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Abstract

Fragile X syndrome (FXS) is the most common cause of inherited intellectual disability and 

presents with markedly atypical speech-language, likely due to impaired vocal learning. Although 

current models have been useful for studies of some aspects of FXS, zebra finch is the only 

tractable lab model for vocal learning. The neural circuits for vocal learning in the zebra finch 

have clear relationships to the pathways in the human brain that may be affected in FXS. Further, 

finch vocal learning may be quantified using software designed specifically for this purpose. 

Knockdown of the zebra finch FMR1 gene may ultimately enable novel tests of therapies that are 

modality-specific, using drugs or even social strategies, to ameliorate deficits in vocal 

development and function. In this chapter, we describe the utility of the zebra finch model and 

present a hypothesis for the role of FMRP in the developing neural circuitry for vocalization.

9.2 Introduction to FXS and the vocal phenotype

Fragile X syndrome (FXS) is a genetic disease that results in a constellation of features, the 

most salient of which include intellectual disability and impaired speech and language. FXS 

is the most common cause of inherited intellectual disability, affecting 1:4000 males and 

1:8000 females panethnically [reviewed in (Hagerman et al., 2009)], and 50%–90% of 

children with FXS have speech and language abnormalities such as perseveration and 

echolalia (Hagerman and Lampe, 1999; Kau et al., 2002; Roberts et al., 2007). FXS results 

from absent expression of the normal fragile X mental retardation protein (Pieretti et al., 

1991; De Boulle et al., 1993) (FMRP; Fmrp in mice and rats; Fmrp in other species; for 

simplicity it will be written as FMRP hereafter), encoded by the gene FMR1. The FMR1 

gene is expressed ubiquitously in the body, excluding the muscles, and -it is especially 

prominent in the testes and brain (Bachner et al., 1993; Devys et al., 1993; Hergersberg et 

al., 1995); in the brain the protein is primarily neuronal, expressed in glia only during 

development (Devys et al., 1993; Wang et al., 2004; Pacey and Doering, 2007). Within 

neurons it has been observed in both dendrites (Feng et al., 1997; Weiler et al., 1997; 
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Greenough et al., 2001; Antar et al., 2004; Ling et al., 2004; Antar et al., 2005) and axons 

(Antar et al., 2006; Price et al., 2006; Tessier and Broadie, 2008).

Both speech and language are affected in FXS; our hypothesis is that these features are due 

to impaired speech and language learning. Before describing the speech and language 

impairments of FXS, collectively termed for our purposes as vocalization deficits, it is 

important to define speech and language. Speech is the learned sensorimotor control of 

vocal movements and sounds while language utilizes speech or signals to communicate a 

complex meaning, encompassing the cognitive processes required for this communication 

[reviewed in (Brainard and Doupe, 2002)]. Verbal language includes vocabulary and 

grammar while speech refers to the verbal production of language in terms of pronunciation 

and rhythm [reviewed in (Newbury and Monaco, 2010)].

One feature of FXS is delayed onset of vocalization. Before children use words to 

communicate, they use “prelinguistic” communication such as gestures and coordinated 

gaze, which are typically supplemented by spoken words by 12 months of age [reviewed in 

(Finestack et al., 2009)]. Children with FXS have delayed onset of this supplementation, 

with prolonged use of prelinguistic tools (Brady et al., 2006). In fact, vocal delays are found 

in 69% of children with FXS, based on parental reports (Ferrando-Lucas et al., 2003).

With regard to FXS speech, it has been shown to be perseverative (perseveration is the 

repetition of one’s own words or actions) (Ferrier et al., 1991) and less intelligible than 

typically developing (TD) peers (Barnes et al., 2009); intelligibility was even worse when 

the FXS boys presented with comorbid autism (Kover and Abbeduto, 2010). Interestingly, 

boys with FXS were shown to have phonological skills similar to TD boys who were of a 

younger age (Barnes et al., 2009). Additionally, children with FXS are perceived to speak 

more quickly than their TD peers; however, they actually do not (Zajac et al., 2006). This 

study was expanded recently to show that the articulation rate, as measured in syllables per 

second, is the same in FXS as in age-matched controls, but due to speech tone and 

rhythmicity characteristics (prosody) in children with FXS, their speech is perceived as 

faster (Zajac et al., 2009).

With regard to language, children with FXS have impaired receptive language capability, as 

measured by language comprehension (Price et al., 2007); comorbid autism presents with a 

further decreased receptive language capability (Lewis et al., 2006). Children with FXS also 

have impaired expressive language (Ke et al., 2005). This expressive language capability, as 

judged by expressive vocabulary, is not worsened by comorbid autism (Kover and 

Abbeduto, 2010). Syntax, which is the grammatical arrangement of words in a sentence, is a 

further measure of expressive language capability. Children with FXS have impaired 

syntactic skills, as measured by the complexity of their phrases, compared to TD peers and 

to age-matched children with non-specific intellectual disability. In contrast, children with 

FXS have stronger syntactic skills than children with Down syndrome (Price et al., 2008). 

Finally, syntactic ability does not depend on comorbidity with autism (Kover and Abbeduto, 

2010).
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An important additional feature of vocalization is pragmatics, which includes the “social 

norms” of communication, both nonverbal and verbal, such as eye contact and turn-taking 

[reviewed in (Noveck and Reboul, 2008)]. Pragmatic function in FXS is impaired in ways 

related to, but not identical to, autism (Abbeduto et al., 2008; Dalton et al., 2008).

The reduced intelligibility of speech in FXS individuals has been attributed to an impaired 

oral-motor system (Barnes et al., 2006). The generalized hypotonia, joint laxity and 

orofacial hypotonicity observed in FXS individuals may play a role in their unintelligible 

speech (Hodge, 1991; Hagerman et al., 1996; Hagerman and Lampe, 1999). In fact, FXS 

boys scored lower than typically developing boys on oral structure—particularly with regard 

to lip structure—and some oral function tasks (using lips, tongue and velopharynx), as 

patients performed less well on speech function tasks like repeating single and multiple 

syllable words (Barnes et al., 2006). In addition, other studies suggest that the FXS speech 

problems indicate higher-level motor encoding problems of linguistic information rather 

than peripheral articulatory deficits (Vilkman et al., 1988; Hodge, 1991; Hagerman et al., 

1996). In addition, sensorimotor delays have been observed in FXS children as young as 9–

12 months of age (Bailey et al., 2003; Grace et al., 2005), as well as both fine and gross 

motor skills (Ke et al., 2005; Zingerevich et al., 2009).

Importantly the vocal deficits are not due to cognitive impairment in general, but rather are 

unique to FXS, since they have been described in comparison to children with Down 

syndrome or idiopathic intellectual disability (Sudhalter et al., 1990; Ferrier et al., 1991; 

Belser and Sudhalter, 2001). While the speech-language deficits of FXS have been 

extensively established and characterized, as outlined above, in the realm of molecular 

biology, this phenotypic vocal quality of FXS is often overlooked. This paucity of studies is 

likely because to date there has not been a tractable model organism for the study of the 

atypical vocalizations.

Humans, songbirds, and certain cetaceans are vocal learners – so called because they have a 

sensitive period during postnatal (or posthatch) development in which they must hear the 

adult vocalizations as well as their own, in order to learn this vocalization (Doupe and Kuhl, 

1999; Brainard and Doupe, 2002; Wilbrecht and Nottebohm, 2003). The atypical 

vocalization in FXS provides a unique opportunity to study the role of FMRP in a novel 

venue – vocal learning. Because FMRP is involved in learning and memory (Mercaldo et al., 

2009), and humans are vocal learners, our hypothesis is that individuals with FXS have 

impaired vocal learning, leading to their impaired vocalization.

9.3 The songbird as a model for vocal learning

The fragile X gene ortholog has been identified in a number of species and its knockdown 

has been induced in the mouse, fruit fly Drosophila melanogaster, zebra fish Danio rerio, 

and cricket Gryllus bimaculatus (Consortium, 1994; Zhang et al., 2001; Lin et al., 2006; 

Hamada et al., 2009); however, none of these species are vocal learners. Adult male mice 

and altricial mouse pups do emit ultrasonic vocalization, and a study has already been 

performed on murine FoxP2, an important speech gene mutated in a human familial speech 

disorder (Lai et al., 2001), showing a deleterious effect of a FoxP2 mutation on ultrasonic 
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vocalization of mouse pups (Shu et al., 2005). Nonetheless, it is unclear if these murine 

vocalizations are learned (Sales, 1972; Branchi et al., 2001; Holy and Guo, 2005). Further, 

the mouse does not lend itself to our study because the particular brain regions involved in 

ultrasonic song have not been mapped. Additionally, the cricket model does not lend itself to 

our study because the deficit is likely purely motor and not due to a learning deficit in the 

realm of communication (Hamada et al., 2009. Currently, a model organism with a well-

characterized neural circuit for vocalization is the songbird, specifically the zebra finch 

Taeniopygia guttata. In addition to their well-studied anatomy, songbirds have been 

proposed as invaluable animal models for studying the acquisition of a skilled motor 

sequence (Vu et al., 1994), as well as a behavioral sequence (Fee et al., 2004). For these 

reasons, and for its easy management in a laboratory setting, the zebra finch is an excellent 

animal model for studying the role of FMRP in vocal learning, thereby elucidating the 

biology of the vocal impairments observed in FXS.

Songbirds and humans are vocal learners. This type of vocalization is different from that of 

other avian species such as the chicken, for example, which when raised in isolation can still 

make the proper vocalizations as adults [reviewed in (Doupe and Kuhl, 1999)]. Researchers 

of birdsong have identified three stages in its learning and production – sensory, 

sensorimotor, and the final, crystallized song [reviewed in (Brainard and Doupe, 2002)].

In the sensory period, a ‘song template’ is formed as the young bird listens to his tutor and 

learns the tutor’s song. This sensory period of the zebra finch spans the first 60 days after 

hatching. During the sensorimotor period, from about posthatch day 23 (P23) through sexual 

maturity (approximately P90), the male bird begins to vocalize and to correct his song using 

auditory feedback, in order to match the tutor. At adulthood, the bird has an established, 

‘crystallized’ song, which he will continue to sing for the remainder of his life. A feature of 

vocal learning is practice. The first vocalizations of a songbird (at about P35) are called 

subsong, akin to the babbling of a human infant. Human babbling begins at about month 

seven, followed by the first true word spoken at about one year of age, with continued vocal 

learning that diminishes markedly after sexual maturity (Doupe and Kuhl, 1999).

In addition to singing, the bird must be able to hear itself in order to crystallize its song 

properly, as must a human child hear him or herself in order to learn to speak properly 

[reviewed in (Doupe and Kuhl, 1999)]. A deaf songbird cannot learn proper song (Marler 

and Waser, 1977); similarly, hearing-impaired children cannot, without interventional 

training, learn proper adult vocalization (Ching et al., 2010).

Song learning and production utilizes many avian brain regions (called ‘song nuclei’); the 

five principle song nuclei comprise two merging pathways (Figure 1). The Anterior 

Forebrain Pathway (primarily for song learning) begins with nucleus HVC (letter-based 

name; formerly High Vocal Center), projecting to Area X then DLM, LMAN, and finally 

the RA. The Posterior Pathway (primarily for song production) also begins in the HVC, 

projecting directly to the RA. The RA then projects to the nucleus of the tracheosyringial 

region of the 12th cranial nerve (nXIIts) (songbirds have a dual-barreled voicebox, called a 

syrinx, comparable to the single-barreled human larynx). Each of these nuclei plays a role in 

song learning and/or production. For a summary of the zebra finch nuclei and the analogous 
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mammalian brain regions, please see Table 1 and [(Reiner et al., 2004) and Reiner et al., 

(2004)].

The Anterior Forebrain Pathway and the Posterior Pathway both begin with the HVC (letter-

based name; formerly “High Vocal Center”). Behavioral learning (i.e., vocal learning) in the 

HVC requires rapid synaptic plasticity at this sensorimotor nucleus, in response to an 

instructive experience (Roberts et al., 2010). It is important to note that here, the term 

sensorimotor is used to denote the integration of sensory (such as visual, auditory, and 

proprioception) input and motor (such as song) output, not that the HVC is strictly involved 

in the sensorimotor (as opposed to sensory) phase of song learning.

Considering the Anterior Forebrain Pathway first, HVC projects to Area X, a nucleus 

considered to be the avian analog of the “direct” striatopallidothalamic pathway of the 

mammalian basal ganglia (Medina and Reiner, 1995; Farries and Perkel, 2002). Area X 

contains spiny neurons that respond to dopamine, thereby influencing song learning and 

maintenance (Ding et al., 2003). Furthermore, these spiny neurons express FOXP2 during 

song learning, and new neuron recruitment is increased during this period (Rochefort et al., 

2007). Of note, lentivirally-driven knockdown of FoxP2 in Area X results in incomplete, 

inaccurate song learning (Haesler et al., 2007). Neurons in Area X project to the song 

nucleus DLM (DorsoLateral Medial nucleus of the thalamus) via the neurotransmitter 

GABA (Luo and Perkel, 1999).

DLM neurons are the avian equivalent of mammalian thalamocortical neurons. This 

alignment is due to both the strong inhibitory GABAergic input from Area X as well as its 

their intrinsic properties (Luo and Perkel, 2002). The Anterior Forebrain Pathway continues 

through DLM to LMAN (Lateral Magnocellular nucleus of the Anterior Nidopallium) via 

glutamatergic projections onto NMDA receptors as well as AMPA receptors on inhibitory 

interneurons that then use GABA to inhibit LMAN (Livingston and Mooney, 1997); 

plasticity related to these receptors has been shown to be involved in song learning (Bottjer, 

2005). Interestingly, the NMDA receptors in LMAN decrease at the synapse between 

P32-40 (corresponding to the young finch’s maturation from fledgling to juvenile), 

suggesting that these synapses are important for sensory, not sensorimotor learning 

(Livingston and Mooney, 1997). LMAN itself remains important in residual plasticity and 

song maintenance during adulthood (Brainard and Doupe, 2001). Finally, neurons in LMAN 

project to the RA (Robust nucleus of the Arcopallium), a connection that has been shown to 

be critical for motor learning (Ölveczky et al., 2005).

The RA is the nucleus, which intersects the Anterior Forebrain Pathway and the Posterior 

Pathway (Figure 1). It is critical for song production and is analogous to mammalian 

premotor cortex (Nottebohm et al., 1976). The RA receives input from HVC and LMAN by 

approximately P30 (just preceding the onset of sensorimotor learning) (Konishi and 

Akutagawa, 1985; Mooney, 1992; Mooney and Rao, 1994), consolidates these inputs, and 

projects to the brainstem motor nucleus controlling song, nXIIts (tracheo-syringial nucleus 

of cranial nerve XII. Plasticity at RA has been proposed to play different roles temporally 

during song learning (Stark and Perkel, 1999). [For a model for the overall long term 

plasticity at the HVC-RA connections (via both pathways), see: (Fiete et al., 2007).] It is 
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also interesting to note that feedback from the RA to the HVC has been observed, via 

intermediate song nuclei likely to be involved in the auditory pathway [reviewed in 

(Margoliash, 1997)]. In addition, ‘bottom-up’ feedback from the respiratory brainstem to 

RA and HVC during adult singing has also been observed (Ashmore et al., 2005). The 

complexities of the song circuit are fodder for elucidating studies into the role of FMRP in 

vocal learning.

9.4 FMRP expression in the song circuit

Synaptic plasticity, known to be abnormal in FXS [reviewed in (Bear et al., 2004)], plays a 

role at each connection between the nuclei in the song circuit; therefore, we hypothesized 

that FMRP plays a role in modulation of synaptic plasticity at one or more song nuclei, as 

part of a greater role in song learning. To test this hypothesis, we set out to examine the 

zebra finch song circuit for FMRP expression during development and thereby song 

learning. We found FMRP expressed in HVC, LMAN, Area X, and RA; expression was 

neuronal and primarily cytoplasmic just as in other species (Winograd et al., 2008) (Figure 

2). [DLM is a heavily myelinated nucleus and we were unable to achieve adequate 

immunofluorescence in this region; therefore, we cannot make conclusions about the 

expression of FMRP in this thalamic brain region; FMRP expression in nXIIts was not 

examined.] Intriguingly, out of these four song nuclei, we observed elevated FMRP 

expression in the RA, as compared to surrounding neuropil, an effect that was consistent at 

P30 (Winograd et al., 2008) (Figure 3).

RA receives inputs from both the nuclei HVC and LMAN as well as from intrinsic 

interneurons and therefore is not merely a relay nucleus from the HVC to the motor nucleus 

nXIIts [(Spiro et al., 1999) and see Fig. 1]. Synaptic plasticity in the RA has been proposed 

as a mechanism for song learning and production (Mooney, 1992; Stark and Perkel, 1999; 

Fee et al., 2004), and FMRP is necessary for normal synaptic plasticity [reviewed in (Bear et 

al., 2004)]. It is an exciting prospect that FMRP might be involved in the synaptic 

maturation of the RA that is associated with song learning.

A likely setting for the facilitation of this maturation is in the post-synaptic compartment of 

dendritic spines, where FMRP has been shown to play a role in synaptic plasticity in other 

species (Weiler and Greenough, 1999; Greenough et al., 2001; Michel et al., 2004). 

Specifically, it is possible that this role is via the NMDA receptors. Alterations in RA 

neurochemistry, such as NMDA receptor subunit expression, occur during song learning 

(Wang and Hessler, 2006). In fact, FMRP has recently been shown to modulate expression 

of NMDA receptors (Eadie et al., 2010; Edbauer et al., 2010).

To definitively test the role of FMRP in vocalization would entail knocking down FMRP in 

the zebra finch brain and observing any effects on song learning. In the zebra finch, gene 

knockout at the germline level, as accomplished with mouse and fly, is currently not 

feasible; therefore, epigenetic means such as silencing RNA must be employed. A future 

experiment would therefore be to use a viral vector to silence the gene encoding zebra finch 

FMRP in a young finch prior to the onset of song learning, and analyze the resultant song.
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9.5 Feasibility of knockdown strategy

Researchers have used the zebra finch and its well-characterized song system to study the 

transcription factor FoxP2 (Haesler et al., 2004; Scharff and Haesler, 2005; Schulz et al., 

2010). In a human family with a FOXP2 mutation, affected family members present with 

developmental verbal dyspraxia – difficulty with coordinated motor tasks, specifically in the 

lower face and jaw such that speech is impaired (Lai et al., 2001). There are also language 

processing impairments and significantly-below-average grammar skills (Vargha-Khadem et 

al., 1995). In the finch, FoxP2 is expressed ubiquitously in the brain, and principally in the 

striatum, and its knockdown in the zebra finch Area X via lentivirus-delivered short-hairpin 

silencing RNA results in imperfect imitation by a male zebra finch of his tutor’s song 

(Haesler et al., 2007). It is important to consider the contrast between the murine study 

where knockdown of FoxP2 did not affect ultrasonic vocalization, and this avian study, 

where it did. It is conceivable that certain proteins such as FoxP2 are required for vocal 

learning but not necessarily the production of innate vocalizations such as murine ultrasonic 

or non-learned avian calls. This specified role is also likely with FMRP, as people with FXS 

are capable of vocalization.

9.6 Strength of songbirds: ability to measure song learning

As described above, the charge of the young male zebra finch is to learn the song of the 

adult male tutor. Zebra finch song consists of a set of notes or syllables—the frequency of 

which can be measured in kilohertz over time (milliseconds). Thus, a song syllable is 

defined as a continuous, morphologically discrete trace on a song spectrogram (Sossinka and 

Bhoner, 1980). The adult song of the zebra finch male begins with several variations of the 

same introductory syllable, followed by a set of dissimilar syllables. The latter syllables are 

rendered in a stereotyped sequential order and constitute the “motif“. A motif lasts 

approximately 700 msec (Sossinka and Bhoner, 1980), with frequencies ranging from 0.5–

0.8 kHz (Scharff and Nottebohm, 1991). Each adult male song is unique based on the nature 

of the syllables and their specific assembly into a motif. Thus, each zebra finch song is 

readily quantifiable. In order to do that, software (SA+) was designed to analyze how well a 

young male finch learns his tutor’s song (Tchernichovski et al., 2000). SA+ software is able 

to capture and analyze song at all stages of learning and compare it to the tutor; the program 

identifies individual syllables (notes) and analyzes their temporal structure, characterizing 

duration, mean pitch and mean frequency modulation. The software automatically generates 

and updates a syllable-table for each bird that summarizes every song syllable produced 

during vocal development. Thus, the song of the adult tutor can be specifically compared to 

the emerging song of the juvenile male.

9.7 What we could hope to learn from a knockdown zebra finch

Like FoxP2, FMRP is expressed throughout the brain; however, the role of this latter protein 

in a functional CNS circuit has not been investigated. The zebra finch provides a well-

characterized functional CNS circuit for study in its song system.

As described in 1.2, individuals with FXS have developmental delays with sensorimotor 

deficits (Grace et al., 2005). In addition, a good animal model for the characterization of 
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vocalization deficits is lacking (1.3). Numerous studies in rodent models expressing short 

hairpin RNAs from viruses have been successful in creating knockdown models (Xia et al., 

2004; Bohn, 2005; Harper et al., 2005; Ralph et al., 2005; Raoul et al., 2005; Rodriguez-

Lebron et al., 2005; Singer et al., 2005; Sapru et al., 2006). We expect that inducing loss of 

FMRP by viral-driven expression of short hairpin RNAs in the RA would have an effect on 

the ability to accurately learn the tutor song, since FMRP is elevated in the neuropil of RA 

(Fig. 3). We can imagine at least three possible outcomes of knocking down FMRP 

expression in RA: 1) the knockdown bird has the same phenotype as the RA-ablated bird 

where the song is lost (Nottebohm et al., 1976); 2) the knockdown bird is unable to produce 

normal song due to problems with motor production; 3) the knockdown bird is able to 

produce song but is unable to learn the tutor song.

If the first scenario is true and the knockdown bird is unable to sing, then we would suspect 

that FMRP is required for vocalization. This result would be surprising because although 

FXS patients have significant speech delays and deficits, vocalization is not absent. Thus, in 

zebra finch FMRP would appear to have a critical role in song production. This is a distinct 

possibility because in humans and rodents, loss of FMRP expression is sometimes 

compensated for by the other autosomal paralogs FXR1 and FXR2 (Siomi et al., 1995; 

Spencer et al., 2006). In fact, elimination of both FMRP and FXR2 was required to see a 

circadian defect in mice (Spencer et al., 2006). Although zebra finches express FXR1, they 

do not express FXR2 (unpublished results), thus, elimination of FMRP in the zebra finch 

may reveal defects not observed in other species.

The second possible outcome that we can envision is that knockdown of FMRP leads to 

problems with motor production. We would suspect that this is the case if the features of the 

song syllables are abnormal in the FMRP knockdown birds compared to those in the control 

birds. If we find that there are problems with motor production (versus motor learning), then 

adults should also be affected. We could test this prediction by introducing FMRP silencing 

viruses and control viruses into adult RA and then analyzing song production before and 

after virus introduction. If FMRP is required for producing song at any age, then we would 

expect altered song in adults injected with the silencing virus compared to control virus.

The third possible outcome, which is our hypothesized one, is that knockdown of FMRP 

expression affects motor learning and that in the absence of FMRP, the manipulated birds 

are unable to learn their tutor’s song. If FMRP is required for the introduction of variability 

by LMAN into the HVC-driven template song (Kao et al., 2005; Ölveczky et al., 2005), then 

we would expect early stereotypy, i.e., the song would crystallize before attaining similarity 

to the adult song. Thus, the mean similarity scores and accuracy scores of the analyzed bird 

song would be significantly different between the FMRP silenced birds and the control 

birds. This phenotype would be similar to that observed when LMAN was ablated (Scharff 

and Nottebohm, 1991). If the song stereotypes too soon, we would also expect to observe no 

change in song in the FMRP knockdown birds between P65 and adulthood. Further, the P65 

song should not be normal – i.e., it should not be similar to the tutor song but should 

resemble immature song (Scharff and Nottebohm, 1991).
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Alternatively, if the inability to learn song is due to a defect in motor learning because 

FMRP is required for reinforcing motor actions, then we would expect no normal 

stereotypy, i.e., the song would continue to change during adulthood. In this case, we would 

expect the song spectrograms of the knockdown pupils to change continually, where either 

syllables would be omitted or the duration of the syllable would be imprecisely copied 

between renditions. This would be reflected in differences in the mean similarity and 

accuracy scores between knockdown and control groups. Further, an individual’s own song 

would significantly vary from rendition to rendition, which would be reflected in the 

coefficient of variation.

9.8 Conclusion

In summary, FMRP is a protein involved in learning and memory, specifically in the realm 

of synaptic plasticity. People with FXS have impaired vocalization, which we propose is due 

to impaired vocal learning. The songbird zebra finch provides an exciting animal model for 

the study of the role of FMRP in vocal learning. We suggest a role for FMRP in the 

reorganization of the postsynaptic dendritic compartment in the song nucleus RA, possibly 

through effects on NMDA receptors. It is our hope that knowledge gained on the role of 

FMRP in song learning can be translated into therapeutics for FXS patients with impaired 

vocalization due to the absence of expression of FMRP. A knockdown zebra finch would be 

a useful model for the study of novel interventive approaches because song learning and 

production can be precisely quantified.
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Fig. 1. Map of the zebra finch ‘song circuit’
Schematic of sagital view of an adult male zebra finch. Anterior Forebrain Pathway for song 

learning shown in dashed lines; Posterior Pathway for song production shown in solid lines. 

(Rostral [R] left; Ventral [V] down. Not drawn to scale.) Song nuclei--Area X: letter-based 

name; DLM: DorsoLateral Medial nucleus of the thalamus; HVC: letter-based name; 

LMAN: Lateral Magnocellular nucleus of the Anterior Nidopallium; nXIIts: Nucleus 

TrachioSyringealis of cranial nerve XII; RA: Robust nucleus of the Arcopallium.
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Fig. 2. FMRP is expressed in neurons in the male zebra finch brain
Sagital brain sections containing A. HVC (letter-based name) and RA and B. LMAN 

(Lateral Magnocellular nucleus of the Anterior Nidopallium) and Area X were stained for 

anatomy with cresyl violet (bar = 1000μm) (upper left). Upper right is an accompanying 

sketch with the significant anatomical features indicated. Adjacent sections were co-stained 

with the zebra finch-specific Fmrp antibody 24 (red), the neuronal marker NeuN (green), 

and DAPI (blue). In the overlay, a yellow signal indicates co-fluorescence for red and green. 

Bar = 20μm. Bst: Brainstem; Cb: Cerebellum; LFM: Lamina frontalis suprema; LFS: 

Lamina frontalis superior; LH: Lamina hyperstriatica; LMD: Lamina medullaris dorsalis; 

TeO: Optic Tectum. Shown are images from a posthatch day (P) P30 brain; P60 and Adult 

males showed similar results (data not shown). [Reprinted with permission from (Winograd 

et al., 2008).]
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Fig. 3. FMRP is consistently elevated in the RA nucleus of a P30 male zebra finch and variably 
expressed in P60 and Adult males
A–C. Representative fluorescent-immunohistochemistry using an antibody specific to zebra 

finch FMRP on a male P30 (A) P60 (B) and Adult (C) zebra finch RA. Shown are FMRP 

immunoreactivity (red), NeuN stain (green), and DAPI-labeled nuclei (blue), along with the 

overlay. Arrows denote ventral border of RA. Bar = 100μm. D–I. Representative DAB-IHC 

using anti-zebra finch FMRP antibody on a male P30 (D, E) P60 (F, G) and Adult (H, I) 

zebra finch RA. Bar = 200μm. [Reprinted with permission from (Winograd et al., 2008).]

Winograd and Ceman Page 17

Results Probl Cell Differ. Author manuscript; available in PMC 2015 February 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Winograd and Ceman Page 18

Table 1

Analogous brain regions in zebra finch and mammals

Zebra finch nuclei Mammalian brain region

abbreviation Full name

HVC (letter-based name) Formerly High Vocal Center Dorsal telencephalon*

Area X Area X Basal Ganglia

DLM DorsoLateral Medial nucleus of the thalamus Thalamus

LMAN Lateral Magnocellular nucleus of Anterior 
Nidopallium

Dorsal telencephalon*

RA Robust nucleus of the Arcopallium Unique to avians but best described as vocal premotor cortex, 
similar to (but distinct from) the somatic telencephalon

*
Derived from the telencephalic pallial sector of the developing brain (mammalian pallial derivatives are the neocortex, amygdala, and claustrum) 

[(Reiner et al., 2004) and Reiner et al., (2004)].
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