate nuclei, lateral posterior thalamic
nucleus and all layers of the superior colliculus). Immunoreactive cell bodies were also seen in
the superior colliculus, suprachiasmatic nucleus and intergeniculate leaflet [60,61]. Estrogen re-
ceptors have finally been identified in the developing rat cortex [62-64]. Furthermore sex differ-
ences were detected in the total dendritic length for three populations of cortical neurons within
the visual cortex of the rat brain [65]. These observations therefore support the possibility of a
differential control of visual activity by peripheral or centrally-synthesized estrogens.

Together all these data suggesting sex differences in the central processing of auditory and vi-
sual information lead us to investigate whether there are in parallel sex differences in plasticity
maintained by PNN in the corresponding brain regions. Chondroitin sulfate immunoreactivity
was indeed identified in these areas and was even condensed in PNN in at least three nuclei of
each sensory pathway. Interestingly, no PNN were detected in the secondary auditory area
NCM suggesting that this brain region playing a critical role in storing/decoding/interpreting
conspecific song [42,66] retains a large degree of plasticity. However even in nuclei where PNN
were abundant, no sex difference could be detected neither in their number nor in overall chon-
droitin sulfate immunoreactivity with the possible exception that the percentage of PNN associ-
ated with PV immunoreactive cells was higher in females than in males in the auditory nucleus
MLd (p = 0.049). Given the number of comparisons that were performed and the proximity of
the associated probability with the classically admitted critical level for accepting statistical sig-
nificance, this difference would become non significant after Bonferroni correction.

This lack of sex difference might seem surprising at first sight but is not necessarily incompati-
ble with previous work. Indeed although the development of PNN in the mammalian visual sys-
tem has clearly been shown to be activity-dependent [28,31,67], one study indicated that in
young chicken the organization of the extracellular matrix into PNN is not importantly depen-
dent on light activation in the mesencephalic, diencephalic and telencephalic visual centers [68].
Whether this difference between species reflects a general difference between birds and mammals
is not known at present but if it was the case, this might contribute to explain the lack of sex dif-
ferences observed here. It must also be mentioned that although (neuro)anatomical and, to a lim-
ited extent, functional sex differences have been identified in the auditory and visual systems they
do not necessarily imply differences in neuroanatomical plasticity. Furthermore even if a sex dif-
ference in plasticity is present, it could be reflected in other morphological markers independent
of PNN, such as (polysialyated) Neural Cell Adhesion Molecule PSA-NCAM or dendritic spines.

Supporting Information

S1 Dataset. Individual values of all measures that were collected and analyzed in this article.
This excel table contains all raw data that were use in the present paper organized in 10 individ-
ual sheets, one for each nucleus considered.

(XLS)

PLOS ONE | DOI:10.1371/journal.pone.0123199  April 7, 2015 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123199.s001

@' PLOS ‘ ONE

Sex Difference in Perineuronal Nets

Acknowledgments

We thank Prof. Annemie Van Der Linden (University of Antwerpen) for stimulating discus-
sions that led to the initiation of this project. We also want to acknowledge the contribution of
Dr. Sandra Ormenese and the GIGA-Imaging and Flow Cytometry platform for providing the
confocal photomicrographs presented in Figs 1 and 3.

Author Contributions

Conceived and designed the experiments: GC SMTH CAC JB. Performed the experiments: GC
SMTH. Analyzed the data: GC JB. Contributed reagents/materials/analysis tools: CAC. Wrote
the paper: GC SMTH CAC JB.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Malenka RC, Bear MF. LTP and LTD: an embarrassment of riches. Neuron 2004; 44: 5-21. PMID:
15450156

Nottebohm F. A brain for all seasons: Cyclical anatomical changes in song-control nuclei of the canary
brain. Science 1981; 214: 1368-1370. PMID: 7313697

Brainard MS, Doupe AJ. What songbirds teach us about learning. Nature: Insight reviews 2002; 417:
351-358. PMID: 12015616

Wilbrecht L, Nottebohm F. Vocal learning in birds and humans. Ment Retard Dev Disabil Res Rev
2003; 9: 135-148. PMID: 12953292

Mooney R. Neural mechanisms for learned birdsong. Learn Mem 2009; 16: 655-669. doi: 10.1101/Im.
1065209 PMID: 19850665

Mooney R. Neurobiology of song learning. Curr Opin Neurobiol 2009; 19: 654—660. doi: 10.1016/j.
conb.2009.10.004 PMID: 19892546

Phan ML, Pytte CL, Vicario DS. Early auditory experience generates long-lasting memories that may
subserve vocal learning in songbirds. Proc Natl Acad Sci U S A 2006; 103: 1088—1093. PMID:
16418265

Balmer TS, Carels VM, Frisch JL, Nick TA. Modulation of perineuronal nets and parvalbumin with devel-
opmental song learning. J Neurosci 2009; 29: 12878-12885. doi: 10.1523/JNEUROSCI.2974-09.2009
PMID: 19828802

Arnold AP. The effects of castration and androgen replacement on song courtship, and aggression in
zebra finches (Poephila guttata). J Exp Zool 1975; 191: 309-326. PMID: 1092802

Préve E. Der Einfluss von Kastration und Testosteronsubstitution auf das Verhalten manlicher Zebra-
finken. J Ornithol 1974; 115: 338-347.

Nottebohm F, Arnold AP. Sexual dimorphism in the vocal control areas in the song bird brain. Science
1976; 194:211-213. PMID: 959852

Reiner AD, Perkel J, Bruce L, Butler A, Csillag A, Kuenzel W, et al. Revised nomenclature for avian tel-
encephalon and some related brainstem nuclei. J Comp Neurol 2004; 473: 377-414. PMID: 15116397

Nottebohm F, Stokes TM, Leonard CM. Central control of song in the canary, Serinus canarius. J Comp
Neurol 1976; 165: 457-486. PMID: 1262540

Nottebohm F, Kelley DB, Paton JA. Connections of vocal control nuclei in the canary telencephalon.
J Comp Neurol 1982; 207: 344-357. PMID: 7119147

Bottjer SW, Johnson F. Circuits, hormones, and learning: Vocal behavior in songbirds. J Neurobiol
1997; 33:602-618. PMID: 9369462

Doupe AJ, Perkel DJ, Reiner A, Stern EA. Birdbrains could teach basal ganglia research a new song.
Trends Neurosci 2005; 28: 353-363. PMID: 15935486

Benton S, Nelson DA, Marler P, DeVoogd TJ. Anterior forebrain pathway is needed for stable song ex-
pression in adult male white-crowned sparrows (Zonotrichia leucophrys). Behav Brain Res 1998; 96:
135-150. PMID: 9821550

Miller-Sims VC, Bottjer SW. Auditory experience refines cortico-basal ganglia inputs to motor cortex
via remapping of single axons during vocal learning in zebra finches. J Neurophysiol 2012; 107:
1142—1156. doi: 10.1152/jn.00614.2011 PMID: 22157116

Kao MH, Doupe AJ, Brainard MS. Contributions of an avian basal ganglia-forebrain circuit to real-time
modulation of song. Nature 2005; 433: 638—-643. PMID: 15703748

PLOS ONE | DOI:10.1371/journal.pone.0123199  April 7, 2015 16/19


http://www.ncbi.nlm.nih.gov/pubmed/15450156
http://www.ncbi.nlm.nih.gov/pubmed/7313697
http://www.ncbi.nlm.nih.gov/pubmed/12015616
http://www.ncbi.nlm.nih.gov/pubmed/12953292
http://dx.doi.org/10.1101/lm.1065209
http://dx.doi.org/10.1101/lm.1065209
http://www.ncbi.nlm.nih.gov/pubmed/19850665
http://dx.doi.org/10.1016/j.conb.2009.10.004
http://dx.doi.org/10.1016/j.conb.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19892546
http://www.ncbi.nlm.nih.gov/pubmed/16418265
http://dx.doi.org/10.1523/JNEUROSCI.2974-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19828802
http://www.ncbi.nlm.nih.gov/pubmed/1092802
http://www.ncbi.nlm.nih.gov/pubmed/959852
http://www.ncbi.nlm.nih.gov/pubmed/15116397
http://www.ncbi.nlm.nih.gov/pubmed/1262540
http://www.ncbi.nlm.nih.gov/pubmed/7119147
http://www.ncbi.nlm.nih.gov/pubmed/9369462
http://www.ncbi.nlm.nih.gov/pubmed/15935486
http://www.ncbi.nlm.nih.gov/pubmed/9821550
http://dx.doi.org/10.1152/jn.00614.2011
http://www.ncbi.nlm.nih.gov/pubmed/22157116
http://www.ncbi.nlm.nih.gov/pubmed/15703748

@ PLOS | one

Sex Difference in Perineuronal Nets

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

Nixdorf BE, Davis SS, DeVoogd TJ. Morphology of Golgi-impregnated neurons in hyperstriatum ventra-
lis, pars caudalis in adult male and female canaries. J Comp Neurol 1989; 284: 337-349. PMID:
2474004

Ball GF, MacDougall-Shackleton SA. Sex differences in songbirds 25 years later: What have we
learned and where do we go? Microsc Res Tech 2001; 54: 327-334. PMID: 11668646

Holloway CC, Clayton DE. Estrogen synthesis in the male brain triggers development of the avian song
control pathway in vitro. Nat Neurosci 2001; 4: 170-175. PMID: 11175878

Kirn JR, Nottebohm F. Direct evidence for loss and replacement of projection neurons in adult canary
brain. J Neurosci 1993; 13: 1654-1663. PMID: 8385206

De Groof G, Verhoye M, Van Meir V, Balthazart J, Van der Linden A. Seasonal rewiring of the songbird
brain: an in vivo MRI study. Eur J Neurosci 2008; 28: 2475-2485. doi: 10.1111/1.1460-9568.2008.
06545.x PMID: 19032586

De Groof G, Verhoye M, Poirier C, Leemans A, Eens M, Darras VM, et al. Structural changes between
seasons in the songbird auditory forebrain. J Neurosci 2009; 29: 13557—13565. doi: 10.1523/
JNEUROSCI.1788-09.2009 PMID: 19864568

Celio MR, Spreafico R, De Biasi S, Vitellaro-Zuccarello L. Perineuronal nets: past and present. Trends
Neurosci 1998; 21: 510-515. PMID: 9881847

Karetko M, Skangiel-Kramska J. Diverse functions of perineuronal nets. Acta Neurobiol Exp (Wars)
2009; 69: 564-577. PMID: 20048772

Wang D, Fawcett J. The perineuronal net and the control of CNS plasticity. Cell Tissue Res 2012; 349:
147-160. doi: 10.1007/s00441-012-1375-y PMID: 22437874

Galtrey CM, Fawcett JW. The role of chondroitin sulfate proteoglycans in regeneration and plasticity in
the central nervous system. Brain Res Rev 2007; 54: 1-18. PMID: 17222456

Bradbury EJ, Moon LD, Popat RJ, King VR, Bennett GS, Patel PN, et al. Chondroitinase ABC promotes
functional recovery after spinal cord injury. Nature 2002; 416: 636—-640. PMID: 11948352

Dityatev A, Bruckner G, Dityateva G, Grosche J, Kleene R, Schachner M. Activity-dependent formation
and functions of chondroitin sulfate-rich extracellular matrix of perineuronal nets. Dev Neurobiol 2007;
67:570-588. PMID: 17443809

Braun K, Scheich H, Heizmann CW, Hunziker W. Parvalbumin and calbindin-D28K immunoreactivity
as developmental markers of auditory and vocal motor nuclei of the zebra finch. Neuroscience 1991;
40: 853-869. PMID: 2062443

Hara E, Rivas MV, Ward JM, Okanoya K, Jarvis ED. Convergent differential regulation of parvalbumin
in the brains of vocal learners. PLoS One 2012; 7: €29457. doi: 10.1371/journal.pone.0029457 PMID:
22238614

Nowicka D, Soulsby S, Skangiel-Kramska J, Glazewski S. Parvalbumin-containing neurons, perineuro-
nal nets and experience-dependent plasticity in murine barrel cortex. Eur J Neurosci 2009; 30:
2053-2063. doi: 10.1111/j.1460-9568.2009.06996.x PMID: 20128844

Best BJ, Day NF, Larson GT, Carels VM, Nick TA. Vocal effects of perineuronal net destruction in adult
zebra finc. Abst Soc for Neurosc nbr 30318 2012.

Del Negro C, Gahr M, Leboucher G, Kreutzer M. The selectivity of sexual responses to song displays:
effects of partial chemical lesion of the HVC in female canaries. Behav Brain Res 1998; 96: 151-159.
PMID: 9821551

Burt JM, Lent KL, Beecher MD, Brenowitz EA. Lesions of the anterior forebrain song control pathway in
female canaries affect song perception in an operant task. J Neurobiol 2000; 42: 1-13. PMID:
10623896

Maguire SE, Schmidt MF, White DJ. Social brains in context: lesions targeted to the song control sys-
tem in female cowbirds affect their social network. PLoS One 2013; 8: €63239. doi: 10.1371/journal.
pone.0063239 PMID: 23650558

MacDougall-Schackleton SA, Hulse SH, Ball GF. Neural bases of song preferences in female zebra
finches (Taeniopygia guttata). Neuroreport 1998; 9: 3047-3052. PMID: 9804314

Hernandez AM, MacDougall-Shackleton SA. Effects of early song experience on song preferences and
song control and auditory brain regions in female house finches (Carpodacus mexicanus). J Neurobiol
2004; 59: 247-258. PMID: 15085541

Terpstra NJ, Bolhuis JJ, Riebel K, van der Burg JM, den Boer-Visser AM. Localized brain activation
specific to auditory memory in a female songbird. J Comp Neurol 2006; 494: 784—791. PMID:
16374807

Bolhuis JJ, Gahr M. Neural mechanisms of birdsong memory. Nat Rev Neurosci 2006; 7: 347-357.
PMID: 16760915

PLOS ONE | DOI:10.1371/journal.pone.0123199  April 7, 2015 17/19


http://www.ncbi.nlm.nih.gov/pubmed/2474004
http://www.ncbi.nlm.nih.gov/pubmed/11668646
http://www.ncbi.nlm.nih.gov/pubmed/11175878
http://www.ncbi.nlm.nih.gov/pubmed/8385206
http://dx.doi.org/10.1111/j.1460-9568.2008.06545.x
http://dx.doi.org/10.1111/j.1460-9568.2008.06545.x
http://www.ncbi.nlm.nih.gov/pubmed/19032586
http://dx.doi.org/10.1523/JNEUROSCI.1788-09.2009
http://dx.doi.org/10.1523/JNEUROSCI.1788-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19864568
http://www.ncbi.nlm.nih.gov/pubmed/9881847
http://www.ncbi.nlm.nih.gov/pubmed/20048772
http://dx.doi.org/10.1007/s00441-012-1375-y
http://www.ncbi.nlm.nih.gov/pubmed/22437874
http://www.ncbi.nlm.nih.gov/pubmed/17222456
http://www.ncbi.nlm.nih.gov/pubmed/11948352
http://www.ncbi.nlm.nih.gov/pubmed/17443809
http://www.ncbi.nlm.nih.gov/pubmed/2062443
http://dx.doi.org/10.1371/journal.pone.0029457
http://www.ncbi.nlm.nih.gov/pubmed/22238614
http://dx.doi.org/10.1111/j.1460-9568.2009.06996.x
http://www.ncbi.nlm.nih.gov/pubmed/20128844
http://www.ncbi.nlm.nih.gov/pubmed/9821551
http://www.ncbi.nlm.nih.gov/pubmed/10623896
http://dx.doi.org/10.1371/journal.pone.0063239
http://dx.doi.org/10.1371/journal.pone.0063239
http://www.ncbi.nlm.nih.gov/pubmed/23650558
http://www.ncbi.nlm.nih.gov/pubmed/9804314
http://www.ncbi.nlm.nih.gov/pubmed/15085541
http://www.ncbi.nlm.nih.gov/pubmed/16374807
http://www.ncbi.nlm.nih.gov/pubmed/16760915

@' PLOS ‘ ONE

Sex Difference in Perineuronal Nets

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

Wild JM, Williams MN, Suthers RA. Parvalbumin-positive projection neurons characterise the vocal
premotor pathway in male, but not female, zebra finches. Brain Res 2001; 917: 235-252. PMID:
11640910

Sun L, WangR, Zeng S, Geng Z, Zhang X, Zuo M. Identification of male-biased gene: parvalbumin in
song control nuclei of the Bengalese finch. Neurosci Res 2010; 68: 22—-34. doi: 10.1016/j.neures.2010.
05.003 PMID: 20566402

Meyer CA, Boroda E, Nick TA. Sexually dimorphic perineuronal net expression in the songbird. Basal
Ganglia2014; 3:229-237.

Pizzorusso T, Medini P, Berardi N, Chierzi S, Fawcett JW, Maffei L. Reactivation of ocular dominance
plasticity in the adult visual cortex. Science 2002; 298: 1248-1251. PMID: 12424383

Pizzorusso T, Medini P, Landi S, Baldini S, Berardi N, Maffei L. Structural and functional recovery from
early monocular deprivation in adult rats. Proc Natl Acad Sci U S A 2006; 103: 8517-8522. PMID:
16709670

Fortune ES, Rodriguez C, Li D, Ball GF, Coleman MJ. Neural mechanisms for the coordination of duet
singing in wrens. Science 2011; 334: 666—670. doi: 10.1126/science.1209867 PMID: 22053048

Nottebohm F. Testosterone triggers growth of brain vocal control nuclei in adult female canaries. Brain
Res 1980; 189: 429-436. PMID: 7370785

Madison FN, Rouse ML Jr., Balthazart J, Ball GF. Reversing song behavior phenotype: Testosterone
driven induction of singing and measures of song quality in adult male and female canaries (Serinus ca-
naria). Gen Comp Endocrinol 2014.

Eens M. Understanding the complex song of the European starling: an integrated ethological approach.
Adv Study Anim Behav 1997; 26: 355-434.

Noirot IC, Adler HJ, Cornil CA, Harada N, Dooling RJ, Balthazart J, et al. Presence of aromatase and
estrogen receptor alpha in the inner ear of zebra finches. Hear Res 2009; 252: 49-55. doi: 10.1016/j.
heares.2009.04.012 PMID: 19397967

Peterson RS, Yarram L, Schlinger BA, Saldanha CJ. Aromatase is pre-synaptic and sexually dimorphic
in the adult zebra finch brain. Proc Biol Sci 2005; 272: 2089-2096. PMID: 16191621

Rohman KN, Saldanha CJ. Sex and brain area differences in the microsomal compartmentalization of
telencephalic aromatase in the adult zebra finch. Horm Behav 2005; 48: 125.

Lucas JR, Freeberg TM, Long GR, Krishnan A. Seasonal variation in avian auditory evoked responses
to tones: a comparative analysis of Carolina chickadees, tufted titmice, and white-breasted nuthatches.
J Comp Physiol A Neuroethol Sens Neural Behav Physiol 2007; 193: 201-215. PMID: 17066303

Noirot IC, Adler HJ, Cornil CA, Balthazart J, Ball GF, Dooling RJ. Sex differences in the auditory system
of zebra finches (Taeniopygia guttata): a role for sex steroids in the avian inner ear? Abst Soc for Neu-
rosc Nbr 672 2007.

Gall MD, Henry KS, Lucas JR. Two measures of temporal resolution in brown-headed cowbirds (Molo-
thrus ater). J Comp Physiol A Neuroethol Sens Neural Behav Physiol 2012; 198: 61-68. doi: 10.1007/
s00359-011-0687-9 PMID: 21987264

Handa RJ, McGivern RF. Steroid Hormones, Receptors, and Perceptual and Cognitive Sex Differences
in the Visual System. Curr Eye Res 2014: 1-18.

Evrard HC, Harada N, Balthazart J. Immunocytochemical localization of aromatase in sensory and
integrating nuclei of the hindbrain in Japanese quail (Coturnix japonica). J Comp Neurol 2004; 473:
194-212. PMID: 15101089

MacLusky NJ, Toran-Alllerand CD. Estrogen biosynthesis in the developing rat brain: regional and tem-
poral aspects. Abst Soc for Neurosc Nbr 3911 1989.

Horvath TL, Wikler KC. Aromatase in developing sensory systems of the rat brain. J Neuroendocrinol
1999; 11:77-84. PMID: 10048462

Sheridan PJ. Estrogen binding in the neonatal neocortex. Brain Res 1979; 178: 201—-206. PMID: 91415

MacLusky NJ, Chaptal C, McEwen BS. The development of estrogen receptor systems in the rat brain
and pituitary: postnatal development. Brain Res 1979; 178: 143—160. PMID: 497857

Gerlach JL, McEwen BS, Toran-Allerand CD, Friedman WJ. Perinatal development of estrogen recep-
tors in mouse brain assessed by radioautography, nuclear isolation and receptor assay. Brain Res
1983; 313:7-18. PMID: 6661666

Juraska JM. Sex differences in "cognitive" regions of the rat brain. Psychoneuroendocrinology 1991;
16: 105-109. PMID: 1961834

Van Meir V, Boumans T, De Groof G, Van Audekerke J, Smolders A, Scheunders P, et al. Spatiotempo-
ral properties of the BOLD response in the songbirds' auditory circuit during a variety of listening tasks.
Neuroimage 2005; 25: 1242—-1255. PMID: 15850742

PLOS ONE | DOI:10.1371/journal.pone.0123199  April 7, 2015 18/19


http://www.ncbi.nlm.nih.gov/pubmed/11640910
http://dx.doi.org/10.1016/j.neures.2010.05.003
http://dx.doi.org/10.1016/j.neures.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20566402
http://www.ncbi.nlm.nih.gov/pubmed/12424383
http://www.ncbi.nlm.nih.gov/pubmed/16709670
http://dx.doi.org/10.1126/science.1209867
http://www.ncbi.nlm.nih.gov/pubmed/22053048
http://www.ncbi.nlm.nih.gov/pubmed/7370785
http://dx.doi.org/10.1016/j.heares.2009.04.012
http://dx.doi.org/10.1016/j.heares.2009.04.012
http://www.ncbi.nlm.nih.gov/pubmed/19397967
http://www.ncbi.nlm.nih.gov/pubmed/16191621
http://www.ncbi.nlm.nih.gov/pubmed/17066303
http://dx.doi.org/10.1007/s00359-011-0687-9
http://dx.doi.org/10.1007/s00359-011-0687-9
http://www.ncbi.nlm.nih.gov/pubmed/21987264
http://www.ncbi.nlm.nih.gov/pubmed/15101089
http://www.ncbi.nlm.nih.gov/pubmed/10048462
http://www.ncbi.nlm.nih.gov/pubmed/91415
http://www.ncbi.nlm.nih.gov/pubmed/497857
http://www.ncbi.nlm.nih.gov/pubmed/6661666
http://www.ncbi.nlm.nih.gov/pubmed/1961834
http://www.ncbi.nlm.nih.gov/pubmed/15850742

" ®
@ ’ PLOS ‘ ONE Sex Difference in Perineuronal Nets

67. McRae PA, Rocco MM, Kelly G, Brumberg JC, Matthews RT. Sensory deprivation alters aggrecan and
perineuronal net expression in the mouse barrel cortex. J Neurosci 2007; 27: 5405-5413. PMID:

17507562

68. Gati G, Morawski M, Lendvai D, Matthews RT, Jager C, Zachar G, et al. Chondroitin sulphate proteogly-
can-based perineuronal net establishment is largely activity-independent in chick visual system.
J Chem Neuroanat 2010; 40: 243-247. doi: 10.1016/j.jchemneu.2010.07.002 PMID: 20621181

PLOS ONE | DOI:10.1371/journal.pone.0123199  April 7, 2015 19/19


http://www.ncbi.nlm.nih.gov/pubmed/17507562
http://dx.doi.org/10.1016/j.jchemneu.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20621181

