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Abstract 

In embryonic vertebrates, newly-formed synapses are quiet until they are 

unsilenced through a process that resembles synaptic plasticity but remains 

mechanistically unclear. I used gene expression to determine if Transmembrane 

AMPA Receptor Regulatory Proteins (TARPs), AMPA receptor auxiliary 

subunits critical for synaptic plasticity in adults, could be involved in creating the 

excitability of neurons during development. The sequenced genome of zebrafish 

makes measuring and manipulating their genetic expression relatively simple, and 

their quick development into free-swimming larva makes behavioural studies after 

antisense gene knockdown possible. The duplicated TARP genes of zebrafish are 

orthologous to those of mice, and were found to be expressed in two waves 

starting at 12-36hpf or 48hpf. The developmentally important γ2 and γ4 isoforms 

are expressed ubiquitously at 12hpf, but are exclusive to the nervous tissue of the 

head by 48hpf. Antisense knockdown experiments failed to show a phenotype 

distinguishable from that of off-target effects. 
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1. Introduction 

The central nervous system (CNS) is the sensor, integrator and effector of 

all our experiences; incredibly complex in adult organisms, it, along with the rest 

of our bodies, must arise from a single zygotic cell. As development proceeds, 

nerve cells (neurons) develop branches that grow from the cell body and creep 

along invisible pathways that lead them to their neighbours. Though initially 

silent, the communication points (synapses) between each nerve cell slowly 

awaken and begin to communicate as the nervous system develops (Durand et al., 

1996), a change that has been associated with an increased number of 

neurotransmitter receptors at the synapse (Isaac et al., 1995, Liao et al., 1995). 

The vast majority of vertebrate neurons use chemical messages called 

neurotransmitters that must be exquisitely matched across the gulf of the synapse 

to the correct neurotransmitter receptor, or nothing happens and communication 

breaks down. Neurotransmitters are the currency of neuronal activity – these 

small molecules diffuse across the synapse, and it is the balance of inputs from 

excitatory and inhibitory neurotransmitters on the neurotransmitter receptors of 

the post-synaptic membrane that determines whether the next neuron in line will 

be activated or inhibited. It is the job of the neurotransmitter receptor to transduce 

the binary signal of neurotransmitter binding into a cellular response, and it is the 

neurotransmitter receptors that provide the most granular mechanisms of 

controlling that response. Therefore, the study of neurotransmitter receptors is 

critical to our basic understanding of the function of our nervous system. 
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1.1  Neurotransmitter Receptors  

The activity of all of a neuron’s neurotransmitter receptors is the basis for 

the electrical impulse that determines whether that neuron will fire an action 

potential or not; therefore, the study of the population and activity of these 

neurotransmitter receptors reveals a critical component of neuronal function. The 

most common neurotransmitter in the brain is glutamate, an amino acid, which 

acts on a variety of excitatory neurotransmitter receptors. These excitatory 

glutamate receptors can be either ionotropic or metabotropic: metabotropic 

receptors connect to the cell’s second messenger system which may or may not 

connect to ion channels, while ionotropic receptors contain a built-in ion channel 

and can pass ions in or out of the cell. There are several classes of ionotropic 

glutamate receptors in the CNS (all of which are named after receptor specific 

agonists discovered experimentally): N-Methyl-D-Aspartate (NMDA) receptors 

(NMDARs) (Watkins, 1981), Kainate receptors (Bettler et al., 1990, Boulter et al., 

1990) and 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid (AMPA) 

receptors (AMPARs) (Honore et al., 1982). All of these glutamate receptors are 

excitatory, but their pharmacology and physiology are slightly different. We are 

interested in the AMPAR subtype, because it is the most abundant excitatory 

neurotransmitter receptor in the CNS and because it forms a ligand-gated ion 

channel that is heavily regulated in vivo in order to modulate its function – both in 

adult organisms and during development.   
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1.1.1 AMPAR Subunit Composition and Trafficking 

AMPA receptors consist of four different subunits, termed GluA1-4 (Bettler 

et al., 1990, Boulter et al., 1990, Collingridge et al., 2009), with each subunit 

consisting of a large extracellular N-terminal domain (NTD), two ligand-binding 

domains (LBDs: S1 and S2) separated in the primary structure by four 

transmembrane domains (TMDs: M1-M4), and a small intracellular C-terminal 

domain (CTD) (Hollmann et al., 1994). During their synthesis and processing, 

LBDs and NTDs of single GluA subunits interact with each other to form dimers, 

which then dimerize with another dimer to create a “dimer of dimers” tetramer, 

which results in the variety of different homo- and hetero-tetramers we observe in 

nature (Armstrong et al., 1998, Armstrong and Gouaux, 2000, Ayalon and Stern-

Bach, 2001, Mansour et al., 2001, Greger et al., 2007).   

Post-transcriptional modifications such as alternative splicing and RNA 

editing further increase the functional variety AMPARs formed by these GluA 

subunits. Alternative splicing of introns and exons in the pre-mRNA yields “flip” 

and “flop” isoforms of each of the GluA subunits, which results in different 

AMPAR channel properties (Sommer et al., 1990, Mosbacher et al., 1994). The 

expression of these flip and flop isoforms changes developmentally, with the flip 

isoform being expressed during early development, while the flop isoform comes 

to predominate in mature AMPARs (Monyer et al., 1991). The GluA subunits also 

undergo a variety of RNA editing events, which alter mRNA codons and 

introduce non-genomically encoded amino acids in the mature protein.  One 

codon just prior to the flip/flop splice site on the pre-mRNA transcripts for the 
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GluA2-4 subunits is modified to replace the genomic positively charged arginine 

(R) with a neutral glycine (G) (Sommer et al., 1991). Another modification 

specific to GluA2 has proven to be very important for the physiology of AMPARs: 

by exchanging a glutamine (Q) with a positively-charged arginine (R) at a site 

within the M2 transmembrane loop, which forms the pore of the channel, RNA 

editing causes AMPARs containing mature GluA2 subunits to be Ca
2+

-

impermeable (Higuchi et al., 1993, Hollmann et al., 1994, Lomeli et al., 1994). In 

zebrafish, the genes encoding AMPAR subunits undergo post-transcriptional 

modifications just as mammals do, but they also have a second copy of GluA2 

that genomically encodes the R form of the subunit, which creates interesting 

opportunities for researchers who use zebrafish (Kung et al., 2001, Lin et al., 

2006). The Q/R editing site in GluA2 also regulates the subunit’s exit from the ER, 

with immature Q-containing GluA2 subunits being forward-trafficked easily as 

tetramers from the ER, while much of the mature R-containing GluA2 is stably 

stored in the ER as individual subunits (Greger et al., 2002, Greger et al., 2003). 

The subunits dimerize, form tetramers and associate with auxiliary subunits in the 

ER (Bedoukian et al., 2006) before moving on to the Golgi apparatus where their 

glycosylation matures. AMPAR subunits preferentially form heterodimers, and 

then these dimers join with each other to form heterotetramers with a 2:2 

stoichiometry; homomers are possible, but unfavourable and unlikely in vivo due 

to the presence of other subunit types (Mansour et al., 2001, Brorson et al., 2004). 

This preference for heteromers over homomers is so strong that it even extends to 

similar subunits with different flip-flop splice status (Brorson et al., 2004). As 
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they associate with each other, the subunits arrange themselves so that similar 

monomers do not touch, which results in an alternating pattern of the two subunits 

that constitute a given heterotetramer around the pore (Mansour et al., 2001). 

Fully-formed AMPARs exit the Golgi apparatus in vesicles and fuse with the 

membrane by the same v-SNARE/t-SNARE-dependent mechanism that allows 

neurotransmitter vesicle fusion at the pre-synaptic membrane (Luscher et al., 

1999). The storage of R-containing GluA2 subunits in the ER ensures that they 

are always available to form AMPARs and be exported, which is important for 

normal physiology because most endogenous AMPARs contain GluA2 and are 

cycled in and out of the membrane depending on the activity of the synapse 

(Wenthold et al., 1996, Shi et al., 2001). Finally, Kessen Patten’s previous 

research in our lab demonstrated that the subunit composition of the AMPARs at 

the synapse changes developmentally, through a process that requires PKCγ 

(Patten and Ali, 2007, Patten et al., 2010). Aside from the involvement of PKCγ, 

this developmental switch in AMPAR composition and function is poorly 

understood from a mechanistic standpoint, and surely requires the involvement of 

other enzymes and proteins in order to occur. 

1.1.2 AMPAR Function 

Once at the synapse, AMPARs act as ligand-gated ion channels; however, 

the receptors must first travel to and be anchored at the post-synaptic density 

(PSD) from the extrasynaptic sites they are delivered to (Shi et al., 1999). 

Different subunit compositions of AMPARs are used by neurons to colonize 

different types of synapses: GluA1-containing receptors are used to colonize new 
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synapses without other AMPARs and GluA3-containing receptors are 

continuously cycled in and out of established synapses (Shi et al., 2001).  

AMPARs can bind up to four glutamate molecules – one on each subunit – 

to reach their maximum channel conductance, but they must bind only two in 

order to open (Rosenmund et al., 1998). Once open, AMPARs can pass cations 

such as Na
+
, K

+
, and sometimes Ca

2+
 down their electrochemical gradients, 

though most AMPARs contain the charge-selective GluA2 subunit and will 

therefore exclude Ca
2+

. The less charge-selective NMDA receptor can pass Na
+
, 

K
+
, and Ca

2+
, but its pore is blocked at resting membrane potential by a Mg

2+
 ion 

that sits on the extracellular side of the channel (Mayer et al., 1984, Nowak et al., 

1984). In synapses containing AMPARs and NMDARs, the AMPARs will open 

first and create an initial depolarization that drives the Mg
2+

 block from the pore 

of the NMDAR and allows the channel to pass current. It is the immediate 

functionality of AMPARs as compared to NMDARs in synapses that underlies 

key aspects of the process we call synaptic plasticity.  

1.2 Synaptic Plasticity 

The adult human brain contains approximately 80 billion neurons (Azevedo et 

al., 2009), each of which may have as many as hundreds or even thousands of 

synaptic contacts. These synaptic contacts are the result of years of careful 

pruning and enhancement in response to the amount of use they see, and synaptic 

plasticity describes the spectrum of mechanisms behind this process. Most 

mechanisms of synaptic plasticity alter the strength of the synapse by changing 
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the postsynaptic response (Kerchner and Nicoll, 2008), though some mechanisms 

can alter presynaptic properties in order to have similar short-term effects (Byrne 

and Kandel, 1996). The Canadian neuropsychologist, Donald Hebb, described the 

concept of synaptic strengthening as such:  

"When an axon of cell A is near enough to excite cell B and repeatedly or 

persistently takes part in firing it, some growth process or metabolic change takes 

place in one or both cells such that A's efficiency, as one of the cells firing B, is 

increased."(Hebb, 1949) 

This statement, which has become known as Hebb’s postulate, aptly 

describes the general process we now know as long-term potentiation (LTP); 

however, figuring out the details of the “growth process or metabolic change” that 

takes place has been a much more complicated task than Dr. Hebb may have 

anticipated. 

LTP is an experimentally induced set of processes that modify the 

properties of a synapse in order to increase the fidelity of events between the pre- 

and post-synaptic neurons. The most extensively studied form of LTP requires 

NMDAR activity (Harris et al., 1984, Reymann et al., 1989) – specifically Ca
2+

 

influx at the postsynaptic surface (Lynch et al., 1983, Malenka et al., 1988) – and 

works by increasing the number and responsiveness of AMPARs on postsynaptic 

surfaces (Kauer et al., 1988, Muller et al., 1988, Barria et al., 1997a, Barria et al., 

1997b, Lee et al., 2000). Somewhat paradoxically, NMDARs require a coincident 

depolarization in addition to ligand binding in order to pass current as a result of 
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their Mg
2+

 block at resting membrane potential (Mayer et al., 1984, Nowak et al., 

1984). This means that excitatory synapses in the CNS that contain NMDARs but 

lack AMPARs are “silent” synapses because they cannot respond to presynaptic 

activity at resting membrane potential (Isaac et al., 1995). Synaptic unsilencing is 

an activity-dependent process that occurs in vivo which is experimentally 

indistinguishable from NMDA-dependent LTP; therefore the molecular 

mechanisms of LTP are a good starting point in examining the molecular 

mechanisms of synaptic unsilencing (Kerchner and Nicoll, 2008).  

Importantly, there is further evidence to suggest that synaptic unsilencing 

is a developmentally regulated process, which opens up the possibility that the 

mechanisms of LTP may also be used developmentally in the pruning and 

enhancement of early synapses (Durand et al., 1996, Hsia et al., 1998). 

Synaptogenesis seems to occur through many of the same mechanisms by which 

synapses are strengthened in adults: NMDARs begin to colonize the PSDs, and 

the AMPAR-containing synapses that are receiving presynaptic input are 

strengthened by further addition of AMPARs (Isaac et al., 1997, Petralia et al., 

1999). Other potential sites of developmental regulation are the auxiliary subunits 

and scaffolding proteins that complex with AMPARs at the synapse and are 

known to alter trafficking and kinetic properties of AMPARs in adults – though 

any developmental role remains unclear. 
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1.3 The Post-Synaptic Density (PSD) 

The population of membrane-associated proteins associated with pre- and 

postsynaptic surfaces helps keep synaptic membranes distinct from other regions 

of cell membrane. Integral proteins that interact on their extracellular domains 

link pre- and postsynaptic membranes in order to maintain the synaptic cleft 

(Biederer et al., 2002, Verpelli et al., 2012). The membrane of postsynaptic 

terminals is extensively populated with scaffolding protein complexes that anchor 

proteins to synaptic sites, organize activity and ensure modulators are close 

enough to their substrates to work effectively. These collections of proteins are 

known as the postsynaptic density (PSD). PSD proteins are necessary for synaptic 

plasticity: NMDAR-dependent LTP would be impossible if AMPARs could not 

be reliably anchored to the PSD, not to mention the specific functions of PSD 

proteins in other types of synaptic plasticity (Sun and Turrigiano, 2011) and the 

interactions of PSD proteins with AMPAR auxiliary subunits (Bedoukian et al., 

2008). AMPARs interact with the PSD through C-terminal PSD-95/Discs 

large/Zona occludens (PDZ)-binding domains, which bind to scaffolding proteins 

with matching PDZ domains and anchor the AMPAR at the synapse. The main 

PDZ domain-containing proteins of the PSD are the Membrane Associated 

Guanylate Kinases (MAGUKs), a family of proteins that can be found anywhere 

that cells contact each other. MAGUKs of particular importance for synaptic 

function are PSD-93, PSD-95, Synapse Associated Protein (SAP) 97 and SAP 

102 (Verpelli et al., 2012). Rather than acting as Guanylate Kinases (GKs) as 

their name might suggest, MAGUKs contain a catalytically inactive GK domain 
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(Olsen and Bredt, 2003), and instead function by taking advantage of several 

protein-protein interaction domains, including PDZ domains. The specific PDZ 

domain bound by each subunit is different - GluA1 interacts with SAP97’s type I 

PDZ domain (Leonard et al., 1998), while GluA2 interacts with PICK1 (Xia et al., 

1999) and GRIP/ABP (Dong et al., 1997, Srivastava et al., 1998, Dong et al., 

1999, Srivastava and Ziff, 1999, Wyszynski et al., 1999) through a multi-PDZ 

domain – these differential interactions allow for certain types of AMPARs to be 

preferentially anchored with certain other proteins and enzymes (Colledge et al., 

2000). These close connections between AMPARs and the proteins that modulate 

them allows for much more rapid catalytic activity than if the proteins were 

relying on simple diffusion. 

1.4 Transmembrane AMPAR Regulatory Proteins 

Transmembrane AMPAR Regulatory Proteins (TARPs) are auxiliary 

subunits of AMPARs (Vandenberghe et al., 2005b), belonging to the voltage-

gated Ca
2+

 channel gamma subunit gene family (Cacng). They are four-pass 

transmembrane proteins with an intracellular N-terminus and an intracellular C-

terminus of variable length (Figure 1A). For phylogenetic purposes, the Cacng 

family’s nearest relative is the Claudin superfamily: proteins involved in 

regulation of paracellular permeability through tight junctions (Morita et al., 1999, 

Price et al., 2005). The Cacng family share some sequence similarity and their 

overall transmembrane topology with the Claudins and possess a highly 

conserved Claudin motif in their first extracellular loops (-GWL[X]2C[X]8-10C-) 

(Price et al., 2005, Li et al., 2013). The Cacng gene family can be divided into 
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three functional groups: actual calcium channel gamma subunits, Type I (typical) 

TARPs, and Type II (atypical) TARPs. Of the eight members of the family 

(Burgess et al., 1999, Klugbauer et al., 2000, Burgess et al., 2001, Chu et al., 

2001), two are Ca
2+

 channel gamma subunits (Cacng1/γ1 protein, Cacng6/γ6 

protein) (Glossmann et al., 1987, Jay et al., 1990, Lee et al., 2010), four are Type I 

TARPs (Cacng2/γ2 protein/Stargazin, Cacng3/γ3 protein, Cacng4/γ4 protein, 

Cacng8/γ8 protein) (Tomita et al., 2003), and two are Type II TARPs (Cacng5/γ5 

protein, Cacng7/γ7 protein) (Kato et al., 2007, Kato et al., 2008). These 8 

mammalian genes arose from a common ancestor through several duplication 

events, making Cacng2/3, Cacng4/8, Cacng5/7 and Cacng1/6 paralogs to each 

other (Burgess et al., 2001, Chu et al., 2001). In zebrafish, an additional teleost 

genome duplication event (Jaillon et al., 2004) has resulted in 16 Cacng genes, of 

which 12 are likely to encode TARP proteins orthologous to γ2, γ3, γ4, γ5, γ7 and 

γ8. 

Type I TARPs have been the most extensively studied and have the best 

characterized physiological role, while the physiological role of Type II TARPs 

remains somewhat unclear. Type I TARPs contain a C-terminal PDZ-binding 

motif that allows them to interact with PSD-95 (Chen et al., 2000), a Neuronal 

isoform of Protein Interacting Specifically with TC10 (nPIST) domain that 

influences TARPed AMPAR trafficking to the membrane (Cuadra et al., 2004), as 

well as several C-terminal serine, threonine and tyrosine residues that can be 

substrates for phosphorylation (Chetkovich et al., 2002, Choi et al., 2002, Tomita 

et al., 2005b). The extracellular loop between transmembrane domains 1 and 2 
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(ECL1) of the Type I TARPs interacts with the pore domain of the GluA subunit 

(Figure 1B, C) (Nakagawa et al., 2005, Nakagawa et al., 2006, Payne, 2008) and 

the interaction between TARPs and GluA subunits is thought to help bring the 

AMPAR to the Golgi for glycosylation (Tomita et al., 2003, Ives et al., 2004). 

The first extracellular loop of the Type II TARPs does not have the same 

functionality as the Type I TARPs – in fact, the critical differences between the 

two subfamilies are associated with their C-termini and their first extracellular 

loops (Tomita et al., 2004). Once in the Golgi, AMPAR trafficking to the synapse 

occurs in two steps: first, the AMPAR is exported to the membrane from the 

Golgi; then, the AMPAR diffuses to the PSD and is anchored there by direct and 

indirect (TARP-mediated) (Chen et al., 2000, Cuadra et al., 2004) attachment to 

scaffolding proteins. The mRNA transcripts of Type I TARPs are differentially 

expressed in both space and developmental time in the mammalian brain: Cacng2 

is expressed mainly in the cerebellum and is important throughout both 

development and adulthood; Cacng3 is expressed in the cortex; Cacng4 is 

expressed in the caudate putamen, glial cells, habenula, and is robustly expressed 

early in postnatal development, becoming less important in the adult; and Cacng8 

is expressed mainly in the hippocampus and is also important throughout 

development (Klugbauer et al., 2000, Tomita et al., 2003, Menuz et al., 2009). 

TARPs begin their association with AMPARs while both proteins are still in the 

ER and TARP/AMPAR complexes assemble with 0-4 TARPs per AMPAR 

depending on the expression level of the TARP protein (Shi et al., 2009, Kim et 

al., 2010). The stoichiometry of TARPs with AMPAR subunits is one area where 
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the precise rules remain unclear. Using GluA1 homomers expressed in Xaenopus 

laevis oocytes, Lu Chen’s group recently examined the differential stoichiometry 

of the “classical” (Type I) TARPs, and found that AMPARs containing γ2 or γ3 

could contain between 0 and 4 TARPs, but that most AMPARs contained 2-3 

(Hastie et al., 2013). Conversely, the maximum number of TARPs found 

associated with γ4 or γ8 was 2, suggesting a significant functional difference 

between the interactions of γ2/3 and γ4/8 with AMPARs (Hastie et al., 2013). 

These results have yet to be confirmed in vivo, or with a more physiologically 

relevant AMPAR heteromer; however they suggest a possible explanation for the 

functional differences between AMPARs associated with γ2/3 or γ4/8. Though 

TARPs act as important chaperones in the trafficking process, they are not 

irrevocably attached to AMPARs – one important mechanism of cycling 

AMPARs out of the synapse involves dissociating them from their TARP 

auxiliary subunits (Tomita et al., 2004). In this experiment, researchers monitored 

surface expression of γ2 and γ3 in primary cortical neuron cultures while inducing 

endocytosis of AMPARs, and found that the TARP proteins remain on the surface 

even as AMPARs are being cycled back into the endosomal system (Tomita et al., 

2004). The different TARPs also have differential effects on AMPAR kinetics, 

and are differentially affected by pharmacological agents. 

γ2 is the prototypical TARP – also known as Stargazin in honour of the 

phenotype its knockout confers on mice. The Stargazer knockout mouse is prone 

to absence epilepsy and cerebellar ataxia (Letts et al., 1998) - deficits that are a 

result of impaired AMPAR trafficking (Chen et al., 2000). γ2 associates with 
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AMPAR subunits in the ER as a part of normal biosynthesis, and is important for 

trafficking to the PSD (Tomita et al., 2003, Vandenberghe et al., 2005a, Shi et al., 

2009); however the injection of any of the other Type I TARPs is sufficient to 

rescue AMPAR currents in Stargazer mice (Tomita et al., 2003), suggesting a 

functional redundancy among the Type I TARPs. Indeed, the only Type I TARP 

gene for which a single knockout is sufficient to produce a behavioural phenotype 

in mice is γ2: other Type I TARPs require double or even triple knockouts to 

produce an obvious phenotype (Letts et al., 2005, Menuz et al., 2008). TARPs are 

also targets of a number of enzymes involved in synaptic plasticity, and activation 

or deactivation of TARPs by these enzymes is used throughout the lifetime of an 

AMPAR to anchor it to or remove it from the post-synaptic density in response to 

activity (Choi et al., 2002, Tomita et al., 2004, Tomita et al., 2005b). A threonine 

residue within the PDZ-binding motif of Stargazin (γ2) has been demonstrated to 

be a substrate for Protein Kinase A (PKA) phosphorylation, which causes the 

PDZ-binding motif to dissociate from PSD-95 and thereby loosens or severs the 

connection of the TARP-AMPAR complex to the PSD (Choi et al., 2002). 

Conversely, several serine and threonine residues elsewhere in the C-terminus 

have been shown to be phosphorylated by Calcium Calmodulin Kinase II 

(CaMKII) and Protein Kinase C (PKC) in order to enhance their association with 

the PSD (Tomita et al., 2005b). Aside from their role in AMPAR trafficking and 

plasticity, TARPs also have differential and modulatory effects on AMPAR 

current kinetics, suggesting an involvement deeper than that of a pure chaperone. 
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The association of Type I TARPs with AMPARs has been shown not only 

to promote and facilitate trafficking, but also to alter the physiological properties 

of the AMPARs themselves in a TARP isoform-specific manner (Kott et al., 2007, 

Milstein et al., 2007, Kott et al., 2009, Jackson et al., 2011).  Stargazin (γ2) is 

known to alter the properties of AMPARs by increasing sensitivity to glutamate, 

slowing the time course of channel deactivation and binding site desensitization, 

and increasing the rate of channel opening (Priel et al., 2005, Tomita et al., 2005a). 

In Ca
2+

-permeable GluA1 homomers, γ3 has also been shown to slow deactivation 

and desensitization very similarly to γ2; while γ4 and γ8 slow deactivation and 

desensitization more dramatically, and also slow the opening kinetics of the 

AMPAR (Milstein et al., 2007). In a more physiologically relevant system that 

examined GluA2/4 heteromers with TARPs, the different TARP isoforms were 

shown to differentially alter AMPAR conductance in the following manner: 

GluA2/4  GluA2/4+γ2  GluA2/4+γ3  GluA2/4+γ4  GluA2/4+γ8 (Jackson et 

al., 2011). All of the Type I TARPs except γ8 have also been shown to 

dramatically enhance the steady-state opening of the AMPAR (Jackson et al., 

2011). These differential effects on AMPAR kinetics and conductance were 

shown to be mediated by the first extracellular loop of the TARP proteins 

(Milstein et al., 2007). All of these differential effects of TARP proteins on 

AMPAR function also depend on the AMPAR subunit composition, including the 

level of post-transcriptional modification of the AMPAR subunits (Kott et al., 

2007); which in sum, sets the stage for exquisite levels of physiological tuning of 
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the post-synaptic responses of this one neurotransmitter receptor type from cell to 

cell.  

TARPs have also been found to alter the pharmacological reactivity of 

AMPARs, which has made some pharmacological agents less useful in certain 

systems, but also provided a number of creative assays for different 

TARP/AMPAR combinations. The association of TARPs with AMPARs 

increases the AMPAR’s affinity to the partial agonist Kainate (Turetsky et al., 

2005, Kott et al., 2007, Milstein et al., 2007), which provides an 

electrophysiological mechanism to detect TARPs. CNQX is a competitive 

AMPAR antagonist that has been very widely used to block AMPAR activity; 

however it has also been found to cause depolarization in certain populations of 

interneurons, suggesting a more complex effect than that of a simple competitive 

antagonist (Maccaferri and Dingledine, 2002). More recently this effect has been 

elaborated on, and CNQX has been shown to work as a partial agonist of 

AMPARs that are associated with TARPs, when expressed in heterologous 

HEK293T cells (Menuz et al., 2007). Endogenous polyamines such as spermine, 

which normally work by blocking the pore of the GluA2-lacking AMPAR 

channel from the intracellular side, resulting in rectification at depolarized 

membrane potentials (Bowie and Mayer, 1995, Kamboj et al., 1995, Koh et al., 

1995), block the pore incompletely when the AMPAR is associated with a TARP, 

and therefore exhibit only partial rectification (Turetsky et al., 2005, Cho et al., 

2007, Soto et al., 2007). Polyamine toxins purified from the venom of certain 

wasps and spiders are capable of blocking the pore of ionotropic glutamate 
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receptors from the extracellular side, and have historically been powerful but non-

selective tools to examine the activity of ionotropic receptors; however recent 

careful modifications of the basic structures of these toxins have yielded more 

selective isoforms (Stromgaard et al., 2005). Philanthotoxin-7,4 (PhTx-74), a 

polyamine toxin that blocks GluA2-containing AMPARs at high concentrations 

has also been developed (Kromann et al., 2002, Nilsen and England, 2007).  Of 

particular interest to TARP researchers, the action of PhTx-74 changes depending 

on the TARP associated with the AMPAR – PhTx-74 preferentially blocks 

AMPARs associated with γ4/ γ8 rather than γ2/ γ3 (Jackson et al., 2011).  

Given the variety of functional roles for TARPs described previously, it 

may not be surprising to know that the TARPs differentially affect AMPARs 

based also on their subunit composition (Cho et al., 2007, Kott et al., 2007), 

meaning that altering the subunit composition of native AMPARs could vary the 

effects of TARPs in vivo.  

1.4.1 TARPs in Synaptic Plasticity 

TARPs can be modulated as part of both long-term potentiation (LTP) and 

long-term depression (LTD). Their role as a chaperone during the trafficking of 

AMPARs makes them a critical determinant of whether the post-synaptic 

response will be strengthened or weakened in response to different levels of 

activity (Tomita et al., 2005b). A considerable body of research has suggested that 

multiple TARPs are capable of being expressed in a given cell type (Menuz et al., 

2008, Menuz et al., 2009); while other studies have shown that AMPAR 
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composition varies by cell type (Greger et al., 2007). Phosphorylation of a 

conserved threonine residue within the PDZ domain of γ2's C-terminus disrupts 

its interaction with PSD-95 and allows the AMPAR to float free of the PSD (Choi 

et al., 2002). NMDAR currents can activate Protein Kinase C (PKC), Ca
2+

-

dependent Calmodulin Kinase II (CaMKII), and Protein Phosphatase 1 (PP1), 

which can in turn phosphorylate and dephosphorylate γ2 at a number of conserved 

serine residues: phosphorylation of γ2 results in increased AMPAR current, while 

dephosphorylation results in a decrease in AMPAR current (Tomita et al., 2005b). 

The conservation of these residues among the Type I TARPs of zebrafish suggests 

that all of the TARP proteins are capable of being regulated in a similar fashion.  

1.5 Nervous System Development 

As neural development proceeds, neurons in each segment begin to send out 

processes known as growth cones, which grope upwards along chemical gradients 

in order to find their desired targets. The small processes of these axonal growth 

cones, called filopodia, reach out towards the dendritic filopodia of their target 

cells, and somehow communicate with each other in order to form organized 

synapses.  Once filopodia from either the axon (Washbourne et al., 2002, Meyer 

and Smith, 2006) or the dendrite (Sabo et al., 2006) find their desired target cells, 

the precise location of the synapse depends on the coordination of a large number 

of molecules in both the pre- and post-synaptic neurons that are somehow 

involved in synaptogenesis. These locations for synaptogenesis seem 

predetermined somehow, as presynaptic synaptogenic vesicles will pause and 

cycle with the membrane at future synaptic locations before there is any direct 
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neuronal or glial interaction (Sabo et al., 2006). Stable accumulation of post-

synaptic scaffolding proteins has also been shown to be sufficient for synaptic 

localization (Gerrow et al., 2006); therefore the “predetermination” of synaptic 

sites is likely the result of a complex interplay between pre- and post-synaptic 

factors. Once the synaptic site has been chosen, NMDARs are recruited to the 

synapse almost immediately – with a very similar time course to the recruitment 

of pre-synaptic components – whereas AMPARs are recruited to the synapse later, 

usually after an hour (Washbourne et al., 2002). This finding suggests that 

synapses, at least in cultured neurons, are not kept silent for very long; however 

further studies have suggested that other factors, including the presence of 

NMDARs, can help keep synapses silenced in vivo (Adesnik et al., 2008). Clearly 

the developmental unsilencing of in vivo synapses must be regulated carefully, 

and the variety of mechanisms underlying that process remains unclear. 

1.6 Zebrafish as a Model System for Studies of Neurodevelopment 

Zebrafish (Danio rerio) are a freshwater teleost fish of the family 

Cyprinidae, native to the Himalayas of South Asia. They are small fish, rarely 

exceeding 4cm, which makes them simple and inexpensive to keep in captivity, 

and they can be bred frequently (every 14 days) without any negative long-term 

consequences. This fecundity makes zebrafish particularly popular for 

developmental studies, as they develop quickly and in great enough numbers for 

high throughput experiments (1000 embryos per tank every 14 days is not 

unheard of). Newly laid zebrafish embryos are small (~1mm in diameter) with a 

clear and colourless shell (the chorion). Zebrafish embryos develop into free-
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swimming larva in 48 hours, and exhibit stereotypical escape response behaviours 

as early as 27 hours. 

Even the simplest movements and behaviours in an adult are incredibly 

complex at the cellular level, requiring precisely tuned communication between 

many neurons and other tissues at many levels of the nervous system; therefore, a 

common tool of neurophysiologists is to examine an easily evoked movement-

behaviour that requires very few synaptic connections. In our lab, we use the C-

turn escape response of zebrafish as our model system. This model is ideal for our 

studies because it relies on a simple reflex arc that is present as early as 27 hours 

post-fertilization (hpf) (Saint-Amant and Drapeau, 1998); consisting of sensory 

neurons associated with sensing sound and pressure, a large interneuron called a 

Mauthner cell, motor neurons and muscle cells. The stereotypical escape response 

causes the fish to turn 90° away from a stimulus at either the tail or the otic 

vesicle (in doing so, forming the eponymous “C” shape) and swim rapidly away. 

The Mauthner neuron that mediates this response can be identified by its large cell 

body in a consistent region of the hindbrain (Kimmel et al., 1995) and have its 

electrical activity recorded as early as 24 hpf, allowing researchers to examine the 

populations of neurotransmitter receptors that underlie Mauthner cell activity. 

Alterations to neuronal function in this pathway are often accompanied by 

perturbations to the time course and efficiency of the escape response (Low et al., 

2012), which can provide a good foundation for further functional studies. 

Importantly, former members of our lab have extensively examined the 

developmental changes to the AMPAR currents in Mauthner cells (Patten and Ali, 
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2007, 2009, Patten et al., 2010), and my examination of the expression of TARPs 

during development and their functional role in the escape response sets a 

foundation for future studies examining TARP and AMPAR relationships in the 

developing zebrafish. 

One group has examined the conservation of γ2-like proteins in an 

invertebrate system (Walker et al., 2006); however no studies have examined 

TARP expression or activity in non-mammalian vertebrates. Moreover, the 

paralogous genes for the GluA2 AMPAR subunit in zebrafish have been shown to 

be functionally different, genomically encoding both Ca
2+

-permeable and Ca
2+

-

impermeable versions (Kung et al., 2001), suggesting that the paralogs that have 

been retained in zebrafish are not necessarily identical copies of each other. Given 

that all of the Cacng genes have preserved paralogs, I am interested in 

investigating the possible differences in expression and function between the 

Type I TARPs. 

1.7 Project Aims and Hypotheses 

TARPs have been extensively studied in mammals, and more recently in C. 

elegans; however no studies have examined TARPs in a non-mammalian 

vertebrate such as zebrafish. Zebrafish present an interesting system to study 

TARPs in because of their more recently duplicated genome, which has resulted 

in the preservation of additional apparent paralogs for each TARP gene. My first 

objective was to confirm the identity of these genes as TARP paralogs, through an 

examination of the phylogenetic relationships of the TARP family in zebrafish 
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and other vertebrates. I hypothesized that in spite of the additional paralogous 

genes, the TARPs of zebrafish would display the same intra-familial relationships 

as their vertebrate orthologs. 

It has been suggested in the mammalian literature that the main TARPs 

expressed during development are Cacng2 and Cacng4; however, since no 

literature exists to describe the pattern of expression in a non-mammalian system, 

My second objective was to thoroughly examine the expression pattern of all the 

available TARP genes during the development of the nervous system in zebrafish, 

from 12hpf until 96hpf – when the larva is a fully independent organism – using 

RT-PCR. I hypothesized that the TARPs would be expressed as early as 12 hpf 

and that their expression levels would increase over developmental time. 

The mammalian literature shows clear differential spatial expression 

patterns for the Type I TARP genes in the CNS, and demonstrates that these 

expression patterns change developmentally. The zebrafish genome contains 

twice as many TARP genes as the mammalian genome; moreover, zebrafish and 

mice are separated by significant evolutionary distance. My third objective was to 

determine the spatial expression pattern of selected TARPs in zebrafish during 

development using in situ hybridization. I hypothesized that the expression 

patterns of the zebrafish TARPs would be the same as their murine cousins. 

Finally, Stargazin was initially identified in a murine model system 

designed to mimic absence epilepsy and cerebellar ataxia – functional aberrations 

in neuronal activity that can easily be assayed because of the movement deficits 
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they result in. My final objective was to determine the effect of single TARP gene 

knockdowns on zebrafish escape and swimming behaviour. Single knockouts of 

other murine TARPs did not result in an obvious phenotype because of broad 

functional redundancy among TARPs. In zebrafish, where paralogous genes may 

make TARPs twice as redundant as they are in mice, the effect of the knockdown 

of single genes corresponding to Stargazin and γ4 is simply not yet known. I 

hypothesized that the single gene knockdowns would be unlikely to have a 

noticeable effect due to the considerable redundancy of zebrafish TARPs. 

The relevance of this project is its potential to provide important data on the 

developmental expression of TARP genes in a non-mammalian vertebrate, and 

suggest a possible functional role for TARPs during the escape response. This 

project lays the groundwork for our lab to continue its characterization of changes 

to AMPAR activity during development in zebrafish. 

 

 

 



 

25 

 

 

Figure 1 Schematic of Transmembrane AMPAR Regulatory Protein (TARP) 

structure and interaction with AMPARs. A) Topology of a generic TARP, 

highlighting the first extracellular loop (responsible for binding to AMPARs and 

altering the properties of the AMPAR channel and ligand-binding domains 

[LBDs]) and the C-terminus (responsible for AMPAR trafficking and anchoring 

to the post-synaptic density [PSD]). B) Schematic showing AMPAR/TARP 

interaction. TARPs interact with the transmembrane domains (TMDs) and LBDs 

of the AMPAR, but not the N-terminal domains (NTDs). C) Hypothetical model 

of TARP/AMPAR binding and stoichiometry. AMPARs can bind up to four 

TARPs, depending on the subunit composition of the AMPAR and the identity of 

the TARP isoform. Hashed diamonds represent potential TARP binding sites.  
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2. Materials & Methods 

2.1   Animal Care 

Zebrafish from the Oregon AB wild-type line were obtained from the 

University of Oregon and stored in the aquatics facility in the Department of 

Biological Sciences at the University of Alberta according to established 

protocols (Westerfield, 2007). Zebrafish embryos were obtained by placing males 

and females in mesh-bottomed mating tanks overnight and harvesting the 

fertilized eggs the following morning. Embryos were stored at 28.5°C in Egg 

Water (60μg/mL “Instant Ocean” [United Pet Group]) or Embryo Medium (mM: 

13.7 NaCl; 0.54 KCl; 0.025 Na2HPO4; 0.044 KH2PO4; 1.3 CaCl2; 1.0 MgSO4; 

0.42 NaHCO3; pH=7.2) containing Methylene Blue (Sigma; 0.003%) and 

PenStrep (Sigma; 10mL/L) until being taken out for use in experiments.  

2.2   Phylogenetic Analysis 

No previous studies have examined TARPs in zebrafish, so I wanted to begin 

by examining differences between zebrafish and mouse TARPs at the level of 

their genetic sequence. Sequences for the Cacng genes and their associated amino 

acid (AA) sequences were taken from the Ensembl (http:// uswest.ensembl.org) 

genome databases for zebrafish (Danio rerio), mouse (Mus musculus), frog 

(Xenopus sp.), chicken (Gallus gallus) and human (Homo sapiens) by searching 

for members of the Cacng gene family. Two zebrafish transcripts were present for 
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each transcript in the other species, and were designated as CacngXa or CacngXb. 

All of the Cacng AA sequences for mice were compared with those of zebrafish 

using pBLAST (http://blast.ncbi.nlm.nih.gov/) (a basic local alignment search 

tool specific for protein sequence) against the zebrafish genome in order to 

determine the overall level of AA sequence identity between the Cacng sequences 

of mice and zebrafish (Altschul et al., 1997, Altschul et al., 2005). The full-length 

AA sequences of all the Cacng genes in mice and zebrafish were then fed one by 

one into TMpred (http://www.ch.embnet.org/software/TMPRED_form.html), a 

server that predicts the number and orientation of transmembrane domains for a 

given AA sequence (Hofmann, 1993). The sequences were then collated and 

aligned using the TM-Coffee web server (http://tcoffee.crg.cat/tmcoffee), which 

aligns AA sequences and predicts transmembrane domains (Chang et al., 2012) in 

order to confirm the results of the TMpred process. Once identified, sections of 

sequence in the zebrafish TARPs that have been shown to be functionally 

important in the mammalian TARPs – the first extracellular loop and the C-

terminus – were examined so as to determine the level of sequence identity 

between the two species in these functionally important regions. In order to 

further clarify the evolutionary history of the TARP gene family, I constructed 

phylogenetic trees. 

2.2.1  Tree Construction 

Cacng isoforms were examined at the amino acid level in order to produce 

better alignments and avoid issues associated with frameshifts from mRNA 

alignment-imposed sequence gaps. Claudin-1 (Cldn1) was arbitrarily chosen as 

http://blast.ncbi.nlm.nih.gov/
http://www.ch.embnet.org/software/TMPRED_form.html
http://tcoffee.crg.cat/tmcoffee
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the member of the Claudin superfamily to use as the outgroup for the trees. 

Amino acid sequences for the Cacng family in zebrafish, mouse, and zebrafish + 

other vertebrates were aligned using the T-Coffee web server 

(http://tcoffee.crg.cat/apps/tcoffee/index.html) using the T-Coffee, M-Coffee, 

TM-Coffee, and Expresso multiple sequence alignment algorithms. T-Coffee 

provides a basic iterative alignment algorithm that combines both pair-wise and 

family-wide alignments to generate the final consensus alignment (Notredame et 

al., 2000). M-Coffee builds upon the foundation of T-Coffee but adds robustness 

by meta-analysis of multiple individual methods (Wallace et al., 2006, Moretti et 

al., 2007). TM-Coffee is a T-Coffee variant that specializes in alignments of 

transmembrane proteins (Chang et al., 2012), and Expresso uses predicted 3D 

protein structure information to assist the alignment process (Armougom et al., 

2006). Each of these four alignment algorithms optimizes based on a slightly 

different set of variables, so the outputs of each alignment method were 

themselves aligned using the Combine feature of the T-Coffee webserver, 

providing what I believe is the most robust possible alignment for each group of 

sequences, and allowed me to control for possible errors in any individual 

alignment method. The combined alignment for a given sequence group was fed 

into the RaxML BlackBox (http://phylobench.vital-it.ch/raxml-bb/) or MEGA 

5.2.2 and maximum-likelihood (ML) trees were generated for each alignment 

using the Gamma model of rate heterogeneity (Stamatakis et al., 2008). As the 

trees were constructed, 100 or 500 random positions along the amino acid primary 

structure were resampled and analyzed in a statistical process known as 

http://phylobench.vital-it.ch/raxml-bb/
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bootstrapping. Bootstrap values indicate the number of trees (out of the 100 

bootstraps) where a given branch existed as shown. Generally speaking, bootstrap 

values of 70 or above are considered strong support for a particular branch, while 

a bootstrap value lower than 70 suggests that the branch is not well supported and 

cannot be assumed to represent the true relationship between its arms. 

2.3   Semi-Quantitative RT-PCR 

Previous work has demonstrated that AMPAR genes in zebrafish are 

developmentally upregulated between 12 and 72hpf (Lin et al., 2006), as the cells 

of the nervous system begin to develop, differentiate and connect with each other 

(Kimmel et al., 1995). Research on TARPs in mice has suggested that Cacng2 

and Cacng4 may be more important during development than Cacng3 and 

Cacng8 (Tomita et al., 2003, Menuz et al., 2009); therefore I set out to do the first 

comprehensive study of TARP gene expression during zebrafish 

neurodevelopment using Reverse Transcriptase Polymerase Chain Reaction (RT-

PCR). 

2.3.1 Primer Design 

Primers for the Cacng genes were designed using a variety of methodologies: 

by hand according to ClustalW2 alignments; using NCBI’s Primer-BLAST; using 

DNAStar’s Lasergene PrimerSelect program; and using IDT’s PrimerQuest tool. 

All methodologies were found to produce equally functional primers at a similar 

rate (data not shown). Primers were designed to amplify a fragment of 

approximately 1000bp for each gene. 
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Gene 

Name Ensembl Gene ID Forward 5'-3' Sequence Reverse 5'-3' Sequence 

Product 

Size (bp) 

Cacng1a ENSDARG00000008772 CAGATCTCTGTTTCATATATAAAAA CACTCTTCATATTGCATTTTAGAG 1058 

Cacng2a ENSDARG00000032565 TTTTTAAATTTGGTTTGGTCCCGT GTAGGTGGCGGTGGGGGTGCCGTG 918 

Cacng2b ENSDARG00000009621 CCGTCGCTCGTGCTCGTGTTT CAGACGCCGCGCGAGTACAG 834 

Cacng3a ENSDARG00000058460 CGACAACGACACAAACCGCAAGAA TTATGAAAGTGTGCGAAGCCGTGG 741 

Cacng3b ENSDARG00000076401 TGGAGCATGGAGTCCGCGCACCAG TCGGAGTTAAGCAAGGCACCCATT 954 

Cacng4a ENSDARG00000074669 TGGCTTGGTGTGATCGCAGAG CTGAAGTTGTGGTGCTGAAGATCA 916 

Cacng4b ENSDARG00000039238 ATCGGGACCGATTACTGGCTGTAT TATCCGTGCCTGATTTGAGAGGGT 787 

Cacng5a ENSDARG00000003326 ACCGAAATCCGCATGTCTCTA AATTCAGAGTTTTAAGAAAAGGCA 948 

Cacng6a ENSDARG00000036457 GACGCAAGCGAAGACACAGAACAC CTTATTTGGGTTAAATATACATAT 1136 

Cacng7b ENSDARG00000070624 GAGTATTTCACAGAGCCAGAGA CTCTAAAGTGTACGTCTACATAAA 1070 

Cacng8a ENSDARG00000020450 CTTCATCTGCAACAGCACTGCCAA GACTGTGCCATACATTGGTGGCTT 865 

Cacng8b ENSDARG00000070626 CAAGAGGACCCCCATAATAAGGA CCAGTTTGGGGTCACGGGAGA 697 

Table 1. Primers used to assay Cacng gene expression through RT-PCR. 
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2.3.2 RNA Extraction and cDNA Synthesis 

In order to compile the necessary cDNA samples to examine the 

developmental expression of the Cacng genes, particularly those with 

demonstrated Type I TARP function (Cacng2, 3, 4 and 8), I first had to isolate 

RNA from organisms at the appropriate time points. After numerous false starts 

with a variety of different developmental ranges, I eventually settled on 12, 18, 24, 

36, 48, 72, and 96hpf as my developmental range, with an adult brain isolate as 

my positive developmental control. Three cohorts of 4 adult fish (n=3) were 

anaesthetized in 0.02% Tricaine Methanesulfonate (MS-222; Sigma), sacrificed, 

and had their brains dissected out in order to provide the necessary mass of tissue 

(50-100mg) for TRIzol (Invitrogen/Life Technologies) RNA extraction. RNA was 

extracted from cohorts of 30-60 whole embryos at a particular age from a single 

parental tank, and was repeated three times using different parental tanks to 

produce an n of 3.  RNA extraction was carried out according to the 

manufacturer’s protocol.  

Briefly, tissues were homogenized on ice in 1mL TRIzol reagent, which 

contains phenol and the denaturing agent guanidinium isothiocyanate in order to 

protect the integrity of the RNA. Chloroform was added and the solution was 

mixed and centrifuged to allow the protein and DNA to separate from the RNA, 

which stays in the uppermost aqueous layer. The RNA-containing aqueous layer 

was then treated with isopropyl alcohol in order to cause the RNA to precipitate 
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out of the solution. An RNA pellet was harvested by centrifugation, and washed 

in 75% ethanol in order to remove any residual salts. The clean RNA pellet was 

resuspended in a small amount of molecular biology grade (RNAse-free) water 

and the concentration and purity of the RNA was determined by NanoDrop 

spectrophotometry (Thermo Scientific). A 260/280nm ratio of 1.90 and a 

260/230nm ratio of 2.30 was considered pure. RNA stocks were stored at -80°C 

when not in use. 

1μg of each RNA stock was used as the starting material for first-strand 

cDNA synthesis using a Maxima First Strand cDNA Synthesis kit (Thermo 

Scientific). This kit converts all RNA present in the sample into cDNA using 

Oligo dT(18) and random hexamer primers for maximum cDNA yield. cDNA 

synthesis was carried out according to the manufacturer’s protocol. 

2.3.3 RT-PCR and Product Sequencing 

In order to examine the timeline of Cacng expression in zebrafish – 

particularly the expression of the genes encoding orthologs of the Type I TARPs 

in mice (Cacng2a/b, Cacng3a/b, Cacng4a/b, Cacng8a/b) – RT-PCR was carried 

out using Phusion High Fidelity DNA polymerase (New England BioLabs), with 

the reactions being set up according to the manufacturer’s guidelines. Final 

concentrations of each component were as follows: 1X HF buffer, 200μM dNTPs, 

0.5μM forward and reverse primers, 1 unit/50μL reaction volume Phusion DNA 

polymerase, and <250ng of template cDNA. The reactions were run in an 

Eppendorf Mastercycler Gradient thermocycler under the following conditions: 
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initial denaturation 98°C 40s; and then 30 cycles of 98°C 15s, 60°C 20s, 72°C 30s; 

followed by a final elongation step of 72°C for 7min. Experimental reactions 

using Cacng primers were run on agarose gels side-by-side with a set of positive 

control reactions using primers for Elongation Factor 1α (EF1α) – a 

developmental housekeeping gene (McCurley and Callard, 2008) (Forward 5’-

GGC CAC GTC GAC TCC GGA AAG TCC-3’; Reverse 5’-TCA AAA CGA 

GCC TGG CTG TAA GG-3’). Products were visualized under ultraviolet (UV) 

light after bathing the gels in 0.5μg/mL ethidium bromide (Sigma) solution and 

destaining in dH2O.  

PCR products were cut out of the gel using a clean razorblade and extracted 

from the gel using a QIAQuick Gel Extraction Kit (QIAGEN). Isolated products 

were then ligated into the pJET1.2 vector using a CloneJet PCR Cloning Kit 

(Thermo Scientific) and the blunt-end cloning protocol. 25μL aliquots of 

competent E. coli cells from the NEB10β line (New England BioLabs) were then 

transformed with a small volume (1-2μL) of ligation product, according to the 

manufacturer’s High Efficiency Transformation protocol. The transformation 

mixture was then plated out on Lysogeny Broth (LB) (g/L: 10 NaCl, 10 Bacto-

tryptone, 5 Bacto-yeast extract, 20 Agar for LB Agar – excluded for broth) agar 

plates containing 100μg/mL ampicillin (Amp100) and incubated overnight at 37°C. 

Resultant colonies were screened for the presence of the appropriate insert by 

colony PCR using Taq polymerase (Fermentas) and the pJET primers included in 

the CloneJet PCR Cloning Kit. Upon visualization with ethidium bromide, bands 

at the appropriate product size indicated the presence of the insert in that colony, 
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and several positive colonies were selected to be grown up in LB+Amp100 media 

at 37°C overnight. Each culture of transformed E. coli cells was centrifuged at 

3500rpm for 5 minutes at room temperature to pellet out the cells, and the pellet 

was processed according to the QIAPrep Spin Miniprep Kit (QIAGEN). Purified 

plasmids were resuspended in molecular biology-grade water, analyzed for 

concentration and purity using NanoDrop spectrophotometry as previously 

described, and stored at -20°C when not in use.  

Plasmids were sequenced using BigDye Terminator v3.1 (Applied 

BioSystems). Sequence PCR was set up using 400ng of plasmid as the template, 

1X BigDye Terminator 3.1 buffer, and 3.2pmol of pJET forward primer. 

Sequence PCR reactions were run in an Eppendorf Mastercycler Personal 

thermocycler for 25 cycles under the following protocol: 96°C 30s, 50°C 15s, 

60°C 2min. Sequence PCR products were then precipitated using NaOAc 

EDTA/Ethanol. Briefly, NaOAc-EDTA and 95% ethanol were added to each 

sample such that the final concentrations of each were 2.6mM EDTA, 62.5mM 

NaOAc, and 67-71% ethanol. The solutions were mixed thoroughly, incubated on 

ice for 15 minutes to precipitate the sequencing product and then spun in a 4°C 

centrifuge at 13000rpm for 15 minutes to pellet out the product. The supernatant 

was aspirated away, the pellet was washed with 75% ethanol, and the pellet was 

spun down again in a 4°C centrifuge at 13000rpm for 5 minutes. The remaining 

supernatant was aspirated away and the pellet was allowed to air dry, before being 

submitted to the department’s Molecular Biology Service Unit (MBSU) for 

analysis on their 3730 DNA Analyzer (Applied Biosystems). The identities of 
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sequenced products were confirmed by comparing the obtained sequences with 

zebrafish genomic databases through BLAST searches.  

2.3.4 Semi-Quantitative Analysis 

Photographs of gels were analyzed using ImageJ (NIH)(Schneider et al., 

2012). The darkness of the bands was quantified and Cacng bands at a given 

developmental age were compared as a fraction of EF1α bands at the same age, 

from the same gel. Standard errors are given in order to help show the range of 

band densities observed; however no statistics were performed on the resulting 

data, as regular RT-PCR cannot really be used to make judgements about levels of 

expression.  

2.4   In Situ Hybridization 

In situ hybridization (ISH) is used to qualitatively examine the 

topographical expression of a particular gene (or genes) in an organism.  Like RT-

PCR, ISH is used to track the expression of mRNA transcripts; however ISH has 

the capacity to provide a more granular output, showing where particular 

transcripts are expressed. ISH can also be used in a developmental context, to 

show how mRNA expression patterns change during development. 

2.4.1 Probe Synthesis 

Anti-sense (AS) ISH probes of ~1000bp were created from the PCR 

products for the TARP genes most associated with development in mammals – 

Cacng2a/b and Cacng4a/b. Purified plasmids containing the correctly oriented 

sequenced products for each gene of interest were used to transform competent E. 
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coli cells as previously described, and the resultant cultures were plated onto 

LB+Amp100 agar and incubated at 37°C overnight. One colony from each plate 

was grown up as a 5mL starter culture in LB+Amp100 broth for 8-10 hours at 37°C 

in a shaking incubator. 800μL of each starter culture was mixed with 200μL of 

100% glycerol in a screw-cap tube, snap frozen with dry ice, and stored at -80°C. 

1mL of each starter culture was then added to 200mL of LB+Amp100 and 

incubated overnight at 37°C in a shaking incubator. These 200mL E. coli cultures 

were subsequently processed using a Plasmid Plus Maxi Kit (QIAGEN) in order 

to harvest the high-concentration plasmids for each of the genes of interest. 

Maxipreps were performed according to manufacturer’s instructions, eluted in 

molecular biology grade (DNAse/RNAse free) water, and products were 

NanoDropped to confirm concentration and purity before being stored at -20°C.  

10μg of the maxiprepped pJET1.2 plasmids for Cacng2a, Cacng2b, 

Cacng4a, and Cacng4b were linearized in 1X Tango Buffer (Thermo Scientific) 

with 25u of the restriction enzyme XBaI (Thermo Scientific) in a 40μL reaction 

volume at 37°C for 2 hours.  Linearized plasmid was separated from the other 

reaction components through a phenol/chloroform extraction. Briefly, 160μL of 

RNAse free (DEPC-treated) water was added to each sample for a total volume of 

200μL, then 200μL of Phenol/Chloroform/Isoamyl Alchohol (Fisher Scientific) 

was added and the sample was vortexed and centrifuged at maximum speed for 5 

minutes. After centrifugation, the uppermost layer was transferred to a new tube 

and 200μL of chloroform was added. The tube was vortexed and centrifuged at 

maximum speed for 5 minutes, and the uppermost layer was transferred to a new 
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tube. The isolated linearized DNA was then precipitated out using the NaOAc-

EDTA/Ethanol method previously described and resuspended in RNAse-free H2O. 

The concentration and purity of this linearized DNA solution was determined 

using NanoDrop spectrophotometry (described previously) and the solution was 

stored at -20°C when not in use.  

2μg of linearized DNA solution was used as the template material for probe 

synthesis, which included 1X DIG-Labeling Mix (Roche), 1X Transcription 

Buffer (Roche), 20u of T7 RNA Polymerase (Roche) and 40u of RNAse OUT 

(Invitrogen) in a 20μL total reaction volume. This probe synthesis reaction and 

the ISH protocol that follows is based closely on the procedure used by the Thisse 

group (Thisse and Thisse, 2008) for their high throughput in situ hybridization 

experiments, which are the gold standard in whole mount zebrafish ISH. Pure 

RNA probe stocks were stored at  -80°C.  RNA probe for use was diluted 1/200 in 

hybridization medium (HM)(50% formamide, 5X SSC buffer [20X stock: 3M 

NaCl, 300mM trisodium citrate, pH 7.0], 50μg/mL heparin [Sigma], 500μg/mL 

Type II-C Ribonucleic acid from torula yeast core [tRNA replacement; Sigma], 

0.1% Tween-20 [Fisher Scientific], 0.092M Citric acid) and stored at -20°C.  

2.4.2 In Situ Hybridization Protocol 

Embryos intended for use in ISH were set aside between 12 and 24hpf and 

placed in 0.003% 1-phenyl 2-thiourea (PTU) (Sigma) in Embryo Medium in order 

to inhibit pigment formation. Embryos and larvae were removed from this 

solution for ISH at 12, 24, 48 and 72hpf, and placed in 4% paraformaldehyde 
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(PFA) fixative for 2 hours at room temperature or overnight at 4°C. Fixed 

embryos were washed immediately with 1X Phosphate Buffered Saline with 

Tween (PBS-T) (10X PBS-T stock, g/L: 10.8 Na2HPO4, 65 NaH2PO4, 80 NaCl, 2 

KCl, pH 5.5; 0.1% Tween-20), 5x5min. Embryos that remained unhatched at this 

point were dechorionated manually during the PBS-T washes. NB: At this point, 

future studies should consider a 1 hr RNAse-free DNAse treatment (50 U/ml 

in DNAse buffer) at 37°C in order to eliminate the genomic DNA and ensure 

probe specificity. Embryos were permeablized with Proteinase K (10 μg/mL in 

PBS-T; Sigma) for varying times, depending on the developmental stage of the 

embryo: 1min for 12 hpf, 5 min for 24 hpf, 25 min for 48 hpf and 60min for 72 

hpf. Permeablized embryos were refixed in 4% PFA for 20min, rinsed with PBS-

T 5x5min and then pre-hybridized in 500μL HM for at least 60min at 65°C. In 

situ probes in HM (HM + probe) were pre-warmed during this time, and when the 

pre-hybridization solution was removed, it was replaced with HM + probe. 

Attaining sufficient staining for the Cacng genes was found to be quite 

challenging, and required a 40hr hybridization period at 65°C. After hybridization, 

the HM + probe solution was retained and stored at -20°C for future reuse. 

Following the hybridization period, embryos underwent several washes at 

65°C in order to wash them out of HM and into sequentially higher proportions of 

2X SSC, and then from 2X SSC down to 0.2X SSC + 0.01% Tween and 

eventually down to 0.1X SSC + 0.01% Tween. These latter SSC + Tween washes 

are stringency washes that help to prevent nonspecific binding of the probe. At 

this point, the embryos were removed from the 65°C bath and placed at room 
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temperature, and the solutions were now progressively washed into higher 

proportions of PBS-T. Once in 100% PBS-T, the embryos were placed in a 

blocking solution (2% sheep serum [Sigma], 2mg/mL bovine serum albumin 

[Sigma] in PBS-T) and shaken for 1hr at room temperature. Anti-DIG antibody 

(Roche) solution was prepared by diluting the antibody 1/5000 in blocking 

solution, and embryos were placed on a shaker in this anti-DIG antibody solution 

for 2hr at room temperature or overnight at 4°C. After the antibody incubation, 

embryos were washed 5-7x15min depending on the length of the incubation. 

Embryos were given two to three quick washes in molecular grade H2O and 

then the colouration reaction was started by incubating the embryos in 1mL each 

of BM Purple (Roche) at room temperature in the dark. Again, staining the Cacng 

genes proved to be challenging, requiring colouration times of 2.5-3.5hr for 

sufficiently dark staining, depending on the gene. The colouration reaction was 

stopped by washing the embryos twice in 100% Methanol + 0.01% Tween, and 

the embryos that were not processed immediately were stored in the dark at 4°C 

on a shaker in this stop solution. Embryos were processed for mounting by 

washing them progressively into PBS-T. Once in PBS-T, embryos were sunk in 

progressively higher concentrations of glycerol, culminating at ~90% glycerol. At 

this point, embryos 24hpf and older were de-yolked, had their tails removed, and 

frontal sections were cut from a few of the heads in the 48 and 72 hpf groups. 

Whole 12hpf embryos were imaged in glycerol in porcelain viewing dishes using 

a dissecting microscope; while older embryos and larvae were mounted in 

glycerol on microscope slides and imaged using bright field (BF) and differential 
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interference contrast (DIC) optics on an Axio Imager compound light microscope 

(Carl Zeiss International), with its Axio Cam camera and Axio Vision software 

(Carl Zeiss International). 

2.5   Morpholino Oligonucleotide Knockdowns 

In order to begin to determine the functional role of TARPs in zebrafish, 

specific splice-blocking Morpholino Oligonucleotides (MOs) targeted to Cacng2a, 

Cacng2b, Cacng4a and Cacng4b were ordered from Gene-Tools LLC. The types 

of MO generally used to knock down genes are characterized as either translation-

blocking or splice-blocking: translation-blocking MOs bind to the start codon of 

the mRNA and sterically block the translation of the message; splice-blocking 

MOs bind to exon/intron splice sites in the pre-mRNA, blocking the assembly of 

the spliceosome and causing the intron to be included. Splice-blocking MOs 

usually knock down their targets by inducing a frameshift, resulting in a 

premature stop codon; however, depending on the location of the splice site along 

the length of the mRNA sequence, this method does not necessarily result in 

complete knock down of the protein, as the shortened mRNA may still be 

translated and form a partially or completely functional protein. The splice-

blocking type of MO was chosen over the alternative translation-blocking MOs 

because knockdown of splice-blocking MOs can theoretically be assayed using 

simple RT-PCR rather than requiring specific antibodies (antibodies that do not 

exist for zebrafish TARPs). 
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2.5.1 MO Design and Injection 

Specific splice-blocking MOs were designed on our behalf by staff at Gene-

Tools LLC. MO stocks were created by resuspending the MO in molecular-grade 

H2O at a concentration of 1mM. The sequences of our MOs were as follows: 

Cacng2a e1i1 – GGCATAACAGTCGCCTTACCTTCCA 

Cacng2b e4i4 – AGGAACACACGGAGCCGCTCACCT 

Cacng4a e2i2 – AAGGCAGTCACTCACGTAAGAGATA 

Cacng4b e1i1 – ACATGCATCCGTTTACCTTCGATAC 

MOs were prepared and injected according to the guidelines set out by 

Stephen Ekker’s lab (Bill et al., 2009). In brief, the effective dosage was 

determined by testing three different concentrations – 1, 2 and 4ng/nL – and the 

highest dosage without significant mortality or MO-induced toxicity was chosen 

for each MO. In all four cases, that dosage was 4ng/nL. The injection solutions 

consisted of 4ng/nl MO and 0.05% Phenol Red in 1X Danieau solution (mM: 58 

NaCl, 0.7 KCl, 0.4 MgSO4, 0.6 Ca(NO3)2, 5.0 HEPES, pH 7.6). Borosilicate glass 

capillary tubes BF-120-94-10 (Sutter Instrument Co.) were pulled into micro-

injection needles using a P-97 pipette puller (Sutter Instrument Co.)(Box filament; 

Heat 475, Pull 30, Velocity 50, Time 220, Pressure 200), and the tips of these 

needles were broken back under a dissecting microscope using #5 forceps 

(Dumont). Micro-injection needles were backfilled with injection solution using 

Microloader pipette tips (Eppendorf) and mounted on the micromanipulator. A 
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Picospritzer III Microinjection System (Parker) was calibrated to reliably eject 

1nL boluses of solution from each micro-injection needle using a foot pedal 

control. 30-50 embryos at the 1-4 cell stage were injected at a time, and then 

returned to Embryo Medium + MB + Penstrep to continue development. Injected 

embryos intended for use in ISH experiments were placed in 0.003% PTU 

between 12 and 24hpf and then fixed at 48hpf. Injected embryos used for cDNA 

synthesis (RT-PCR) or for behavioural assays were raised in Embryo Medium + 

MB + Penstrep until 48hpf. 

2.5.2 Knockdown Assessment 

In order to assess the extent of the knockdown, RT-PCR was performed. 

MOs were injected at all three concentrations, and injected 48hpf fish were used 

for RNA Extraction and cDNA Synthesis as previously described. cDNA was also 

synthesized from mock-injected 48hpf control embryos and uninjected 48hpf 

embryos. These five cDNA groups were tested for their expression of the relevant 

Cacng gene in comparison to their expression of EF1α in order to confirm the 

specificity of the knockdown and the quality of the cDNA. The RT-PCR protocol 

was identical to the protocol used for the Semi-quantitative RT-PCR experiments 

described previously. New primers had to be designed for Cacng2b, Cacng4a and 

Cacng4b. 

The extent of MO knockdown was also assayed using ISH as described 

previously. Side-by-side ISH experiments using 4ng injected and uninjected 
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48hpf embryos were performed in order to confirm both the presence of 

knockdown and the specificity of our ISH probes. 

 

 

 

 

 

Table 2 Primers used to assay MO knockdown by RT-PCR in 48 hpf zebrafish 

embryos. 

 

2.5.3 Behavioural Assays 

The escape behaviour of free-swimming fish was used to determine if single 

knockdowns of Cacng mRNA transcripts would result in a noticeable deficit in 

the swimming ability of the fish. Microinjection needles were pulled and broken 

back as previously described, and backfilled with an Ejection Marker solution 

(0.05% Phenol Red in Embryo Medium). The Picospritzer was set to deliver a 

20ms pulse at 50psi, and injected 48hpf fish were placed in 1mL bubbles of 

Embryo Medium. An S-PRIplus high-speed camera (AOS Technologies AG) was 

Gene 

Name 

Forward Primer 5'-3' Sequence Reverse Primer 5'-3' Sequence Product 

Size (bp) 

Cacng2b CGTTTCTGCAGCAGGTCTGAG ATAATCTGCTCCTCGCACTCG 238 

Cacng4a GCTGCCAAAGAAAACTCGGG CTGCCAACACAGCAATGGTC 449 

Cacng4b CCACCGTTGGAGCTTTTGTG CCAGCAACAGCAGGATGGGA 327 
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mounted to the headstage of the dissecting microscope and connected to a 

consumer PC running AOS Imaging Studio (AOS Technologies AG). The camera 

was set to capture images at a framerate of 1000 frames/s. The microinjection 

needle was carefully adjusted so that the tip was as close to the skin of the tail as 

possible without disturbing the fish, and the pulse of solution and camera shutter 

were triggered simultaneously using the footpedal for the microinjection system 

and the hand trigger for the camera. Collected videos were analyzed for the 

morphology of the fish tested and the latency of the escape response using AOS 

Imaging Studio (AOS Technologies AG), and data were statistically analyzed 

using student’s t-tests (p<0.05) 

3. Results 

3.1   Phylogenetic Analysis 

Ours is the first study of the Cacng family in a non-mammalian vertebrate; 

therefore I first examined the known sequence data in order to confirm the 

identities of the zebrafish Cacng family members, as well as to probe their 

similarity to their hypothetical orthologs in mice. Previous research has identified 

two regions of the TARP protein that are particularly important for its function: 

the first extracellular loop (Milstein et al., 2007), which mediates the interaction 

of the TARP with the pore of the AMPA receptor; and the C-terminus (Tomita et 

al., 2005a, Tomita et al., 2005b), which meditates the trafficking and anchoring of 

the TARP-AMPAR complex to the post-synaptic density.  
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3.1.1 Conservation of TARP C-Terminal Domains 

The C-termini of the aligned TARP sequences were isolated using TMpred, 

and analyzed by eye to determine the levels of sequence identity between 

orthologs, as well as the level of conservation of phosphorylatable residues (serine 

[S], threonine [T], tyrosine [Y]). Considerable research in mammals has already 

established certain residues of the C-terminus as being phosphorylatable (Choi et 

al., 2002, Tomita et al., 2005b) and/or involved in trafficking (Cuadra et al., 2004); 

my objective here was to determine the extent to which these previously identified 

residues are conserved in zebrafish. 

I began my examination by BLASTing all of the mouse and zebrafish 

Cacng AA sequences to determine their level of overall identity between species 

– this was used as a benchmark when comparing specific regions of AA sequence. 

The level of sequence identity between each mouse gene and its zebrafish 

counterparts was averaged in order to account for varying levels of identity 

between the zebrafish paralogs. AA sequence identities between mice and 

zebrafish are as follows: γ1 - 62.5%; γ2 - 86.5%; γ3 - 71.5%; γ4 - 65%; γ5 - 

89.5%; γ6 - 43.5%; γ7 - 81.5%; γ8 - 67%. The highest identity is found in γ5, a 

Type II TARP, and the lowest identity is found in γ6, which functions as a 

calcium channel γ subunit, not a TARP. Of the Type I TARPs, γ2 and γ3 are most 

similar between mice and zebrafish at 86.5% and 71.5%, respectively, while γ4 

and γ8 are less conserved (65% and 67%). Interestingly, both of the Type II 

TARPs show very strong sequence identity (>80%), while the four Type I TARPs 

show a greater range of sequence identities (65-86.5%). 
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In examining the C-Termini of the TARP proteins (Figure 2), one notices 

almost immediately that the level of homology is quite a bit less than what one 

might expect from the overall sequence homologies reported above. Where the 

overall AA homologies of the Type I TARPs range from 65-86.5%, the 

homologies of the C-Termini of those same molecules range from 24.5-64.6%, 

with an average much closer to 24.5% - a statistically significant decrease at the 

95% confidence level (unpaired t-test). Figure 2 highlights the neuronal isoform 

of protein interacting specifically with TC10 (nPIST) domain and the PDZ 

domain, which are involved in trafficking the TARP/AMPAR complex from the 

golgi apparatus (Cuadra et al., 2004) and anchoring said complex to the PSD, 

respectively. nPIST domains are still relatively poorly described, so the large 

purple block represents a conservative guess at the general area that acts as an 

nPIST domain. I took note of the conserved phosphorylatable residues within the 

nPIST domain between mice and zebrafish for each of the Type I TARPs, but 

most of them occur at the beginning of the nPIST domain, and coincide with 

several previously characterized sites of phosphorylation that occur just prior to 

the nPIST domain (Payne, 2008). Ultimately, examining the C-termini of the 

Type I TARPs gives us two pieces of important information: 1) the C-termini are 

not generally well conserved, but 2) the phosphorylated residues (that we know of) 

seem to be quite well conserved. This interesting finding led me to further 

examine another fragment of sequence that is important for TARP function: the 

first extracellular loop. 

 



 

47 

 

 



 

48 

 

 

 

 

 

 

 

 

 



 

49 

 

Figure 2 The sequence of the C-Terminus of the TARP protein differs 

significantly between zebrafish and mice. The overall sequence identity (using the 

full-length AA sequence for each set of orthologs), the sequence identity specific 

to the C-terminus, and the sequence identity specific to the nPIST domains are 

shown. The C-Termini are significantly less well-conserved than the rest of the 

AA sequences (two-tailed t-test, p<0.05). The nPIST domains are also 

significantly more poorly conserved relative to the overall identity of the protein 

(t-test, p<0.05; but not significantly worse than the rest of the C-terminus, p=0.08). 

In spite of these widespread changes, the terminal PDZ binding domains and the 

phosphorylated serine residues prior to the nPIST are well-conserved. TARP 

amino acid sequences were fed into TMPred and TM-Coffee in order to determine 

the location of the C-terminus. C-terminal sequences for all the zebrafish and 

mouse TARPs were then aligned with T-Coffee and each set of orthologs was 

manually inspected for sequence identities (*). The neuronal isoform of protein-

interacting specifically with TC10 (nPIST) domains from mice are highlighted in 

purple, the type I PDZ-binding domain is highlighted in yellow, boxes surround 

conserved phosphorylatable residues (S, T, Y) within the nPIST domain, as well 

as the serine residues outside the nPIST domain that have been shown to be 

phosphorylated. The percentage of sequence identity between the different species 

for each TARP isoform is shown in the table.  
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3.1.2  Conservation of TARP Extracellular Loop 1 

The first extracellular loops (ECL1) of the TARP proteins interact with the 

pore of the AMPAR complex (Figure 1) and modulates the pharmacology, gating, 

and kinetic properties of the AMPAR. ECL1s were isolated using TMpred and 

TM-Coffee by the same method as was used for the C-Termini and sequence 

identities were determined by eye. Surprisingly, no studies have examined the 

specific residues responsible for the interaction between TARPs and AMPARs. I 

began by quantifying the level of sequence identity specific to the ECL1 for each 

TARP isoform (Figure 3). The best-conserved first extracellular loop belongs to 

γ3 with 84% identity, while the least-conserved is γ4 with 59% ECL1 identity. 

The average sequence identity of ECL1 of the TARPs is 75% - statistically almost 

identical to the average overall sequence identity of the same genes (76.8%) 

(unpaired t-test, p=0.75). From these data there is nothing to suggest that ECL1 is 

especially well conserved compared to the rest of the protein sequence for a given 

TARP: however ECL1 is significantly better conserved than the C-termini in a 

given protein (unpaired t-test, p<0.05). Importantly, the cysteine residues 

implicated in forming the pore of Claudin proteins are conserved in all of the 

Cacng genes surveyed here across mice and zebrafish. I also determined the level 

of conservation of the charged residues of ECL1, in order to determine the 

potential role of charge in modulation of the properties of AMPARs. The positive 

(R, H, K) and negative (D, E) amino acid residues of ECL1 are extremely well-

conserved – ranging from 75% (4) to 100% (γ3 and γ5) identity, with an average 

of 91.2% identity between the mouse and zebrafish orthologs. This was found to 



 

51 

 

be a significant increase relative to the level of overall sequence identity for a 

given set of orthologs (unpaired t-test, p<0.05), suggesting that these charged 

residues are highly selected for. Finally, by tallying the number of positive and 

negative residues, I determined that ECL1 of all of the TARPs carries a net 

negative charge of either -1 or -2.  
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Figure 3 The charged amino acids of the first extracellular loop are significantly 

better conserved than the rest of the protein. TARP amino acid sequences for 

mouse (mγX) and zebrafish (zγXa/b) were fed into TMPred and TM-Coffee in 

order to determine the location of the first extracellular loop. Loop sequences for 

each TARP were then aligned with T-Coffee and manually inspected for sequence 

identities (*). The sequence was also manually inspected for positively charged 

(red) and negatively charged (blue) conserved residues, the total of which was 

quantified relative to the total number of charged residues (including 

nonconserved residues). The pore-forming Claudin-related cysteine residues are 

highlighted in orange and boxed. Sequence identities for the first extracellular 

loop and its charged AA residues between mouse and zebrafish are quantified in 

the bottom table, and shown compared to the overall identity between the 

complete sequence in each species for each protein. Significance was determined 

using an unpaired two-tailed t-test (p<0.05) 
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3.1.3 Phylogenetic Analysis of Mouse and Zebrafish TARP AA Sequences 

After my sequence analysis of the potential functional regions of the 

zebrafish TARP proteins, I wanted to learn what I could about the evolutionary 

history of the TARP proteins in zebrafish as compared to mice: in particular, I 

wanted to confirm the status of the additional zebrafish Cacng genes as paralogs 

to each other and orthologs to the appropriate murine Cacng genes. I began with 

an alignment of all the TARPs in mice, and created a maximum-likelihood (ML) 

tree in order to examine some of the basic relationships between the proteins 

(Figure 4A). Based on the sequences given, the tree suggests that the Type I 

TARPs (Cacng2, Cacng3, Cacng4, Cacng8) are the most derived members of the 

TARP family, followed by the Type II TARPs (Cacng5 and Cacng7); the basal 

members of the family, according to this tree, are the voltage-gated calcium 

channel gamma subunits: Cacng1 and Cacng6.  

Another ML tree was produced using all of the zebrafish TARP amino acid 

sequences; however this tree suggests different evolutionary relationships 

between the Cacng genes (Figure 4B). In particular, Cacng1 and Cacng6 are the 

most derived members of the family, while the Type I TARPs are now basal. 

Notably, the bootstrap support values for the placement of the Type I TARPs on 

this tree are low (≤70), with the only strong values being those that link the 

paralogs of Cacng3 and Cacng8.  

In order to improve the accuracy of the predictions of my phylogenetic tree, 

I created a ML gene tree containing all of the Cacng AA sequences of mice, 
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zebrafish, humans, chickens and frogs. This tree had similar architecture to the 

tree for the zebrafish sequences, but had the advantage of stronger bootstrap 

support values and clear grouping relationships between the different genes 

(Figure 5).  All of the predicted orthologs formed monophyletic groups with each 

other. Based on this tree, we can confidently conclude that the duplicated TARP 

genes we find in zebrafish are indeed paralogous and are the appropriate orthologs 

to their murine and vertebrate counterparts. 
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Figure 4 The phylogenetic relationships of the Cacng genes in mice (A) and 

zebrafish (B) are not clearly the same. Amino acid sequences for each Cacng gene 

were taken from the Ensembl genome database and fed through several T-Coffee 

multiple sequence alignments (T-Coffee, TM-Coffee, M-Coffee, Expresso) before 

being collated using T-Coffee Combine to create a master alignment for the gene 

family in each species. Master alignments were analyzed using RAxML 

BlackBox, using the Gamma model of rate heterogeneity and accounting for the 

proportion of invariant sites, in order to produce the maximum-likelihood trees 

shown here. The best supported nodes in each species support previous work 

grouping the different members of the family together (Type I/II TARPs, calcium 

channel gamma subunits), as well as grouping (most of) the paralogous genes in 

zebrafish together. Claudin-1 (Cldn1) was chosen as the outgroup for both species. 

Bootstrap support at each node is indicated, with values greater than 70 indicating 

strong bootstrap support for a given node. The scale below each tree is relative, 

indicating the relative number of differences in the sequences with longer 

horizontal branch lengths. 
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Figure 5 The Cacng genes of vertebrates are orthologous to each other. The 

evolutionary history was inferred using the Maximum Likelihood method using 

the JTT with frequency model. Amino acid sequences for the Cacng genes (and 

Cldn1 as the outgroup) of several vertebrates were taken from the Ensembl 

genome database and fed through several T-Coffee multiple sequence alignments 

(T-Coffee, TM-Coffee, M-Coffee, Expresso) before being collated using T-Coffee 

Combine to create a master alignment for the gene family that included all species. 

The phylogenetic relationships between the Cacng AA sequences in zebrafish 

(zCacng), mice (mCacng), humans (hCacng), chickens (cCacng) and frogs 

(xCacng) are shown; the grouping together of the Cacng subtypes regardless of 

species is a strong indicator of homology between the genes. The tree with the 

highest log likelihood (-3887.5261) is shown. The initial tree for the heuristic 

search was obtained by applying the Neighbor-Joining method to a matrix of 

pairwise distances estimated using a JTT model. A discrete Gamma distribution 

was used to model evolutionary rate differences among sites (5 categories (+G, 

parameter = 6.0805)). The rate variation model allowed for some sites to be 

evolutionarily invariable ([+I], 0.0000% sites). The bootstrap analysis involved 49 

amino acid sequences. All positions containing gaps and missing data were 

eliminated. There were a total of 105 positions in the final dataset. Evolutionary 

analyses were conducted in MEGA5.  
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3.2   RT-PCR 

After examining the conservation of the TARP genes at the amino acid 

sequence level, I wanted to determine what their general patterns of mRNA 

expression were during the development of the nervous system and locomotion 

(12-96 hpf). Expression of the Type I and II TARPs in developing zebrafish was 

assayed using RT-PCR, and band intensities at each developmental time point 

were measured and compared with expression of a housekeeping gene at the same 

developmental time point. This non-quantitative method means that I cannot make 

claims about the expression level of a particular gene at a particular time point – I 

can only say whether a gene is “on” or “off”. The general trend for all of the 

TARPs is that they turn on at some point between 12 and 96 hpf. The figures for 

PCR have been arranged to reflect the phylogenetic relationships within the 

Cacng family, with each side of the Type I TARP fork – containing Cacng2/3 and 

Cacng4/8 respectively – presented on its own, and the Type II TARPs – Cacng5 

and Cacng7 – presented on their own.  

3.2.1 Developmental Expression of Cacng2 and Cacng3 

Figure 6 shows the expression pattern of Cacng2a/b and Cacng3a/b from 

12-96 hpf whole-animal preparations and in the brain isolate of adult fish.  

Expression of Cacng2a turns on between 12 and 48 hpf; a similar expression 

pattern is seen with Cacng2b, turns on between 12 and 24 hpf, and plateaus 

slightly earlier - at 36 hpf. Cacng3a is not appreciably expressed until 48 hpf and 

then jumps to a plateau from 72 hpf onwards. The expression of Cacng3b differs 

from its paralog as its expression turns on more gradually, between 24 and 72 hpf.  
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3.2.2 Developmental Expression of Cacng4 and Cacng8 

The expression of the genes that make up the other half of the Type I TARP 

fork, Cacng4 and Cacng8, is shown in Figure 7. Cacng4a is barely expressed at 

12 hpf, but just six hours later at 18 hpf it has reached its expression plateau. On 

the other hand, Cacng4b expression appears to be present throughout the 12-96 

hpf developmental time period I used. The expression of Cacng8a turns on 

between 24 and 72 hpf, where it reaches a plateau. The expression of Cacng8b is 

reminiscent of the expression of Cacng4a, as it appears to also be barely 

expressed at a low level at 12 hpf, and then turn on by 18 hpf.  

3.2.3 Developmental Expression of Cacng5 and Cacng7 

I decided very early on to focus my efforts on examining the expression and 

function of a selection of Type I TARPs, so when I discovered that all of the 

TARP genes had duplicates, I made the decision not to run PCR on the paralogs 

of the Type II TARPs. As such, I can only provide preliminary data on the 

expression of Type II TARPs during zebrafish development, with Cacng5a and 

Cacng7b (Figure 8). Cacng5a and Cacng7b share a similar expression pattern to 

Cacng3a, with expression not turning on until 72 hpf.  

3.2.4 Summary of Expression of Type I TARPs and Adult TARP 

expression 

Half of the Type I TARP genes are turned on between 48 and 72 hpf: 

Cacng2a, Cacng3a, Cacng3b, Cacng8a. The other half of the Type I TARP genes 

reach their plateau levels of expression earlier, sometime between 12 and 36 hpf: 
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Cacng2b, Cacng4a, Cacng4b, Cacng8b. Based on what is known about TARP 

gene expression in mice (Tomita et al., 2003), I did not expect to see a significant 

amount of Cacng4 expression in our adult brain isolates; however all of the TARP 

genes we examined, including Cacng4a and Cacng4b, were robustly expressed in 

our adult brain cDNA.  
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Figure 6 Cacng2 and Cacng3 transcripts are differentially expressed during 

zebrafish development. Expression of TARP genes (Cacng) was assayed 

using RT-PCR on a set of developmental cDNA samples harvested from 

whole zebrafish embryos. Cacng2b reaches its expression plateau at a 

younger age (36 hpf) than the other TARPs shown here. Band densities for 

the TARP genes and EF1α were calculated using ImageJ (NIH). Data are 

expressed as a ratio of density of TARP to the density of EF1α 

housekeeping gene ± SEM for a given developmental age (n=3).   

 



 

65 

 

 

0	

0.2	

0.4	

0.6	

0.8	

1	

1.2	

12	 18	 24	 36	 48	 72	 96	 Adult	

R
e
la

ve
	B
a
n
d
	D
e
n
si
ty
	

Developmental	Age	(hpf)	

Cacng4a	

0	

0.2	

0.4	

0.6	

0.8	

1	

1.2	

1.4	

1.6	

12	 18	 24	 36	 48	 72	 96	 Adult	

R
e
la

ve
	B
a
n
d
	D
e
n
si
ty
	

Developmental	Age	(hpf)	

Cacng4b	

0	

0.1	

0.2	

0.3	

0.4	

0.5	

0.6	

0.7	

0.8	

0.9	

1	

12	 18	 24	 36	 48	 72	 96	 Adult	

R
e
la

ve
	B
a
n
d
	D
e
n
si
ty
	

Developmental	Age	(hpf)	

Cacng8b	

0	

0.2	

0.4	

0.6	

0.8	

1	

1.2	

12	 18	 24	 36	 48	 72	 96	 Adult	

R
e
la

ve
	B
a
n
d
	D
e
n
si
ty
	

Developmental	Age	(hpf)	

Cacng8a	

12	18	24	36	48	72	96	A	

EF1a 

Cacng4a	

12	18	24	36	48	72	96	
EF1a 

Cacng4b	

A	

12	18	24	36	48	72	96	A	
EF1a 

Cacng8a	

12	18	24	36	48	72	96	A	

EF1a 

Cacng8b	



 

66 

 

Figure 7 Cacng4 and Cacng8 transcripts are differentially expressed during 

zebrafish development. Expression of TARP genes (Cacng) was assayed 

using RT-PCR on a set of developmental cDNA samples harvested from 

whole zebrafish embryos. Cacng8a reaches its expression plateau at an 

older age (72 hpf) than the other TARPs shown here. Band densities for the 

TARP genes and EF1α were calculated using ImageJ (NIH). Data are 

expressed as a ratio of density of TARP to the density of EF1α 

housekeeping gene ± SEM for a given developmental age (n=3).   
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Figure 8 Expression of Type II TARP transcripts increases during zebrafish 

development. Expression of TARP genes (Cacng) was assayed using RT-

PCR on a set of developmental cDNA samples harvested from whole 

zebrafish embryos. Cacng5a and Cacng7b both reach their expression 

plateau at around 72 hpf. Band densities for the TARP genes and EF1α were 

calculated using ImageJ (NIH). Data are expressed as a ratio of density of 

TARP to the density of EF1α housekeeping gene ± SEM for a given 

developmental age (n=3).   
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3.3   In Situ Hybridization 

Having determined the overall pattern of expression during development for 

the Type I TARPs, I wanted to see if there was any differential expression of 

those genes in different areas of the CNS. Given the robust early expression 

(between 18-36 hpf) of certain TARP genes in my own PCR experiments, 

including Cacng2b and Cacng4a/b, and given the previous literature that has 

shown Cacng4 (but not Cacng2) to be broadly expressed during embryonic and 

postnatal development in rats (Tomita et al., 2003), I chose to focus on Cacng2a/b 

and Cacng4/b for my In Situ Hybridization (ISH) experiments. ISH experiments 

were performed at four time points, chosen because of their relevance to the 

development of locomotory behaviour in zebrafish: 12 hpf, 24 hpf, 48 hpf and 72 

hpf. Roughly speaking, between 12 and 24 hpf, the basic architecture of the 

nervous system is forming and connecting; locomotion develops from 24 to 48 

hpf, starting as spontaneous coiling contractions and culminating in the larva 

hatching from the chorion. By 72 hpf, the larvae are fully independent organisms, 

reliant upon their locomotory abilities to avoid predators and feed themselves – 

much like adult fish. My in situ experiments were run with a basic no probe 

control and limited positive controls, but without the necessary controls (sense 

probe, nonsense probe, consistent positive control) to be treated as anything more 

than preliminary results. Further properly-controlled experiments must be 

performed to determine the validity of my results. 
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3.3.1 Developmental Expression of Cacng2 

Cacng2a (Figure 9) and Cacng2b (Figure 10) share virtually identical 

developmental expression patterns, when assayed via ISH. There is strong diffuse 

staining throughout the body at 12 hpf, with dark patches corresponding to the eye 

and otic vesicle. By 24 hpf, this staining has clarified somewhat and become 

isolated to within the nervous system. In Figures 9D and 10D, we can see very 

clearly the formation of the fore-, mid- and hind-brain thanks to strong specific 

staining in the neural tube, particularly on the medial sides, which continues down 

the length of the spinal cord (not shown). At this stage we can also begin to see 

the structures of the eye, with strong staining in the lens, what appears to be the 

ganglion cell layer and more diffuse staining throughout. By 48 hpf, the nervous 

system is well-developed, and we can see staining for Cacng2a and Cacng2b 

throughout the brain and eyes (Figures 9 and 10, E and F). By 48 hpf the staining 

in the spinal cord has begun to weaken, and is eliminated by 72 hpf. By 72 hpf, 

the expression pattern has sharpened, with little/no staining persisting past the 

hindbrain and into the tail, but still strong staining in the forebrain, midbrain, and 

eyes. (Figs 9 and 10, G and H).   
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Figure 9 Zebrafish Cacng2a expression between 12 and 72 hpf. A, B) In situ 

hybridizations (ISH) showing ubiquitous expression of Cacng2a at 12 hpf, with 

increased expression at the eye and otic vesicle. C, D) ISH showing expression of 

Cacng2a imaged with bright field (BF)(C) and differential interference contrast 

(DIC)(D) at 24 hpf. Expression is strong in in the eye, particularly the lens and the 

ganglion cell layer (GCL); and in the tissue of the developing brain - the 

prosencephalon (pros), mesencephalon (mes), and rhombencephalon (rhomb). E, 

F) ISH showing expression of Cacng2a at 48 hpf, imaged with BF microscopy. 

Frontal sections (E) and dorsal sections (F) show strong expression of Cacng2a 

throughout the eyes and brain. G, H) ISH showing expression of Cacng2a at 72 

hpf using BF microscopy. Frontal sections (G) and dorsal sections (H) show 

strong expression of Cacng2a throughout the eyes and brain. A – lateral view, 

dorsal up, anterior left; B, C, D, F, H – dorsal views, anterior to the left; E, G – 

frontal view, dorsal up. n=3 experiments for each age group, ≈50 embryos viewed 

across all samples, images are representative of staining seen in ≥75% of their age 

group. 
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Figure 10 Zebrafish Cacng2b expression between 12 and 72 hpf. A, B) In 

situ hybridizations (ISH) showing ubiquitous expression of Cacng2b at 12 hpf, 

with increased expression at the eye and otic vesicle. C, D) ISH showing 

expression of Cacng2b imaged with bright field (BF)(C) and differential 

interference contrast (DIC)(D) at 24 hpf. Expression is strong in in the eye, 

particularly the lens and the ganglion cell layer (GCL); and in the tissue of the 

developing brain - the prosencephalon (pros), mesencephalon (mes), and 

rhombencephalon (rhomb). E, F) ISH showing expression of Cacng2b at 48 hpf, 

imaged with BF microscopy. Frontal sections (E) and dorsal sections (F) show 

strong expression of Cacng2b throughout the eyes and brain. G, H) ISH showing 

expression of Cacng2b at 72 hpf using BF microscopy. Frontal sections (G) and 

dorsal sections (H) show strong expression of Cacng2b throughout the eyes and 

brain. A – lateral view, dorsal up, anterior left; B, C, D, F, H – dorsal views, 

anterior to the left; E, G – frontal view, dorsal up. n=3 experiments for each age 

group, ≈50 embryos viewed across all samples at each age, images are 

representative of staining seen in ≥75% of each age group. 
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3.3.2 Developmental Expression of Cacng4 

The expression pattern of Cacng4a and Cacng4b is indistinguishable from 

the expression pattern of Cacng2a and Cacng2b. The transcripts are expressed 

ubiquitously at 12 hpf (Figures 11 and 12, A and B), with small islands of 

expression at the eye and the otic vesicle. This expression is refined by 24 hpf to 

clearly mark neural tissue, particularly that of the neural tube and the eye (Figures 

11 and12, C and D). As with Cacng2a/b, the ventricles of the developing brain are 

nicely highlighted by staining throughout the tissue of the prosencephalon, 

mesencephalon, and rhombencephalon. The eyes are stained throughout, but there 

is darker staining in the region around the lens where the ganglion cell layer is 

located. 48 hpf larvae show a pattern of ubiquitous staining throughout the 

nervous tissue of the head (Figures 11 and 12, E and F), particularly in the eyes, 

forebrain, and midbrain, with a more selective staining pattern in the hindbrain. 

By 48 hpf, the expression of the Cacng genes we have examined has begun to 

noticeably decrease along the body axis and is becoming exclusive to the nervous 

tissue of the head. As development continues, at 72 hpf Cacng4a/b are expressed 

exclusively in the head, still particularly in the forebrain, midbrain, and eyes 

(Figures 11 and 12, G and H).  
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Figure 11 Zebrafish Cacng4a expression between 12 and 72 hpf. A, B) In situ 

hybridizations (ISH) showing ubiquitous expression of Cacng4a at 12 hpf, with 

increased expression at the eye and otic vesicle. C, D) ISH showing expression of 

Cacng4a imaged with bright field (BF)(C) and differential interference contrast 

(DIC)(D) at 24 hpf. Expression is strong in in the eye, particularly the lens and the 

ganglion cell layer (GCL); and in the tissue of the developing brain - the 

prosencephalon (pros), mesencephalon (mes), and rhombencephalon (rhomb). E, 

F) ISH showing expression of Cacng4a at 48 hpf, imaged with BF microscopy. 

Frontal sections (E) and dorsal sections (F) show strong expression of Cacng4a 

throughout the eyes and brain. G, H) ISH showing expression of Cacng4a at 72 

hpf using BF microscopy. Frontal sections (G) and dorsal sections (H) show 

strong expression of Cacng4a throughout the eyes and brain. A – lateral view, 

dorsal up, anterior left; B, C, D, F, H – dorsal views, anterior to the left; E, G – 

frontal view, dorsal up. n=3 experiments for each age group, ≈50 embryos viewed 

across all samples, images are representative of staining seen in ≥75% of their age 

group. 
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Figure 12 Zebrafish Cacng4b expression between 12 and 72 hpf. A, B) In 

situ hybridizations (ISH) showing ubiquitous expression of Cacng4b at 12 hpf, 

with increased expression at the eye and otic vesicle. C, D) ISH showing 

expression of Cacng4b imaged with bright field (BF)(C) and differential 

interference contrast (DIC)(D) at 24 hpf. Expression is strong in in the eye, 

particularly the lens and the ganglion cell layer (GCL); and in the tissue of the 

developing brain - the prosencephalon (pros), mesencephalon (mes), and 

rhombencephalon (rhomb). E, F) ISH showing expression of Cacng4b at 48 hpf, 

imaged with BF microscopy. Frontal sections (E) and dorsal sections (F) show 

strong expression of Cacng4b throughout the eyes and brain. G, H) ISH showing 

expression of Cacng4b at 72 hpf using BF microscopy. Frontal sections (G) and 

dorsal sections (H) show strong expression of Cacng4b throughout the eyes and 

brain. A – lateral view, dorsal up, anterior left; B, C, D, F, H – dorsal views, 

anterior to the left; E, G – frontal view, dorsal up. n=3 experiments for each age 

group, ≈50 embryos viewed across all samples, images are representative of 

staining seen in ≥75% of each age group. 
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3.4   Knockdown with Morpholino Oligonucleotides 

My previous experiments suggested that the Type I and II TARPs are 

expressed differentially throughout development; however my experiments in 

zebrafish failed to show the differential spatial expression pattern that has been 

demonstrated for TARP genes in post-natal and mature rats (Tomita et al., 2003). 

My next objective was to observe whether any phenotypic changes to the fish 

occur when those genes were knocked down using Morpholino antisense 

oligonucleotides (MOs).  

3.4.1 Knockdown Assessment at 48hpf 

Splice-blocking MOs were chosen over translation-blocking MOs because 

they allow for knockdown assessment using RT-PCR and ISH, whereas 

translation-blocking MOs require knockdown confirmation through antibody-

mediated techniques such as Western blotting or immunohistochemistry. I 

designed my PCR primers for knockdown confirmation to bind to the exons on 

either side of the splice site that the MO was designed against in order to show a 

weakening of the desired band as confirmation of the knockdown; however this 

was not evident in most of the PCR reactions that were run. Instead, Figure 13 

shows that with the exception of Cacng2a, none of the TARP genes I injected 

MOs for were consistently knocked down with the concentrations of MO I was 

using. Cacng2a does appear to have been knocked down with the 4 ng MO 

treatment, though I cannot be conclusive with this small sample size. For the most 

part, the level of Cacng expression in the injected fish was equivalent to either the 

uninjected positive control or the mock-injected positive control. This negative 
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result could have been due to a flaw in the experimental design or a bad reagent, 

so I moved forward using the 4 ng concentration and attempted to confirm my 

transcripts were knocked down using ISH experiments for Cacng2a and Cacng4a 

at 48 hpf. 

ISH of MO-injected Cacng2a/4a failed to show a noticeable knockdown of 

expression in the brain (Figures 14 and 15). The MO-injected fish are largely 

indistinguishable from their uninjected counterparts, with strong staining in the 

brain and eyes in the same pattern as the controls and my previous ISH efforts. In 

fact, the most noticeable difference between the MO-injected fish and their 

controls is slightly darker non-specific staining along the tail of the MO-injected 

fish (Figures 14 and 15, E and F).  

According to both of these methods of knockdown assessment, the 

knockdown of the Cacng genes was either very minor or unsuccessful. In order to 

fully confirm this result, we turned to behavioural assessment of MO-injected 48 

hpf larvae, as any deficits in escape response could be indirectly linked to the 

levels of the TARP proteins: either showing a knockdown phenotype or 

confirming my previous negative knockdown assessments – or, unfortunately, 

demonstrating a non-specific effect due to the MO itself, rather than its sequence. 
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Figure 13 RT-PCR assay to assess morpholino knockdown of Cacng genes. Each 

splice-blocking morpholino oligonucleotide (MO) was injected into a cohort of 

~30 embryos in the 1-4 cell stage at 1-4 ng/nL concentration. RNA was isolated 

from injected embryos at 48 hpf using TRIzol reagent, and cDNA for each 

injected concentration was synthesized with 1μg of isolated RNA. (+) indicates an 

uninjected wild-type cDNA sample. RT-PCR results were inconclusive, with no 

detectable splice variants at larger size ranges and no clear knockdown for any 

MO aside from Cacng2a e1i1 at 4 ng. Band densities for the Cacng genes and 

EF1α were calculated using ImageJ (NIH). Data are expressed as a ratio of 

density of Cacng to the density of the EF1α housekeeping gene (n=1).  
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Figure 14 In Situ Hybridization assay to assess morpholino oligonucleotide (MO) 

knockdown of Cacng2a in 48hpf zebrafish larvae. ISH was carried out on 48hpf 

larvae using a probe for the mRNA sequence of Cacng2a, and larvae were either 

untreated controls or were treated with 4ng of Cacng2a e1i1 MO during their 1-4 

cell stage. A,B) Frontal views at 200X magnification show no change in 

expression pattern between control and MO-injected fish. C,D) Dorsal views at 

200X no change in expression pattern between control and MO-injected fish. E,F) 

Dorsal views at 100X show a slight increase in the staining of the tail in MO-

injected fish, but no further changes. n=2. 
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Figure 15 In Situ Hybridization assay to assess morpholino oligonucleotide (MO) 

knockdown of Cacng4a in 48hpf zebrafish larvae. ISH was carried out on 48hpf 

larvae using a probe for the mRNA sequence of Cacng2a, and larvae were either 

untreated controls or were treated with 4ng of Cacng4a e2i2 MO during their 1-4 

cell stage. A,B) Frontal views at 200X magnification show no change in 

expression pattern between control and MO-injected fish. C,D) Dorsal views at 

200X no change in expression pattern between control and MO-injected fish. E,F) 

Dorsal views at 100X show a slight increase in the staining of the tail in MO-

injected fish, but no further changes. n=2. 
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3.4.2 Behavioural Assessment at 48hpf  

Having established the developmental and spatial expression patterns of the 

Cacng genes in zebrafish, my next objective was to examine the result of 

knocking down some of the Cacng genes to observe any phenotypic consequences 

and begin to determine the role of redundancy among the members of the family. 

Since the MOs did not detectably knock down their targets at the mRNA level, 

my continued pursuit of behavioural data was an attempt to indirectly assay 

protein levels and further confirm my previous results. 

1-4 cell embryos were injected with either 4ng of MO, an equivalent 

volume of isosmotic saline, or left uninjected. At 48hpf, the embryos were placed 

in small bubbles of embryo medium in a dish and stimulated on the tail with a 

pulse of coloured isosmotic saline. This free-swimming escape response was 

captured on high-speed video and analyzed for its latency – the time between 

stimulus contact and response. Figure 16A shows that there was no significant 

difference in response latency between any of the treatments (p>0.05, unpaired t-

tests); however a small number of larvae in each of the MO-injected treatments 

exhibited abnormal morphology and/or abnormal escape and swimming 

behaviour (Figure 16B, Figures 17 and 18). The average response latency was 

between 12 and 20ms, with most fish responding in close to 12ms. A minority of 

slow responding fish – notably, the same fish possessing abnormal morphology – 

were responsible for increasing the variance of the MO-injected treatments 

(particularly the Cacng4a treatment) with responses as slow as 68ms; however 

these abnormal morphologies were rare, and therefore had less of an impact on 
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the overall average latency of the escape responses. Harder to quantify (and not 

accounted for in Figure 16A) are the fish that simply failed to respond to our 

stimulus. I chose to exclude these fish from my quantitative analysis of response 

latency because I cannot be confident that their lack of response was not due to 

some error in the experimenters’ technique. Of the fish that were video recorded, 

those that failed to respond were always also abnormal in morphology, so they 

are included in the numbers shown in Figure 16B. The range of morphological 

abnormalities is shown in figure 16C: severe phenotypes of both MOs showed 

pericardial edema, small or no eyes, and stunted tails. 

The responses of fish with abnormal morphology were often slower, 

asymmetric and inefficient for creating distance from the stimulus (Figures 17 and 

18). A representative sequential image of a mock-injected control fish shows the 

fish is able to complete a full stroke of the tail in approximately 24 ms (Figure 17); 

whereas a fish with a moderate abnormal phenotype takes approximately 112 ms 

for the same full stroke, in spite of an asymmetrically weak contraction of the 

musculature on the same side as the stimulus (Figure 18).  
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Figure 16 Phenotypic and behavioural outcomes of Cacng MO injection in 

zebrafish larvae at 48hpf. A) MO-injected larvae do not experience a slowing of 

their escape response latency. Larvae were exposed to a 20ms pulse of water at 

50psi and their responses were recorded on video at 1000fps. Latency was judged 

from the first frame of water jet contact to the first frame of response, judged by 

muscle contraction. Three trials were averaged per fish, and the average of those 

averages is presented here (n=12-20). There are no significant differences 

between the response latencies of the different treatments (unpaired t-test, p>0.05) 

B) The percentage rate of morphological or behavioural abnormalities among the 

video recorded fish are presented. No abnormalities were noted among the mock 

injected or negative control fish (n=12-20). C) A range of representative 

phenotypes among the behavioural recordings for the Cacng2a and Cacng4a MO 

injections is shown. Arrows indicate smaller eyes, pericardial edema or stunting 

of the tail. 
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Figure 17 Representative post-stimulus escape and swimming response of 48 hpf 

mock-injected control zebrafish larva. Larvae were stimulated on the tail with a 

20 ms pulse of solution at 50 psi and the resulting escape responses were recorded 

on video at 1000 frames per second. The response was taken from the start of the 

first detectable contraction of the axial musculature (0 ms), and images were 

chosen at 3 ms intervals until the tail had completed one full stroke (as judged by 

the return of the tail to the midline of the fish). The star symbol indicates the tip of 

the tail. 
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Figure 18 Representative post-stimulus escape and swimming response of 48 hpf 

Cacng4a e2i2 MO-injected zebrafish larva with abnormal morphology. The 

escape response is asymmetrical and ineffective. Larvae were stimulated on the 

tail with a 20 ms pulse of solution at 50 psi and the resulting escape responses 

were recorded on video at 1000 frames per second. The response was taken from 

the start of the first detectable contraction of the axial musculature (0 ms), and 

images were chosen at 8 ms intervals until the tail had completed one full stroke 

(as judged by the return of the tail to the midline of the fish). The star symbol 

indicates the tip of the tail, and the body axis has been highlighted with a black 

dotted line to aid visualization of the tail movements. 
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4. Discussion 

The goal of this thesis was to examine the gene expression pattern and 

possible functional role of a family of auxiliary AMPAR subunits, the TARPs, in 

the developing zebrafish. There are two subfamilies of TARPs: Type I (typical) 

and Type II (atypical); however my study focused on the expression of the Type I 

TARPs in zebrafish, γ2, γ3, γ4, and γ8 because of their well-defined role in the 

AMPAR trafficking and modulation. Type I TARPs function as chaperones 

during AMPAR trafficking to the PSD (Chen et al., 2000, Cuadra et al., 2004, 

Vandenberghe et al., 2005a), but also differentially modulate the glutamate 

sensitivity, conductance, gating, kinetics and pharmacology of the AMPARs they 

associate with (Priel et al., 2005, Tomita et al., 2005a, Turetsky et al., 2005, 

Milstein et al., 2007, Jackson et al., 2011). The TARP-AMPAR interaction is both 

modular and dynamic: modular in the sense that a variety of AMPAR:TARP 

subunit stoichiometries are permissible (Hastie et al., 2013), and different 

stoichiometries or combinations of a given TARP with different subunits of 

AMPARs can have a variety of effects (Cho et al., 2007, Kott et al., 2007); and 

dynamic in the sense that these interactions between TARPs and AMPARs can be 

physiologically disengaged in order to cycle the AMPAR back into the endosomal 

system (Tomita et al., 2004). In mammals, γ2 and γ3 cause less dramatic increases 

to the conductance and mean open time of AMPARs than do γ4 and γ8 (Jackson 

et al., 2011), and these different TARP isoforms are also differentially expressed 

throughout the adult mammalian brain (Klugbauer et al., 2000, Tomita et al., 2003) 

– suggesting a physiological preference for the properties of certain TARPs in 
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certain areas. In spite of this apparent distinction between the different TARPs, 

they have also been found to be significantly redundant with each other (Menuz et 

al., 2008, Menuz et al., 2009), as γ2 is the only single knockout among the TARPs 

that results in a phenotype in mice. The γ2 knockout mouse is known as Stargazer 

for its ataxic epileptic phenotype (Letts et al., 1998). Recent research has shown 

that differential dysregulation of TARPs in humans is associated with 

schizophrenia (Drummond et al., 2013), with schizophrenic patients exhibiting 

increased levels of γ3 and γ5, but decreased γ4, γ7, and γ8 in their anterior 

cingulate cortices. Clearly, the appropriate differential expression of TARPs is 

important not only for basic neuronal functioning, but also for prevention of 

emergent pathophysiological disease states such as schizophrenia and epilepsy. 

Previous research has examined the role of TARP proteins in the 

development of the mammalian nervous system, particularly from the 

perspectives of protein expression via immunoblotting and Western blotting 

(Tomita et al., 2003) or the consequences of multigene knockout on development 

and AMPAR function (Menuz et al., 2009). Immunoblots showed strong CNS-

specific expression of γ4 in postnatal day 6 rats, weaker CNS-specific expression 

of γ2 and γ8 – in that order – and even less expression of γ3; results that were also 

supported by Western blot analysis (Tomita et al., 2003). These results in neonatal 

rats are in contrast with other findings from the same study, showing strong 

expression and highly specific, differential localization of TARPs γ2, γ3, and γ8 

in adult rat brain, with extremely confined and generally low expression of γ4 in 

adults (Tomita et al., 2003). This demonstrates a developmental change in the 
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expression patterns of the different TARPs, and implies a functional shift in the 

number and properties of the AMPARs at mature synapses, as compared to 

immature synapses (Cho et al., 2007, Milstein et al., 2007, Jackson et al., 2011). 

This study shows that γ4 is particularly strongly expressed throughout the CNS in 

neonates but hardly expressed at all in adults, while γ3 is primarily expressed in 

adult cortex and hardly expressed in neonates. This implies that TARPs are 

specialized both spatially and temporally, suggesting that association with specific 

TARPs at specific times and places finely tunes the function of AMPARs and 

helps to produce the excitability of the nervous system.  

In probing the phenotypic consequences of multi-TARP knockout mice, the 

most important TARP for survival past birth appears to be γ2: single knockouts 

produce ataxic/epileptic Stargazer mice; γ2,3, γ2,8 or γ2,4 double KOs survive 

poorly; and γ2,3,4 or γ2,3,8 triple knockouts do not survive past birth (Letts et al., 

2005, Rouach et al., 2005, Menuz et al., 2009). In comparison, both γ3,4 double 

KO and γ3,4,8 triple KOs produce viable offspring with decreased AMPAR 

function only in the triple KO (Menuz et al., 2009). Based on these results, γ2 is 

likely the most important TARP during development, followed by γ4 and γ8. 

These results show that though the organism can compensate for the loss of one or 

two TARP isoforms due to their functional redundancy, the loss of certain 

combinations of TARPs results in severe or lethal phenotypes – suggesting that 

the presence of TARPs, and presumably their interaction with AMPARs, is 

critical for proper neural function during development. The addition of paralogs 

for each TARP gene in zebrafish creates an opportunity for significantly more 
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redundancy among the TARP isoforms, which may make zebrafish quite resilient 

against developing phenotypes normally associated with TARP knockout. 

Moreover, the function of AMPARs and excitability of the nervous system could 

possibly be tuned even more finely in a system with twice as many TARP genes – 

provided that those TARPs possess the same functionality as their murine 

counterparts. 

I found that the amino acid sequences of the Cacng gene family, which 

encode the TARP proteins as well as the voltage-gated calcium channel γ subunits 

for which the Cacng genes are named, are generally well-conserved between mice 

and zebrafish – with 75% overall AA identity on average. Interestingly, we found 

that the two significant functional domains of the TARP proteins, ECL1 (Figure 3) 

and the C-terminus (Figure 2), are differentially conserved. The C-terminus, 

which governs the trafficking and anchoring of the TARP-AMPAR complex to 

the PSD, is significantly less conserved than the overall sequence in zebrafish; 

however the nine known functional serine residues of the TARP C-terminus were 

found to be highly conserved. Conversely, in ECL1, where the only conserved 

motif is a portion of the claudin domain, located at the 3’ end of the loop and 

continuing mostly in the second transmembrane domain, I found that the level of 

sequence conservation was generally equal to that of the overall sequence. 

Interestingly, I found that the level of conservation of the charged residues of 

ECL1 between zebrafish and mice was significantly better than the level of 

overall conservation – with more than 90% identity on average. These data 

provide a jumping off point for further research examining the functional aspects 
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of ECL1 and the C-terminus. Specifically, though some previous work has 

demonstrated that TARPs have some cell-adhesive character in vitro (Price et al., 

2005), what if any, role does the claudin motif – partially found in ECL1 – have 

on function in vivo? Claudins are separated functionally based on their charge 

preference, which gives the tight junctions they form some permeability and 

allows for paracellular transport of ions (Anderson and Van Itallie, 2009) – what 

role do the charged residues in the claudin domain of the ECL1 of TARP proteins 

have in regulating the permeability of AMPARs? At this time, no studies have 

investigated these properties of TARPs.   

My phylogenetic analyses showed that the duplicated Cacng genes of 

zebrafish are indeed paralogous to each other and orthologous to the sequences in 

mice. After creating a phylogenetic tree with several other members of the 

vertebrate family as well as mice and zebrafish, little uncertainty remains about 

the relationships between the TARP proteins of the vertebrates. My results 

strongly confirm the previous phylogenetic analyses of the TARP proteins done in 

mammals (Chu et al., 2001), and extend them by suggesting that those 

relationships are conserved as far back as teleost fish.  

In my RT-PCR studies, I found that there were roughly two waves of 

developmental Cacng gene expression – one group reaching a plateau of 

expression at 36 hpf or earlier, and one group reaching an expression plateau by 

72 hpf. The early expressed genes (γ2b, γ4a, γ4b, and γ8b) and the late expressed 

genes (γ2a, γ3a, γ3b, γ5a, γ7b, and γ8a) were divided along similar lines to the 
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developmental expression pattern already established in mice (γ4 early, γ3 later) 

(Tomita et al., 2003). Unlike in mice, the presence of duplicate pairs of genes for 

γ2 and γ8 where one paralog of each seems to act earlier than the other is new and 

unexpected in the field of TARP research. This suggests that the paralogs of γ2 

and γ8 may be functionally split across developmental time. Functional splitting is 

one hypothesized way for duplicated genes to be preserved: where once a single 

gene carried out two functions, now two duplicated genes will specialize in either 

of the functions of the parent gene (Sidow, 1996). qPCR would allow me to make 

statements about the expression levels of the Cacng genes compared to each other, 

rather than being restricted to making statements about the changes made to single 

genes over time. 

My ISH experiments showed a ubiquitous staining pattern with slightly 

darker patches at the eye and otic vesicle at 12 hpf that sharpened and clarified by 

48 hpf to be exclusively found in the brain and eyes, but not the spinal cord. This 

staining pattern was identical for each of the four TARP genes studied: Cacng2a, 

Cacng2b, Cacng4a and Cacng4b. This lack of differential expression was 

somewhat unexpected given previous results in neonatal mammals showing 

primarily expression of γ4 and very little else (Tomita et al., 2003). Likewise, 

given my PCR results I would have expected Cacng2a at least to perhaps be 

expressed strongly later than the other genes assayed. A previous high throughput 

study performed ISH on a wide variety of zebrafish genes, including Cacng2a at 

24, 36 and 48 hpf, and found a similar (but markedly more refined) staining 

pattern the brain, and no staining in the eyes or elsewhere (Thisse, 2004). The 
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difference between my result and this previous result is that mine shows darker 

and less distinct staining, which may be an indicator of non-specific binding of 

the probe. This appears especially likely, as the MO-injected negative controls for 

my ISH showed essentially the same staining pattern as my ISH treatments; 

therefore, the parameters of the ISH assay itself should likely be re-evaluated to 

ensure maximum specificity of the staining. 

Finally, I injected embryos with splice-blocking MOs for Cacng2a and 

Cacng4a to characterize the knockdown phenotype of these genes and to examine 

the escape response. In order to determine the optimal dosage of MO, I injected 

embryos at multiple concentrations, generated cDNA and assayed the knockdown 

via RT-PCR. This method of knockdown confirmation suggested that the 

transcripts were not knocked down by the splice-blocking MO, a finding that is 

also consistent with the negative results from my ISH of MO-injected larvae. The 

latencies of the escape responses of the MO-injected larvae were identical to both 

mock-injected and uninjected negative controls; however a minority (~30%) of 

the MO-injected larvae had morphological abnormalities and significantly altered 

swimming after their escape responses. Not shown or quantified were the larvae 

that failed to respond to the stimulus, as this was a common occurrence among all 

treatment and control groups. It has been suggested to us (M.E.C. and D.W.A.) 

anecdotally in personal communication with Dr. Waskiewicz that the 

manufacturer’s claimed half-lives of their MOs are not realistic, and that certain 

MOs have been found to degrade within six months of purchase, regardless of 

storage conditions, which is supported by at least one other group’s unpublished 
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observations (Bill et al., 2009) (Waskiewicz, 2012). I did not get a chance to 

begin injecting my MOs until around six months after we received them, so it is 

possible that they had already degraded by the time they were used for injections. 

At this point, the best way to determine the level of knockdown would be to 

directly assay the protein using Western blot; however the lack of zebrafish-

specific TARP antibodies means that we would have to use commercial 

antibodies designed against the C-terminus of the different TARPs in mice (which 

I have already determined are not well-conserved in zebrafish). 

4.1   Phylogenetic Differences Between Teleosts and Mammals 

The significant lack of conservation of the C-terminal trafficking domains 

in TARPs between mice and zebrafish was unexpected. Given the amount of 

previous research that has gone into the characterization of the function of this 

domain and the emphasis of that research on the importance of a properly 

functional C-terminus for TARP function, it was strange to me that the 

sequences would be so different; however it is actually not unusual for 

duplicated genes to diverge in this way. Immediately after a duplication event, 

the selective pressure on each paralog is significantly decreased because of the 

ability of its duplicate to act redundantly, which allows either gene to mutate 

more freely and eventually either be lost or develop new functional 

characteristics (Sidow, 1996). Most duplicated genes are degraded into 

pseudogenes and are lost before they develop a useful mutation; however just 

one new functional distinction between the original gene and the duplicated 

gene can be enough to protect the duplicate from degradation (Sidow, 1996). For 
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example, in the case of the Gria2 genes (which code for the GluA2 AMPAR 

subunit) basal vertebrates genomically encode the arginine residue that confers 

charge specificity to the channel, a feature that otherwise relies on RNA editing 

in more derived species such as mammals and teleosts (Kung et al., 2001). 

Thanks to the genome duplication in zebrafish, we can see an intermediate 

between the basal and derived (mammalian) genotypes: the ancestral paralog of 

Gria2 genomically encodes R; and the derived paralog, genomically encoding Q, 

is subject to RNA editing. This may be similar to the evolutionary mechanism 

we are seeing with respect to the C-termini of the Cacng family: an 

evolutionarily recent (18 million years ago) duplication event (Jaillon et al., 

2004) further decreasing the selective pressure on an already thrice-duplicated 

gene family (Chu et al., 2001), allowing for mutations to accumulate in the 

sequences of certain members of the family.  

It is important to note that though the C-termini of zebrafish TARPs are 

significantly different from their murine orthologs in overall sequences, many of 

the functional aspects of the amino acid sequence – phosphorylated serine and 

threonine residues, the terminal PDZ-binding domain – were preserved. The 

preservation of these particular sequence elements, especially in spite of a 

significant lack of identity for the rest of the nearby sequence, makes an even 

stronger case for the functional importance and selective value of those 

previously identified sequence elements than strong overall identity would. The 

levels of sequence identity I have reported between mice and zebrafish only 

reflect sites where the a and b zebrafish paralogs are identical to each other as 
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well as the murine sequence – positions where one zebrafish paralog differs 

from the other but is still identical to the murine sequence were not counted. 

This means that a high level of identity in one paralog could be “muted” in the 

analysis by a low level of identity in the other. Given that the 8 ancestral TARPs 

were already paralogous and somewhat redundant, it is possible that further 

redundancy – as seen in zebrafish – is not necessary, at least not for every TARP, 

and some of the Cacng genes of zebrafish may already be in the process of 

being lost.  

The high level of conservation between the sequences of the first 

extracellular loops of the TARP proteins is interesting, especially given the 

significantly lower overall conservation of the C-terminus, which has been 

exhaustively established as a critical functional domain for AMPAR trafficking 

and synaptic plasticity (Chen et al., 2000, Choi et al., 2002, Tomita et al., 2005a, 

Tomita et al., 2005b). Though the functional importance of ECL1 in modifying 

the gating, pharmacology and kinetics of AMPARs is known (Tomita et al., 

2004, Tomita et al., 2005a, Milstein et al., 2007), no studies have examined the 

specific functional components of the extracellular loop sequences of TARPs, so 

it was not possible to pinpoint specific important residues for controlling the 

kinetics and pharmacology of the AMPAR. As an extracellular loop that 

interacts with the inside of the pore of a receptor channel, ECL1 is an unlikely 

target for phosphorylation as compared to the C-terminus; however the 

biophysical properties of the AA sequence – the total charge and/or physical 

bulk of the chain, for instance – are probably significantly more important.  In 
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the case of the Cacng family’s closest relatives, the Claudins, certain specific 

charged residues in ECL1 have been identified as critical determinants of the 

charge selectivity of their channel pores (Krug et al., 2012); but these particular 

residues are not well-conserved in the Cacng family. Instead, the Cacng genes 

possess a conserved motif containing two cysteine residues that is known to 

create a disulfide bridge, which contributes to pore formation in Claudin-2 (Li et 

al., 2013). In Claudins, presence of a charged residue in either of the two 

positions after the second conserved cysteine is crucial for determining the ion 

selectivity of the pore (see Figure 3, for comparison). Claudins have two other 

similarly charged positions, approximately 10 residues up and downstream from 

that second C, that help to determine the charge-selectivity of ECL1 (Krug et al., 

2012); however the charge at these positions has completely been lost in the 

Cacng family (Figure 3). In spite of these differences, the general rule likely 

remains true: even a small amount of charge in the right location in the chain 

can attract oppositely-charged ions to the pore. Carrying a net negative charge of 

-1 or -2, with condensed areas of negative charge such as the 5 to 6 consecutive 

negatively charged residues in the sequence leading up to TM2, TARPs may 

represent a strong attractive force that draws cations to the pore of the AMPAR. 

This is a particularly attractive hypothesis, given previous studies showing the 

increased single-unit conductance of AMPARs in association with TARPs 

(Shelley et al., 2012). 

My phylogenetic results broadly confirm previous analyses of TARP 

sequences (Burgess et al., 1999, Burgess et al., 2001, Chu et al., 2001), and 
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extend them using several non-mammalian vertebrate species whose TARPs 

have not previously been examined (chicken, zebrafish, frog). Previous studies 

using mammalian sequences provided the relationships ((((γ2, γ3),(γ4, γ8)), (γ5, 

γ7)), (γ1, γ6)), which have been confirmed by my analysis. The clarity of the 

familial relationships in my phylogeny could be further analyzed using mRNA 

sequences rather than AA sequences. AA sequences were used in my 

phylogenies because I was looking at several relatively distant species and I 

wanted to maximize the similarity of my input data.  

4.2   Developmental Changes to TARP Expression 

Interestingly, my results suggest that the Cacng genes of zebrafish are not 

simultaneously expressed during neurodevelopment; rather, there may be multiple 

waves of TARP expression as each gene turns on according to its own program. 

γ2a, γ3a, γ3b, γ5a, γ7b and γ8a reach their peak between 48 and 72 hpf, while γ2b, 

γ4a, γ4b, and γ8b are turned on at different points prior to 48 hpf. Previous studies 

have demonstrated developmental differences in expression (Klugbauer et al., 

2000, Tomita et al., 2003, Menuz et al., 2009), and in those studies the early 

expression pattern was a combination of strong expression of γ4 and light but 

increasing expression in γ2 and γ8. Here the pattern is similar to what has 

previously been observed in mammals, but the presence of additional later-acting 

paralogs for γ2 and γ8 is unfamiliar. γ3 is one of the more maturely expressed 

members of the family in both mice and zebrafish, but in zebrafish γ2a and γ8a 

are also expressed later. This implied functional splitting of paralogs across 

development –γ2/8b early, γ2/8a later – suggests the sort of useful mutation that 
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may protect duplicated genes from degrading over evolutionary time (Sidow, 

1996). The bigger question is why certain TARPs should be expressed earlier than 

others? Given previous studies showing that γ4 and γ8 increase channel 

conductance and significantly alter kinetics to increase the activation of the 

AMPAR in comparison to γ2 and γ3 (Milstein et al., 2007, Jackson et al., 2011), 

and studies showing the slower deposition of AMPARs to the developing PSD 

(Washbourne et al., 2002), perhaps the association of AMPARs with a strongly 

activating TARP such as γ4 or γ8 is important for ensuring sufficient 

depolarization to result an action potential and signal transmission. As the neural 

network is consolidated and more AMPARs are trafficked to the surface, strongly 

activating TARPs may be replaced across the brain with more moderate activators 

such as γ2 and γ3 which allow for more finely tuned responses, except in areas 

where strong depolarization is important for plasticity – hence the presence of γ8 

in the hippocampus. 

4.3   Expression Pattern of γ2a, γ2b, γ4a, and γ4b 

My in situ hybridization results were somewhat unexpected, showing no 

discernible difference between the expression patterns of any of the genes that I 

probed for. This was unexpected because previous research comparing developing 

mammalian brains for their expression pattern with either γ2 or γ4 showed 

extremely strong staining with γ4 and weak staining with γ2 at postnatal day 6 

(Tomita et al., 2003). In that study, developmental levels of TARP protein 

expression were compared using whole neonatal rat pups and adult brain slices. 

Those authors found that γ4 was strongly expressed throughout the CNS during 
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development, but was localized to only a few small brain areas in the adult; 

likewise, though γ2 and γ8 were initially expressed at a much lower level than γ4, 

they appear to be ubiquitous in the CNS during development and much more 

specifically and strongly expressed in adulthood. My study uses a functionally 

similar developmental period in zebrafish, focusing on recently hatched larvae as 

they are developing their locomotory skills, but lacks the adult brain slice images 

in the previous study. Using fish between 12 and 72 hpf only allows me to see the 

changes in expression during that short window of time; further experiments using 

slices from adult zebrafish brain would allow me to make correlations between 

the expression patterns in adult mice and zebrafish, as well as draw clearer 

conclusions about the roles of zebrafish TARPs in neurodevelopment.  

My results do begin to support the general finding from that previous study 

(Tomita et al., 2003) that TARP expression goes from ubiquitous to specific – in 

examining the ISH images between 12 or 24 hpf and 48 or 72 hpf, there is a clear 

drop in the expression of the Cacng genes in the tails of the older fish (Figs 9-12, 

14 and 15), suggesting that the expression patterns may become more specific and 

defined over time; however there is no clear explanation for why this should 

happen. One possibility for the early and apparently ubiquitous expression of 

Cacng genes in the embryo has been suggested to be maternal gene expression; 

however this seems unlikely as maternally expressed genes begin to be 

outnumbered by embryonic genes just after the midblastula transition (~3 hpf) in 

zebrafish (Kane and Kimmel, 1993) – long before our first ISH treatment group at 
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12 hpf. Moreover, there is still staining in the spinal cord at 24 hpf – a result that 

cannot be accounted for by maternal gene expression. 

 AMPARs occur throughout the CNS, including the spinal cord, and yet 

previous studies have mostly neglected to examine the role of TARPs in the spinal 

cord. A recent study has examined the expression of TARP proteins in rat spinal 

cord using immunofluorescence and immunogold labeling of spinal sections, and 

showed that the Type I and II TARPs (not including γ5) are all differentially 

expressed in the spinal cord (Larsson et al., 2013). This suggests that a certain 

amount of Cacng staining would not be out of place in the spinal cord, even in 

adults, which adds another layer of complexity to the interpretation of my data. 

No studies aside from mine have yet examined the expression (or changes to 

expression) of TARPs in the spinal cord during development; however AMPARs 

have been shown to be expressed in the spinal cord during development 

(Hoppmann et al., 2008), and given the finding that TARPs are in fact found in 

the adult spinal cord, the presence of TARPs in association with the AMPARs of 

the developing spinal cord does not seem far-fetched. If my staining pattern is real, 

it suggests that the interaction between the TARPs I have studied and AMPARs in 

the spinal cord could be developmentally regulated. As the expression of γ2 and 

γ4 in the tail wanes between 24 and 48 hpf, other members of the TARP family 

(γ3, γ5, γ7, γ8) may replace them in their association with the AMPARs of the 

spinal cord. This speculation of an early switch to less-activating members of the 

TARP family in the spinal cord of zebrafish is attractive because gap junctions in 

the developing muscle cells cause uncoordinated spontaneous coiling movements 
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in response to motoneuron activation in embryos younger than 27 hpf (Saint-

Amant and Drapeau, 1998). A switch to a TARP isoform that mediates a more 

refined response may help to improve the accuracy and precision of motoneuron 

firing, which is of critical importance to the coordination of the escape response 

and swimming.  

Another limitation of my study was the decision to only look at the paralogs 

of γ2 and γ4: only looking at four of the twelve Cacng genes in zebrafish that 

correspond to Type I or II TARPs in mice. Given some of the differences in 

developmental expression that I saw in my RT-PCR study, investigating the 

expression of exclusively later-expressed genes such as γ3a/b as compared to the 

earlier-expressed γ4a/b paralogs might have been more informative about the 

developmental role of different members of the TARP family. Similarly, 

investigating the expression patterns of the split early/late pairs, γ2b/γ8b and 

γ2a/γ8a respectively, might help to suggest functional differences within the genes 

of some of the paralogous branches. The clearest take-home message for me is 

that being able to do ISH of all the members of the Cacng family would be ideal.  

Owing to the uncertainty of such similarly and widely expressed genes, 

further experiments and controls should be run to ensure the accuracy of these 

initial results. Using qPCR rather than RT-PCR in the initial expression study 

could have provided me with trustworthy quantitative data about the relative 

expression levels of each Cacng gene, which may have made choosing my targets 

for ISH easier. Isolating separate RNA fractions from the heads and tails of 48 hpf 
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larvae and using that RNA for cDNA synthesis and RT-PCR could provide some 

confirmation of the expression of TARPs in the spinal cord after 24 hpf. There are 

also several protocol changes that may still be able to improve the clarity and 

specificity of my staining. I am confident about the specificity of my probes to 

their targets because of the rigorous synthesis protocol I used, which included 

sequencing the specific PCR product being used as template, as well as running 

the products out on gels at numerous steps, including the final step after probe 

synthesis was complete. Instead, I think changes to the hybridization step may be 

the most beneficial: increasing the hybridization temperature to 70°C and/or 

decreasing the hybridization time from 40 hours to a more standard 12-16 hours 

may significantly improve my staining (both of these changes are currently being 

tested in the lab). My ISH experiments also lack reliable negative and positive 

controls. Many labs use ISH probes designed against the sense strand for a 

particular gene: probes that should theoretically not be able to bind to any mRNAs 

and therefore provide no signal. In our experience with sense probes, this has not 

been the case, and I chose to exclude sense probes from my experimental design 

based on my early experience with them and on the advice of Dr. Andrew 

Waskiewicz – our lab’s advisor on matters relating to ISH. Instead, I chose to use 

MO-injected fish for ISH to confirm the specificity of my probes. Unfortunately 

this method did not work.  

4.4   Role of TARPs in Escape Behaviour 

There were no observable changes to the escape response latency of MO-

injected fish, as compared to mock-injected controls: both groups were able to 
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engage their contralateral musculature to turn their bodies away from the stimulus 

and begin swimming away in between 10 and 20 ms. The swimming behaviour 

observed from each group was not identical: MO-injected fish were sometimes 

spasmodic and uncoordinated, with an asymmetric tail beat pattern that made their 

swimming less efficient. By 48 hpf, wild-type zebrafish are capable of fast and 

efficient swimming, and none of the control fish exhibited these behavioural 

abnormalities. This subset of the MO-injected fish also had morphological 

abnormalities that were not found in our uninjected or mock-injected controls, 

further suggesting that some aspect of the MO injection was having an effect. We 

tested the level of knockdown with RT-PCR, using primers that bound to the 

exonic sequence on either side of the targeted splice site. These primers would 

normally produce products between 238 and 918 bp, depending on the primer pair; 

however MO-induced splice variant mRNAs should have been between 900 and 

20 000 bp longer than wild-type. Though my PCR elongation step was not 

changed to account for up to a 21 kb product, it still picked up the wild-type 

products easily. PCR relies on a geometric duplication of templates, such that the 

starting material is doubled in every cycle, and relative differences in quantity of 

starting material are maintained throughout the cycles (ie, if sample A starts with 

1 transcript and sample B starts with 5, even after 30 cycles of doubling, sample B 

should still have 5 times as much product as sample A). This means that as long 

as my reagents do not run out from doing too many cycles or from having too 

much template initially, I should be able to at least qualitatively discern between 

the levels of expression in a control and knocked-down cDNA sample. Only 
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Cacng2a showed any evidence of knocked-down wild-type mRNA, while the 

levels of the other TARP transcripts were equivalent to their controls. The sample 

size of these PCR assays is problematic – with an n of 1 I cannot make definitive 

claims, but I am confident with my proficiency at all the techniques involved and 

believe the chance of human error being the cause of this negative result to be 

minimal. We are in the process of confirming these PCR results with further 

experiments in order to increase the sample size to a satisfactory level (likely n=3). 

I attempted to further characterize our MO knockdowns using ISH, but this 

technique gave me similar staining patterns for both controls and MO-injected 

larvae. If I was confident with the outcome of my ISH protocol, I could also 

confidently say whether the knockdown was occurring; likewise, if I was 

confident that the knockdown was occurring, these ISH results could confirm the 

specificity of my probes and my staining pattern. The uncertainty of both my ISH 

results and the knockdown using MOs made this attempted control frustratingly 

useless. The only indication of difference between the controls and MO-injected 

fish is an increase in staining in the tails of the MO-injected fish. This may be 

indicative of the nonspecific staining that I have been suspicious of in all of my in 

situ hybridization results. In order to clarify the results of these MO-injected ISH 

experiments, I should first increase the stringency of my hybridization step as 

discussed previously and see what effect this has on my staining.  

In spite of these uncertainties, there are phenotypic differences between the 

MO-injected and mock-injected controls, which suggest that something about the 
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MO is having an effect on the physiology of the developing larvae. Since my PCR 

experiments for Cacng2b, Cacng4a, and Cacng4b failed to show a knockdown of 

the normal transcript, it is likely that the Morpholino oligonucleotides themselves 

are causing the effect, rather than inducing a targeted change in the composition 

of specific mRNAs and decreasing the translation of the resultant proteins. Off-

target effects of MO-injection in zebrafish have been well characterized, and 

typically consist of shortened tails, small eyes, and widespread apoptosis 

(detected using TUNEL staining) (Oates et al., 2000, Eisen and Smith, 2008, Bill 

et al., 2009). The best method to control for these off-target effects (for genes that 

are not involved in an apoptotic pathway) is co-injection of a translation-blocking 

p53 MO at 1-1.5x the dose of the treatment MO. Given the relatively high dosage 

required to elicit a drop in expression of Cacng2a, an effective dosage of a p53 

MO would be between 4 and 6 ng – a total of 8-10 ng of MO. Injection of this 

much MO would normally induce off-target effects, and previous studies have 

shown off-target effects outside of the apoptotic pathway that is inhibited by the 

p53 MO (Oates et al., 2000); however the majority of the off-target effects could 

likely be curbed through this co-injection. Future experiments should utilize a co-

injection of Cacng MO with a translation-blocking p53 MO, in order to minimize 

the off-target effects seen in my Cacng2a and Cacng4a treatments.  

4.5   Future Directions 

Semi-Q RT-PCR should be performed on Cacng5b and Cacng7a, as these 

are the only TARP genes that I have not yet characterized the developmental 

expression patterns for. Our ISH protocol should be adjusted according to my 
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specifications in order to (hopefully) clarify the staining patterns of the Cacng 

genes I have examined thus far. Furthermore, ISH probes should be generated for 

the remaining Cacng isoforms to create a thorough developmental expression 

profile for all of the genes in the Cacng family in zebrafish. The functional 

characterization of the MO knockdowns remains incomplete: MOs should be co-

injected with a translation-blocking p53 MO and modified RT-PCR with fewer 

cycles to confirm the effectiveness of the single knockdown. Future MO 

experiments should track of any mortality associated with the injection (and 

compare to control mock-injections and p53 injections), changes to hatch rate, 

anatomical changes and the effect of the knockdown on escape response as I have 

already established. Future experiments should also take advantage of video 

analysis software to quantify the observed changes to the swimming behaviour of 

the abnormal MO-injected fish.  

Once the functional characterization is complete with all morpholinos, 

double knockdown morphants lacking γ2a and γ2b (or γ4a and γ4b) should be 

generated and the characterization repeated in order to test the role of redundancy 

in the TARP gene paralogs. Changes to AMPAR activity could be assayed by 

performing whole-cell patch clamp experiments examining miniature excitatory 

post-synaptic currents (mEPSCs) in the Mauthner cells of single and double 

morphants. These recordings on a developmental scale as well as in comparison to 

wild-type/sham-injected control fish could provide us with information regarding 

the number of AMPARs trafficked to the PSD, the opening and closing kinetics of 
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those AMPARs and their single channel conductance. Together this data could 

provide a good picture of the function of γ2a and γ2b in neural development. 

 Cacng knock-out zebrafish lines could potentially be generated using 

TALENs in order to examine the effect of TARPs across a longer developmental 

scale, as well as allow for a deeper examination of TARP redundancy in zebrafish. 

Once synthesized, the TALEN would be injected into the yolk of 1-8 cell stage 

zebrafish embryos, as with a MO. Unlike MO injections, TALENs can produce 

permanent heritable knockout lines of fish, which would allow multiple knockouts 

of TARP genes or combinations of KOs with MO KDs in order to deeply probe 

their redundancy. These manipulations would allow a clear determination of the 

functional roles of the TARPs (and their paralogs) in AMPAR function during 

development. Due to the extreme challenge of generating even a single TALEN 

KO lineage, this line of experimentation would most likely require an extensive 

collaboration or a co-supervised student with the Waskiewicz lab. 

Adult TARPs are already known to be phosphorylated by PKA and CamKII 

(Chetkovich et al., 2002, Choi et al., 2002, Tomita et al., 2005b), so it is likely 

that similar activity occurs developmentally. We are particularly interested in the 

possibility that PKCγ may phosphorylate TARPs in order to affect the AMPAR 

subunit switch that has been observed developmentally (Patten and Ali, 2007, 

Patten et al., 2010). These relationships could be probed with whole-cell patch 

clamp electrophysiology of Mauthner neurons by using activating extracellular 

solutions, and inhibiting calcium-dependent kinase activity. This should indicate 
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whether activity-dependent changes to AMPAR currents in wild-type Mauthner 

cells are dependent on Ca
2+

 and therefore likely to be mediated by a calcium 

dependent protein kinase (conventional PKC/CaMKII). Repeating these 

experiments using TARP KD fish at 24 and 48 hpf could determine the 

dependence of Ca
2+

-mediated synaptic strengthening on the presence of TARP 

proteins. PKC or CaMKII activation could be discerned using pharmacological 

tools. There may be no Ca
2+

 dependence in the activity-dependent increases in 

AMPAR activity in wild-type or TARP KD fish – in this case, cPKCs and 

CaMKII could be ruled out as being the modulators of these responses. There are 

two other families of PKCs (novel and atypical) as well as a wide variety of other 

protein kinases that could be responsible.  

 

4.6   Conclusion 

In this thesis I set out to probe the developmental expression of the Cacng 

genes of zebrafish, particularly γ2 and γ4, which have been previously shown to 

be important for and strongly expressed during development. I confirmed that the 

Cacng genes of zebrafish have been duplicated relative to mice, and showed that 

the relevant AA sequences of the functional ECL1 and C-terminal domains have 

been conserved between zebrafish and mice. I found that the Type I TARPs of 

zebrafish are expressed in two waves: an early wave comprising of TARPs that 

have been previously shown to be strongly activating; and a later wave, coincident 

with the development of locomotion, consisting of TARPs that have been shown 
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to be more moderately activating and associated with adult brain tissue. My ISH 

experiments suggest identical expression patterns in the CNS for Cacng2a, 

Cacng2b, Cacng4a and Cacng4b in developing zebrafish; however these 

experiments should be revisited using a slightly modified protocol to attempt to 

improve the specificity of the staining. My MO knockdown and behavioural 

experiments were inconclusive because I was unable to confirm the efficacy of 

my MOs on their target genes through PCR or ISH. Overall, my findings show 

important differential expression patterns of the different TARP genes, and 

provide sequence analysis that can be used for future research examining the 

function of these proteins in modulating the excitability of the developing nervous 

system. 
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