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ABSTRACT 

Vocal communication is critical for survival and is used by humans and 

animals for many reasons including socialization, and the inability to 

communicate is detrimental to one’s life. The neural mechanisms underlying 

vocal communication are poorly understood leading to poor therapeutic options 

when a dysfunction arises. In humans, Kuhl hypothesized that social interactions 

enhance the ability to learn speech and language (Kuhl, 2007). The circuitry that 

encodes for social behavior may gate the acquisition of speech making it 

important to understand social behaviors and the underlying mechanisms. 

Songbirds have been used as a model system to gain insight into the central 

brain mechanisms of vocal communication, particularly the study of behavior in 

different social contexts. 

In chapter two, I focused on the role of dopamine (DA) in social context-

dependent differences in song. DA is an important neuromodulator of motor 

control across species. In zebra finches, DA levels vary in song nucleus Area X 

depending upon social context. DA levels are high and song output is less 

variable when a male finch sings to a female (female directed, FD) compared to 

when he is singing by himself (undirected, UD). DA modulates glutamatergic 

input onto cortico-striatal synapses in Area X via N-methyl-D-aspartate (NMDA) 

and DA receptor mechanisms, but the relationship to UD vs. FD song output is 

unclear. I investigated the expression of molecular markers of dopaminergic and 

glutamatergic synaptic transmission (tyrosine hydroxylase – TH, alpha-synuclein 

– α-syn) and plasticity (NMDAR2B – GRIN2B) following singing (UD vs. FD) and 
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non-singing states to understand the molecular mechanisms driving differences 

in song output. With higher UD song amount, there were increases in TH, α-syn, 

and NMDAR2B protein levels. By contrast, the amount of FD song did not have a 

relationship with TH and NMDAR2B expression. Levels of α-syn showed 

differential expression patterns based on UD vs. FD song, consistent with its role 

in modulating synaptic transmission. I proposed a molecular pathway model to 

explain how social context and amount of song are important factors for 

molecular changes required for synaptic transmission and plasticity. 

In chapter three, I honed in on synaptic plasticity molecular pathways as 

mediators of social context differences in song output. Based on chapter two 

results, NMDARs were strong targets suggesting the role of synaptic plasticity in 

social context differences. In addition, a secondary synaptic plasticity pathway 

involving brain-derived neurotrophic factor (BDNF) and tropomyosin receptor 

kinase B (TrkB) was chosen since a rise in BDNF levels in a cortical song 

nucleus increased song learning. Therefore, I identified four molecules 

downstream of NMDAR and TrkB activation and determined their expression in 

Area X after UD and FD song: calcium/calmodulin dependent protein kinase II 

beta (CaMKIIB), homer scaffold protein 1 (HOMER1), serine/threonine protein 

kinase (Akt), and mechanistic target of rapamycin kinase (mTOR). My hypothesis 

was that all four protein levels would increase with more UD song in line with the 

more variable UD song and decrease with more FD song. My findings show that 

strong relationships between social context-dependent singing and protein levels 

for these key molecules do occur although not all results are in line with my 
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hypothesis. As predicted, HOMER1 protein levels increased with the amount of 

UD song but decreased with the amount of FD song. Protein levels of mTOR 

decreased with the amount of FD song but showed no change with UD singing, 

the latter finding contradicting my hypothesis that mTOR levels would increase 

with UD singing. CaMKIIB protein levels fluctuated depending on the time spent 

singing UD song, and Akt protein levels trended downward with more time spent 

singing UD song. Both molecules showed no change with FD song. Therefore, 

my results support involvement of the synaptic plasticity pathways, but it may not 

be as straightforward as up and down regulation but suggests more complexity. 

In chapter four, I probe at the significance of the results from chapters two and 

three as well as address potential future directions based on my findings. 
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CHAPTER 1: INTRODUCTION 

1.1 – Human vocal motor control 

Vocal communication is a crucial skill required throughout a lifetime. 

Humans and other animals use vocalizations to communicate with each other for 

a multitude of reasons including for reproductive purposes, socialization, and for 

work. The inability to communicate can lead to reduced quality of life, significant 

economic costs, restricted work-related activities, causing depression and social 

isolation (Roy et al., 2005). Even though vocal communication is essential, the 

neural processes involved in vocal motor control in humans are poorly 

understood. Our understanding of human vocal motor control mostly derives from 

neurodegenerative diseases and injuries that target cortical and basal ganglia 

circuitry (Behroozmand et al., 2019; Booth et al., 2007; Fabbro et al., 1996; Harel 

et al., 2004; Ho et al., 1999; Ho et al., 1998; Sapir, 2014; Skodda et al., 2013). In 

recent years, specific brain regions have been identified and studied in the role of 

vocal production and motor control.  

Speech production is a complex motor task that requires the coordination 

of over 100 laryngeal, orofacial, and respiratory muscles, and these muscles’ 

neural representation resides in the ventral sensorimotor cortex (vSMC) (Conant 

et al., 2018; Simonyan et al., 2016). Damage to the vSMC leads to dysarthria, 

impairments of muscles controlling speech production, and bilateral injury to this 

region prevents the production of voluntary vocalizations (Simonyan et al., 2016). 

The dorsal portion of the sensorimotor cortex is also important for speech motor 
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control based on electrophysiological evidence and is referred to as the laryngeal 

motor cortex (LMC) (Dichter et al., 2018; Simonyan, 2014; Simonyan & Horwitz, 

2011). The LMC has strong connectivity to regions important for vocal and 

orofacial planning and initiation such as the premotor cortex, inferior frontal 

gyrus, and supplementary motor area (Simonyan et al., 2012). Unilateral damage 

to the LMC does not cause complete loss of voluntary voice control, but bilateral 

injury to the LMC causes the loss of ability to speak and sing (Simonyan & 

Horwitz, 2011). Another brain region crucial for vocal motor control is the basal 

ganglia, and it has functional connectivity with the LMC (Simonyan et al., 2012). 

Brain regions of the basal ganglia include the striatum, globus pallidus, 

substantia nigra (SN), ventral tegmental area (VTA), nucleus accumbens, and 

the subthalamic nucleus (STN) (Simonyan et al., 2012). The role of the basal 

ganglia like other vocal motor control brain regions have been identified due to 

injury, damage, or lesions. For instance, lesions to the striatum lead to 

dysphonia, dysarthria, and other verbal aphasias implicating the importance of 

the striatum for vocal communication (Simonyan et al., 2012). The complexity of 

the vocal pathway and limitations of current techniques (neuroimaging, etc) 

makes it difficult to study molecular and cellular components of central vocal 

motor control mechanisms in humans. Therefore, animal models are commonly 

used to study vocal motor control. 
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1.2 – Neuroanatomy of the speech and song system: comparing humans 

and zebra finches 

Zebra finch songbirds (Taenopygia guttata) are a well-established 

translational model for human speech and are used to investigate the 

neurobiological mechanisms for normal vocal motor control and communication. 

In both humans and songbirds, there is a critical period in which speech or song, 

respectively, needs to be learned (Brainard & Doupe, 2013). Zebra finches are 

sexually dimorphic meaning only the male finches sing a song. The maintenance 

of speech or song requires both social interaction and auditory feedback. In 

addition, zebra finch songbirds have similar vocal circuitry to humans for learning 

and maintenance of vocalizations making them a strong model for studying vocal 

behavior (Simonyan et al., 2012). There are some anatomical differences in the 

brains of humans and zebra finches that make finches an excellent translational 

model. Male zebra finches have discrete specialized cortical and basal ganglia 

nuclei dedicated for song (Simonyan et al., 2012). The zebra finch vocal circuitry 

in the brain is well-defined and can be experimentally targeted, which is difficult 

in humans (Figure 1.1). The vocal pathway for humans and zebra finches will be 

compared below (Figure 1.1) (Brainard & Doupe, 2013; Gale & Perkel, 2010a; 

Simonyan et al., 2012).  
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The human motor cortex involved in vocal control is the LMC. The zebra 

finch equivalent to the LMC is the robust nucleus of the arcopallium (RA). RA is 

analogous to layer V of the LMC, and there are similar gene activation patterns in 

the RA with song as in the LMC with speech (Pfenning et al., 2014; Simonyan et 

al., 2012). The LMC in humans and RA in zebra finches have excitatory 

(glutamatergic) projections to the vocal motor neurons of the brainstem. Another 

finch cortical song nucleus high vocal center (HVC) is the most similar to 

Wernicke’s area (Pfenning et al., 2014). In both humans and zebra finches, the 

cortical – basal ganglia – thalamic loop is critical for motor control and movement 

(Brainard & Doupe, 2013; Simonyan et al., 2012). The cortical component of this 

loop in humans consists of the premotor cortex, inferior frontal gyrus, and 

supplementary motor area, and the zebra finches equivalent is the song nucleus 

magnocellular nucleus of the anterior nidopallium (MAN). The lateral part of MAN 

Figure 1.1: A) Humans and B) songbirds share very similar closed cortical – 
basal ganglia – thalamic loops for speech and song, respectively. Red arrows 
denote excitatory (glutamatergic) projections; black arrows denote inhibitory 
(GABAergic) projections; green arrows denote dopaminergic projections. 
(Sapir, 2014; Simonyan et al., 2012) 
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(LMAN) is the focus for the cortical component of the loop in zebra finches.  Both 

the cortical regions of humans and zebra finches have glutamatergic projections 

to the striatum of the basal ganglia. In humans, the striatum consists of the 

putamen and caudate and has been shown to be important for learned voice 

production (Ackermann et al., 2014; Jurgens, 2002; Simonyan et al., 2016; 

Simonyan et al., 2012). Patients with lesions to the striatum develop speech 

motor dysfunctions (Damasio et al., 1982; Nadeau & Crosson, 1997; Simonyan 

et al., 2016). In humans, the striatum has inhibitory (GABAergic) projections to 

the globus pallidus, a distinct region different than the striatum. One difference 

between human and finch basal ganglia is that the striatal and pallidal-like (PAL) 

neurons reside intermingled together in the finch whereas these neuronal 

populations are found in two distinct human structures. Specifically, within the 

song-dedicated basal ganglia nucleus Area X, both striatal and PAL neurons are 

intermingled throughout (Gale & Perkel, 2010a). In Area X, striatal neurons have 

GABAergic projections to PAL neurons as in humans. Furthermore, similar gene 

activation occurs in the putamen and caudate during speech as with song in Area 

X (Pfenning et al., 2014). In both humans and zebra finches, pallidal neurons 

have GABAergic projections to the thalamus. To complete the loop, the thalamus 

sends glutamatergic projections back to the cortex. The cortical – basal ganglia – 

thalamic loop is important for both human and zebra finch vocal behavior. Zebra 

finches provide an advantageous model to carry out experiments to investigate 

mechanistic questions about the neural substrates for vocal behavior. The next 
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section (1.3) will be focusing on the social context-dependent differences in 

neural activity and gene expression in LMAN and Area X.   

 

1.3 – Social context differences in zebra finches 

1.3.1 – Vocal practice (undirected song) versus vocal performance (female-

directed song) 

 The eagerness to sing by male zebra finches and the ability to record and 

analyze song provides a great model to study vocal behavior (Williams, 2004). 

Male finches have two natural singing conditions that are commonly studied. A 

male finch singing by himself is considered undirected (UD) singing, and a male 

singing to a female is called female-directed (FD) singing (Dunn & Zann, 1996, 

1997; Zann, 1996). Another way to consider these two singing states is that UD 

singing is for vocal practice and FD singing is for vocal performance. Studies that 

investigate these two different vocal behaviors have shown that there are social 

context-dependent differences and will be summarized below.  

 Zebra finch song is a repeated vocalization that is stereotyped or 

crystallized in adulthood (Williams, 2004). With UD singing, the song has more 

acoustic variability, defined as greater changes in spectral features of syllables 

including pitch from rendition-to-rendition, compared to FD song (Kao et al., 

2005; Leblois, 2013). Female zebra finches prefer the less variable FD song 

compared to the more variable UD song (Woolley & Doupe, 2008). Therefore, 

there is evidence for behavioral differences in song, but we lack sufficient 
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understanding of the central neural mechanisms supporting differences between 

UD and FD song. 

 

 1.3.2 – Social context-dependent differences in neural activity 

 The anterior forebrain pathway (AFP) includes song nuclei LMAN, Area X, 

and the dorsolateral division of the medial thalamus (DLM) (Figure 1.1). The AFP 

plays an important role in neural activity patterns that drive the social context 

differences in rendition-to-rendition song variability (Brainard, 2004; Iwasaki et 

al., 2013; Kao et al., 2008; Stepanek & Doupe, 2010; Woolley & Kao, 2015). 

Neural activity in the output nucleus of the AFP, LMAN, is greater in magnitude, 

more variable, and less reliable during UD compared to FD singing (Hessler & 

Doupe, 1999; Kao et al., 2005; Kao et al., 2008). Furthermore, bilateral lesions of 

LMAN cause UD song to show less acoustic variation, e.g. resembling a less 

variable FD song output (Kao & Brainard, 2006). As with LMAN lesions, 

pharmacological inactivation of LMAN using muscimol, a GABAA receptor 

agonist, abolished the social context-dependent difference in song variability 

(Olveczky et al., 2005; Stepanek & Doupe, 2010). In all of the studies mentioned 

above, song was more variable when there was increased neural activity in 

LMAN (Hessler & Doupe, 1999; Kao & Brainard, 2006; Kao et al., 2005; Kao et 

al., 2008; Olveczky et al., 2005; Stepanek & Doupe, 2010). 

 In the AFP, LMAN sends glutamatergic projections to Area X, a song-

dedicated basal ganglia nucleus (Figure 1.1). Area X is a largely studied region 

for vocal behavior since the basal ganglia plays a major role in motor control. As 
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in LMAN, neurons in Area X exhibit higher firing rate and less consistency during 

UD than FD song (Hessler & Doupe, 1999). Likewise, bilateral lesions of Area X 

led to reduced acoustic variability (Ali et al., 2013; Kojima et al., 2013; Woolley & 

Kao, 2015). These data support the importance of the AFP in the role of social 

context-dependent differences. Even though LMAN and Area X have been 

studied extensively in this role, the third brain region in the AFP, DLM, has not 

been studied as much. Social context-dependent differences in neural activity are 

not the only discovery that has been made. The next section (1.3.3) will divulge 

information about social context differences in molecular targets and their role in 

UD and FD song. 

 

1.3.3 – Dopaminergic and glutamatergic neuromodulation and gene expression 

in Area X 

Area X will be the focus of this sub-section due to my experimental aims in 

the subsequent chapters and because Area X neurons receive two different 

modulatory signals. Area X receives glutamatergic inputs from LMAN, but also 

receives dopaminergic input from the substantia nigra (SN) and ventral tegmental 

area (VTA, Figure 1.1) (Gale & Perkel, 2010b; Gale et al., 2008; Hara et al., 

2007). Dopamine (DA) neuromodulation is important for vocal behavior, and 

multiple studies support the role of DA in social context differences. In zebra 

finches, DA levels are higher in Area X during FD song than UD when measured 

using microdialysis and high-performance liquid chromatography with 

electrochemical detection (HPLC-EC) (Sasaki et al., 2006). In both in vivo and in 



	 18	

vitro experiments, direct DA administration into Area X leads to increased 

pallidal-like (PAL) neuron firing and ultimately a less variable song (Leblois et al., 

2010). Figure 1.2 proposes a model of the activity of the song circuitry based on 

our knowledge of the neural activity in Area X and LMAN during singing as well 

as studies on effects of dopamine neuromodulation on song. The literature 

supports that higher levels of DA in Area X lead to reduced activity in LMAN 

neurons to produce a less variable FD song (Figure 1.2). Lower levels of DA in 

Area X lead to increased activity in LMAN neurons to produce a more variable 

song.  

 

Pharmacological approaches have demonstrated the importance of pre-

synaptic DA release and post-synaptic receptor signaling in Area X for 

differences in UD and FD song variability. Administration of an antagonist for D1 

dopamine receptor into Area X abolished social context-dependent difference in 

song and caused FD song to resemble the more variable UD song (Leblois et al., 

UD: DA
glut MSNs PAL DLM LMAN song

variability

FD: DA
glut MSNs PAL DLM LMAN song

variability
Figure 1.2: Model for UD and FD song. During UD song, there are low DA 
and high glutamate levels in Area X, and the song is more variable. During FD 
song, there are high DA and low glutamate levels in Area X, and the song is 
less variable. Medium spiny neurons (MSNs) and pallidal-like (PAL) neurons 
are found in Area X, and both receive dopaminergic input from the SN/VTA 
neurons and glutamatergic input from LMAN to Area X projection neurons. 
(Ding et al., 2003; Hessler & Doupe, 1999; Kao et al., 2005; Leblois et al., 
2010; Leblois, 2012; Sasaki et al., 2006) 
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2010; Leblois, 2012). Furthermore, injection of a neurotoxin 6-hydroxydopamine 

(6-OHDA) into Area X depletes dopaminergic terminals and causes UD singing 

to become less variable, similar to the more stable FD song (Miller et al., 2015). 

DA neuromodulation in Area X is critical for social context-dependent differences 

and plays another integral role in Area X. Neurons in Area X integrate both 

glutamatergic and dopaminergic inputs and in vitro studies show that DA 

depresses presynaptic input from LMAN (Ding et al., 2003). When a glutamate 

receptor (NMDA subtype 2B, NR2B) is overexpressed via a viral vector in LMAN, 

FD singing becomes more variable (Chakraborty et al., 2017). However, the 

effects of virally-driven overexpression of NR2B in Area X are unknown. It is 

clear that both dopaminergic and glutamatergic modulation in Area X is important 

in different vocal behaviors, but the molecular pathways mediating changes in 

neural activity patterns are not well-identified.  

Published studies have shown differential gene expression for immediate 

early genes (IEGs), transcription factors, and glutamate receptors in Area X 

between UD and FD behaviors. The mRNA and protein levels of the IEG, ZENK, 

increase in Area X with UD but not FD song (Jarvis et al., 1998; Mello & Ribeiro, 

1998). Another well-known gene that is differentially regulated is FoxP2, a 

speech-related gene. FoxP2 mRNA levels decrease after two hours of UD song 

in Area X but not for FD song. By contrast, the protein levels of FoxP2 in Area X 

decrease with both UD and FD song suggesting that mRNA and protein 

regulation may differ (Miller et al., 2008; Teramitsu & White, 2006). Another 

important finding showed that mRNA levels of the NMDA-2B glutamate receptor 
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referred to as NR2B or GRIN2B in Area X show a positive correlation with the 

quantity of UD singing, but the authors did not examine mRNA expression in FD 

singers nor protein level expression (Hilliard et al., 2012). Chapter 2 will delve 

into experiments comparing the expression of GRIN2B protein levels in Area X 

after UD and FD song given the important role of this receptor in activation of the 

synaptic plasticity pathway. The studies described above looked at the 

relationship between individual genes to behavior, but did not investigate 

the molecular pathways (e.g. groups of genes) in Area X that are 

differentially activated during UD and FD, specifically synaptic 

transmission and plasticity.  

 

1.4 – Synaptic plasticity 

1.4.1 – Importance and function of synaptic plasticity 

Neuroplasticity allows the brain to respond to intrinsic and extrinsic 

stimulation and experiences that leads to adaptation of the neural circuitry to 

modify subsequent behaviors during development and even throughout a lifetime 

(Citri & Malenka, 2008; Kolb et al., 2017; Shaffer, 2016). At the cellular level, 

synaptic plasticity is the ability of neurons to make activity-dependent 

modifications to preexisting synapses by altering the strength or efficacy of 

synaptic transmission. These changes in synaptic transmission can span from 

milliseconds to hours, days, and even more (Citri & Malenka, 2008). The role of 

synaptic plasticity in learning and memory has been studied extensively. 

Learning is the act of ascertaining or encoding information to memory, and 
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memory is the ability to encode, store, and retrieve information (Stuchlik, 2014). 

Many researchers have postulated about the role of synaptic plasticity in memory 

formation, but a common theme has been established: the synaptic plasticity and 

memory (SPM) hypothesis (Hebb, 1949; Martin et al., 2000; Stuchlik, 2014). The 

SPM hypothesis is defined as “Activity-dependent synaptic plasticity is induced at 

appropriate synapses during memory formation and is both necessary and 

sufficient for the information storage underlying the type of memory mediated by 

the brain area in which that plasticity is observed” (Martin et al., 2000). 

Furthermore, impairments of synaptic plasticity mechanisms during development 

contribute to neuropsychiatric disorders, and synaptic impairments during non-

developmental time points underlie some cognitive deficits and disorders 

(Chapman et al., 1999; Cheung & Ip, 2011; Citri & Malenka, 2008; Monday et al., 

2018; Silva, 2003). Therefore, it is important to understand the underlying cellular 

and molecular mechanisms of synaptic plasticity especially since it is important 

during development and spanning one’s life. 

Synaptic plasticity is often defined into two main subcategories, short-term 

and long-term plasticity. Short-term plasticity is defined by activity-dependent 

changes in the synaptic strength on a millisecond-to-minute timescale (Citri & 

Malenka, 2008; Rotman et al., 2011). The main molecular change with short-term 

plasticity is an increase of presynaptic calcium, which increases the probability of 

neurotransmitter release at the synaptic cleft. On the other hand, long-term 

plasticity is defined by activity-dependent changes in the synaptic strength on a 

longer timescale (Monday et al., 2018; Yang & Calakos, 2013). Long-term 



	 22	

plasticity presents itself either as enhanced, long-term potentiation (LTP), or 

reduced, long-term depression (LTD) synaptic transmission and can have pre-

synaptic or post-synaptic mechanisms for plasticity (Citri & Malenka, 2008; 

Monday et al., 2018; Yang & Calakos, 2013). LTP and LTD mechanisms have 

been studied in relation to learning and memory and have been successfully 

induced artificially. LTP can be elicited by a high frequency tetanic stimulation 

(100 Hz for 1 second) or a theta burst pattern (3-5 100 Hz pulses applied 5 times 

per second), and LTD can be induced with low frequency stimulation (1 Hz) over 

a longer period of time (Citri & Malenka, 2008; Rothwell, 2010). LTP and LTD 

have been extensively observed in the hippocampus but are not exclusive to that 

region.  

 

1.4.2 – Vertebrate systems for motor learning 

The role of LTP and LTD in motor learning has been studied as well. One 

such experiment that supports the role of LTP in motor learning was addressed 

by Rioult-Pedotti et al. (Rioult-Pedotti et al., 2000). Rioult-Pedotti et al. showed 

that when rats were trained on a motor task unilaterally, the trained motor cortex 

side had reached a ceiling for LTP induction and could no longer be further 

elicited compared to the non-trained motor cortex. These data suggest that LTP 

was used for learning and synapse strengthening. Furthermore, LTD was 

enhanced in the trained motor cortex compared to the non-trained side (Rioult-

Pedotti et al., 2000). This study is one of many that support the role of LTP in 

motor learning. Rioult-Pedotti et al. focused on the motor cortex, but there is 
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evidence for corticostriatal plasticity in rodents during motor learning and from 

slice electrophysiology (Calabresi et al., 2007; Costa et al., 2004; Fino et al., 

2005; Reynolds & Wickens, 2002; Rioult-Pedotti et al., 2000). 

 

1.4.3 – Synaptic plasticity in zebra finches 

Zebra finches also exhibit neural plasticity mechanisms at corticostriatal 

synapses within song nuclei Area X and RA based on slice electrophysiology 

(Ding & Perkel, 2004; Heston & White, 2015; Lovell et al., 2018; Pidoux et al., 

2018; Xiao et al., 2018). In the song nucleus RA, LTD can be induced during the 

song learning period in juvenile finches, which is abolished during adulthood 

when the song is already learned (Sizemore & Perkel, 2011). Another crucial 

finding was determining the importance of a form of LTP at glutamatergic 

synapses onto Area X Medium Spiny Neurons (MSNs) in brain slices from older 

juveniles and adults (Ding & Perkel, 2004). Ding & Perkel paired tetanic 

stimulation (100 Hz) with concurrent postsynaptic depolarization to 0 mV in zebra 

finch slices containing Area X (Ding & Perkel, 2004). Recordings of MSNs 

showed a long-lasting potentiation of excitatory postsynaptic current (EPSC) after 

the paired stimulus at the glutamatergic inputs from song nuclei HVC and LMAN 

to MSNs. For the potentiation to occur, both N-methyl-D-aspartate (NMDA) and 

D1-like receptors required activation. These results support the capability of 

inducing LTP in finch neurons crucial for vocal learning, but there is a gap in 

knowledge about the role of synaptic plasticity in social context-dependent song. 

Synaptic plasticity has been implicated during vocal learning, but it is unknown 
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whether there are differences in synaptic plasticity mechanisms during 

undirected and female-directed song. Previous publications support social 

context differences in song, neural activity, and gene expression but differences 

in synaptic plasticity molecular mechanisms are not well defined (Hessler & 

Doupe, 1999; Hilliard et al., 2012; Jarvis et al., 1998; Kao et al., 2005; Leblois, 

2013; Mello & Ribeiro, 1998; Miller et al., 2008; Sasaki et al., 2006; Teramitsu & 

White, 2006). The two main synaptic plasticity molecular pathways of interest are 

activation of NMDARs and tropomyosin receptor kinase B (TrkB) (Figure 1.3).  

 

 

1.4.4 – Synaptic plasticity molecular pathways 

NMDARs are ionotropic glutamate receptors that are permeable to 

calcium ions (Blanke & VanDongen, 2009). NMDAR activation requires 

Figure 1.3: NMDAR and TrkB are receptors found in Area X. CaMKII, 
HOMER1, Akt, and mTOR are found in the downstream pathway after 
receptor activation. TrkB receptor activation leads to two downstream 
pathways that result in increased mRNA and gene transcription. NMDAR 
activation leads to increased gene transcription via CaMKII and MAP/ERK 
downstream pathway. CaMKII phosphorylates (P) both NMDAR and AMPAR 
to promote long-term potentiation. (de Bartolomeis & Tomasetti, 2012; Nakai 
et al., 2014; Yoshii & Constantine-Paton, 2010) 
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glutamate and a strong enough depolarization to dislodge the magnesium ion 

block at the channel pore. Therefore, NMDARs are considered molecular 

coincidence detectors. After NMDAR activation, calcium influx activates 

calcium/calmodulin kinases (CaMK), which leads to activation of CREB, a 

transcription factor (Figure 1.3). Ultimately, CREB activation leads to transcription 

of genes important for synaptic plasticity such as c-fos, egr1, and homer1a (de 

Bartolomeis & Tomasetti, 2012).   

NMDAR-dependent LTP is one known method of synaptic plasticity found 

in the brain, but another mechanism of synaptic strengthening is through the 

activation of TrkB via its ligand, brain-derived neurotrophic factor (BDNF). BDNF 

plays a role in synaptic plasticity including LTP in the striatum (Baydyuk & Xu, 

2014; Binder & Scharfman, 2004; Jia et al., 2010). Activation of TrkB causes 

phosphorylation of NMDA subtype 2B (NR2B), which leads to activation of 

NMDARs leading to increased transcription of synaptic plasticity genes (de 

Bartolomeis & Tomasetti, 2012; Nakai et al., 2014) (Figure 1.3). In addition, TrkB 

activation regulates protein translation of important synaptic plasticity molecules 

including BDNF, CaMKII, HOMER, etc. (Figure 1.3) via activation of two 

pathways: mitogen-activated protein kinase (MAPK)/ extracellular signal-

regulated kinase (ERK) and serine/threonine kinase (Akt)/ mechanistic target of 

rapamycin kinase (mTOR) (Yoshii & Constantine-Paton, 2010). Both activation of 

NMDARs and TrkB are important for synaptic plasticity modulation in the brain.  
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1.5 – Overview of Dissertation Chapters 

 Chapter 1 is a general introduction providing the rationale for my 

hypotheses and experiments. Chapter 2 will address my hypothesis that DA 

differentially modulates molecules important for changes in synaptic transmission 

in Area X based on the social context and how much the bird sings. Chapter 3 

will address my hypothesis that song output due to social context (UD versus FD) 

reflects differential activation of glutamatergic and BDNF-dependent synaptic 

plasticity mechanisms by investigating downstream molecular pathways after 

receptor activation. More specifically, I hypothesize that synaptic plasticity 

mechanisms will be activated during UD but not FD song leading to differences in 

song output. Figure 1.4 diagrams the molecules focused on in Chapters 2 and 3 

within the tri-synapse located in Area X. Chapter 4, the conclusion chapter, will 

address the findings from Chapter 2 and 3 as well as probe at the significance. I 

will also address potential future directions in Chapter 4 based on my findings.  
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Figure 1.4: Tri-synapse found in Area X. Molecules in red are involved in 
dopaminergic modulation, the focus of Chapter 2. Molecules in blue are 
involved in the NMDAR2B (GRIN2B) synaptic plasticity pathways and are 
activated via glutamatergic transmission. Molecules in green are involved in 
the TrkB synaptic plasticity pathways and are activated via BDNF. Both 
NMDAR2B and TrkB pathways are the focus of Chapter 3. 
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CHAPTER 2: Social context-dependent singing alters 

molecular markers of dopaminergic and glutamatergic signaling 

in finch basal ganglia Area X.  

So, L. Y., Munger, S. J., & Miller, J. E. (2019, Mar 15). Behav Brain Res, 360, 

103-112. https://doi.org/10.1016/j.bbr.2018.12.004  

 

ABSTRACT 

Dopamine (DA) is an important neuromodulator of motor control across species. 

In zebra finches, DA levels vary in song nucleus Area X depending upon social 

context. DA levels are high and song output is less variable when a male finch 

sings to a female (female directed, FD) compared to when he is singing by 

himself (undirected, UD). DA modulates glutamatergic input onto cortico-striatal 

synapses in Area X via N-methyl-D-aspartate (NMDA) and DA receptor 

mechanisms, but the relationship to UD vs. FD song output is unclear. Here, we 

investigate the expression of molecular markers of dopaminergic and 

glutamatergic synaptic transmission (tyrosine hydroxylase – TH, alpha-synuclein 

– α-syn) and plasticity (NMDA 2B receptor – GRIN2B) following singing (UD vs. 

FD) and non-singing states to understand the molecular mechanisms driving 

differences in song output. We identified relationships between protein levels for 

these biomarkers in Area X based on singing state and the amount of song, 

measured as the number of motifs and time spent singing. UD song amount 

drove increases in TH, α-syn, and NMDA 2B receptor protein levels. By contrast, 

the amount of FD song did not alter TH and NMDA 2B receptor expression. 
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Levels of α-syn showed differential expression patterns based on UD vs. FD 

song, consistent with its role in modulating synaptic transmission. We propose a 

molecular pathway model to explain how social context and amount of song are 

important drivers of molecular changes required for synaptic transmission and 

plasticity. 

 

2.1 – INTRODUCTION 

Dopamine (DA) is an important neuromodulator of motor control, 

motivation and reward-based behaviors across mammalian and avian species. 

Insight into the role of DA modulation in neural mechanisms for human vocal 

motor control has been obtained from studying songbirds (Simonyan et al., 

2012).  

In male zebra finches (Taenopygia guttata) (Sasaki et al., 2006) and 

European starlings (Sturnus vulgaris) (Heimovics & Riters, 2008), levels of DA in 

the brain vary depending upon the social context in which the bird sings. When 

the male zebra finch sings to a female, known as female-directed (FD) song, DA 

levels measured via high-performance liquid chromatography (HPLC) are higher 

in vocal control region Area X compared to when the male is practicing his song 

alone, known as undirected (UD) song (Sasaki et al., 2006). Neurons found in 

Area X, a song-dedicated nucleus in the finch basal ganglia, receive 

dopaminergic input from the substantia nigra (SN) and ventral tegmental area 

(VTA) as in mammals (Fig. 2.1) (Gale & Perkel, 2010b; Gale et al., 2008). 
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Pharmacological approaches in adult zebra finches have shown that reduction of 

pre-synaptic DA input or antagonism of post-synaptic DA receptors in Area X can 

abolish social context-dependent song differences. Injection of the neurotoxin 6- 

 hydroxydopamine (6-OHDA) into Area X depletes DA nerve terminals and 

results in UD song resembling the more stereotyped FD song (Miller et al., 2015). 

The application of a D1 receptor antagonist into Area X causes FD song to show 

Figure 2.1: Schematic of the song circuitry. Individual brain regions are 
denoted by circles/ovals. The anterior forebrain pathway is comprised of a 
cortico-basal-thalamic-cortico loop (LMAN, Area X, DLM). Area X receives 
dopaminergic input from SN/VTA and glutamatergic inputs from cortical nuclei 
HVC and LMAN. DLM – dorsal lateral nucleus of thalamus; HVC – higher 
vocal center; LMAN – lateral magnocellular nucleus of anterior nidopallium; 
RA – robust nucleus of arcopallium; SN – substantia nigra; VP – ventral 
pallidum; VTA – ventral tegmental area. (Gale et al., 2008) 
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more variable pitch changes similar to that of UD song by altering neuronal firing 

patterns (Leblois et al., 2010; Leblois, 2012). In a related species, Bengalese 

finch (Lonchura striata domestica), treatment with 6-OHDA in Area X interferes 

with pitch changes as part of reinforcement-driven vocal plasticity during UD 

song (Hoffmann et al., 2016). The molecular mechanisms through which DA 

modulates these aspects of UD vs. FD adult song behavior are not well 

identified.  

Based on in vitro slice electrophysiology experiments, activation of D1-like 

receptors reduced NMDA and non-NMDA receptor-mediated excitatory post-

synaptic currents in Area X medium spiny neurons (MSNs) (Ding et al., 2003). 

DA application can also directly increase pallidal (PAL) neuron firing, driving 

thalamic inhibition and result in a less variable song output associated with FD 

song (Leblois et al., 2010). How changes in the amount of DA available modify 

synaptic transmission and plasticity mechanisms at these cortico-striatal 

synapses in Area X to support UD vs. FD song output requires investigation. One 

strategy is to identify molecular targets of DA modulation that are differentially 

expressed based on social context-dependent singing. 

Social context has an impact on mRNA and protein expression levels in 

song nuclei, including Area X. ZENK, an immediate early gene, shows increased 

mRNA and protein levels in Area X following 30-45 minutes of UD but not FD 

song (Jarvis et al., 1998; Mello & Ribeiro, 1998). FoxP2, a speech-related gene 

and transcription factor, shows decreased mRNA expression in Area X following 

two hours of UD but not FD song, but at the protein level, singing in both contexts 
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drive protein levels down in comparison to non-singers (Miller et al., 2008; 

Teramitsu & White, 2006). Intriguingly, FoxP2 mRNA levels significantly 

decrease with higher numbers of UD song motifs over a two-hour period (Miller 

et al., 2015, Fig. S5). By contrast, there is a weak association between FoxP2 

mRNA and amount of FD song (Teramitsu & White, 2006, Fig. 4), but this 

relationship is absent at the protein level (Miller et al., 2008, Fig. 5). Social 

context and the amount of song are therefore two determinants that can affect 

FoxP2 expression levels. Both ZENK and FoxP2 are examples of social context-

dependent differences in gene expression but the underlying molecular circuitry 

is not well identified. 

We propose that molecular mechanisms of synaptic transmission and 

plasticity mediate social context-dependent song output associated with 

differences in DA levels in Area X (e.g. low in UD; high in FD). As a starting point, 

we have identified three potentially important molecular markers in Area X. We 

selected two related pre-synaptic molecular markers (tyrosine hydroxylase – TH, 

alpha-synuclein – α-syn) and one post-synaptic marker (NMDA 2B receptor – 

GRIN2B) based on prior work implicating them in synaptic transmission and 

plasticity mechanisms (Hilliard et al., 2012).  

TH is an enzyme required for DA biosynthesis. TH is found in terminals of 

dopaminergic neurons that project from the SN/VTA to Area X (Bottjer, 1993; 

Soha et al., 1996). TH is commonly used as a marker to detect changes in DA 

signal in finch Area X and rat basal ganglia that are correlated to altered 

vocalizations including parkinsonian-like output (Ciucci et al., 2007; Grant et al., 
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2015; Heimovics & Riters, 2008; Miller et al., 2015). As a biomarker of DA 

synthesis, we hypothesize that total TH protein levels in Area X will mimic the 

low vs. high levels of DA present during UD vs. FD singing (Sasaki et al., 2006) 

but that TH will also be influenced by how much the bird sings.   

In mammalian models, the pre-synaptic protein α-syn normally regulates 

TH enzymatic activity in dopaminergic terminals, synaptic vesicle function and 

DA release into the synaptic cleft, and helps traffic DA active transporter to the 

membrane surface (Venda et al., 2010). In rodents, virally-driven overexpression 

of α-syn leads to reductions in DA release due to dopaminergic terminal loss in 

the basal ganglia as well as changes in vocalizations (Decressac et al., 2012; 

Gombash et al., 2013). In zebra finches, α-syn expression is enriched at 

synapses in song control nuclei during critical developmental periods associated 

with vocal learning although its role in synaptic plasticity and adult song behavior 

is unclear (George et al., 1995). Here, we hypothesize that α-syn contributes to 

DA signaling in Area X differentially depending on the social context.  

The gene GRIN2B encodes a NMDA 2B glutamate receptor. NMDA 2B 

receptors initiate synaptic plasticity events in cortical and basal ganglia brain 

regions. In a previous study, Miller and colleagues (Hilliard et al., 2012, Fig. S6) 

showed that GRIN2B is a hub gene in a synaptic plasticity network in Area X 

activated by two hours of UD singing. As the bird sings, GRIN2B mRNA 

expression increases in Area X and is correlated to a more variable UD song. In 

adult finches, virally-driven overexpression of GRIN2B expression in cortical 

song nucleus LMAN causes FD song to revert back to its juvenile state of 
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increased variability with more stuttering (Chakraborty et al., 2017). However, the 

effects of social context on GRIN2B protein levels in Area X are unknown 

including the relationship between GRIN2B mRNA/protein levels in Area X and 

FD song. 

Using these molecular markers of synaptic transmission (TH, α-syn) and 

plasticity (GRIN2B), we first determined whether protein levels were regulated by 

activity-dependent mechanisms (singing vs. not singing). Given the large range 

of protein values detected within the singing groups, we hypothesized that the 

amount of song/time spent singing resulted in differences in protein levels for TH, 

α-syn, and GRIN2B in Area X. Our findings supported our hypotheses indicating 

a strong relationship between protein levels and social context-dependent 

singing. TH and GRIN2B protein levels in Area X increased with the amount of 

UD but not FD singing whereas α-syn protein levels increased with the amount of 

UD song but fluctuated depending on the time spent singing FD song. 

 

2.2 – MATERIALS AND METHODS 

2.2.1 – Animal model and experimental design 

All animal use was approved by the Institutional Animal Care and Use 

Committee at the University of Arizona. Adult male zebra finches (n = 42) 

between 120 and 300 days post-hatch were used in this study. Male finches 

were moved to individual sound attenuation chambers and acclimated for three 

days under a 13.5:10.5 hour light:dark cycle during which UD song was 

continuously recorded using Song Analysis Pro (Tchernichovski et al., 2000). 
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After acclimation, birds were collected for one of four behavioral groups starting 

at lights-on in the morning (7:30 am) and following the time points established by 

Miller et al. (Miller et al., 2008). Two groups of non-singers were collected at 

lights-on (0 HR NS) or two hours after lights-on (2 HR NS). For the 2 HR NS 

condition, an experimenter observed the bird and if the bird attempted to sing 

which happened infrequently, they tapped on the cage to prevent the bird from 

singing. Our prior publication showed that neither cage tapping nor the presence 

of the investigator significantly alters serum corticosterone levels between NS, 

undirected (UD) or female-directed (FD) behavioral groups (Miller et al., 2008). 

Birds collected as 2 HR NS occasionally completed motifs on an average of 4.2 ± 

2.3 motifs within the two-hour period. The two singing groups sang either two 

hours of undirected (2 HR UD) or female directed (2 HR FD) song. We excluded 

birds that sang less than 90 motifs in a two-hour period because previous work 

showed this was the minimum number of motifs to elicit changes in protein 

expression (Miller et al., 2008). Any bird that was quiet in the last 30 minutes of 

the two-hour singing period was excluded from collection given that 30 minutes 

of quiet after singing can reduce ZENK expression back to baseline levels (Jarvis 

et al., 1998). FD song was elicited by the presentation of female zebra finches 

over the two-hour period (Miller et al., 2008). For 2 HR FD birds, live video 

streaming and investigator observations were used to ensure that the bird sang 

only FD and not UD song.  At the completion of the non-singing or singing 

assignments, finches were euthanized using an overdose with isoflurane in order 

to collect the brain tissue. 



	 36	

2.2.2 – Song analysis 

The two hours of singing prior to collection was used for song analysis. 

Motifs were identified as repeated sequences of syllables separated by silent 

periods. The numbers of motifs were manually counted throughout the two-hour 

span. Time spent singing was calculated by averaging the motif length of 20 

randomly selected motifs within the two-hour period for each bird and then 

multiplying by the total number of motifs sung in the two hours. This random 

sampling approach has been successfully employed in previous publications as 

being representative of the total time spent singing (Hilliard et al., 2012; Miller et 

al., 2008). To confirm the validity of this random sampling approach in the current 

study, we compared data obtained using this method to a ‘summed method’ in 

the same bird where the length of every motif was measured and added together 

over the two-hour recording period to obtain time spent singing. No statistically 

significant difference was detected between the two methods when comparing n 

= 3 birds per UD and FD groups (paired t-test, p = 0.215).  

 

2.2.3 – Antibody characterization 

Tyrosine Hydroxylase (TH)-This antibody for TH (Millipore, #AB152, RRID: 

AB_390204, Table 2.1) was used to detect dopaminergic positive terminals in 

Area X and has been previously validated by Miller et al. (Miller et al., 2015), 

detecting a protein band ~55 kD in finches.  

Alpha-synuclein (α-syn)-This antibody to α-syn (Proteintech, #10842-1-

AP, RRID: AB_2192672, Table 2.1) was chosen due to 86% homology to zebra 
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finch α-syn (~16 kD, NCBI accession number NP_001041718). To validate this 

antibody, a pre-adsorption control was performed with the original antigen via 

Western blot (Fig. 2.2A).  

Glutamate ionotropic receptor NMDA subunit 2B (GRIN2B, NR2B)-This 

antibody was chosen due to 95% homology to zebra finch GRIN2B (~180 kD, 

NCBI accession number XP_002195885). Because the peptide was not available 

to do a pre-adsorption control, we validated a commercially available GRIN2B 

primary antibody made against the N-terminus of the mouse peptide (Millipore, 

#06-600, RRID: AB_310193, Table 2.1) and compared it to another commercially 

available antibody made against the C-terminus of human GRIN2B (Proteintech, 

#21920-1-AP, RRID: AB_11232223, Table 2.1) in Western blots to detect protein 

bands at similar molecular weights (Fig. 2.2B). Mouse basal ganglia (MBG) and 

finch nidopallium (NP, non-basal ganglia region) were used as positive controls 

alongside Area X. Both antibodies detected protein bands at the predicted 

molecular weight. For all subsequent blots, Millipore’s GRIN2B antibody was 

used to detect protein levels. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-The antibody for 

GAPDH (Millipore, #MAB374, RRID: AB_2107445, Table 2.1) was used to 

normalize for equal protein loading across the lanes and was previously validated 

by Miller et al. (Miller et al., 2008) as detecting a protein band of ~35 kD in finch 

Area X. Over the course of the study, we detected a weakening of the antibody 

signal despite testing different lots. Therefore, we also used an antibody to 

GAPDH from Proteintech (Proteintech, #10494-1-AP, RRID: AB2263076, Table 
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1) that also detects a protein band at the same molecular weight in Area X and 

yielded the same results.  

 

 

Table 2.1 Primary and secondary antibodies

Antibody Reference RRID Antigen Concentrations 

Primary antibody

Anti-tyrosine hydroxylase 
antibody (rabbit 
polyclonal)

AB152 
(Millipore) AB_390204

Denatured tyrosine hydroxylase from rat 
pheochromocytoma (denatured by sodium dodecyl 
sulfate)

1:500

Anti-NR2B (GRIN2B) 
antibody (rabbit 
polyclonal)

06-600 
(Millipore)

AB_310193

a.a. 1437-1456 of mature mouse NR2B or 1463-
1482 of NR2B precursor; signal is a.a. residues 1-
26 [KFNGSSNG HVYEKLSSIESDV]. This 
sequence is identical to a.a. 1437-1456 of mature 
rat NR2B and a.a. 1465-1484 of human NR3, 
containing a N-terminal lysine

1:100-1:500

GRIN2B (NR2B) antibody 
(rabbit polyclonal)

21920-1-AP 
(Proteintech) AB_11232223

human GRIN2B-GST fusion protein 
YLDQFRTKENSPHWEHVDLTDIYKERSDDFKRDS
VSGGGPCTNRSHIKHGTGDKHGVVSGVPAPWEK
NLTNVEWEDRSGGNFCRSCPSKLHNYSTTVTGQ
NSGRQACIRCEACKKAGNLYDISEDNSLQELDQP
AAPVAVTSNASTTKYPQSPTNSKAQKKNRNKLRR
QHSYDTFVDLQKEEAALAPRSVSLKDKGRFMDG
SPYAHMFEMSAGESTFANNKSSVPTAGHHHHNN
PGGGYMLSKSLYPDRVTQNPFIPTFGDDQCLLHG
SKSYFFRQPTVAGASKARPDFRALVTNKPVVSAL
HGAVPARFQKDICIGNQSNPCVPNNKNPRAFNGS
SNGHVYEKLSSIESDV (1133-1484 aa encoded by 
BC113620)

1:500

Alpha-synuclein antibody 
(rabbit polyclonal)

10842-1-AP 
(Proteintech)

AB_2192672

human SNCA-GST fusion protein 
MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKT
KEGVLYVGSKTKEGVVHGVATVAEKTKEQVTNVG
GAVVTGVTAVAQKTVEGAGSIAAATGFVKKDQLG
KNEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQ
DYEPEA (1 - 140 aa encoded by BC013293)

1:100-1:250

GAPDH antibody (rabbit 
polyclonal)

10494-1-AP 
(Proteintech)

AB_2263076

human GAPDH-GST fusion protein 
MGKVKVGVNGFGRIGRLVTRAAFNSGKVDIVAIN
DPFIDLNYMVYMFQYDSTHGKFHGTVKAENGKLV
INGNPITIFQERDPSKIKWGDAGAEYVVESTGVFT
TMEKAGAHLQGGAKRVIISAPSADAPMFVMGVNH
EKYDNSLKIISNASCTTNCLAPLAKVIHDNFGIVEG
LMTTVHAITATQKTVDGPSGKLWRDGRGALQNIIP
ASTGAAKAVGKVIPELNGKLTGMAFRVPTANVSV
VDLTCRLEKPAKYDDIKKVVKQASEGPLKGILGYT
EHQVVSSDFNSDTHSSTFDAGAGIALNDHFVKLIS
WYDNEFGYSNRVVDLMAHMASKE (1 - 335 aa 
encoded by BC004109)

1:250

Anti-glyceraldehyde-3-
phosphate dehydrogenase 
(GAPDH) antibody, clone 
6C5 (mouse, monoclonal)

MAB374 
(Millipore) AB_2107445

Glyceraldehyde-3-phosphate dehydrogenase from 
rabbit muscle 1:5000

Secondary antibody

Amersham ECL Rabbit 
IgG, HRP-linked whole Ab

NA934 (GE 
Healthcare-
Amersham 

AB_772206 1:1000-1:2000

Amersham ECL Mouse 
IgG, HRP-linked whole Ab

NA931 (GE 
Healthcare-
Amersham 

AB_772210 1:1000
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Figure 2.2: Validation blots for α-syn and GRIN2B antibodies and a 
representative western blot with four different behavioral states.  
A): Western blot with α-syn protein detected at ~16 kD in Area X, nidopallium 
(NP), and mouse basal ganglia (MBG). 15 µg of protein loaded per lane. †Pre-
adsorption control: incubation of the α-syn antibody with 30 times excess of its 
peptide showed that the bands disappeared, confirming specificity of the 
antibody to α-syn. B): Western blot with GRIN2B protein detected at ~180 kD 
in Area X, NP, and MBG. 15 µg of protein loaded per lane. ‡Antibody 1 for 
GRIN2B (Millipore, #06-600) and §antibody 2 for GRIN2B (Proteintech, 
#21920-1-AP) both detect protein bands at similar molecular weights, 
confirming specificity of the antibody to GRIN2B. C): Representative blot of 15 
µg of tissue lysate per lane from bilateral tissue biopsies of Area X. Two birds 
were run per behavioral group. Blot shows protein levels of TH (~55 kD, Miller 
et al. 2015), GRIN2B (~180 kD), GAPDH (~35 kD), and α-syn (~16 kD); finch 
molecular weights obtained from: www.ncbi.nlm.nih.gov/protein. Protein 
signals in each lane were normalized to GAPDH, the loading control. Dotted 
lines denote where the blots were cut prior to antibody incubation to avoid 
cross-reactivity between antibodies, weak signals, and to minimize antibody 
usage. 
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2.2.4 – Brain sample preparation, western blotting, and quantification 

Directly following overdose with isoflurane, brains were dissected out and 

flash frozen with liquid nitrogen. Brains were cryosectioned until Area X was 

visualized and bilateral tissue biopsies of Area X were obtained by punching 1 

mm deep using a syringe attached to a intramedic luer-stub 20-gauge adapter 

(catalog #427564, BD Medical Technology). Post-hoc Nissl staining of 40 µm 

coronal brain sections was performed to validate accuracy of Area X targeting 

(Miller et al., 2008). Tissue biopsies obtained from Area X were homogenized 

and isolated for total protein using modified RIPA lysis buffer and concentrations 

determined on a Bio-Rad RC DC assay as in Miller et al. (Miller et al., 2008). 

15µg of protein lysate was run at 100V using a 10% polyacrylamide-SDS gel 

then transferred to 0.2µm PVDF membranes for the Western blotting procedure 

as in Miller et al. 2008. Primary antibodies were incubated on separate portions 

of the blot to prevent cross-reactivity (refer to Fig. 2.2C).  Primary antibodies 

incubated overnight at 4°C were TH (Millipore, #AB152, 1:500, RRID: 

AB_390204), α-syn (Proteintech, #10842-1-AP, 1:100-1:250, RRID: 

AB_2192672), GRIN2B (Millipore, #06-600, 1:100-1:500, RRID: AB_310193), 

and GAPDH (Millipore, #MAB374, 1:5000, RRID: AB_2107445; Proteintech, 

#10494-1-AP, 1:250, RRID: AB_2263076) (Hilliard et al., 2012; Miller et al., 

2008). After TBST washes, the blots were incubated at room temperature for two 

hours in secondary HRP-conjugated rabbit antibody (GE Healthcare-Amersham, 

#NA934, RRID: AB_772206, Table 1) at concentrations 1:2000 (TH, GRIN2B, 

GAPDH) and 1:1000 (α-syn), and secondary HRP-conjugated mouse antibody 
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(GE Healthcare-Amersham, #NA931, RRID: AB_772210, Table 1) at 

concentration 1:1000 (GAPDH). Blots were developed using chemiluminescence 

and imaged using a Bio-Rad system. Quantifications were performed on Quantity 

One (Bio-Rad) by an experimenter blind to the behavioral states. A rectangular 

band was drawn surrounding the signal of interest (raw value) and the same-

sized band was placed just above or below the band in the same lane to obtain 

the “background”. The corrected value was calculated by subtracting the 

background from the raw value. Corrected values were obtained for TH, α-syn, 

GRIN2B, and GAPDH. Corrected values for TH, α-syn, and GRIN2B were 

divided by the corrected GAPDH value in the corresponding lane to get 

normalized values to control for equal protein loading. GAPDH was used as the 

normalization control because it is not behaviorally regulated and there was no 

difference in expression of GAPDH between behavioral groups (Kruskal-Wallis, p 

= 0.34), replicating previous findings (Hilliard et al., 2012; Miller et al., 2008). The 

protein signals of interest/GAPDH values were then divided by the average of the 

two lanes of the control condition, 0 HR NS, within the same blot for 

normalization (set = 1). The 0 HR NS birds are not experimentally manipulated 

and provide a good control without any singing. This normalization step enables 

inter-blot comparisons for a total of 5 separate blots. Each western blot consisted 

of two different birds per behavioral state. For protein levels from Western blots, 

there were 10 birds per behavioral group for TH and α-syn and eight birds per 

behavioral group for GRIN2B (Fig. 2.3). For song analysis, the total numbers of 

birds are as follows: TH and α-syn (n = 10 for number of UD/FD motifs, n = 9 for 
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time spent singing UD, n = 8 for time spent singing FD); GRIN2B (n = 8 for 

number of UD/FD motifs and time spent singing UD, n = 7 for time spent singing 

FD). There were fewer birds in the time spent singing analysis group due to 

experimenter error (missing song files). 

 

2.2.5 – Statistical analysis 

For protein level comparison between the four behavioral groups, the means 

of each group were compared via the Kruskal-Wallis test (VassarStats, 

vassarstats.net) because the data did not fit a normal distribution. No data points 

were deemed outliers in the graphical plots using exclusion criteria based on 

technical issues (e.g. Western blot running conditions or imaging issues) (Scheff, 

2016). Therefore, all data points were determined to be experimentally valid data 

points and were not excluded from analysis. 

Regression analyses using the OriginLab graphing program was used to 

determine if TH, α-syn, and GRIN2B protein levels varied as a function of the 

number of motifs or time spent singing with R2 values reported as in previous 

publications (Jarvis et al., 1998; Miller et al., 2008; Teramitsu & White, 2006). 

Scatterplots were made in the OriginLab graphing program, and the optimal fit 

(either linear or curvilinear) is shown for each data set (Myers, 2003; Scheff, 

2016). R2 values for both linear and curvilinear fit were obtained from Origin and 

confirmed by IBM SPSS Statistical software package in consultation with our 

university statistician Mark Borgstrom. Each graph was determined to be linear or 

curvilinear based on the significant F change value determined by IBM SPSS 
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Statistical software package. If the significant F change value was p < 0.05 for 

either the linear or curvilinear model, the correlating model was used. If neither 

model had a significant F change value of p < 0.05, the linear model was used. 

Statistics for the linear and curvilinear (quadratic) plots were done using IBM 

SPSS Statistical software package where x = number of motifs/time spent 

singing and y = protein levels. The ANOVA F and p-values are reported based on 

x2 (x-squared) for the plots. 

 

2.3 – RESULTS 

2.3.1 – Antibody validation 

The polyclonal antibody against α-syn protein detected bands of similar 

molecular weights across finch Area X, nidopallium (NP), and mouse basal 

ganglia (MBG) tissue (Fig. 2.2A). Incubation of the α-syn antibody with 30 times 

excess of its peptide (Proteintech, #ag1285) resulted in the absence of protein 

bands (Fig. 2.2A), confirming specificity along with a similar molecular weight 

band detected in MBG. To detect and validate GRIN2B protein in finch Area X, 

we used commercially available antibodies raised against either the mouse N-

terminal peptide sequence (Millipore) or the human C-terminal peptide sequence 

(Proteintech) (Fig. 2.2B) and tested them in two different finch brain regions 

(Area X, NP) and in MBG tissue. Both antibodies detected GRIN2B protein 

bands at similar molecular weights (~180 kD) in finch and MBG tissue.  
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2.3.2 – Gene expression of non-singers vs. singers in Area X 

In this study, we examined the total protein expression of TH, α-syn, and 

GRIN2B via Western blots from tissue punches of Area X following four 

behavioral states: 0 HR NS, 2 HR NS, 2 HR UD, and 2 HR FD (Fig. 2.2C) in 

which the 0 HR NS was used as the control condition given the lack of behavioral 

manipulation (Miller et al., 2015; Miller et al., 2008). There were no significant 

differences between groups for TH, α-syn, and GRIN2B (Fig. 2.3, see legend for 

statistics). Like Miller et al. (Miller et al., 2008), we pursued the sources of the 

range in protein values observed within groups for the singers.  
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Figure 2.3: Behavioral regulation of Area X TH, α-syn, and GRIN2B protein 
levels.  
A): Bar graph of the mean TH protein levels by behavioral condition with standard 
error bars (n = 10 birds per group; 0 HR NS: 1 ± 0.04, 2 HR NS: 1.65 ± 0.49, 2 HR 
UD: 1.19 ± 0.27, 2 HR FD: 1.5 ± 0.40). Each point represents an individual bird from 
five different blots (n = 10/group). There was no statistically significant difference 
between the four groups (Kruskal-Wallis test, p = 0.76). B): Mean α-syn protein levels 
by behavioral condition with standard error bars (n = 10 birds per group; 0 HR NS: 1 
± 0.06, 2 HR NS: 2.36 ± 0.76, 2 HR UD: 1.82 ± 0.65, 2 HR FD: 1.88 ± 0.53). Each 
point represents an individual bird from five different blots (n = 10/group). There was 
no statistically significant difference between the four groups (Kruskal-Wallis test, p = 
0.24). C): Mean GRIN2B protein levels by behavioral condition with standard error 
bars (n = 8 birds per group; 0 HR NS: 1 ± 0.03, 2 HR NS: 2.1 ± 0.92, 2 HR UD: 1.58 ± 
0.29, 2 HR FD: 2.68 ± 1.31). Each point represents an individual bird from four 
different blots (n = 8). There was no statistically significant difference between the 
four groups (Kruskal-Wallis test, p = 0.45).   
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2.3.3 – Rise in TH levels in Area X coincides with UD song amount but has no 

relationship to FD song  

 The number of motifs and time spent singing were plotted against TH 

protein levels in Area X (Fig. 2.4). With UD song, TH levels significantly 

increased with the number of motifs (Fig. 2.4A) and trended in the same direction 

with time spent singing (Fig. 2.4B). However, neither the number of motifs (Fig. 

2.4C) nor time spent singing FD song (Fig. 2.4D) had an effect on TH levels.  

 

2.3.4 – Rise in α-syn levels in Area X coincides with number of UD motifs; α-syn 

levels follow a U-shaped curve in response to time spent singing FD song 

With UD song, α-syn levels in Area X significantly increased with the 

number of motifs (Fig. 2.5A) with an exponentially stronger increase with a higher 

number of motifs sung. Time spent UD singing had no significant effect on α-syn 

levels (Fig. 2.5B). The α-syn levels plotted against time spent singing FD song 

follow a U-shaped curve where protein levels decrease in birds that spend < 350 

seconds singing, but as the bird exceeds around 350 seconds, α-syn levels rise 

(Fig. 2.5D). However, the number of FD motifs (Fig. 2.5C) had no effect on α-syn 

levels.  

 

2.3.5 – GRIN2B levels in Area X increase with the amount of UD song but not FD 

song 

With UD song, GRIN2B levels significantly increased with the number of 

motifs (Fig. 2.6A) and time spent singing (Fig. 2.6B). Compared to UD song, 
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GRIN2B levels with FD song showed a trend for decreased protein expression 

with increased time spent singing (Fig. 2.6D), but these trends were not 

statistically significant. The number of FD motifs (Fig. 2.6C) had no effect on 

GRIN2B levels.  
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Figure 2.4: Changes in Area X TH protein levels with UD and FD song 
TH protein levels of UD singers and FD singers plotted against the number of 
motifs sang within the two-hour period (A, C) or time spent singing (B, D).  TH 
protein levels were dependent upon the number of motifs sung during UD (n 
=10, ANOVA, F = 18, p = 0.002) but not FD (n = 10, ANOVA, F = 0.11, p = 
0.746). Both time spent singing UD (n = 9, ANOVA, F = 3.68, p = 0.097) and 
FD (n = 8, ANOVA, F = 0.02, p = 0.887) did not have a significant effect on TH 
levels. Each point represents an individual bird. Gray lines denote curvilinear 
regression curve for A and linear regression curves for B, C, and D drawn as 
best fits to the data based on the significant F change value. 
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Figure 2.5: Changes in Area X α-syn protein levels with UD and FD song.  
α-syn protein levels of UD singers and FD singers plotted against the number 
of motifs sang within the two-hour period (A, C) or time spent singing (B, D). α-
syn protein levels were dependent upon the number of motifs sung during UD 
(n = 10, ANOVA, F = 16.81, p = 0.002) but not FD (n = 10, ANOVA, F = 0.038, 
p = 0.85). α-syn levels were dependent upon time spent singing FD (n = 8, 
ANOVA, F = 6.29, p = 0.043) but not UD (n = 9, ANOVA, F = 1.41, p = 0.274). 
Each point represents an individual bird. Gray lines denote curvilinear 
regression curves for A and D and linear regression curves for B and C drawn 
as best fits to the data based on the significant F change value. 
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Figure 2.6: GRIN2B protein levels of UD singers and FD singers plotted 
against the number of motifs sang within the two-hour period (A, C) or time 
spent singing (B, D). GRIN2B protein levels were dependent upon the number 
of motifs sung during UD (n = 8, ANOVA, F = 13.18, p = 0.011) but not FD (n 
= 8, ANOVA, F = 1.13, p = 0.329). In addition, protein levels were dependent 
upon the time spent singing UD song (n = 8, ANOVA, F = 12.22, p = 0.013) 
but not FD song (n = 7, ANOVA, F = 5.21, p = 0.071). Although the time spent 
singing FD song did not have a significant effect on GRIN2B levels, a 
downward trend was evident. Each point represents an individual bird. Gray 
lines denote linear regression curves drawn as best fits to the data based on 
the significant F change value. 
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2.4 – DISCUSSION 

 Here, we characterized the effects of social context and how much the 

bird sang on the expression of molecular markers of synaptic transmission and 

plasticity in zebra finch Area X. Our Western blot analyses did not show 

differences in the mean protein levels of TH, α-syn, and GRIN2B between social 

context but revealed strong differences dependent on the social context when 

comparing the relationship between protein levels and how much the bird sang 

(amount of song and time spent singing). The lack of overall mean differences in 

protein levels between UD vs. FD singers has also been reported for the 

transcription factor FoxP2; furthermore, the number of motifs sung during two 

hours of UD but not FD behavior alters FoxP2 protein expression (Miller et al., 

2008). In our study, levels of TH, α-syn, and GRIN2B in Area X increased with 

more UD singing but did not show these same patterns with FD song. With more 

FD song, TH levels did not change, α-syn levels fluctuated depending on how 

much the bird sang, and GRIN2B levels trended downwards.  

 

2.4.1 – Social context and amount of song 

TH protein levels in Area X increased with more UD song but remained 

unchanged with increased FD song. Heimovics and Riters (Heimovics & Riters, 

2008) looked at FD song for a shorter time period, 30-45 minutes, and also did 

not find changes in TH levels using immunocytochemistry with how much time 

the non-breeding male birds sang FD (Heimovics & Riters, 2008). In our current 

study, birds that sang more UD song motifs had higher TH levels. Sasaki et al. 
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(Sasaki et al., 2006) found there was no relationship between DA levels and 

number of UD or FD song motifs. However, our data had a broader range of 

singers over a longer time course (2 hours vs. 30 minutes) dedicated to one state 

only whereas Sasaki et al. (Sasaki et al., 2006) alternated 30 minutes of UD with 

FD song. Furthermore, we took a different methodological approach to Sasaki et 

al. (Sasaki et al., 2006) by measuring changes in TH, the enzyme for DA 

biosynthesis, using Western blotting following the song collection period vs. in 

vivo microdialysis.   

  As a pre-synaptic protein involved in vesicle-mediated release of 

neurotransmitter, fluctuating levels of α-syn modulate DA, glutamate, and 

norepinephrine release (Gureviciene et al., 2007; Watson et al., 2009; Yavich et 

al., 2006). Given that singing amount in both social contexts drove α-syn levels, 

fluctuating levels of α-syn may play a modulatory role in synaptic transmission 

and plasticity as the bird sings. 

 Previously, GRIN2B mRNA levels were shown to increase with UD song 

and with the amount of song; however, the authors did not look at the 

relationship with FD song (Hilliard et al., 2012). Our results show that GRIN2B 

protein levels increase with more UD song but tends to decrease with FD song 

suggesting that synaptic plasticity mechanisms may be differentially activated 

based on social context.  
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2.4.2 – Molecular pathway model for UD song 

Based on our findings in the current study, genetic and 

electrophysiological evidence from published work (Ding et al., 2003; Jarvis et 

al., 1998; Leblois et al., 2010; Mello & Ribeiro, 1998; Sasaki et al., 2006), we 

propose a molecular pathway model for circuit-level changes that occur over a 

two-hour period to drive differences in UD vs. FD song output. A model for the 

UD song circuit is depicted in Fig. 2.7A-B highlighting the roles of Area X, DLM, 

and LMAN in driving more acoustic variability during UD song (Woolley & Kao, 

2015). Acoustic variability has been defined as greater pitch changes from 

rendition to rendition of UD song compared to FD song (Kao et al., 2005; Woolley 

& Kao, 2015). Hilliard, Miller et al. (Hilliard et al., 2012) previously showed birds 

that sang the most number of motifs of UD song in a two-hour period, had 

greater acoustic variability measured as the change in mean Wiener entropy, 

shown in Fig. 2.7B. Dopaminergic and glutamatergic input converge on medium 

spiny neurons (MSNs), the site of cortico-striatal synaptic plasticity. After 30-45 

minutes of UD song (black pathway, Fig. 2.7A), low DA levels exist in Area X 

(Sasaki et al., 2006). MSNs inhibit pallidal (PAL) neurons so that DLM provides 

excitatory drive to song nucleus LMAN. LMAN drives song nucleus RA to 

promote more variability in pitch, etc. in the bird’s song, as part of his trial and 

error learning (Sober et al., 2008). Based on findings from our study, we propose 

the blue molecular pathway (Fig. 2.7B) that becomes activated with increased 

UD singing. As the bird continues to sing over the two-hour period (blue 

pathway), α-syn facilitates increased glutamate release onto MSNs requiring up-
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regulation of NMDA 2B (GRIN2B) receptors. With increased NMDA 2B receptor 

levels, MSNs excitability and inhibition over PAL neurons increase to support 

more UD song rendition-to-rendition variability (Hilliard et al., 2012). However, by 

two hours from the start of singing, TH levels begin to rise in Area X as a 

potential mechanism to counter too much acoustic variability, leading to 

increased DA synthesis.  

 

2.4.3 – Molecular pathway model for FD song 

 The traditional circuit that supports low acoustic variability in FD song (in 

comparison to UD song), is represented by the black colored pathway in Fig. 

2.7C.  With 30-45 minutes of FD song (black pathway), there are high levels of 

DA from SN/VTA onto Area X, which depress glutamatergic input from LMAN 

onto Area X MSNs (Fig. 2.7C) (Ding et al., 2003). Consequently, PAL neurons 

are disinhibited and subsequent strong DLM inhibition leads to decreased 

excitability between LMAN and RA with a less variable, more stereotyped song 

output. Based on our findings, we propose a new molecular pathway in blue that 

becomes activated (Fig. 2.7D). As the bird sings to the female (blue pathway, 

Fig. 2.7D), high levels of DA with FD song and fluctuating α-syn levels mediate 

decreases in GRIN2B protein expression in MSNs, decreasing their excitability 

and supporting PAL neuron inhibition of DLM. In this manner, low acoustic 

variability from one song rendition to the next would be preserved but has not 

been determined. TH levels during FD song do not change in response to the 

number of motifs or time spent singing because of endogenously high DA levels.  
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Figure 2.7: Molecular pathway models for UD and FD song.  
A): Black lines represent the circuit activity after 30-45 minutes of UD song. B): 
Blue lines denote circuit activity at the end of two hours of UD song in relation to 
how much the bird sang. A bird that sang more over the two hours of UD song 
had increased expression of TH, α-syn, and GRIN2B (up arrows) potentially 
leading to more acoustically variable song. The increased levels of TH at two 
hours may be a self-regulatory check to prevent too much variability in song 
beyond this time point. C): Black lines represent the circuit activity after 30-45 
minutes of FD song. D): Blue lines denote circuit activity at the end of two hours of 
FD song in relation to how much the bird sang. A bird that sang more over the two 
hours of FD song had the same levels of TH denoted as ~, fluctuating levels of α-
syn (up and down arrow), and reduced levels of GRIN2B (down arrow). The 
rendition-to-rendition variability of FD song compared to UD song after two hours 
is unknown (denoted as ?). DLM – dorsal lateral nucleus of thalamus; LMAN – 
lateral magnocellular nucleus of anterior nidopallium; MSN – medium spiny 
neurons; PAL – pallidal neurons; RA – robust nucleus of arcopallium; SN – 
substantia nigra; VTA – ventral tegmental area. 
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2.4.4 – Future directions 

Our study identified differential protein expression patterns for three 

molecular markers in Area X based on the amount of singing in UD vs. FD song 

states. We found differences in total protein levels suggestive of modifications in 

dopaminergic and glutamatergic synaptic transmission in Area X by social 

context. To verify that MSNs are the cellular target of glutamatergic-dependent 

changes in synaptic plasticity in response to social context and song amount, it 

will be necessary to measure anatomical changes at cortico-MSN synapses. We 

would predict that two hours of UD song will lead to increased numbers of 

dendritic spines and glutamatergic synapses that persist to maintain the flexibility 

of the song circuitry needed for vocal motor exploration. By contrast, FD song 

would be associated with decreased activation of synaptic plasticity mechanisms 

to promote stability in the song circuitry and therefore, maintain a more 

stereotyped song output. A direct test of the role of GRIN2B in differential 

activation of synaptic plasticity mechanisms in UD vs. FD song would involve 

using a viral vector to overexpress/knockdown its expression (Chakraborty et al., 

2017). Based on our model (Fig. 2.7), virally-driven increases in GRIN2B 

expression should make FD song more variable, abolishing social context-

dependent differences.  

The role of DA modulation of glutamatergic pathways in Area X during UD 

vs. FD song is not known but TH clearly plays a role. Depletion of pre-synaptic 

TH levels by the neurotoxin 6-OHDA results in a less variable UD song output 

(Miller et al., 2015). Therefore, whether the reduced variability is driven by 
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changes at the Area X glutamatergic synapses requires investigation. 

Alternatively, optogenetic activation/inhibition of the dopaminergic input of VTA 

neurons onto Area X can be used as a tool to drive changes in the glutamatergic 

plasticity circuit and evaluate disruption of UD vs. FD song output (Xiao et al., 

2018). 
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CHAPTER 3: Social context-dependent singing alters 

molecular markers of synaptic plasticity signaling in finch basal 

ganglia Area X  

So, L. Y. & Miller, J. E. (submitted 2020, June 16). Behav Brain Res 

 

ABSTRACT 

Vocal communication is a crucial skill required throughout life. However, there is 

a critical gap in our understanding of the underlying molecular brain mechanisms, 

thereby motivating our use of the zebra finch songbird model. Adult male zebra 

finches show differences in neural activity patterns in song-dedicated brain nuclei 

when they sing in two distinct social contexts: a male singing by himself 

(undirected, UD) and a male singing to a female (female-directed, FD). In our 

prior work, we showed that in song-dedicated basal ganglia Area X, protein 

levels of a N-methyl-D-aspartate receptor subtype 2B (NMDAR2B) increased 

with more UD song and decreased with more FD song. We hypothesized that 

molecules downstream of this receptor would show differential protein expression 

levels in Area X between UD and FD song. Specifically, we investigated 

calcium/calmodulin dependent protein kinase II beta (CaMKIIB), homer scaffold 

protein 1 (HOMER1), serine/threonine protein kinase (Akt), and mechanistic 

target of rapamycin kinase (mTOR) following singing and non-singing states in 

Area X. We show relationships between social context and protein levels. 

HOMER1 protein levels decreased with time spent singing FD song, and mTOR 

protein levels decreased with the amount of FD song. For both HOMER1 and 
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mTOR, there were no differences with the amount of UD song. With time spent 

singing UD, CaMKIIB protein levels trended in a U-shaped curve whereas Akt 

protein levels trended down. Both molecules showed no change with FD song. 

Our results support differential involvement of molecules in synaptic plasticity 

pathways between UD and FD song behaviors.  

 

3.1 – INTRODUCTION 

Vocal communication is critical for survival and is used by humans and 

animals alike. In humans, Kuhl hypothesized that social interactions enhance the 

ability to learn speech and language (Kuhl, 2007, 2014). The neural circuitry that 

encodes for social behavior may gate the acquisition of speech making it 

important to understand the underlying mechanisms. Songbirds have been used 

as a model system to gain insight into the central brain mechanisms of vocal 

communication, particularly the study of behavior in different social contexts. The 

neuromodulator dopamine (DA) plays a major role in integrating sensory 

information from the environment and driving neural activity patterns underlying 

vocal behavior (Gadagkar et al., 2016; Sakata, 2020; Xiao et al., 2018).  In adult 

male zebra finches (Taenopygia guttata), social context-dependent differences in 

levels of DA and its synthesizing enzyme tyrosine hydroxylase (TH) in song-

dedicated brain nucleus Area X have been established (Sasaki et al., 2006; So et 

al., 2019). Area X resides within the basal ganglia and receives dopaminergic 

input from the substantia nigra (SN) and ventral tegmental area and 

glutamatergic input from cortical nuclei lateral magnocellular nucleus of anterior 
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nidopallium (LMAN) and higher vocal center (HVC) (Sakata, 2020). DA has been 

shown to regulate glutamatergic synaptic transmission via N-methyl-D-aspartate 

receptors (NMDAR) (Ding & Perkel, 2004; Ding et al., 2003). A NMDAR subtype 

2B (the gene GRIN2B) is differentially expressed in Area X at the protein and 

mRNA level depending on if the male practices his song alone, known as 

undirected (UD) or if a male sings to a female, known as female-directed (FD) 

song (Hilliard et al., 2012; So et al., 2019). GRIN2B is activated by two hours of 

UD singing and was found to be a hub gene in a synaptic plasticity network 

(Hilliard et al., 2012). GRIN2B mRNA levels increase with UD singing and are 

positively correlated with more UD song (Hilliard et al., 2012). Likewise, we found 

that the protein level of GRIN2B in Area X increased with more UD song and 

decreased with more FD song (So et al., 2019). Therefore, there seems to be a 

relationship between glutamatergic modulation in Area X and social context, but 

the molecular pathways mediating these relationships are not well-identified. One 

viable hypothesis is that the glutamatergic input onto Area X could 

differentially activate synaptic plasticity pathways supporting UD versus 

FD song output.  

Synaptic plasticity is the ability of neurons to make activity-dependent 

modifications to preexisting synapses by altering the strength or efficacy of 

synaptic transmission and is important for development, learning, and memory 

(Chapman et al., 1999; Cheung & Ip, 2011; Citri & Malenka, 2008; Monday et al., 

2018; Silva, 2003). In adult male zebra finches, long-term potentiation (LTP) can 

be induced in Area X at the glutamatergic synapses onto medium spiny neurons 
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(MSNs) (Ding & Perkel, 2004). The pairing of a tetanic stimulus (100 Hz) with 

concurrent postsynaptic depolarization to 0 Hz results in a long-lasting 

potentiation of excitatory postsynaptic current (EPSC) in MSNs within an in vitro 

slice preparation. The potentiation requires activation of both NMDA and D1-like 

dopamine receptors (Ding & Perkel, 2004). These results support the capability 

of inducing LTP in neurons in vitro, but it is unknown whether synaptic plasticity 

plays a role in social context-dependent song in vivo. 

We propose that molecular pathways important for synaptic plasticity in 

Area X mediate social context-dependent differences in song. We hypothesize 

that activation of synaptic plasticity mechanisms during UD song promote 

flexibility in the song circuitry to support vocal exploration, whereas suppression 

of synaptic plasticity in FD song is predicted to promote a more stable song. 

From prior work studying mRNA expression levels in Area X following UD song, 

we identified two pathways and four molecular markers downstream of NMDAR 

activation in Area X as putative candidates for our protein studies (Fig. 3.1) 

(Hilliard et al., 2012). The first pathway involves activation of NMDARs. After 

receptor activation, the influx of calcium ions activates calcium/calmodulin 

kinases (CaMK). Ultimately, this pathway leads to the activation of CREB and 

increased gene transcription of synaptic plasticity molecules (de Bartolomeis & 

Tomasetti, 2012). CaMKIIB mRNA levels in Area X slightly increase with two 

hours of UD song, and we hypothesize that CaMKIIB protein levels will follow 

that same pattern with UD song but decrease with FD song (Hilliard et al., 2012). 
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Homer scaffold protein 1 (HOMER1) is a scaffolding protein associated 

with many postsynaptic density proteins such as the NMDAR-linked protein SH3 

and multiple ankyrin repeat domain (Shank), glutamate metabotropic receptors, 

and inositol 1,4,5-triphosphate receptor type 3 (IP3) receptors (de Bartolomeis & 

Tomasetti, 2012). HOMER1 has been implicated in calcium-dependent synaptic 

plasticity at excitatory synapses making this protein a viable target of social 

context-dependent modulation (de Bartolomeis & Tomasetti, 2012; Worley et al., 

2007). In finch Area X, HOMER1 mRNA levels increase after two hours of UD 

Figure 3.1: Synaptic plasticity pathways in vertebrate cortex and basal 
ganglia.  
NMDAR and TrkB are receptors found in Area X, and CaMKII, HOMER1, Akt, 
and mTOR are found in the downstream pathway after receptor activation. 
TrkB receptor activation leads to modulation of downstream pathways that 
result in increased mRNA and gene transcription important for strengthening 
synapses. NMDAR activation leads to increased gene transcription via the 
CaMKII and MAP/ERK downstream pathways. CaMKII phosphorylates (P) 
both NMDAR and AMPAR to promote long-term potentiation (de Bartolomeis 
& Tomasetti, 2012; Hilliard et al., 2012; Lisman et al., 2012; Nakai et al., 2014; 
Yoshii & Constantine-Paton, 2010). 
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song (Hilliard et al., 2012). In line with the mRNA data, we hypothesize that 

HOMER1 protein levels will increase with UD song but decrease with FD song. 

The second pathway is the activation of the tropomyosin receptor kinase B 

(TrkB) via its ligand brain-derived neurotrophic factor (BDNF). The activation of 

this synaptic plasticity pathway eventually leads to strengthening of striatal 

synapses (Baydyuk & Xu, 2014; Binder & Scharfman, 2004; Jia et al., 2010). 

Furthermore, in adult male canaries, BDNF levels increase with more UD singing 

in a cortical song nucleus, HVC, but the relationship between UD/FD song and 

the BDNF-TrkB pathway molecules in Area X are not known (Li et al., 2000). 

Therefore, we have targeted two downstream molecules in this pathway, a 

serine/threonine kinase (Akt) and mechanistic target of rapamycin kinase 

(mTOR) (Yoshii & Constantine-Paton, 2010). In Area X, mRNA levels of Akt and 

mTOR increase with a greater amount of UD singing (Hilliard et al., 2012).  

While all four synaptic plasticity molecules tested in our study had 

previously shown mRNA level increases in Area X with the amount of UD song, 

the relationships between the social context in which the bird sings (UD vs. FD) 

and protein levels in Area X have not yet been examined. 

 We first determined whether the protein levels of the molecular markers 

CaMKIIB, HOMER1, Akt, and mTOR were regulated by activity-dependent 

mechanisms (singing vs. non-singing). Based on previous literature, we 

hypothesized that protein levels of all four molecules would increase with greater 

amounts and time spent singing UD song but not for FD song (So et al., 2019). 
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3.2 – MATERIALS AND METHODS 

3.2.1 – Animal model and experimental design 

 All animal use was approved by the Institutional Animal Care and Use 

Committee at the University of Arizona. Adult male zebra finches (n = 25; six 

non-singers, 10 UD singers, and nine FD singers) between 120 and 300 days 

post-hatch were used in this study. Male finches were moved to individual sound 

attenuation chambers and acclimated for two days under a 14:10 hour light:dark 

cycle during which UD song was continuously recorded using Song Analysis Pro 

(Tchernichovski et al., 2000). After acclimation, birds were collected for one of 

three behavioral groups starting at lights-on in the morning (~7:30 am) and 

following the time points established by Miller et al. and So et al. (Miller et al., 

2008; So et al., 2019). The group of non-singers was collected at lights-on (0 HR 

NS) and the two singing groups either sang two hours of UD song or FD song. 

Birds that sang less than 90 motifs in a two-hour period were excluded based on 

previously established criteria on the minimum number of motifs to elicit changes 

in protein expression in Area X (Miller et al., 2008). Any bird that was quiet in the 

last 30 minutes of the two-hour singing period was excluded from collection given 

that just 30 minutes of quiet can alter gene expression (Jarvis et al., 1998). FD 

song collection was performed following methods described in So et al. (So et al., 

2019). At the completion of the non-singing or singing tasks, finches were 

humanely euthanized using an overdose with isoflurane in order to collect brain 

tissue. 
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3.2.2 – Song analysis 

 The two hours of singing prior to collection was used for song analysis (So 

et al., 2019). The numbers of motifs were manually counted throughout the two-

hour periods for all birds. Motifs were identified as repeated sequences of 

syllables separated by silent periods. Time spent singing was calculated by 

averaging the motif length of 20 randomly selected motifs within the two-hour 

period for each bird and then multiplying that value by the total number of motifs 

sung in the two hours. This random sampling approach has been successfully 

employed and validated in previous publications as being representative of the 

total time spent singing (Hilliard et al., 2012; Miller et al., 2008; So et al., 2019). 

 

3.2.3 – Antibody characterization 

 Calcium/calmodulin dependent protein kinase II beta (CaMKIIB): This 

antibody to CaMKIIB (Proteintech, #11533-1-AP, RRID: AB_2275067, Table 3.1) 

was chosen due to 99% homology to zebra finch CaMKIIB (~55 kD, NCBI 

accession number XP_032608311). To validate this antibody, a pre-adsorption 

control was performed with the original peptide antigen (Proteintech, #Ag2119) 

via Western blot (Fig. 3.2A). Mouse basal ganglia (MBG) tissue samples were 

used as a positive control alongside Area X. According to the product sheet and 

in mouse literature, the band observed around 55 kD is CaMKIIB and the band 

detected around 48 kD is the IgG heavy chain (Busse et al., 2014). The IgG 

heavy chain band was not included for analysis. 
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Homer scaffold protein 1 (HOMER1): This antibody to HOMER1 

(Proteintech, #12433-1-AP, RRID: AB_2295573, Table 3.1) was chosen due to 

96% homology to zebra finch HOMER1 (~39 kD, NCBI accession number 

XP_002187910). To validate this antibody, a pre-adsorption control was 

performed with the original antigen (Proteintech, #Ag3109) via Western blot with 

Area X and MBG samples (Fig. 3.2B). 

 Serine/threonine protein kinase (Akt): This antibody to Akt (Cell Signaling 

Technology, #9272S, RRID: AB_329827, Table 3.1) was chosen due to 100% 

homology to zebra finch Akt (~53 kD, NCBI accession number XP_030130959). 

We validated this commercially available Akt antibody made against the C-

terminus of mouse Akt and compared it to another commercially available 

antibody made against the N-terminus of human Akt (Proteintech, #10176-2-AP, 

RRID: AB_2224574, Table 3.1) in Western blots to detect protein bands of 

similar molecular weights (Fig. 3.2C). In Area X and MBG samples, both 

antibodies detected protein bands around 53 kD, which is the molecular weight 

on the companies’ product sheets and reported in rat striatum (Leikas et al., 

2017). For all subsequent blots, Cell Signaling Technology’s Akt antibody was 

used to detect protein levels. 

 Mechanistic target of rapamycin kinase (mTOR): This antibody to mTOR 

(Proteintech, #66888-1-lg, RRID: unknown, Table 3.1) was chosen due to 98% 

homology to zebra finch mTOR (~285 kD, NCBI accession number 

XP_030145285). We validated this commercially available mTOR antibody made 

against the N-terminus of human mTOR and compared it to another 
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commercially available antibody made against the C-terminus of human mTOR 

(Cell Signaling Technology, #2972S, RRID: AB_330978, Table 3.1) in Western 

blots to detect protein bands of similar molecular weights in Area X and for MBG 

(Fig. 3.2C).  A prior study showed a mTOR band of similar size in the juvenile 

auditory forebrain region (Ahmadiantehrani & London, 2017). For all subsequent 

blots, Proteintech’s mTOR antibody was used to detect protein levels. In a few 

finch samples (n = 6/24 total), we detected a second lower band, below 250 kD 

(Fig. 3.3B) that appeared in the first and last lanes of the gel and was not 

quantified.  We did not have a quality peptide available to do a pre-adsorption 

control for mTOR to determine the specificity of this band.  

 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH): This antibody to 

GAPDH (Proteintech, #10494-1-AP, RRID: AB2263076, Table 3.1) was used to 

normalize for equal protein loading across lanes. This GAPDH antibody was 

previously validated and a protein band was detected at ~35 kD in finch Area X 

(Miller et al., 2008; So et al., 2019). 
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Table 3.1 Primary and secondary antibodies

Antibody Reference RRID Antigen Concentrations 

Primary antibody

Akt antibody (rabbit 
polyclonal)

9272S (Cell 
Signaling 
Technology)

AB_329827

Polyclonal antibodies are produced by immunizing 
animals with a synthetic peptide corresponding to 
the carboxy-terminal sequence of mouse Akt. 
Antibodies are purified by protein A and peptide 
affinity chromatography.

1:1000

AKT antibody (rabbit 
polyclonal)

10176-2-AP 
(Proteintech) AB_2224574

human AKT1-GST fusion protein 
MSDVAIVKEGWLHKRGEYIKTWRPRYFLLKNDGT
FIGYKERPQDVDQREAPLNNFSVAQCQLMKTERP
RPNTFIIRCLQWTTVIERTFHVETPEEREEWTTAIQ
TVADGLKKQEEEEMDFRSGSPSDNSGAEEMEVS
LAKPKHRVTMNEFEYLKLLGKGTFGKVILVKEKAT
GRYYAMKILKKEVIVAKDEVAHTLTENRVLQNSRH
PFLTALKYSFQTHDRLC
(1-224 aa encoded by BC000479)

1:100

CaMKII beta antibody 
(rabbit polyclonal)

11533-1-AP 
(Proteintech)

AB_2275067

human CAMK2B-GST fusion protein
MATTVTCTRFTDEYQLYEDIGKGAFSVVRRCVKL
CTGHEYAAKIINTKKLSARDHQKLEREARICRLLK
HSNIVRLHDSISEEGFHYLVFDLVTGGELFEDIVAR
EYYSEADASHCIQQILEAVLHCHQMGVVHRDLKP
ENLLLASKCKGAAVKLADFGLAIEVQGDQQAWFG
FAGTPGYLSPEVLRKEAYGKPVDIWACGVILYILLV
GYPPFWDEDQHKLYQQIKAGAYDFPSPEWDTVT
PEAKNLINQMLTINPAKRITAHEALKHPWVCQRST
VASMMHRQETVECLKKFNARRKLKGAILTTMLAT
RNFS
(1-315 aa encoded by BC019070)

1:100

GAPDH antibody (rabbit 
polyclonal)

10494-1-AP 
(Proteintech)

AB_2263076

human GAPDH-GST fusion protein 
MGKVKVGVNGFGRIGRLVTRAAFNSGKVDIVAIN
DPFIDLNYMVYMFQYDSTHGKFHGTVKAENGKLV
INGNPITIFQERDPSKIKWGDAGAEYVVESTGVFT
TMEKAGAHLQGGAKRVIISAPSADAPMFVMGVNH
EKYDNSLKIISNASCTTNCLAPLAKVIHDNFGIVEG
LMTTVHAITATQKTVDGPSGKLWRDGRGALQNIIP
ASTGAAKAVGKVIPELNGKLTGMAFRVPTANVSV
VDLTCRLEKPAKYDDIKKVVKQASEGPLKGILGYT
EHQVVSSDFNSDTHSSTFDAGAGIALNDHFVKLIS
WYDNEFGYSNRVVDLMAHMASKE (1 - 335 aa 
encoded by BC004109)

1:20,000-
1:50,000

HOMER1 antibody (rabbit 
polyclonal)

12433-1-AP 
(Proteintech) AB_2295573

human HOMER1-GST fusion 
proteinMGEQPIFSTRAHVFQIDPNTKKNWVPTSK
HAVTVSYFYDSTRNVYRIISLDGSKAIINSTITPNMT
FTKTSQKFGQWADSRANTVYGLGFSSEHHLSKF
AEKFQEFKEAARLAKEKSQEKMELTSTPSQESAG
GDLQSPLTPESINGTDDERTPDVTQNSEPRAEPT
QNALPFSHSSAISKHWEAELATLKGNNAKLTAALL
ESTANVKQWKQQLAAYQEEAERLHKRVTELECV
SSQANAVHTHKTELNQTIQELEETLKLKEEEIERLK
QEIDNARELQEQRDSLTQKLQEVEIRNKDLEGQL
SDLEQRLEKSQNEQEAFRNNLKTLLEILDGKIFELT
ELRDNLAKLLECS
(1-354 aa encoded by BC015502)

1:500

mTOR antibody (mouse 
monoclonal)

66888-1-lg 
(Proteintech)

Unknown

human FRAP1-6*His fusion protein
MSGLKSRNEETRAKAAKELQHYVTMELREMSQE
ESTRFYDQLNHHIFELVSSSDANERKGGILAIASLI
GVEGGNATRIGRFANYLRNLLPSNDPVVMEMASK
AIGRLAMAGDTFTAEYVEFEVKRALEWLGADRNE
GRRHAAVLVLRELAISVPTFFFQQVQPFFDNIFVAV
WDPKQAIREGAVAALRACLILTTQREPKEMQKPQ
WYRHTFEEAEKGFDETLAKEKGMNRDDRIHGALL
ILNELVRISSMEGERLREEMEEITQ
(27-291 aa encoded by NM_004958)

1:500

mTOR antibody (rabbit 
polyclonal)

2972S (Cell 
Signaling 
Technology)

AB_330978

Polyclonal antibodies are produced by immunizing 
animals with a synthetic peptide corresponding to 
residues surrounding Ser2481 of human mTOR. 
Antibodies are purified by protein A and peptide 
affinity chromatography.

1:500

Secondary antibody

Amersham ECL Mouse 
IgG, HRP-linked whole Ab

NA931 (GE 
Healthcare-
Amersham 

AB_772210 1:2000

Amersham ECL Rabbit 
IgG, HRP-linked whole Ab

NA934 (GE 
Healthcare-
Amersham 

AB_772206
1:1000-
1:10,000
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Figure 3.2: Validation blots for CaMKIIB, HOMER1, Akt, and mTOR 
antibodies.  
A): Western blot with CaMKIIB protein detected at 55 kD in Area X and mouse 
basal ganglia (MBG). 15 µg of protein loaded per lane. Dotted lines denote 
where the blots were cut prior to antibody incubation to avoid cross-reactivity 
between antibodies, weak signals, and to minimize antibody usage. †Pre-
adsorption control: incubation of the CaMKIIB antibody with 20 times excess 
of its peptide showed that the bands disappeared, confirming specificity of the 
antibody to CaMKIIB. B): Western blot with HOMER1 protein detected at ~39 
kD in Area X and MBG. 15 µg of protein loaded per lane. ‡Pre-adsorption 
control: incubation of the HOMER1 antibody with 20 times excess of its 
peptide showed that the bands disappeared, confirming specificity of the 
antibody to HOMER1. C): Western blot with Akt and mTOR protein detected at 
~53 and between 260-285 kD, respectively, in Area X and MBG. 15 µg of 
protein loaded per lane. §Antibody 1 for Akt and mTOR and ¶antibody 2 for 
Akt and mTOR both detected protein bands at similar molecular weights, 
confirming specificity of the antibody to Akt and mTOR. 



	 70	

 

 

3.2.4 – Brain sample preparation, western blotting, and quantification 

Brain sample preparation, Western blotting, and quantification performed 

for these experiments followed procedures outlined by So et al. (So et al., 2019) 

and are summarized below. Brains were dissected out and immediately flash 

frozen with liquid nitrogen following isoflurane overdose. Brains were 

cryosectioned until Area X was visualized then bilateral tissue biopsies of Area X 

were obtained and stored using modified RIPA lysis buffer and protease inhibitor 

(Sigma Aldrich, #P8340). Post-hoc Nissl staining of coronal brains sections was 

performed to validate the accuracy of Area X targeting. Tissue samples were 

homogenized and aliquoted using concentrations determined on a Bio-Rad RC 

Figure 3.3: Representative western blots with three different behavioral 
states.  
A-B): Representative blots of 15 µg of tissue lysate per lane from bilateral 
tissue biopsies of Area X. Two 0 HR NS birds, three UD birds, and three FD 
birds were run per blot. Blots show protein levels of CaMKIIB (~55 kD), 
HOMER1 (~39 kD), Akt (~53 kD), mTOR (~260-285 kD), and GAPDH (~35 
kD). Protein signals in each lane were normalized to GAPDH, the loading 
control. Dotted lines denote where the blots were cut prior to antibody 
incubation to avoid cross-reactivity between antibodies, weak signals, and to 
minimize antibody usage. The fourth lane in 3A with the CAMKIIB band was 
excluded from analysis due to the blemish in the bands. 



	 71	

DC assay (Miller et al., 2008). 15 µg of protein lysate was run at 100V using a 

10% precast polyacrylamide gel (Bio-Rad, #4561034) then transferred to 0.2 µm 

PVDF membranes. Blots probed with antibodies to CaMKIIB (Fig. 3.3A) were 

transferred at 400 mA for two hours at room temperature whereas separate blots 

run for HOMER1, Akt, and mTOR (Fig. 3.3B) were transferred at 40 mA 

overnight at 4°C. Blots with mTOR required a longer transfer since it is a larger 

protein. After the transfer, blots were blocked in 5% milk for one hour at room 

temperature. Primary antibodies were incubated on separate portions of the blot 

to prevent cross-reactivity (refer to Fig 3.3). Primary antibodies incubated 

overnight at 4°C were CaMKIIB (Proteintech, #11533-1-AP, 1:100, RRID: 

AB_2275067), HOMER1 (Proteintech, #12433-1-AP, 1:500, RRID: 

AB_2295573), Akt (Cell Signaling Technology, #9272S, 1:1000, RRID: 

AB_329827), mTOR (Proteintech, #66888-1-lg, 1:500, RRID: unknown), and 

GAPDH (Proteintech, #10494-1-AP, 1:50,000, RRID: AB_2263076). After 

washes in Tris-Buffered Saline with 0.1% Tween (TBST), the blots were 

incubated at room temperature for one hour and 45 minutes in secondary HRP-

conjugated rabbit antibody (GE Healthcare-Amersham, #NA934, RRID: 

AB_772206, Table 1) at concentrations of 1:2000-1:10,000 (GAPDH), 1:2000 

(HOMER1, Akt, and mTOR-Cell Signaling Technology), and 1:1000 (CaMKIIB) 

and secondary HRP-conjugated mouse antibody (GE Healthcare-Amersham, 

#NA931, RRID: AB_772210, Table 1) at a concentration of 1:2000 (mTOR-

Proteintech). Blots were developed using chemiluminescence and imaged using 

a Bio-Rad system. Quantifications were performed on Quantity One (Bio-Rad) by 
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an experimenter (C. Medina) blind to the behavioral states and not associated 

with the project. A rectangular band was drawn surrounding the signal of interest 

(raw value) and the same-sized band was placed just above or below the band in 

the same lane to obtain the “background”. Corrected values for all the antibodies 

were calculated by subtracting the background from the raw value. Normalized 

values to control for protein loading were obtained by taking the corrected values 

for CaMKIIB, HOMER1, Akt, and mTOR and dividing by the corrected GAPDH 

value in the corresponding lane. GAPDH was used as the normalization control 

because it is not behaviorally regulated (Hilliard et al., 2012; Miller et al., 2008; 

So et al., 2019). The normalized values were then divided by the average of the 

two lanes of the control condition, 0 HR NS, within the same blot for 

normalization. The 0 HR NS birds were not experimentally manipulated and 

provided a good control without any singing. The 0 HR NS normalization step 

enabled inter-blot comparisons. Each Western blot consisted of two different 

control birds (0 HR NS), three UD birds, and three FD birds. Prior to conducting 

blot analysis, protein bands that appeared to have blemishes or uneven signal 

throughout the band were excluded for technical reasons. Thus, for one of the 

seven total blots, only one 0 HR NS was used for the normalization versus 

averaging the two birds, and finch numbers for each protein are reported in the 

Results.  
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3.2.5 – Statistical analysis 

Similar statistical analytical methods were used as in So et al. (So et al., 

2019). For protein level comparison between the three behavioral groups, the 

means of each group were compared via the Kruskal – Wallis test (VassarStats, 

vassarstats.net) because the data did not fit a normal distribution. No data points 

were deemed outliers in the graphical plots using exclusion criteria based on 

technical issues (e.g. Western blot running conditions or imaging issues) since 

they were excluded prior to analysis (Scheff, 2016). Therefore, all data quantified 

were determined to be experimentally valid data points.  

Regression analyses using the OriginLab graphing program version 2019 

was used to determine if CaMKIIB, HOMER1, Akt, and mTOR protein levels 

varied as a function of the number of motifs or time spent singing with R2
 values 

reported as in previous publications (Jarvis et al., 1998; Miller et al., 2008; So et 

al., 2019; Teramitsu & White, 2006). Scatterplots were made in the OriginLab 

graphing program, and the optimal fit (either linear or curvilinear) is shown for 

each data set (Myers, 2003; Scheff, 2016). R2 values for both linear and 

curvilinear fit were obtained from Origin and confirmed by IBM SPSS Statistical 

software package. The F change value was deemed significant if p < 0.05 for 

either linear or curvilinear model. The model with the better-fitted line or curve is 

shown on each graph. Statistics for linear and curvilinear (quadratic) plots were 

done using IBM SPSS Statistical software package where x = number of 

motifs/time spent singing and y = protein levels. The ANOVA F and p-values are 

reported based on x2 (x-squared) for the plots. 
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3.3 – RESULTS 

3.3.1 – Antibody validation 

Antibodies for CaMKIIB and HOMER1 proteins detected bands of similar 

molecular weights across finch Area X and MBG tissue (Fig. 3.2A-B). Incubation 

of the CaMKIIB and HOMER1 antibodies with 20 times excess of its peptide 

resulted in the absence of protein bands (Fig. 3.2A-B). Since peptides were 

unavailable for both Akt and mTOR, we validated the blot bands by testing two 

different commercially available antibodies made against different portions of 

their protein sequences in Area X and MBG tissue. Both antibodies for Akt and 

mTOR resulted in bands at similar molecular weights (Fig. 3.2C). 

 

3.3.2 – Social context-dependent changes in protein expression in Area X 

We examined the total protein expression of HOMER1, CaMKIIB, mTOR, 

and Akt via Western blots from tissue punches of Area X following two singing 

states: 2 HR UD and 2 HR FD with 0 HR NS controls (exemplar blots shown in 

Fig. 3.3). There were no significant differences between groups for HOMER1, 

CaMKIIB, mTOR, and Akt (Fig. 3.4, see legend for statistics). As in So et al. (So 

et al., 2019), we pursued the relationship between how much the bird sang on 

the range of protein values observed within the singing groups. 

 

 



	 75	

 

Figure 3.4: Behavioral regulation of Area X CaMKIIB, HOMER1, Akt, and 
mTOR protein levels.  
A): Mean HOMER1 protein levels by behavioral condition with standard error bars (0 
HR NS (n = 6): 1 ± 0.12; 2 HR UD (n = 9): 1.21 ± 0.19; 2 HR FD (n = 9): 1.04 ± 0.16). 
Each point represents an individual bird from three different blots. There was no 
statistically significant difference between the three groups (Kruskal-Wallis test, p = 
0.878). B): Bar graph of the mean CaMKIIB protein levels by behavioral condition with 
standard error of the mean bars (0 HR NS (n = 7): 1 ± 0.1; 2 HR UD (n = 7): 1.12 ± 
0.16; 2 HR FD (n = 9): 1.09 ± 0.12). Each point represents an individual bird from four 
different blots. There was no statistically significant difference between the three 
groups (Kruskal-Wallis test, p = 0.712). C): Mean mTOR protein levels by behavioral 
condition with standard error bars (0 HR NS (n = 6): 1 ± 0.09; 2 HR UD (n = 9): 0.95 ± 
0.09; 2 HR FD (n = 9): 1.13 ± 0.16). Each point represents an individual bird from 
three different blots. There was no statistically significant difference between the 
three groups (Kruskal-Wallis test, p = 0.554). D): Mean Akt protein levels by 
behavioral condition with standard error bars (0 HR NS (n = 6): 1 ± 0.07; 2 HR UD (n 
= 9): 1.05 ± 0.09; 2 HR FD (n = 9): 1.11 ± 0.14). Each point represents an individual 
bird from three different blots. There was no statistically significant difference 
between the three groups (Kruskal-Wallis test, p = 0.928). 
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3.3.3 – Protein expression of HOMER1 and CaMKIIB in the NMDAR pathway in 

Area X 

HOMER1 protein levels significantly decreased with more time spent 

singing FD song (Fig. 3.5A). There were no relationships between the number of 

FD song motifs to HOMER1 protein levels (Fig. 3.5B) nor to UD song (Fig. 3.5C-

D). CaMKIIB protein levels showed no clear relationships to the amount of FD 

song (Fig. 3.6A-B). With UD song, CaMKIIB protein levels showed a U-shaped 

curve where protein levels trended down in birds that spent < 1000 seconds 

singing, but for two birds that exceeded 1200 seconds, CaMKIIB levels rose back 

up again (Fig. 3.6C). There was no relationship between CaMKIIB protein levels 

to the number of UD motifs (Fig. 3.6D). 

 

3.3.4 – Protein expression of Akt and mTOR in the TrkB pathway in Area X 

With FD song, mTOR protein levels significantly decreased with more time 

spent singing (Fig. 3.7A) and the number of motifs (Fig. 3.7B) but not to the 

amount of UD song (Fig. 3.7C-D). There were no relationships between Akt 

protein levels and the amount of FD song (Fig. 3.8A-B). Akt protein levels 

trended downward with more time spent singing UD song (Fig. 3.8C), but there 

was no relationship between the number of UD motifs to Akt protein levels (Fig. 

3.8D).  
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Figure 3.5: Differential expression of Area X HOMER1 protein levels in 
response to UD and FD song.  
HOMER1 protein levels of UD and FD singers plotted against time spent 
singing (A, C) or the number of motifs sang within the two-hour period (B, D). 
HOMER1 levels were dependent upon the time spent singing FD song (n = 9, 
ANOVA, F = 6.355, p = 0.04). HOMER1 protein levels were not dependent 
upon the number of FD motifs (n = 9, ANOVA, F = 3.13, p = 0.12), time spent 
singing UD song (n = 9, ANOVA, F = 0.132, p = 0.727), nor the number of 
motifs sung during UD (n = 9, ANOVA, F = 4.37, p = 0.075). Each point 
represents an individual bird. Gray lines denote linear regressions drawn as 
best fits to the data based on the significant F change value. 
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Figure 3.6: CaMKIIB protein levels with UD and FD singing in Area X. 
CaMKIIB protein levels of UD and FD singers plotted against time spent 
singing (A, C) or the number of motifs sang within the two-hour period (B, D). 
CaMKIIB protein levels were not dependent upon the time spent singing FD 
song (n = 9, ANOVA, F = 1.343, p = 0.33) nor the number of FD motifs (n = 9, 
ANOVA, F = 0.577, p = 0.472). Although not statistically significant, there was 
a trend between CaMKIIB protein levels with time spent singing UD song (n = 
7, ANOVA, F = 6.477, p = 0.056). CaMKIIB protein levels were not dependent 
upon the number of UD motifs (n = 7, ANOVA, F = 0.02, p = 0.752). Each 
point represents an individual bird. Gray lines denote curvilinear regression for 
A and C and linear regression curves for B and D drawn as best fits to the 
data based on the significant F change value. 
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Figure 3.7: Changes in Area X mTOR protein levels with UD and FD 
song. 
The mTOR protein levels of UD and FD singers plotted against time spent 
singing (A, C) or the number of motifs sang within the two-hour period (B, D). 
The mTOR protein levels were dependent upon the time spent singing FD 
song (n = 9, ANOVA, F = 5.916, p = 0.045) and the number of motifs sung 
during FD (n = 9, ANOVA, F = 10.095, p = 0.016). However, both the time 
spent singing UD song (n = 9, ANOVA, F = 0.097, p = 0.764) and the number 
of UD motifs (n = 9, ANOVA, F = 0.209, p = 0.661) did not have a significant 
relationship with mTOR levels. Each point represents an individual bird. Gray 
lines denote linear regressions drawn as best fits to the data based on the 
significant F change value. 
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Figure 3.8: Area X Akt protein levels with UD and FD song. 
Akt protein levels of UD and FD singers plotted against time spent singing (A, 
C) or the number of motifs sang within the two-hour period (B, D). Akt protein 
levels were not dependent upon the time spent singing FD song (n = 9, 
ANOVA, F = 2.266, p = 0.185) nor the number of FD motifs (n = 9, ANOVA, F 
= 1.56, p = 0.285). Time spent singing UD song did not have a significant 
relationship with Akt protein levels, but there was a downward trend (n = 9, 
ANOVA, F = 4.548, p = 0.07). Akt protein levels were not dependent upon the 
number of motifs sung during UD (n = 9, ANOVA, F = 0.704, p = 0.531). Each 
point represents an individual bird. Gray lines denote curvilinear regressions 
for A, B, and D and linear regression for C drawn as best fits to the data based 
on the significant F change value. 
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3.4 – DISCUSSION 

UD song has more acoustic variability from rendition-to-rendition 

compared to FD song (Kao et al., 2005; Leblois, 2013). These song output 

differences are supported by studies measuring neural activity of neurons in Area 

X. During UD singing, neurons in Area X have a higher firing rate with less 

consistency than during FD song, and bilateral lesions of Area X lead to reduced 

acoustic variability (Ali et al., 2013; Hessler & Doupe, 1999; Kojima et al., 2013; 

Woolley & Kao, 2015). The molecular pathways mediating these changes in 

neural activity patterns are unknown, and we hypothesized that synaptic plasticity 

molecular pathways are being activated.  

In both Bengalese and zebra finches, NMDARs are important for on-going 

learning of song. In zebra finches, overexpression of human NMDAR2B 

(GRIN2B) in song nucleus LMAN via a viral vector leads to a more variable song 

with increased stuttering (Chakraborty et al., 2017). In Bengalese finches, 

blocking of NMDARs in LMAN leads to the reduction of the ability for skill 

learning (Charlesworth et al., 2012). Our previous data supports the involvement 

of GRIN2B protein expression by social context - an increase of GRIN2B levels 

in Area X with more UD song and a decrease with more FD song (So et al., 

2019). Switching between social contexts (UD vs. FD) is a form of skill learning; 

therefore, the molecular pathways downstream of NMDAR activation that 

accompany the neural activity changes need to be mapped out. 

In this study, we looked at the relationships between the social context 

and how much the bird sang to the expression of molecular markers for synaptic 
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plasticity in zebra finch Area X. We looked at the total protein levels of CaMKIIB, 

HOMER1, Akt, and mTOR in Area X and did not find differences between the act 

of either UD or FD singing. However, we did find meaningful relationships 

between how much the bird sang and protein levels, as in our prior studies (Miller 

et al., 2008; So et al., 2019). 

 

3.4.1 – The NMDAR-CAMKII-HOMER1 pathway  

Our working hypothesis was that CAMKIIB protein levels in Area X would 

increase in parallel with NMDAR2B levels with UD but not FD song amount. This 

rationale was based on our prior work and studies showing direct activation of 

CAMKIIB by NMDARs in the vertebrate synaptic plasticity literature (Lisman et 

al., 2012). Rather than a linear increase in CAMKIIB levels with more singing, we 

observed a U-shaped curve with time spent singing UD song and no relationship 

with FD song. CAMKIIB levels were initially high with low UD singers then dipped 

about midway and rose again with high UD singers. Therefore, fluctuations in 

CAMKIIB levels may not be solely controlled by the NMDAR2B. After activation 

of CaMKIIB via the influx of calcium and calmodulin, maintenance and 

persistence of CaMKIIB occurs through autophosphorylation (Lisman et al., 

2012). In Area X, levels of phosphorylated CaMKIIB increase during song 

learning so this may be the case with social context as well and a potential 

rationale for the fluctuating levels of CaMKIIB (Hein et al., 2007; Singh et al., 

2005).   
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Levels of HOMER1, a scaffolding protein, significantly decreased with time 

spent singing FD song in line with our hypothesis that HOMER1 would follow the 

directionality of our prior results on NMDAR2B protein levels in Area X (So et al., 

2019). The interactions and cross talk between HOMER1 and NMDAR are well 

documented in the rodent literature and their role in synaptic plasticity (Awad et 

al., 2000; Bertaso et al., 2010; Clifton et al., 2019; Sylantyev et al., 2013). 

Additionally, HOMER1 has a role in modulating another receptor important for 

synaptic plasticity, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors (Clifton et al., 2019; Rozov et al., 2012). However, we did not 

see a difference with HOMER1 protein levels with the amount of UD song. One 

potential rationale could be that two hours of UD singing is not enough time to 

increase the expression of HOMER1 to coincide with synaptic plasticity 

mechanisms (Clifton et al., 2019; Shiraishi-Yamaguchi & Furuichi, 2007).  

 

3.4.2 – The TrkB-Akt-mTOR pathway 

We hypothesized that Akt levels would rise in Area X with the amount of 

UD but not FD singing under the premise that increases in Akt coincide with 

activation of synaptic plasticity mechanisms (Nakai et al., 2014). Instead, Akt 

protein levels trended downward with more time spent singing UD song, with no 

significant change in levels with FD song. Akt is activated and phosphorylated via 

a multi-step process starting with the recruitment of phosphoinositide 3-

kinase (PI3K) and is initiated by various receptor activations including TrkB 

(Hemmings & Restuccia, 2012; Mahajan & Mahajan, 2012). Therefore, other 
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pathways not activated via TrkB may be a contributing factor for the decreasing 

levels of Akt. In addition, even though Akt protein levels did not change, we 

cannot rule out that activation did or did not occur. Further investigation of the 

phosphorylated forms of Akt is required since phosphorylated Akt through 

intermediaries can lead to increased phosphorylation of NMDA receptors further 

enhancing potentiation, and full activation of Akt requires phosphorylation at 

Thr308 and Ser473 (Manning & Toker, 2017; Nakai et al., 2014).  

 With more FD song, mTOR protein levels significantly decrease in Area X 

in line with our hypothesis that FD song requires stability and therefore reduction 

of synaptic plasticity activation. In zebra finches, increasing mTOR activity 

reduced the time spent facing towards the tutor, a measurement of social 

engagement, which supports our finding that decreased mTOR levels correlate 

with social interaction (i.e. FD singing) (Ahmadiantehrani & London, 2017). 

Furthermore, dysregulation of the mTOR pathway has been implicated in 

disorders encompassing social interactions problems such as autism and Fragile 

X syndrome (Kazdoba et al., 2016; Sawicka & Zukin, 2012). In hippocampal 

neurons, reduced mTOR levels had an association with reduced NMDA receptor 

function (Gong et al., 2006). This interaction may explain why mTOR and 

GRIN2B protein levels decrease with more FD song (So et al., 2019). Contrary to 

our hypothesis, mTOR levels did not increase with UD song amount, but further 

assessment of mTOR activation may require measuring changes in 

phosphorylated mTOR (Hahn-Windgassen et al., 2005). 
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 This study looked at the potential role of synaptic plasticity molecules in 

varying social context and the relationships between how much the bird sang. 

The data suggests that both NMDAR and TrkB-dependent mechanisms are 

viable explanations for the differences in UD and FD song output. 

 

3.4.3 – Limitations and future directions 

Our study investigated the differential protein expression patterns for 

downstream molecules in two synaptic plasticity pathways. Our data suggests 

that both NMDAR and TrkB pathways are likely candidates that play roles in 

social context differences. Our study looked at total protein levels in Area X, but it 

will be important to measure phosphorylated forms of CaMKIIB, mTOR, and Akt 

as well. Yet commercial antibodies for phosphorylated forms of mTOR and Akt 

have not been validated yet in zebra finches. Furthermore, the impact of synaptic 

plasticity mechanisms may require shorter time points for UD and FD song (i.e. 

30 mins to one hour) for better detection of phosphorylation or longer time points 

(i.e. four to eight hours) for maximum changes in protein levels. 

To verify the direct involvement of NMDA receptors in UD and FD song 

differences, genetic and drug interventions can be used. For example, a viral 

vector to either overexpress or knockdown the NMDAR2B in Area X would test 

whether these receptors are necessary for the establishment of social context-

dependent song output (Chakraborty et al., 2017). The overexpression of the 

NMDAR2B in LMAN using a viral vector led FD song to become more variable 

(Chakraborty et al., 2017). Therefore, we predict virally driven overexpression of 
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NMDAR2B in Area X would make FD song output more variable, like UD song. 

Alternatively, administering a NMDAR antagonist, APV, into Area X during UD 

song should make the song less variable and more like FD song (Charlesworth 

et al., 2012). 

To further determine the contribution of the TrkB pathway to social 

context-dependent song, it is necessary to inhibit TrkB and determine if there is a 

difference between UD and FD song. This could be done via a virus containing 

TrkB-siRNA or a cannula administering a TrkB inhibitor such as ANA-12 into 

Area X (Beach et al., 2016). The BDNF-TrkB pathway is important for maturation 

of the song system during development and for song learning so it may play a 

lesser role during adulthood (Beach et al., 2016; Chen et al., 2005; Tang & 

Wade, 2012). Follow-up studies targeting the receptors (NMDAR-2B and TrkB) 

may provide more information about which pathways are involved in social 

context-dependent song output. 
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CHAPTER 4: CONCLUSION 

4.1 – Findings and significance 

Vocal communication is important for socializations and throughout one’s 

lifetime, and the dysfunction of vocalizations is detrimental to one’s life. There is 

a lack of understanding of the neural mechanisms underlying normal 

vocalizations leading to poor therapeutic options when there is a dysfunction. 

Studies described in chapter 2 and 3 provide steps toward understanding the 

molecular pathways involved in vocalization involving social interaction to gain 

better insight for future therapeutics. 

Male zebra finches can sing under different social contexts. When a male 

zebra finch sings by himself it is called undirected (UD) singing whereas when 

the finch sings to a female, it is called female-directed (FD) singing. In Area X, a 

song-dedicated basal ganglia nucleus, dopamine (DA) levels are higher with FD 

compared to UD song (Sasaki et al., 2006). Also, it has been established that 

there is increased neural activity with less consistency in Area X during UD 

singing associated with a more variable song than with FD singing (Hessler & 

Doupe, 1999; Kao et al., 2005). However, the molecular pathways mediating 

these changes in song output are not well known. Since Area X receive both 

dopaminergic and glutamatergic input (Gale et al., 2008), I hypothesized these 

neuromodulators may play a role in the social context differences.  

I investigated the protein levels of two presynaptic markers (tyrosine 

hydroxylase (TH) and alpha-synuclein (α-syn) as well as one postsynaptic 

marker of NMDAR2B (GRIN2B). Interestingly, there were differences in protein 
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levels in Area X depending on how much the bird sang UD or FD. I found that 

after two hours of UD song, protein levels of TH, α-syn, and GRIN2B increased 

with more UD singing. With two hours of FD song, there was no change in TH 

levels, α-syn levels fluctuated with the amount of song, and GRIN2B levels 

decreased with more FD song. Based on previous literature and my data, I 

propose a molecular pathway model that is differentially activated with UD and 

FD singing. With UD singing, I propose that the increase in α-syn leads to 

increased glutamate release onto Area X neurons leading to an up-regulation of 

GRIN2B receptors. The increased GRIN2B levels leads to increased activation of 

Area X neurons supporting a more variable UD song. Furthermore, the increase 

in TH levels with more UD singing may be a potential mechanism to prevent 

song from becoming too variable. On the other hand with FD singing, high levels 

of DA associated with FD song and fluctuating levels of α-syn modulate the lower 

level of GRIN2B expression in Area X since increased DA suppresses 

glutamatergic input from the cortical song nucleus, LMAN, to Area X. The lower 

levels of GRIN2B receptor support the less variable or more stable FD song. 

These studies support social context-dependent differential activation of 

dopaminergic and glutamatergic molecular pathways to support the difference 

with the song output. A key finding from this study is the fact that GRIN2B levels 

went in the opposite direction with UD song than with FD song suggesting an 

important role of NMDA receptors in modulation of song. 

Since GRIN2B levels had a profound differential effect with UD and FD 

song, I probed more into the potential molecular mechanisms mediating song. 
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NMDARs-dependent synaptic plasticity is a well-known pathway that is important 

for learning and memory. In zebra finches, long-term potentiation (LTP) is 

inducible in vitro in Area X and requires NMDA and D1-like receptors (Ding & 

Perkel, 2004). Therefore, I hypothesized that synaptic plasticity may be activated 

during UD song but not FD song supporting the differences seen in song 

variability. In addition to NMDAR-dependent activation, another molecular 

pathway involved in synaptic plasticity is the BDNF-TrkB pathway. In adult male 

canaries, BDNF levels increased with more UD singing in a cortical song 

nucleus, HVC, but the effects in Area X are unknown (Li et al., 2000). However, 

this study suggests that the BDNF-TrkB pathway may play a role in the 

modulation of song. Therefore, I identified potential molecular markers 

downstream of receptor activation in both the NMDA and TrkB pathways: 

CaMKIIB, HOMER1, Akt, and mTOR. I hypothesized that these synaptic 

plasticity markers would increase with UD song to support a more variable output 

whereas there would be a decrease with FD song. 

In Area X, CaMKIIB levels followed a U-shaped curve with more time 

spent singing UD song and did not change based on FD song, which was not 

what I expected. One explanation could be that fluctuations in CaMKIIB levels 

may not solely follow the activation of NMDAR2B. Additionally, CaMKIIB 

undergoes autophosphorylation, and at least during song learning, 

phosphorylated CaMKIIB levels increase, However, it is unknown whether 

phosphorylation plays a role in this case under different social contexts (Hein et 

al., 2007; Singh et al., 2005). 
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In support of my prediction, the scaffolding protein, HOMER1, showed 

protein levels in Area X decrease with time spent singing FD song. This result 

falls in line with literature documented in rodent literature that interactions 

between HOMER1 and NMDAR are important for synaptic plasticity (Awad et al., 

2000; Bertaso et al., 2010; Clifton et al., 2019; Sylantyev et al., 2013). However, I 

did not find a relationship between HOMER1 protein levels and the amount of UD 

song. One potential rationale could be that two hours of UD singing is insufficient 

to mediate changes in HOMER1 protein levels (Clifton et al., 2019; Shiraishi-

Yamaguchi & Furuichi, 2007). 

Within the TrkB pathway, I hypothesized that Akt and mTOR levels would 

both increase with UD but not FD song. Akt protein levels trended downward with 

more time spent singing UD but did not change with FD song. Akt can be 

activated by various receptors and not just TrkB, which provides a rationale for 

the unpredicted results (Hemmings & Restuccia, 2012; Mahajan & Mahajan, 

2012). Additional investigation of the phosphorylated forms of Akt is required 

since phosphorylated Akt through intermediaries can lead to increased 

phosphorylation of NMDA receptors further enhancing potentiation, and full 

activation of Akt requires phosphorylation at Thr308 and Ser473 (Manning & 

Toker, 2017; Nakai et al., 2014).  

Protein levels of mTOR significantly decreased with more FD song in line 

with our hypothesis and is supported by a study that showed reduced mTOR 

levels had an association with reduced NMDA receptor function in hippocampal 

neurons (Gong et al., 2006). Contrary to our hypothesis, mTOR levels did not 
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increase with UD song amount, but further assessment of mTOR activation may 

require measuring changes in phosphorylated mTOR (Hahn-Windgassen et al., 

2005). 

 

4.2 – Future directions 

Overall, my studies identified pathways involving dopamine, glutamate, 

and BDNF as potential molecular mechanisms of modulation for social context 

differences in song. For further understanding of the dopaminergic mechanisms, 

optogenetic activation or inhibition of dopaminergic input from the VTA neurons 

onto Area X can be used as a tool to change the glutamatergic synaptic activity 

to determine the change in song output (Xiao et al., 2018). Alternatively, the 

glutamatergic synapse could be targeted directly pharmacologically with the 

NMDA-2B receptor antagonist, APV (Charlesworth et al., 2012). Administering 

APV into Area during UD song should make the song less variable, like FD song. 

Also, a viral vector to either overexpress or reduce the expression of the NMDA-

2B receptor could be used as a tool to directly test the role of glutamatergic input 

onto Area X neurons during different social context (Chakraborty et al., 2017). To 

directly test the role of the TrkB pathway on social context-dependent song, TrkB 

can be inhibited either by administering an antagonist, ANA-12, or using a virus 

containing TrkB-siRNA and investigating the outcome (Beach et al., 2016; 

Cazorla et al., 2011). If synaptic plasticity mechanisms are activated during UD 

via the TrkB pathway, inhibition of this pathway during UD song should make the 

song less variable, like FD song. Furthermore, activation of synaptic plasticity 
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mechanisms during UD and FD singing may require shorter time points (i.e. 30 

mins to one hour) for better detection of phosphorylation or longer time points 

(i.e. four to eight hours) for maximum changes in protein levels. 

 In general, my studies support three potential molecular mechanisms for 

social context-dependent differences in song. Although I presented three 

different pathways, in some ways they are all interconnected. An understanding 

of the molecular mechanisms will be helpful when a dysfunction does occur. My 

studies demonstrate that dopaminergic, glutamatergic, and potential neurotrophic 

inputs are important for social context differences. The continued pursuit of these 

avenues and mapping out the molecular pathways can provide new insights in 

understanding vocal communication. 
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