The Evolution of Vocal Learning in Oscine Passeriformes with Implications of Sexual Selection of HVC Size                             
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     Birdsong requires the learning of complex motor skills which involve the coordination of the muscles associated with respiration, the syrinx, and muscles which move the beak. The neurobiology used to control these muscle groups has been extensively studied. The oscine brain anatomy, neurogenesis associated with brain nuclei, and the effects of seasonal fluctuation of androgen hormones on the oscine brain will be described.  The effects on changing the volume of an oscine brain nucleus, the HVC, on sexual selection will also be discussed. Finally, oscine song learning mechanics will be examined.

      The avian song system consists of two circuits containing nuclei and the muscular syrinx. A direct circuit contains the high vocal center (HVC), formerly known as the nucleus hyperstriatum ventrale pars caudalis, which projects neurons to the robust nuclei of the archistriatum (RA). The HVC and RA nuclei are responsible for song production. The other is an indirect circuit which contains area X of the lobus parolfactorius, which projects neurons to the medial portion of the dorsolateral thalamus (DLM), which projects to the lateral subdivision of the magnocellular nucleus of the anterior neostriatum (LMAN), which ultimately project to RA (Nottebohm et al. 1990 and Suthers et al. 1999). This indirect circuit is responsible for song perception, learning, and production. The syrinx, which is the vocal organ that creates song, is innervated by the tracheosyringeal branches of the hypoglossal nerves (DeVoogd et al. 1993 and Suthers et al. 1999). Neuro-anatomy of the oscine bird song system consists of caudal efferent and rostral afferent neurons associated with several interconnected nuclei (DeVoogd et al. 1993). The forebrains of birds and other vertebrates are known to control complex learned behaviors. The HVC is found in the avian forebrain and is of central importance in oscine song production (Kolata 1984). The HVC contains neurons which project to two nuclei: area X and RA. Approximately 50% of HVC neurons project to RA, 25% project to area X, and the remaining 25% are interneurons (Nottebohm et al. 1990). These monosynaptic effector neurons originate in different stages of ontegeny. Neurons projecting from HVC to area X are formed during early development before hatching, while neurons projecting from HVC to RA are formed post-hatching (Alvarez-Buylla et al. 1990). These post hatching neurons are unusual in homeothermic vertebrates as they form after hatching, and this feature has lead to intensive study of the HVC since the late 1970’s.  Goldman and Nottebohm (1983) first reported that neuronal precursors, now known as stem cells, were found in the walls of the lateral ventricle of the forebrain, also known as the ventricular zone of the HVC, of canaries which could proliferate into the HVC to form new neurons. They found that tritiated thymidine ( [3H] thymidine ) would be incorporated into these precursory cells during the S phase of mitosis, thereby creating a marker for the newly generated neurons.  Goldman and Nottebohm (1983) also found that glia and endothelial cells proliferated into the HVC, but their numbers were dependent on testosterone. Patton and Nottebohm (1984) reported that the newly generated neurons formed in adulthood were recruited into functional brain circuits and demonstrated synaptic and action potentials in canaries. Nottebohm (2002) found that the neuronal numbers of the HVCs in canaries increased from hatching until the beginning of the fifth month, where new neurons were still being added, however the net neuron number did not change, suggesting that the new cells are replacing dying cells. 

          The lifespans of new neurons were found by Nottebohm et al. (1994) to be dependent on when they first formed. Canaries injected with [3H] thymidine in October and killed 40 days later were found to have twice the number of labeled new neurons in the HVC as birds injected in May and killed 40 days later.  Nottebohm et al. (1994) found that more than half the newly added neurons formed axons which reached the RA of the efferent pathway. The HVC neurons synapse with the RA neurons, which in turn synapse with the hypoglossal nucleus (nXIIts), which sends the tracheosyringeal branches of the hypoglossal motor nerves to synapse with the muscles of the syrinx.  The longer survival of new neurons formed in the fall is suggested to be a result of the encoding of a new song repertoire acquired in the early fall which is retained by the canaries until the subsequent spring. Alvarez-Buylla and Nottebohm (1988) previously found that only one third of newly formed neurons would still be present 40 days after their formation on any given day. Nottebohm (2002) suggested that neuron survival is dependent on whether the bird sings a new song and on photoperiod which influences androgen production, both of which increase brain derived neurotrophic factor. Neurotrophic factor is vital to the long term survival of new neurons which were found to be in use in song production. Low neurotrophic factor resulted in the elimination of under-used new neurons.  

     Canaries and zebra finches, Poephilia guttata, were commonly used in comparison study because they had sexually dimorphic brains and contrasting song repertoires. Canaries are considered to be open song learners as they modify their songs in adulthood, whereas zebra finches are considered to be closed learners as song learning is restricted to an early period of development (Doupe 1994). The fact that male canaries and finches sing while the females do not is supported by brains which exhibit sexual dimorphism. The song of adult male canaries has approximately 20 to 40 different syllables in a bout while zebra finches have 5 to 10 different syllables in a bout. Song syllables are stereotyped during the breeding season, which Kirn et al. (1994) demonstrated with a sound spectrograph and less stereotyped after breeding season. The adult syllable instability in late summer mimics the plastic song stage of juvenile song development which is due to a decrease in HVC neuron number.  Kirn et al. (1994) found that new HVC neurons and pycnotic, or dead, cells were found in all months of the year suggesting that neurogenesis and cell death comprise a continuous cycle, however, the rate of HVC cell loss was not uniform.  Kirn et al. (1994) found that mass neuron-apoptosis always preceded mass neurogenesis by two months. They suggested that if the reduction of HVC neuron number resulted in syllable instability, then the regeneration of neurons in the HVC should result in syllable crystallization, or stabilization.

     Testosterone changes the morphology of the avian brain to such an extent that Nottebohm and Arnold (1979) described how they could hold a Nissl stained slide up to a light and “sex” the canary brain.  Neuroendocrine effects on the HVC in oscines have been studied and testosterone has been found to play a critical role in passerine vocalizations. Arnold and Saltiel (1979) reported that castrated zebra finch song is greatly reduced compared to that of non-castrated males and described how testosterone injections reverse the effects of castration on zebra finch song. The hormone concentrating cells in the HVC and LMAN of female zebra finches are reported by Arnold and Saltiel (1979) to have failed to develop or are lost, which contributes to the dimorphism found in the oscine brain.  Nottebohm (1981) described a 99% increase in the size of the canary HVC and a 76% larger RA in the spring compared to the fall measurements.  DeVoogd and Nottebohm (1981) described how ovariectomized female canaries were given testosterone injections and sang as vigorously as the male canaries. Brain analysis of these singing females demonstrated an increase in the number and axon length of neurons in the RA. Some of the ovariectomized canaries were given estradiol or dihydrotestosterone and were subsequently killed to analyze the brain. The birds in this group had smaller RA’s and shorter axons than did the testosterone treated birds, however the RA’s were bigger and the axon lengths longer than in the non-treated ovariectomized birds. These results suggested to DeVoogd and Nottebohm (1981) that androgens play a key role in the formation of the RA neurons. Rasika et al. (1994) described how testosterone created three times the number of neurons projecting from the HVC to the RA as well as bigger cells projecting to the RA in testosterone treated ovariectomized canaries. They stated that recruitment and survival of newly generated HVC neurons that project to the RA are dependent on testosterone, however testosterone did not affect the generation of those cells.  Rasika et al. (1994) described a 60% increase in HVC volume after testosterone injection of ovariectomized females which they attributed to a longer survival of the HVC neurons.  Doupe (1994) found a correlation with fluctuating testosterone levels and canary vocalizations. In October and March peak testosterone levels occurred with an increase in HVC neuronal projections. The opposite was found in August-September as well as January-February when testosterone was at trough levels and HVC size diminished. Doupe (1994) suggested that low testosterone levels result in apoptosis of HVC neurons and found it intriguing that neuron loss correlated with song instability and neurogenesis correlated with song crystallization.  Brenowitz and Lent (2002) found that testosterone administered through intracerebral implants placed next to the HVC of Gambel’s white-crowned sparrows, Zonotrichia leucophrys gambelii, increased the number of neurons in the HVC which stimulated the growth of the RA and area X through synapses. Implants near the RA interestingly did not produce significant growth of any song nuclei, which Brenowitz and Lent (2002) attributed to the HVC being more sensitive to testosterone than the RA. 

     Lesions to the individual song nuclei revealed their functions as Bottjer et al. (1984) found the LMAN controls the development of learned song in juvenile zebra finches. Lesions to the LMAN in juveniles resulted in severely abnormal vocalizations however adults with LMAN lesions produced completely normal vocalizations. HVC lesions in female canaries resulted in the loss of the ability to differentiate conspecific and heterospecific songs (Brenowitz 1991). HVC or RA lesions in male Oscine birds resulted in a deterioration of song sound amplitude as the birds will go through the motions but not produce detectable vocalizations (DeVoogd et al. 1993).  Area X or LMAN lesions resulted in substantial impairment of song in adults when lesioned before song production in autumn. Area X or LMAN lesions in juvenile zebra finches impaired song acquisition (DeVoogd et al. 1993). Nottebohm et al. (1990) suggested that the impairment of song may be due to perceptual deficiencies. Nottebohm (2002) described the lesion of HVC resulted in new cells of the same kind replacing the pycnotic cells, but area X lesions were not replaced with cells of the same type. This suggested that neurogenesis occurs only for some cell types.

     The relationship between HVC size and song repertoire size has been examined in several studies. DeVoogd et al. (1993) discussed a significant correlation between HVC volume and the number of songs found in a bird repertoire. They also found that no correlation exists between HVC volume and the number of syllable types per song bout. DeVoogd et al. (1993) discussed previous studies relating HVC volume to repertoire size. The western marsh wren, Cistothorus palustris, has a larger repertoire and HVC than does the eastern marsh wren, and male canaries with larger repertoires have larger HVC volumes than do male canaries with small repertoires. DeVoogd et al. (1993) used previously published DNA-DNA hybridization to show the phylogeny of 41 species of oscine birds. The trend described by the authors showed an increase in HVC volume and repertoire size. DeVoogd et al. (1993) stated, “The data suggest that selection for an enhanced repertoire has acted by augmenting the HVC. We also find a high correlation between residual volumes of HVC and area X. This suggests that the evolutionary enlargement of one nucleus is associated with enlargement of the other, as might be expected for two nuclei that play an integrated role in song learning and production.” DeVoogd et al. (1993) also described another evolutionary relationship between enlargement of the hippocampus and food storing behavior in black-capped chickadees, suggesting that brain enlargement relates to learning capacity. Szekely et al. (1996) also found a positive correlation between repertoire size and HVC volume after controlling for variation in brain size and phylogenetic relation across species by examining eight species of sylviid warblers. They also infer sexual selection pressure has led to a larger HVC and repertoire size in male European warblers. Airey et al. (2000) found that HVC size is heritable and genetically correlated with RA size. They ran calculations and found evolvability higher in the nuclei responsible for song production and lower in the nuclei responsible for song acquisition. Airey et al. (2000) also found that HVC and RA size are affected by selection pressures such as female choice for complex song. Nelson and Marler (1994) also found that selective attrition occurred when males failed to match a dialect.

     Learning of song is proposed by Nottebohm (2002) to be directly related to neurogenesis. He suggested that the limits of an oscine brain’s capacity to learn song are dictated by the replacement of neurons, not by new synapses. Alvarez-Buylla et al. (1988) described neurogenesis of the RA-projecting HVC neurons as related to learning. The HVCs of canaries are mature at ~240 days post hatch, and the HVCs of canaries 30 days post hatch were only 1/8 the size of those of adults.  Approximately 70% of the HVC and RA neurons are generated while song behavior is being acquired, which suggested to Alvarez-Buylla et al. (1988) that the HVC and RA are important in song learning as well as in production. Nottebohm et al. (1990) found that auditory stimulation excited the neurons of area X and LMAN which could lead to song perception. Song perception affects several oscine behaviors, such as song learning, recognition of territory, pairing with mates. Oscine song was found to promote ovulation and nest building in female canaries. Adult male canaries were deafened by Nottebohm et al. (1990) after they had learned a song and shortly thereafter forgot it. Their song was comparable to that of canaries deafened before they learned a song. Contrary to this finding, adult zebra finches deafened after they had learned a song retained that song. The authors suggested that canaries require auditory feedback to “learn” a song and because new syllables are frequently added, they must relearn their songs.  Bolhuis et al. (2000) suggested that increased expression of protein products from immediate early genes egr-1 (ZENK) and c-fos in the caudal part of the neostriatum (NCM) was due to the song learning experience. Marx (1982) explained the lateralization of the brain was discovered by Nottebohm when he transected the tracheosyringeal nerves. Transecting the right tracheosyringeal nerve bundle resulted in virtually no effect on birdsong however transecting the left tracheosyringeal nerve bundle resulted in dramatically reduced or eliminated song. Song learning is thought to have occurred in canaries with transected left tracheosyringeal bundles, cut two weeks prior to hatching, because they developed normal song under control of the right tracheosyringeal bundle. Marx reported suggestions that the right side of brain nuclei have the potential to control song, should something happen to the left side of brain nuclei. 

     In conclusion, song learning and production in oscine passiformes occurs through synapses of multiple nuclei of the avian brain and the syrinx. Seasonal fluctuations of androgens result in brain nuclei apoptosis or neurogenesis which changes the volume of the HVC and RA. These volume changes in HVC and RA correlate to changes in song production and crystallization. HVC size has been positively correlated with song repertoire size, the larger the repertoire, the larger the HVC. This is a classic example of how structure determines function. Finally, multiple nuclei have been associated with learning in oscine birds, however there is much research still to be done.
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