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Abstract
It is established that in songbirds the size of several brain song control nuclei varies seasonally, based on changes in cell size, dendritic branching and, in nucleus HVC, the incorporation of newborn neurons. In the developing and adult mammalian brain, the protein doublecortin (DCX) is expressed in postmitotic neurons and, as a part of the microtubule machinery, required for neuronal migration. We recently showed that in adult canaries, DCX-immunoreactive (ir) cells are present throughout the telencephalon, but the link between DCX and the active neurogenesis observed in songbirds remained uncertain. We demonstrate here that DCX labels recently born cells in the canary telencephalon and that, in parallel with changes in HVC volume, the number of DCX-ir cells is increased specifically in the HVC of testosterone-treated males compared with castrates, and in castrated testosterone-treated males paired with a female as compared with males paired with another male. The numbers of elongated DCX-ir cells (presumptive migrating neurons) and round multipolar DCX-ir cells (differentiating neurons) were also affected by the sex of the subjects and their photoperiodic condition (photosensitive vs photostimulated vs photorefractory). Thus, in canaries the endocrine state, as well as the social or photoperiodic condition independently of variation in steroid hormone action, affects the number of cells expressing a protein involved in neuronal migration specifically in brain areas that incorporate new neurons in the telencephalon. The DCX gene may be one of the targets by which testosterone and social stimuli induce seasonal changes in the volume of song nuclei.
Keywords: adult neuroplasticity, doublecortin, photoperiod, sex difference, song system, testosterone

Introduction
In temperate zone songbirds vocal production varies seasonally, high output of song tends to occur in spring when birds defend a territory or court a mate (Catchpole & Slater, 1995; Ball, 1999). Seasonal changes have in parallel been detected in the volume of several forebrain nuclei (Nottebohm, 1981; Ball, 1999; Tramontin & Brenowitz, 2000). These nuclei are part of the song control system that is involved in the control of the learning and production of vocalizations (Brenowitz et al., 1997; Jarvis, 2004; Nottebohm, 2005). Studies of this seasonal plasticity have focused on three nuclei: HVC (used as a proper name; Reiner et al., 2004) and the robust nucleus of the arcopallium (RA; Nottebohm et al., 1976) that are involved in vocal production, and area X that is involved in sensorimotor learning and song maintenance in adulthood (Bottjer et al., 1984; Scharff & Nottebohm, 1991; Brainard & Doupe, 2000). The vernal growth in RA and HVC volumes reflects an increase of cell size, dendritic branching, neuropil volume and, for HVC specifically, the incorporation of new neurons (Alvarez-Buylla & Kirn, 1997; Tramontin & Brenowitz, 2000).
Seasonal changes in song production and volume of song nuclei are correlated with changes in plasma testosterone concentrations (e.g. Nottebohm et al., 1986, 1987). Because HVC and RA contain neurons expressing androgen and/or estrogen receptors (Balthazart et al., 1992; Gahr al., 1993; Bernard et al., 1999; Metzdorf et al., 1999), it has been hypothesized that testosterone acts directly on these brain structures to induce their growth and activate singing. Clearly testosterone has powerful effects on song system plasticity (Brenowitz, 2004), but this may not be the sole mechanism. Recrudescence of song control nuclei can occur before plasma testosterone reaches its maximal concentration (Tramontin et al., 2001; Caro et al., 2006) and can be driven by an increase in day length or by social interactions independent of changes in plasma testosterone (Bernard et al., 1997; Gulledge & Deviche, 1998; Tramontin et al., 1999; Deviche & Gulledge, 2000; Boseret et al., 2006).
Cellular events underlying this plasticity are poorly understood. Doublecortin (DCX) is a microtubule-associated protein expressed during development and in adulthood in postmitotic migrating and differentiating neurons (Francis et al., 1999; Rao & Sherry, 2004). DCX controls the polymerization of the leading process and stabilization of the cytoskeleton during neuronal migration, and thus plays a key role in the final positioning of newborn neurons (Friocourt et al., 2003).
The DCX mRNA and protein have been identified in the avian brain (Hannan et al., 1999; Capes-Davis et al., 2005; Kim et al., 2006), but its role in adult plasticity in songbirds has not been explored. We report that DCX is densely expressed in parts of the adult canary telencephalon that incorporate new neurons, and that its expression is modulated by testosterone, social and environmental factors that all affect the volume of HVC, suggesting that this protein plays a key role in the incorporation of new neurons in the adult avian telencephalon.
Materials and methods
Four separate experiments were designed to assess the relationship between  DCX  expression  and neuronal plasticity  in  the  canary (Serinus canaria) telencephalon, in particular within the telencephalic song control nuclei. The first three experiments assessed changes in the number of DCX-positive cells in a variety of physiological situations known to be associated with major changes in HVC volume. A final study was then designed to confirm that changes in DCX-positive cells represent changes in the numbers of newborn neurons in the adult canary brain as would be expected based on extensive studies in the mammalian brain (Rao & Shetty, 2004; Tamura et al., 2007; Zhang et al., 2007; Zhao et al., 2007). An alternative hypothesis is that variation in cells expressing DCX is only a consequence of the differential expression of DCX in stable populations of neurons.
Birds of Experiments 1, 2 and 4 were obtained from a local dealer in Liège (Belgium) and belonged to the 'Malinois' Belgian breed, a population of mixed origin with a predominance of German roller commonly bred in Belgium for singing. Birds from Experiment 3 were pure Border canaries obtained from a local dealer (Murad Ismail, Breeders) in Maryland, USA. Food, water, sand and bathing water were always available ad libitum.
We first describe here the specific protocols of each experiment (in vivo treatments and description of photoperiods). Technical procedures shared by several experiments are then presented simultaneously for all experiments. All experimental procedures were in agreement with the Belgian laws on 'Protection and Welfare of Animals' and on the 'Protection of Experimental Animals', and the NIH Guide for the Care and Use of Laboratory Animals. The protocols were approved by the Ethics Committee for the Use of Animals at the University of Liège and/or the Johns Hopkins University Animal Care and Use Committee.
Experiment 1: effects of testosterone on singing and on the volume of song control nuclei
Adult male canaries of the Malinois Belgian breed were obtained in April as yearlings and were therefore sexually naïve before the beginning of this experiment. Before their arrival in the laboratory, birds were housed in outdoor aviaries under a natural photoperiod. Immediately after their arrival in the university animal facility, all birds were housed indoors in flocks of three-to-four individuals at a stable temperature (20-24 °C) under a        11 : 13 h light : dark photoperiod.
During the following week, all males were castrated through a unilateral incision behind the last rib as previously described (Sartor et αl., 2005). Surgery was performed under complete anesthesia that was induced by injection of 25 µL of a mixture of zolazepam and tiletamine both at 20 mg/mL (Zoletil™ , Vibrac, Louvain-la-Neuve, Belgium). This injection was preceed 10 min before by an injection of 25 µL Medetomidin (Domitor™  , Pfizer, Louvain-la-Neuve, Belgium) to tranquilize the birds. Birds were then maintained in a warm environment under direct inspection of the experimenter until they recovered from the anesthesia. They were allowed to recover for 2 weeks and then transferred to a short photoperiod (6 : 18 h light : dark) for 8 weeks to make sure they would be photosensitive at the beginning of the endocrine treatments (Nicholls & Storey, 1977).
On the first day of the experiment (Day 0), all birds were implanted with one Silastic™ capsule filled with either crystalline testosterone (Fluka Chemika, Buchs, Switzerland, cat. no.: 86500; n = 7) or left empty as control (C; n = 7). The implants were inserted under the skin through a 2 mm incision made with sharp scissors in the neck region at a location that is not covered by feathers and that has no nocireceptors. Capsules were made of Silastic™ tubing (Degania Silicone, Degania Bet, Israel; cat. no.: 602-175; outer diameter: 1.65 mm; inner diameter: 0.76 mm) cut at a length of 12 mm that was closed at both ends with Silastic™ glue (Silastic Medical Adhesive Silicone type A, Coventry, UK), leaving a length of 10 mm that was either filled with testosterone or left empty. This type of capsule has been shown previously to establish in adult females circulating levels of testosterone typical of sexually mature males (Nottebohm, 1980), and to increase the sizes of song control nuclei in castrated males to levels characteristic of normal gonadally intact males (Appeltants et αl., 2003). All males were transferred the same day into a long day photoperiod (16 : 8 h light : dark) and placed in individual cages located in the same room so that birds were until the end of the experiment in visual (but not acoustic) isolation.
Experiment 2: effect of the sex of the cage mate on singing and on the volume of song control nuclei
This experiment was performed on the brain of male canaries that were previously used to analyse the effects of the sex of the cage mate on the singing rate and the volume of song control nuclei (Boseret et αl., 2006). The full description of the manipulations performed on these birds can thus be found in this previously published paper. Briefly, male and female canaries were obtained in June as sexually naïve yearlings. Before their arrival in the laboratory, birds were housed in outdoor aviaries under a natural photoperiod. Immediately after their arrival in the laboratory, they were maintained for 2 weeks in unisex groups of three subjects under an 11 : 13 h light : dark photoperiod. The sex of all birds was checked by laparotomy after these 2 weeks, and all males were castrated at that time (see method in Sartor et αl., 2005); castrations and laparotomies were performed under complete anesthesia as described for Experiment 1. Birds were allowed to recover for 2 weeks and transferred to a short photoperiod (6 : 18 h light : dark) for 8 more weeks to make sure they would be photosensitive at the beginning of the experiment (Day 0: D0; Nicholls & Storey, 1977).
On D0, all males were implanted with one 10-mm-long Silastic™ capsule filled with testosterone (see above), and all females with one 10-mm-long Silastic™ capsule filled with estradiol-17β (Sigma, St Louis, USA; cat. no.: E8875-5G). These estradiol implants are known to induce sexual receptivity in female canaries (Leboucher et αl., 1994) and in female white-crowned sparrows held under short days (Tramontin et αl., 1999). Implants were inserted under the skin as described above in Experiment 1. At that same time, birds were also randomly assigned to male-male (M-M) or male-female (M-F) dyads that were placed in individual cages held in the same room, in visual but not acoustic isolation. The photoperiod was also switched to 16 : 8 h light : dark at that time. A total of eight males and six females completed the entire experiment. Two additional female brains were additionally lost during processing (see Boseret et αl., 2006 for details).
Experiment 3: sex differences and effects of photoperiod on song control nuclei
This experiment was carried out on sections from brains of male and female canaries that had been previously used to assess effects of various photoperiodic regimes on the expression of gonadotropin-releasing hormone in the diencephalon and on the volume of forebrain song control nuclei (see Hurley et αl., 2005). Border canaries (18 males, 22 females) maintained on natural day length were obtained from a local breeder in Maryland in June, and separated by sexing via laparotomy into cage groups of not more than five birds. Laparotomies were made under secobarbital anesthesia (Sigma, St Louis, MO, USA; 0.05-0.08 mL of a 15 mg/mL solution injected into the breast muscle). They were then housed on short days (8 : 16 h light : dark) for 6 weeks to equilibrate reproductive state before being moved to long  days (14 : 10 h  light : dark) for 18-19 weeks. Birds were laparotomized approximately every 4 weeks to check for the development of photorefractoriness (see Hurley et al., 2005 for a full description of all these procedures).
After it had been established that all birds had become refractory, they were randomly divided into three treatment groups: photosensitive, photo stimulated and photorefractory. These three reproductive states mimic the different stages of the annual reproductive cycle in seasonally breeding birds as they occur in nature. Variation in photoperiod regulates transitions among different reproductive states such that birds in the late fall/early winter are photosensitive (i.e. are able to exhibit reproductive endocrine responses to increasing day lengths), birds in the spring are photo stimulated (i.e. exhibit the maximal gonadal size and high plasma concentrations of gonadotro-phin and sex steroid hormones in response to long day lengths), while birds in the late summer become photorefractory (i.e. their reproductive system regresses and they are no longer responsive to day lengths that previously would stimulate gonadal growth).
In order to implement in the laboratory settings these three physiological conditions, one third of the subjects (six females and six males) were left on long days (photorefractory group), while the remaining birds (11 males and 11 females) were returned to short day lengths (8 : 16 h light : dark) for 6 weeks. After 6 weeks, six females and six males were placed back on long days (14 : 10 hlight : dark)for 4 weeks (photostimulated group), while the other subjects were left in short days (photosensitive group). This procedure thus provided for comparison on the same calendar day groups of subjects that were either photorefractory, photosensitive or photo stimulated. They were then killed and their brains processed for histological analysis (see details in perfusion section below). Blood samples were regularly collected and laparotomies performed throughout this experiment, and plasma samples were analysed by radioimmunoassay for testosterone. These data confirmed that birds were indeed in the expected physiological conditions when they were killed (see Hurley et al., 2005 for details).
Experiment 4: DCX-immunoreactive (ir) cells are newborn neurons
Eight adult male canaries of the Malinois Belgian breed were obtained in February. Upon arrival in the laboratory, birds were housed four per cage and kept on a short day photoperiod (10 : 14 h light : dark) to maintain the state of photosensitivity that they naturally assume at this time of the year. Starting 2 weeks later, animals received repeated intramuscular injections of bromodeoxyuridine [BrdU; Sigma-Aldrich; 50 mg/kg; dissolved in 0.01 M phosphate-buffered saline (PBS) and 0.5% dimethylsulfoxide]. Injections were given twice daily (early morning and late afternoon) for five consecutive days. Brains were collected by decapitation either 10 (n = 4) or 30 (n = 4) days following the first BrdU injection. Combined testes weights were also measured at that time.
Behavioral observations
Singing of all subjects in Experiments 1 and 2 was observed and quantified systematically by an observer (GéB) who was blind to the endocrine condition of the subjects. In Experiment 1, quantification was carried out four times per day during 60 min (starting at 08.00, 11.00, 14.00 and 18.00 h) on Days 14, 21 and 27. For each bird, the song counts from the four hourly observations were summarized and expressed as numbers of songs per 240 min. In Experiment 2, singing of all males was quantified three times a day during 60 min (starting at 10.00, 14.00 and 18.00) on Days 4, 6, 8, 11, 13, 15, 18 and 20. Here again song counts were summarized as numbers per 180 min. The methods used have been previously described in detail (Boseret et αl., 2006). Briefly, the number of complete songs (defined as songs longer than three phrases or trills, themselves defined as the repetition of the same note or syllable; see: Williams, 2004) expressed by each male during the 60-min recording periods was counted by direct observation. Previous training during preliminary observations allowed the observer to rapidly identify each singing bird based on specific characteristics of its song. The identification of the singing subject was then confirmed visually. This procedure was previously used in many other studies (e.g. Tramontin et αl., 1999; Li et αl., 2000; Alvarez-Borda & Nottebohm, 2002; Boseret et αl., 2006). All birds were killed during the day following the last behavioral observations (Day 28 in Experiment 1, Day 21 in Experiment 2; see below).
Perfusion
On the day of brain collection, birds from Experiments 1 and 2 were first tranquilized by an injection of 25 µL Medetomidin (Domitor™; Pfizer, Louvain-la-Neuve, Belgium), which was followed 10 min later by a complete anesthesia induced by an injection of 25 µL of a mixture of zolazepam and tiletamine both at 50 mg/mL (Zoletil™; Virbac, Louvain-la-Neuve, Belgium). Birds from Experiment 3 were directly anesthetized with an overdose (60-100 µL) of secobarbital (Sigma, St Louis, MO, USA). The thoraco-abdominal cavity was then opened, 50 µL of heparin (20 mg/mL) was injected into the left ventricle, and birds were perfused through the left ventricle with saline until return flow was clear followed by approximately 100 mL of fixative (4% paraformaldehyde with 0.1% glutaraldehyde in 0.1 M PBS for Experiments 1 and 2; 4% paraformaldehyde in 0.1 M PBS for Experiment 3). Their brains were removed from the skulls, postfixed in the same fixative without glutaraldehyde for at least one additional hour. Birds from Experiment 4 were decapitated. Their brains were removed from the skull, fixed in a 5% acrolein solution (in 0.01 M PBS) on a shaker at low speed for 150 min and then washed in PBS for 2 X 30 min.
All brains were subsequently cryoprotected in a solution of sucrose (30%) in PBS (sucrose plus paraformaldehyde in Experiment 3), frozen on dry ice and stored at -80 °C. The completeness of castration and presence of Silastic™ capsules were then checked in all subjects when relevant. The absence of testes was confirmed at autopsy in all males by careful dissection and inspection of the abdominal cavity (Experiments 1 and 2). All birds were found to be completely castrated, except for one control bird in the first experiment and his data were therefore not further considered. The completeness of castration was further confirmed by the absence of singing, a testosterone-dependent behavior, in castrates that were not treated with exogenous testosterone.
DCX immunocytochemistry
Brains from Experiments 1 and 2 were cut in 30-µm coronal sections on a cryostat, from the level of the locus coeruleus to the rostral end of area X. Six series of alternate sections were collected and one of them was used for DCX visualization. Brains from Experiment 3 were cut in four coronal series at 40 µm thickness. All sections were stored in cryoprotectant at -20 °C. One series of sections from each experiment was stained for Nissl material with toluidine (Experiments 1 and 2) or thionin blue (Experiment 3) to provide accurate anatomical localization. One series of sections from Experiment 3 was at that time transferred to the Belgian laboratory, where one series of sections of all experiments was stained by immunocytochemistry for DCX by the same method.
Immunocytochemistry was carried out with a polyclonal antibody (anti-DCX pep) raised in rabbit against synthetic peptides corresponding to DCX amino acids 1-10, 287-296 and 350-360 of the human sequence (GenEmbl sequence AJ003112; see Francis et al, 1999), kindly provided by Dr Fiona Francis from the INSERM U129, Institut Cochin, Paris, France.
Floating sections were rinsed in PBS, containing 0.2% Triton X-100 (PBST), then immersed in a solution of 0.06% H2O2 to eliminate endogenous peroxidases. After 20 min they were placed in a blocking solution (normal goat serum, cat. no.: X-0907, Dakopatts; A/S Denmark) for 30 min and then incubated at 4 °C overnight with the antibody against DCX (diluted 1/200). Sections were rinsed in PBST and placed for 2 h in a biotinylated goat anti-rabbit antibody (cat. no.: E-0466, Dakopatts; A/S Denmark, dilution: 1/400) and then, after a further rinse, exposed for 90 min to an avidin-biotin complex coupled with horseradish peroxidase (Kit VectaStain ABC Elite Standard, cat. no.: PK 6100, Burlingame, CA, USA). The sections were finally reacted in a solution of 0.04% of 3,3'-diaminobenzidine tetrahydro-chloride (DAB; cat no.: D5637, Sigma), rinsed in PBS and mounted on microscope slides in an aqueous gelatin-based medium.
The polyclonal anti-DCX pep antibody used here specifically recognizes DCX and was validated for use of DCX in human fetal, rat and mouse brain sections (Francis et al., 1999). We confirmed during previous studies that this antibody also recognizes specifically DCX in the canary brain (Boseret et al., 2007). Briefly: (i) Western blots identify in canary brain homogenates a protein at the expected molecular weight; (ii) the signal observed with this antibody matches perfectly the signal obtained with two other antibodies directed to different parts of the protein; (iii) substitution of the antibody by buffer or by antibody that had been preadsorbed with the immunogenic peptides completely abolished all staining on the sections; and (iv) the sequence of three peptides that had been used as antigen is highly conserved between birds and mammals (GenBank access codes: man: AJ003112; mouse: NP034155; chicken: AAK15319; zebra finch: DQ189989; see Boseret et al., 2007 for details).
BrdU and DCX double-label immunocytochemistry
Brains from Experiment 4 were sectioned in eight series at 30 µm thickness, stored at -20 °C in cryoprotectant and stained as free-floating sections. These acrolein-fixed sections were rinsed in PBS to remove cryoprotectant, then incubated for 15 min in 0.1% sodium borohydride to neutralize acrolein. Endogenous peroxidases were blocked by incubating the sections in 0.6% H2O2 for 20 min. The sections were then rinsed and incubated in 2 N HC1 at 37 °C for 20 min, which was then neutralized by incubation for 10 min at room temperature in 0.1 M sodium borate buffer. Sections were then incubated in 10% horse serum (cat no. 008-000-121, Lucron Bioproducts De Pinte, Belgium) in PBST for 30 min followed by the rat primary antibody, anti-BrdU (1/400; cat. no.: OBT-0300; MorphoSys UK, Oxford, UK) for 1 h at room temperature and overnight at 4 °C with continuous shaking. The sections were then successively incubated in biotinylated donkey anti-rat for 2 h at RT (1/2000; cat. no.: 712-065-150; Lucron Bioproducts) and for 1 h at room temperature in avidin-biotinylated peroxidase complex (Vectastain Elite ABC Peroxidase; cat. no.: PK6100; Labconsult, Brussels, Belgium). BrdU was visualized by reacting the sections in a 0.04% DAB then rinsing in PBS.
In preparation for labeling for DCX, the sections were incubated in 0.6% H2O2 for 20 min, then rinsed anew in PBS, incubated in 10% rabbit serum (cat. no.: S5000; Labconsult, Brussels, Belgium) for 30 min at room temperature followed by overnight incubation at 4 °C with the antibody against DCX raised in goat (1/200; Santa Cruz Biotechnology, Tebu-Bio, Boechout, Belgium). This antibody was previously shown (Boseret et αl., 2007) to provide an identical labeling of DCX-ir material in the canary brain as the rabbit anti-DCX pep antibody used in the other experiments. It was used here because it provided an optimal signal in double-label procedures and, as it is raised in goat, it could be used in future experiments in combination with various other staining procedures utilizing a rabbit antibody. The sections were then rinsed and incubated with biotinylated rabbit anti-goat for 2 h (1/1000; Labconsult), rinsed with PBST then incubated in the avidin-biotinylated peroxidase complex as described above. Positive DCX cells were visualized using the Vector SG substrate kit, coloring the positive cells gray/blue. Following the reaction, sections were rinsed thoroughly, then mounted and coverslipped.
Volume of the song control nuclei HVC and RA
All Nissl-stained sections containing the song control nuclei, HVC (Reiner et αl, 2004) and RA were identified and digitized with a camera connected to a computer. The area of each nucleus was traced in these images on both sides of the brain and measured on the digitized image using the NIH Image software (version 1.52; Wayne Rasband, Bethesda, MD, USA). Areas were summed and multiplied by the sampling interval (180 µm in Experiments 1 and 2, or 160 µm in Experiment 3) to provide an estimate of volumes.
Quantitative analysis of DCX labeling
The number of DCX-ir cells was counted in brain areas where previous work had identified significant levels of neuronal incorporation in adulthood with special attention to the song control nuclei and adjacent brain regions (e.g. Kirn et αl, 1999; DeWulf & Bottjer, 2005). The selection of these areas was additionally based on our previous detailed description of the distribution of DCX-ir cells in the canary brain (Boseret et αl., 2007).
The number of densely stained DCX-ir cells present in various brain regions (see below and Fig. 1) was quantified by the experimenter (GéB), who was blind to the experimental treatment of the birds. Two different types of DCX-ir cells (round and fusiform) were detected in the canary telencephalon (see Results), and these two cell types were therefore counted separately. For each area investigated, immunore-active cells were counted in a standardized square area (200 x 200 µm or 0.04 mm2) located within the area of interest. While observing the drawing sheet through the microscope (20 x objective) and camera lucida, the area used for quantification was positioned within the structure of interest in a standard manner using clearly defined brain landmarks, and all immunoreactive cells that contained a clear unstained nucleus surrounded by stained cytoplasm were marked on the drawing sheet using different symbols for round and fusiform cells. In case of doubt, the presence of a nucleus in a cell was checked at higher magnification.
The anatomical definition of different brain areas adopted in this paper is based on two avian brain atlases (canary: Stokes et αl., 1974; pigeon: Karten & Hodos, 1967 with additional anatomical information concerning auditory areas based on other more specialized publications; Bottjer et αl., 1989, 2000; Vates etαl, 1996; Mello et αl., 1998). The anatomical nomenclature we employ is based on the recommendations made by the Brain Nomenclature Forum (Reiner et αl, 2004).
The number of DCX-ir cells was quantified in the 11 distinct brain areas that are marked by black rectangles in Fig. 1. Cells were counted on one side of the brain that was randomly chosen.
HVC and adjacent nidopallium
DCX-ir cells were counted at three different rostrocaudal levels (Fig. 1C-E, approximately corresponding to the levels AP0.0, P0.4 and P1.0 in the canary brain atlas; Stokes et al., 1974) in three separate fields at each level that were positioned in the center of HVC and in the immediately adjacent nidopallium just ventral and lateral to HVC (lat. HVC; ventr. HVC).
Fig. 1. Schematic drawings of coronal sections through the canary brain illustrating the areas where cells exhibiting dense staining for DCX-ir were quantified. The figure also illustrates the distribution of densely stained DCX-ir cells that are represented by dots (.), whose density was adjusted to provide a semiquantitative representation of the cell density. Please note that dot density is only a rough indication of the relative numbers of DCX-ir cells that cannot be directly compared between different panels of the figure. Readers interested in the detail of the neuroanatomical distribution of DCX-ir structures in the canary brain should refer to Boseret et al. (2007) where this distribution is documented in more detail. (A-E) Presented in a rostral to caudal order. The nuclear definitions are based on the canary brain atlas (Stokes et al., 1974) and the nomenclature is based on that recommended by the avian nomenclature forum (Reiner et al., 2004). Abbreviations: A, arcopallium; APH, area parahippocampalis; area X, area X; Cb, cerebellum; CoA, commissura anterior; CP, commissura posterior; DLM, nucleus dorsolateral anterior thalami, pars medialis; DMP, nucleus dorsomedialis posterior; E, entopallium; EW, Edinger-Westphal nucleus; FA, tractus fronto-arcopallialis; FLM, fasciculus longitudinalis medialis; GCt, griseum centrale; HA, hyperpallium apicale; HD, hyperpallium densocellulare; Hp, hippocampus; ICo, nucleus intercollicularis; IMc, nucleus isthmi, pars magnocellularis; IP, nucleus interpeduncularis; IPc, nucleus isthmi, pars parvocellularis; LAD, lamina arcopallialis dorsalis; LaM, lamina mesopallialis; LFM, lamina frontalis suprema; LFS, lamina frontalis superior; LMAN, nucleus lateralis magnocellularis nidopallii anterioris; LPS, lamina pallio-subpallialis; M, mesopallium; MLd, nucleus mesencephalicus lateralis, pars dorsalis; MMAN, nucleus medialis magnocellularis nidopallii anterioris; N, nidopallium; NC, nidopallium caudale; NCM, nidopallium caudomediale; NIII, nervus oculomotorius; OM, tractus occipito-mesencephalicus; OMd, nucleus nervi oculomotorii, pars dorsalis; OMv, nucleus nervi oculomotorii, pars ventralis; PL, nucleus pontis lateralis; PM, nucleus pontis medialis; RA, nucleus robustus arcopallialis; SLu, nucleus semilunaris; SN, substantia nigra; SpA, area subpallialis amygdalae; SPM, nucleus spiriformis medialis; StM, striatum mediate; TnA, nucleus taeniae of the amygdala; Uva, nucleus uvaeformis; V, ventriculus; VLV, nucleus ventralis lemnisci lateralis.
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Ventral nidopallium
DCX-ir cells were also quantified at the same rostrocaudal levels (Fig. 1C-E) in three distinct zones of the ventral nidopallium. The first zone (ventral nidopallium) was adjacent to the lamina arcopallialis dorsalis (LAD), which separates the nidopallium from the arcopallium. The counting square was placed obliquely on the dorsal edge of LAD, at approximately equal distances from the lateral and the medial border of the brain. The second zone (lateral nidopallium) was placed against the lateral margin of the brain, at a level slightly more dorsal than the fronto-arcopallial tract. Finally, the third counting zone (medial nidopallium) was placed between these two areas, in the ventro-lateral part of the nidopallium. This square was placed at approximately equal distance from the first and second square, and was thus not adjacent to any lamina or discernible nucleus.
Area X and adjacent medial striatum
DCX-ir cells were counted at two rostrocaudal levels (see Fig. 1A and B) corresponding to levels A 4.5 and A 4.0 of the Stokes Canary Brain Atlas in area X, and in two adjacent regions. Area X was easily identified in the medial striatum (MSt) just ventral to the pallial-subpallial lamina (PSL) by the slightly bigger size of its cell bodies, and by its round or 'drop-shaped' morphology. Its location was confirmed by comparison with adjacent Nissl-stained sections. Two adjacent areas of the MSt located laterally and ventrally to area X were also counted in the same sections (levels A and B) for comparison (lat. X and ventr. X, respectively).
LMAN and adjacent area
The lateral magnocellular nucleus of the anterior nidopallium (LMAN) is a much smaller elongated nucleus located in the medial nidopallium near the lateral ventricle. It was difficult to identify in sections immunostained for DCX, and its precise location had thus to be determined with the help of adjacent Nissl-stained sections based on adjacent landmarks (PSL and mesopallial lamina) and on the larger cell size within the nucleus as compared with surrounding structures. Because this nucleus is very small, counts were performed only at one rostrocaudal level corresponding to Fig. 1B. DCX-ir cells were additionally counted in one square positioned laterally to LMAN.
No DCX-ir cells were observed in the arcopallium and in particular in the song control RA. A few weakly stained cells were present in the diencephalon and mesencephalon and in the cerebellum (see Results), but no quantification was carried out in these brain regions because DCX expression in these regions does not relate to neuronal incorporation (Gleeson et al., 1999; Nacher et al., 2001; Brown et al., 2003; Capes-Davis et al., 2005).
Quantitative analysis of DCX and BrdU colocalization
Quantification was performed by the methods described in the previous section in the HVC of sections that had been double-stained for DCX and BrdU. Based on drawings prepared with the camera lucida, we counted in a standardized square area (200 µm x 200 µm) the numbers of DCX-ir cells, DCX + BrdU-ir cells and BrdU-ir alone cells. Separate counts were obtained for DCX-ir fusiform and round cells. Counts were collected in three sections through HVC at approximately the same levels as for other experiments. Cells were counted on both sides of the brain and the sum of the counts was considered in the analyses. The percentages of DCX-ir cells (fusiform or round) that contained BrdU immunoreactivity were then calculated by dividing the numbers of double-labeled cells by the total numbers of DCX-ir cells (single- and double-labeled).
Statistical analysis
All results were analysed by analyses of variance (anova) with multiple independent and/or repeated factors depending on the specific design of the experiment. These analyses were followed when appropriate by post hoc tests comparing data two by two with the help of the Fisher least significant difference (LSD) test. We considered an effect to be statistically significant when P = 0.05.
A number of preliminary analyses of the numbers of DCX-ir cells revealed that the rostrocaudal level where a given area had been sampled generally had no significant effect on the final results. This factor also very rarely interacted in a significant manner with the effects of other factors and, in the rare cases where an interaction was observed, it did not modify the direction of the effects, only their magnitude. For the sake of clarity, the numbers of DCX-ir cells are therefore presented as means of the two or three rostrocaudal levels investigated for a given brain area (three levels for HVC, the adjacent fields of the caudal nidopallium and the three more ventral fields in the caudal nidopallium, two levels for area X and adjacent fields of the medial striatum, LMAN and adjacent nidopallium were only observed at one level), and these averaged data were used for the statistical analyses that are reported here.
Numbers of songs were analysed either as totals observed during each observation day or totals throughout the experiment. Because these behavioral data contained a large number of zero scores and were thus close to a Poisson distribution, they were transformed to their square root to normalize distributions (Dagnelie, 1970). All analyses of song rates presented here were performed on these transformed data. Differences were considered significant for P < 0.05. All data are presented in the text and figures as means ± SEM.
Results
Distribution of DCX-ir cells in the adult canary brain
As observed in our previously published anatomical study (Boseret et αl., 2007), during the four experiments reported here, densely stained DCX-ir cells were observed in broad areas of the telencephalon, in particular in the nidopallium and to a lesser extent in the mesopallium and medial striatum (See Fig. 1 for a schematic representation). This distribution matched precisely the distribution reported in the previous study (Boseret et αl., 2007) and will not be described again here. DCX-ir cells overlapped with brain areas that were shown to incorporate new neurons in adulthood (Alvarez-Buylla et αl., 1988, 1990). Weakly labeled immunoreactive structures were also observed in various di- and mesencephalic nuclei as described previously (Boseret et αl., 2007). This weak immunoreactive signal is obviously not associated with adult neurogenesis and incorporation of new neurons in adulthood, and presumably relates to reorganizations of the dendritic arbor (see Boseret et αl., 2007). This type of label was not studied further in the present experiments.
As reported in previous studies on mammals (Francis et αl., 1999; Gleeson et αl., 1999; Friocourt et αl., 2003; Shapiro et αl., 2007), two types of densely stained DCX-ir cells were observed in the canary telencephalon, particularly in HVC (Fig. 2A). Approximately one-third of these cells displayed a spherical or slightly pyramidal shape, with a cytoplasm densely filled with immunoreactive material. The round nucleus (diameter ranging from 5 to 10 µm) was not stained and clearly appeared as a white spot in the middle of the dark perikaryon. Long neurites extending from the cell bodies were also heavily labeled, conferring a typical pattern of multipolar fully differentiated neurons (Fig. 2B). These dendrites could usually be followed on sections for distances ranging between 30 and 70 µm. The rest of the telencephalic-ir cells had a smaller elongated perikaryon (diameter of 2-4 µm, longest axis: 8-12 µm) and displayed a uni- or bipolar fusiform morphology. Their cell body was elongated along one axis and hardly wider than the thick and long neurite emerging at one end. At higher magnification, a pale elongated nucleus could be discerned at the center of the dense cytoplasm. These fusiform cells thus had the morphology of migrating neurons with leading (and trailing) processes sometimes as long as 100 or 200 µm extending from the neural soma (Fig. 2C-F). No particular orientation of these processes was observed except along the lateral ventricles where in some areas most cells adopted an orientation parallel to the ventricle walls and thus looked like tangentially migrating neurons.
Experiment 1: effects of testosterone on singing behavior, volume of song control nuclei and expression of DCX in castrated male canaries
Behavior and volume of song control nuclei
As expected, treatment with testosterone increased the song rate as compared with control birds. This effect was already clearly observed by the end of second week of the experiment and continued to progress until the end of the experiment on Week 4. Square roots of the average occurrence frequencies of songs on Weeks 2-4 are illustrated in Fig. 3A. The analysis of these data by two-way ANOVA (endocrine treatment as independent and successive weeks as repeated factors) identified significant effects of the treatment (F1,11 = 42.717, P < 0.0001), the repeated measure (F2,22 = 28.045, P < 0.0001) and the interaction (F2,22 = 15.087, P < 0.0001). Post hoc tests indicated that the difference between testosterone-treated and control birds was already statistically significant on Week two and remained significant throughout the experiment. The total number of songs observed throughout the experiment was also different between control and testosterone-treated birds (F1,11 = 45.555, P < 0.0001; testosterone: 216 ± 46 vs control: 4 ± 3 songs, untransformed data).
In parallel, testosterone also increased the volume of the two song control nuclei that were studied and, at the end of the experiment, after 4 weeks of treatment, the effect was statistically significant for both nuclei (HVC: F1,11 = 13.420, P = 0.0037; RA: F1,11 = 5.874, P = 0.0338; Fig. 3B).
Fig. 2. Photomicrographs illustrating the morphology of the round multipolar and fusiform DCX-ir cells that were identified and counted in the canary telencephalon. (A) General view of HVC illustrating the high density of round and fusiform DCX-ir cells. The ventral edge of HVC is outlined by the dotted line. (B) High-magnification enlargement of multipolar round DCX-ir cells. (C) Multiple DCX-ir fusiform cells with no particular orientation can be observed within HVC. (D) Under the lateral ventricle surface, fusiform DCX-ir cells and DCX-ir fibers that cannot always be connected to their respective perikaryon can also adopt a similar orientation parallel to the ventricle wall. (E and F) High magnification of one bipolar (E) and one unipolar (F) fusiform DCX-ir cell. Magnification bars: 200 µm (A); 100 µm (C and D); 50 µm (B); 25 µm (E and F).
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Quantification of DCX-expressing cells
Analysis of the number of fusiform DCX-ir cells in the 11 brain regions considered revealed a statistically significant overall effect of the testosterone treatment   (F1,11 = 5.670, P = 0.0364), an effect of the brain region considered (F10,110 = 41.421, P < 0.001) and a significant interaction between these factors (F10,110 = 3.160, P = 0.014; Fig. 4). A post hoc analysis with the use of the Fisher LSD test indicates that testosterone increased the number of fusiform DCX-ir cells significantly in HVC (P < 0.0286; see Fig. 5A and B for representative photomicrographs), but not in any other brain regions (P = 0.34). Brain regions also differed within a same hormonal condition, but these differences have no obvious interpretation and will not be described here in detail.
A similar ANOVA of the numbers of round cells also identified significant differences between brain regions (F10,110 = 7.556, P < 0.001) and a significant interaction between brain regions and endocrine condition (F10,110 = 4.0561, P < 0.001), but the overall effect of the testosterone treatment did not reach the generally accepted    criteria for statistical significance (F1,11 = 3.915, P = 0.0734). The significant interaction was largely due to the presence of a significant difference between testosterone and control birds that was present specifically in HVC (P = 0.0220 by the Fisher LSD post hoc test; Fig. 4). All other differences between testosterone and control birds were not significant; the numbers of DCX-ir round cells tended to be higher in the LMAN of testosterone vs control males, but this difference was still far from statistically significant (P = 0.1566 by Fisher LSD).
Fig. 3. Effects of testosterone on the song rate (A) expressed by castrated male canaries and on the volume of their song control nuclei HVC and robust nucleus of the arcopallium (RA) (B). Data were obtained in castrated males (control) and in castrates that had been treated with a Silastic™ implant filled with testosterone. Song rates were quantified during recording sessions that took place during the 2nd, 3rd and 4th weeks after the implantation of testosterone capsules. The volumes of HVC and RA were measured in birds killed after the 4th week of recording. *P < 0.05 and **P < 0.01 by comparison with the testosterone-treated birds.
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Experiment 2: effects of the sex of the cage mate on singing behavior, volume of song control nuclei and expression of DCX in castrated male canaries
As mentioned above, the behavioral results of the present experiment and the effects of the different social environments on the volume of HVC and RA have been previously published (Boseret et αl., 2006). They are only summarized briefly here to permit a complete interpretation of the corresponding effects on DCX-ir cells.
Behavior and volume of song control nuclei
The analysis by a two-way ANOVA of the total numbers of songs (squared root-transformed) recorded on each experimental day with the two dyad types (M-M vs M-F) as independent factor and successive days as repeated measure identified a significant effect of the sex of the partner (F1,112 = 5.395, P = 0.0386) and of the repeated factor, the different days (F7,84 = 3.610, P = 0.0019), but there was no interaction between these factors (F7,84 = 1.737, P = 0.1114). The total number of songs produced by the males in the two types of pairs was therefore computed, and this confirmed that a significantly higher number of songs was produced by the males in the M-M pairs compared with the M-F pairs (F1,12 = 5.151, P = 0.0425; Fig. 6A).
The reconstruction of the volume of HVC and RA in Nissl-stained sections demonstrated that despite the fact that they sang less frequently, males in the M-F pairs had a significantly larger HVC than males in the M-M pairs (F1,10  = 10.612, P = 0.0086). However, RA volumes did not exhibit such a difference (F1,7 = 0.061, P = 0.8117; Fig. 6B).
This discrepancy between song rate (higher in M-M dyads) and HVC size (larger in M-F pairs) was also observed in another previously published experiment (experiment 1 in Boseret et al., 2006) and is thus replicable. It must also be noted that the individual song rate did not correlate in the present experiment with individual HVC volumes (in M-M pairs: r = 0.197, n = 8, P = 0.369; in M-F pairs: r = 0.091, n = 4, P = 0.908). It does not seem therefore that activity-dependent changes such as increases in brain-derived neurotrophic factor secretion (Li et al., 2000; Alvarez-Borda & Nottebohm, 2002) could explain in the present experiment differences in HVC size between groups or between individuals. Such discrepancies between testosterone plasma concentrations, singing rate and HVC growth have been observed in a variety of natural and experimental situations. They point to the complexity of the causal relationships between these three variables and are currently a major focus of research in our laboratories (see Ball et al., 2002, 2004 for reviews).
DCX expression
The numbers of DCX-ir cells were analysed in this experiment with the same ANOVA model as for Experiment 1. The number of fusiform DCX-ir cells in the 11 brain regions was significantly affected by the brain region considered (F10,70 = 34.722, P < 0.001) and by the interaction between brain region and type of partner (F10,70 = 9.267, P < 0.001; Fig. 7). There was, however, no overall effect of the partner type (F1,7 = 0.098, P = 0.7624). To understand the origins of the significant interaction, we performed post hoc tests comparing separately the results for each brain region in birds housed with a male or female partner. These Fisher LSD tests identified a single significant difference concerning here also nucleus HVC (P = 0.0261; see Fig. 5C and D for representative photomicrographs). Differences in all other brain regions were far from significant (P > 0.45).
It is unknown whether this difference reflects a decrease from baseline of the number of DCX-ir fusiform cells in M-M or an increase in M-F birds, but it should be noted that the average HVC volume was very low in M-M males (see Fig. 6B; lowest values reported for all male groups in Experiments 1-3). These observations might reflect a marked decrease in neurogenesis induced by the social conditions that the birds were exposed to (caging with another male and potentially associated stress; see Boseret et al., 2006 for further discussion), and future work should investigate in a correlated manner the effects of social conditions on neurogenesis, DCX-ir cells dynamics and changes in HVC volume.
The parallel analysis of the numbers of round cells identified significant overall differences between males housed with a male or a female (F1,7 = 37.004, P = 0.0005), as well as differences between brain regions (F10,70 = 9.703, P < 0.001) and a significant interaction between brain regions and social condition (F10,70 = 4.2101, P < 0.001). Post hoc Fisher LSD test comparing separately data for each brain region in males housed with a male or a female revealed a significant increase in the number of round DCX-ir cells in birds housed with a female in HVC (P < 0.0002), the area just lateral to HVC (P = 0.0135) and in LMAN (P = 0.0027). There was also a statistical trend in the same direction in the area lateral to LMAN (P = 0.0821).
Experiment 3: sex differences and the effect of photoperiodic manipulations on the expression of DCX in border canaries
Photoperiod manipulations resulted in the canaries being  in  the expected reproductive states based on endocrine measurements at the time of brain collection. Testis size and plasma testosterone concentrations were increased in photosensitive as compared with photorefractory males, and were even greater in magnitude in the photostimulated subjects; average plasma testosterone concentrations were, for example, below 0.1 ng/mL in photorefractory males, about 0.2 ng/mL in photosensitive males and above 1.2 nm/mL in photostimulated males (see Hurley et αl., 2005 for details).
As expected also, the volumes of HVC and RA were significantly larger in males than in females, and were modulated in males as a function of their reproductive/endocrine state: these volumes exhibited a graded increase from photorefractory to photosensitive to photo stimulated birds (see Hurley et al., 2005; data summarized in Fig. 8A).
Fig. 4. Numbers of doublecortin-irmnunoreactive (DCX-ir) cells counted in 11 telencephalic areas (see Materials and methods, and Fig. 1 for their specific location) of male canaries that were either castrated (control) or had been treated for 4 weeks with a Silastic™ implant filled with testosterone. Results for fusiform (top) and round (bottom) cells are presented separately. *P < 0.05 compared with controls (see text for detail of statistical methods). LMAN, lateral magnocellular nucleus of the anterior nidopallium.
[image: image4.jpg]
Fig. 5. Photomicrographs of DCX-ir cells in HVC illustrating the changes in density of these cells in castrated male canaries (CX) treated with exogenous testosterone (CX + T) (Experiment 1: A and B) and in castrated males treated with testosterone housed together with a female (M-F) or with another male (M-M) (Experiment 2: C and D). The dotted lines indicate the ventral boundary of HVC. Magnification bar: 100 µm.
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Fig. 6. Effects of the presence of a sexually receptive female (M-F) as compared with a castrated testosterone-treated male (M-M) on the song rate (A) expressed by castrated male canaries treated with exogenous testosterone and on the volume of their song control nuclei HVC and robust nucleus of the arcopallium (RA) (B). Song rates were quantified during recording sessions that took place during the 18 days following establishment of the groups, and cumulative song rates only are presented. The volumes of HVC and RA were measured in birds killed after the last session of song recording. The numbers in the bars indicate the numbers of subjects available for each set of data. *P < 0.05 and **P < 0.01 as compared with the M-M birds.
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Fig. 7. Numbers of doublecortin-immunoreactive (DCX-ir) cells counted in 11 telencephalic areas (see Materials and methods, and Fig. 1 for their specific location) of castrated male canaries treated with exogenous testosterone that were housed in the presence of a sexually receptive female (M-F) or a castrated testosterone-treated male (M-M). Results for fusiform (top) and round (bottom) cells are presented separately. *P < 0.05 compared with M-M subjects (see text for detail of statistical methods).
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Fig. 8. Volume of song control nuclei HVC and robust nucleus of the arcopallium (RA) (A) and numbers of DCX-ir cells (B and C) in male and female canaries that were either photorefractory (Refr.) or photosensitive (Sens.) or photo stimulated (Stim.; see Materials and methods). The numbers of fusiform and round DCX-ir cells were quantified in the same 11 brain areas as during Experiments 1 and 2, but the figure only presents results for brain regions and cell types that were significantly affected by the two experimental factors (sex, photoperiodic condition) or their interaction. Results of  post hoc tests following a significant interaction are presented as follows; *P < 0.05 compared with photosensitive females,  #P < 0.05 compared with males in the same condition.
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The numbers of fusiform and round DCX-ir cells were analysed by separate two-way ANOVAs, with the sex of the subjects and their photoperiodic condition in all brain areas independently. The number of fusiform cells was significantly larger in males than in females in all sampling areas located within the caudal nidopallium, with the possible exception of the ventral nidopallium adjacent to the arcopallium (HVC: F1,23 = 11.799, P = 0.0023; lat. HVC: F1,23 = 14.930, P =0.0008; ventr. HVC: F1,23 = 11.7506, P = 0.0025; ventr. nidopallium: F1,23 = 3.942, P = 0.0591; lat. nidopallium: F1,23 = 4.768, P = 0.0394; med. nidopallium: F1,23 = 6.303, P = 0.0195). These data are illustrated for HVC and the two adjacent areas in Fig. 8B. Representative photomicrographs of HVC are shown in Fig. 9.
Fig. 9. Photomicrographs of DCX-ir cells in HVC illustrating the changes in density of these cells in male and female canaries that were either photorefractory (Refr.) or photosensitive (Sens.) or photostimulated (Stim.; see Materials and methods). The dotted lines indicate the ventral boundary of HVC. Magnification bar: 100 µm.
[image: image9.jpg]



No significant sex difference was detected in the five other brain regions (in and around area X and LMAN). There was also no detectable effect of reproductive state on the number of fusiform DCX-ir cells in the 11 brain areas considered. No interaction between effects of these two factors was detected except in area X (F2,23 = 4.518, P = 0.0221) where in the photosensitive condition the number of positive cells was larger in males than in females, but the opposite was true in photo stimulated birds (see Fig. 8 for detail of post hoc LSD tests).
Analysis by the same models of the number of round DCX-ir cells revealed a single main effect: photoperiodically induced variation in reproductive state significantly affected the number of these cells in HVC (HVC: F2,23 = 3.815, P = 0.0371; Fig. 8C). In HVC there was, however, no overall effect of sex and interaction between sex and photoperiodic condition on the number of round DCX-ir cells, although males tended to have more of these cells than females (respectively: F1,23 = 3.791, P = 0.0638 and F2,23 = 0.731, P = 0.4922). Post hoc analysis of the effect of photoperiod in HVC indicted that the photosensitive and photo stimulated birds had more round DCX-ir cells than photorefractory subjects (P < 0.05). Because there was no significant interaction, statistical methods do not allow for a separate test of this effect in males and females, but it is obvious, based on average values, that males contribute more to this effect than females.
No significant main effect and no interaction between sex and photoperiodic condition was detected in the other 10 brain regions that were analysed (data not shown).
Experiment 4: DCX expression in BrdU-positive neurons
Experiments 1-3 indicated that a variety of endocrine, social or environmental factors that had been shown previously to affect HVC volume can also modify in parallel the numbers of DCX-ir cells observed in this nucleus. Because DCX appears to be a clear marker of newborn neurons in the mammalian brain (Francis et al., 1999; Rao & Shetty, 2004), the most parsimonious explanation of these facts is that all these factors affecting HVC size are also affecting the recruitment and/or survival of new neurons in this nucleus. However, one could not logically exclude that these factors were simply modulating the expression of the DCX protein in a stable population of neurons. To discriminate between these interpretations, we carried out an additional experiment during which we injected two batches of male canaries with BrdU, collected their brains at either 10 or 30 days after the beginning of these injections and then double-labeled sections through these brains via immunocytochemistry for DCX and BrdU.
BrdU injections resulted in a very large number of BrdU-labeled cell nuclei at the level of the ventricular wall, especially at the 10-day survival time (Fig. l0A). As in previous experiments, many DCX-ir cells (both fusiform and round) were detected in the HVC of these two groups of birds (as an average 68 ± 7 and 63 ± 8 DCX-positive cells counted in the sampling area of 10-day and 30-day birds, respectively, n = 4 in each case). Many of these cells contained a nucleus that was densely stained for BrdU (dense brown nucleus from the DAB reaction as opposed to the gray/blue cytoplasm; see Fig. 10B-D).
Quantitative analysis revealed that the percentage of DCX-ir cells containing these BrdU-positive nuclei varied greatly as a function of the date of brain collection and type of DCX cells (Fig. 11).
At the 10-day time point more than 70% of the DCX fusiform cells in HVC clearly contained BrdU (72.1 ± 5.1%), demonstrating that the vast majority of these DCX fusiform cells represent new neurons that were born (or more precisely entered the DNA synthesis phase of their cell cycle) during the 5 days during which BrdU was injected, or very soon thereafter (see Fig. 10C and D for microphotographs of such BrdU-containing DCX-ir cells). It is indeed well established that BrdU has a relatively short half-life in vivo and only labels cells replicating their DNA for a period of a few hours after injection (Mandyam et al, 2007). The few unlabeled fusiform cells at 10 days (e.g. cell marked by the # sign in Fig. 10C) were presumably born before the first or after the last BrdU injection. Based on the latter interpretation of these data these cells would have had to migrate from the ventricular zone to HVC in only 4-5 days. This is a somewhat short time course, but consistent with the previously published migration speed in the canary brain (Alvarez-Buylla & Nottebohm, 1988). The percentage of fusiform double-labeled cells then decreased at the later time of brain collection, clearly suggesting the existence of a high turnover in this cell type (BrdU-ir fusiform DCX-ir cells begin their differentiation into round cells, and the newly born DCX-ir cells are no longer BrdU-positive as BrdU is no longer available). Only 30.9 ± 6.8% of the DCX-ir fusiform cells were BrdU-positive in birds killed 30 days after the first BrdU injection. Concomitantly, a reverse trend was observed for the round DCX-ir cells that were double-labeled by BrdU. At 10 days, only a small fraction of these cells (5.0 ± 1.3%) appeared positive for this DNA synthesis marker, but this percentage markedly increased in the 30-day birds (24.1 ± 4.2%: see Fig. lOE for an example of such a cell).
Statistical analysis of these data by a two-way ANOVA with the time of brain collection (10 vs 30 days) as an independent variable and the type of cells (fusiform vs round) as repeated factor confirmed the presence of a significant effect of time (F1,6 = 18.692, P = 0.00257), of the cell type (F1,6 = 42.417, P = 0.0006) and, most interestingly, of an interaction between these factors (F1,6 = 28.267, P = 0.0018).
These results are thus fully consistent with the notion that many (if not all) DCX-ir cells in the canary HVC represent neurons that went through their final division (and DNA synthesis phase) shortly before the brains of the subjects were collected for analysis. The changes over time in the percentage of BrdU-labeled cells also suggest that newborn neurons originally appear as fusiform DCX-ir cells that later transform into round DCX-ir cells and then eventually lose their DCX immunoreactivity when they are fully mature. Assuming that our 30-day survival time captured more or less the peak of double-labeled DCX-ir cells, the fact that 5 days of BrdU injections labels approximately 25% of them would then suggest that DCX is expressed in newborn neurons for approximately 20 (5 x 100/25) days, a value not too far from estimates reported for mammalian species (Plumpe et al., 2006). Additional turnover studies should be carried out to further specify the dynamics of these processes. Importantly, these data are also completely incompatible with the alternative explanation that the changes in DCX-ir cells observed in Experiments 1-3 could reflect a variation of the protein expression in pre-existing neurons.
Discussion
The microtubule-associated protein, DCX plays a key role in the migration of neurons during ontogeny (Francis et al., 1999; Capes-Davis et al., 2005). DCX expression is also abundant during the development of the mammalian nervous system but then decreases sharply during ontogeny in parallel with the decrease of neurogenesis (des Portes et al., 1998; Couillard-Despres et al., 2005). This is also true in birds to some extent (Hannan et al., 1999; Capes-Davis et al., 2005; Kim et al., 2006). However, a very active rate of neurogenesis has been identified in the adult avian brain (Nottebohm, 1989; Alvarez-Buylla et al., 1990), and this adult neurogenesis is associated with the retention of a dense expression of DCX in the parts of the brain that incorporate new neurons in adulthood (Boseret et al., 2007; see also Kim et al., 2006).
We confirmed based on four independent experiments the presence of dense populations of DCX-ir cells in the canary telencephalon, primarily in the nidopallium. As reported previously, two types of immunoreactive cells were detected that presumably correspond to migrating neurons (fusiform cells), and to neurons that have recently reached their final destination and begun their differentiation (round cells).
In three separate experimental manipulations, increases in the volume of HVC were associated in each case with an increase in the number of DCX-ir cells within this nucleus. This effect was anatomically specific, and no other effect of the treatments on DCX-ir cells could be detected with the exception that the presence of a receptive female also increased the number of DCX-ir cells in an area adjacent to HVC and in the song control nucleus LMAN. It is in this respect interesting to note that, although changes in RA volume were observed following treatment with exogenous testosterone (Experiment 1) or in association with changes in the photoperiodic condition (Experiment 3), no DCX-ir cell could be detected in this nucleus. This observation is fully consistent with the fact that seasonal increases in RA volume result from an increase in cell size and cell spacing, associated with the growth of the dendritic tree, but do NOT involve incorporation of new neurons as observed in HVC (Tramontin & Brenowitz, 2000).
The parallels between increases in DCX-ir cells and in HVC volume support the idea that DCX is a reliable marker of new neurons in songbirds as it is in mammals (Francis et al., 1999). This notion is further confirmed by the finding that the vast majority of fusiform DCX-ir cells were labeled by BrdU in birds whose brains were collected 10 days after the beginning of a series of injections with this marker of DNA replication. It has also been shown that increases in HVC volume are associated with an increase in new neuron incorporation (Alvarez-Buylla & Kirn, 1997). Therefore the quantification of DCX-ir neurons represents a useful addition to other methods such as the labeling with tritiated thymidine or BrdU to analyse the rate of incorporation of new neurons in HVC.
Fig. 10. Photomicrographs of BrdU-positive (brown) and DCX-ir cells (gray/blue) in the canary brain at 10 (A-D) or 30 days (E) after the beginning of BrdU injections. (A) Large numbers of BrdU-positive nuclei are observed at the level of the lateral ventricle at 10 days post-injection. (B) At the same time, HVC contains a large number of DCX-ir cells that simultaneously contain dense brown nuclei indicating the incorporation of BrdU. (C) Higher magnification on two DCX-ir fusiform cells showing at the same time BrdU immunoreactivity in their nucleus (arrows). A fusiform DCX-ir cell that does not contain BrdU in its nucleus is also shown (#). (D) Very high magnification of a fusiform DCX-ir cell that contains BrdU in its nucleus (arrow) and of a weakly labeled (slightly out of focus) round DCX-ir cell that is negative for BrdU (*). (E) Very high magnification of two round DCX-ir cells that do (arrowhead) or do not (*) contain BrdU immunoreactivity in their nucleus. Cb, cerebellum; Hp, hippocampus; HVC, song control nucleus HVC; N, nidopallium; V, lateral ventricle. Magnification bar: 100 µm (A and C); 200 µm (B); 25 µm (D and E).
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Thymidine and BrdU label cells during the DNA synthesis phase and provide a good label for new neurons incorporated in a specific brain area. These methods do have limitations for in vivo studies. First, BrdU and thymidine only label cells replicating their DNA during a brief period after they are injected, before the tracers are metabolized or excreted. Therefore, they only provide information on neurogenesis (or more accurately DNA duplication) that took place during a limited time window. Furthermore, in order to quantify the fate of new neurons these methods require an injection followed by a variable period of waiting before brain collection. It is often difficult or impossible to follow the dynamics of new neuron birth, migration and incorporation, and to relate it to other cellular events without using an inordinate number of animals (that need to be killed in subgroups at variable intervals after BrdU/thymidine injections), and even then one cannot easily combine these studies with other chemical neuroanatomical markers. This problem becomes even more critical if an experiment is designed to study how a given experimental treatment (e.g. treatment with testosterone) changes the dynamics of neuronal birth, migration and incorporation. Testosterone will indeed affect these different aspects of neuronal changes with a specific time course and, to capture these dynamic changes in detail, an experimental design with three factors will have to be established in which the researcher will systematically vary: (i) whether subjects are treated or not with testosterone; (ii) when BrdU is injected with respect to the beginning of testosterone treatment; and (iii) the survival times after BrdU injections. Such an experiment can quickly become unwieldy due to the number of subjects required. In contrast, DCX potentially labels all or most recently born neurons and, based on morphology (fusiform vs round), will additionally provide information on how recently these neurons were born. DCX thus provides an integrated view of neuronal turnover as compared with a brief snapshot of the rate of DNA synthesis (and presumably cell division) at a very specific time point. In combination with BrdU labeling, DCX should thus provide very useful additional insight into the dynamics of neuronal migration   and   incorporation in the songbird brain. Secondly, DCX-ir cells can be quantified in post mortem tissue without any pretreatment of experimental subjects, while other methods require the injection of thymidine or BrdU at a specific time point in relation to brain collection. This difference can become critical for studies of wild species, for example, that cannot be easily captured repeatedly and obviously for studies of neurogenesis in humans.
The vernal increases in singing and in the volume of HVC observed in many songbirds can be mimicked by injecting castrated males with testosterone (reviewed in Ball, 1999). Testosterone also increases the number of new neurons that are incorporated in HVC and/or increases their survival (Alvarez-Buylla & Kirn, 1997). It was therefore not surprising to find during Experiment 1 that testosterone-treated canaries displayed in HVC a larger number of DCX-ir cells as compared with untreated castrates.
Interestingly, HVC size can also increase in certain conditions where only a minimal or no change in plasma testosterone concentrations occurs (reviewed in Ball et al., 2002, 2004). These include situations where: (i) castrated males were photo stimulated but still exhibited an increase in HVC volume (Bernard et al., 1997; Bentley et al., 1999; Dloniak & Deviche, 2001); (ii) field-caught males exhibited substantial increases in HVC volume in the presence of relatively low concentrations of testosterone (Tramontin et al., 2001; Caro et al., 2006); and (iii) the presence of a female could enhance HVC volume in the absence of an effect on testosterone release (Tramontin et al., 1999; Boseret et al., 2006). In Experiment 2 of the present study, female-exposed males had larger HVC volumes and also displayed more DCX-ir cells in this nucleus than birds exposed to another male. This increase cannot be androgen-driven as plasma testosterone was clamped in the high physiological range in these castrated birds by a testosterone implant. Similarly in Experiment 3, the size of HVC increased in canaries when they regained photosensitivity but before they were photostimulated. In parallel, the numbers of round DCX-ir cells in HVC was increased in both photosensitive and photostimulated males as compared with photorefractory birds. Photosensitive birds had only experienced a minimal increase in plasma testosterone concentration as compared with photostimulated birds (see Hurley et al., 2005); the neuronal remodeling of HVC thus begins in photosensitive birds prior to photo stimulation while testosterone concentrations are still relatively low as observed in the field during two independent studies (Tramontin et al., 2001; Caro et al., 2006).
The comparison of the changes in fusiform and round DCX-ir cells can provide insight into the cellular mechanisms underlying changes in HVC size. During Experiments 1 and 2, larger HVC volumes were associated with increased numbers of both fusiform and round cells, thus suggesting an increase in the number of neurons migrating to and recruited into HVC. In contrast, in Experiment 3 the development of photosensitivity (and the larger HVC volume) was associated only with an increased number of round DCX-ir cells while fusiform neurons were not affected. Parsimoniously these observations suggest that photosensitivity is associated with an increased recruitment of new neurons in HVC, but that neuronal migration towards and through this nucleus is not affected. Endocrine/environmental factors could thus control these processes in an independent manner, but additional cell dynamic analyses are needed to test this interpretation. Together, these four experiments show that DCX represents a good marker of neuronal recruitment in HVC and could be used to analyse cellular dynamics in this plastic song control nucleus. DCX-ir cell numbers closely follow both androgen-dependent and androgen-independent changes in HVC volume.
As a microtubule protein, DCX is part of the cellular machinery mediating the migration of neurons and is thus causally involved in neuronal migration (Francis et al., 1999; Rao & Shetty, 2004; Koizumi et al., 2006). Changes in DCX expression have important functional consequences on where these newborn neurons will end up in the brain (Bai et al., 2003). This raises the question of the mechanisms mediating the observed increase in DCX-ir cells numbers in conditions associated with an enlargement of HVC. One could speculate that testosterone, possibly through aromatiza-tion into an estrogen, regulates DCX expression in these brain areas, thus changing the phenotype of pre-existing DCX-negative cells in DCX-positive neurons. Indeed many DCX-positive cells in the dentate gyrus of the rat hippocampus express estrogen receptors (Isgor & Watson, 2005), suggesting that DCX expression is regulated by estrogens. This mechanism is, however, unlikely to explain the increased numbers of DCX-ir cells in HVC nuclei of a large volume because the positive cells found in HVC are probably of extrinsic origin; they migrated into this nucleus after being born in the subventricular zone where, at least in rats, DCX cells do not express these receptors (Isgor & Watson, 2005). This interpretation is supported by the observation that most fusiform DCX-ir cells were labeled with BrdU if killed 10 days after the first injection and that increased numbers of DCX-ir cells were observed in the HVC of birds treated with exogenous androgens (Experiment 1) but also in conditions where androgenic stimulation was either impossible (Experiment 2) or minimal (Experiment 3). It is therefore likely that a variety of endocrine, social or environmental stimuli are able to recruit new neurons in HVC by modifying the expression of specific chemoattractant or neurotrophic factors. This increased recruitment leads to an increased number of DCX-expressing cells, a neurochemical feature of recently born but not fully differentiated neurons. Whether DCX cells themselves express steroid receptors may or may not be irrelevant to the control of their migration and recruitment in HVC. Future research should now aim at identifying the chemical messengers that control DCX expression and that attract to HVC increased numbers of new neurons at specific times of the year.
Fig. 11. Bar graph summarizing the percentage of DCX-ir cells that were simultaneously labeled with BrdU at 10 or 30 days after the beginning of the BrdU injections. Separate values were calculated for fusiform and for round DCX cells.
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