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ABSTRACT 
 
 
 

CHOLINERGIC SYNAPTIC HOMEOSTASIS IS REGULATED BY DROSOPHILA α7 

NICOTINIC ACETYLCHOLINE RECEPTORS AND Kv4 POTASSIUM CHANNELS 

 

Homeostatic synaptic plasticity (HSP) is an important mechanism that stabilizes 

neural activity during changes that occur during development and learning and memory 

formation, and some pathological conditions. HSP in cholinergic neurons has been 

implicated in pathological conditions, such as Alzheimer’s disease and nicotine addiction. 

In a previous study in primary Drosophila neuron culture, cholinergic activity was blocked 

using pharmacological tools and this induced a homeostatic response that was mediated 

by an increase in the Drosophila α7 (Dα7) nAChR, which was subsequently tuned by an 

increase in the voltage-dependent potassium channel, Kv4/Shal. In this study, we inhibit 

cholinergic activity in live flies using temperature-sensitive mutant alleles of the choline 

acetyltransferase gene (Chats2 mutants).  We show that this in vivo activity inhibition 

induces HSP similarly mediated by Dα7 nAChRs followed by an up-regulation of 

Kv4/Shal.  We show that the up-regulation of Dα7 nAChRs alone is sufficient to induce 

an increase in Kv4/Shal protein, as well as mRNA. Finally, we test the involvement of 

transcription factors, dCREB2 and nuclear factor of activated T cells (NFAT) in the up-

regulation of Kv4/Shal.  In particular, we find that NFAT is required for the inactivity-

induced up-regulation of Kv4/Shal channels. Our studies reveal a novel receptor-ion 

channel system transcriptionally coupled to prevent over-excitation. 
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CHAPTER 1: INTRODUCTION 
 
 
 

1. Homeostatic Synaptic Plasticity (HSP) at Mammalian Glutamatergic Synapses 
 

1.1 Functions of HSP 

Neurons are capable of changing and adapting their connections in response to 

perturbations of signaling. Although neurons are exposed to stress or activity 

perturbation, they are capable of maintaining their structure and function throughout the 

life of the organism/animal (1,2). Maintaining neural activity within an optimal range is 

thought to be essential for the nervous system to counter stress or changes in activity 

(1,3–5). The mechanisms that maintain neural network activity at a desirable set point 

underlie what is called homeostatic synaptic plasticity (HSP) (4,5). HSP has been 

suggested to play a neuroprotective role during times of activity change, such as 

development, learning, memory formation, and neuropathological conditions that alter 

neural activity, like Alzheimer disease and nicotine addiction (6). Generally, homeostatic 

synaptic plasticity (HSP) is a negative feedback mechanism to neutralize perturbations of 

network synaptic signaling, preventing over- or under activity of neural circuits (7–9). 

Multiple studies have documented that HSP induces presynaptic and postsynaptic 

compensatory changes to avoid over-excitation (10,11).   

Neural circuits experience different types of perturbations that lead to activity 

change. Extensively studied forms of such activity-dependent changes in synaptic 

strength are Hebbian plasticity, which include long-term potentiation (LTP) and long-term 

depression (LTD) (12). LTP is a rapid change in individual synaptic activity in an excitation 

specific manner that is thought to underlie learning and memory formation mechanisms 
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(13–16). LTP is a positive feedback mechanism and can reduce a threshold set point to 

drive further rounds of potentiation. To avoid an epileptogenic state, neurons deploy 

homeostatic mechanisms to monitor and counteract over-excitation (17,18), and maintain 

synaptic strength in an optimal range that might enable the storage of information (3,9). 

An important hallmark feature of the interaction between Hebbian plasticity and HSP is 

that the first happens in a synapse specific manner in short time course, but sometimes 

HSP occurs cell-wide  and extended for days (19–22).  

Despite the distinct functionality of Hebbian plasticity and HSP, the targeted 

biological parameters that would be adjusted are the same, neural excitability (23,24), 

synaptic strength (25–27) and change in the number of synaptic contacts (28,29). 

Notably, neurons can discriminate between Hebbian and non-Hebbian plasticity when 

they take place at the same time and maintain the overall synaptic strength (10) . 

Rabinowitch and Segev (2006 and 2008) (30,31) proposed that when specific synapses 

in a specific dendritic branch are experiencing LTP, the synaptic strength of neighboring 

synapses weaken, thereby maintaining the overall branch synaptic strength.  

The major challenge that faces HSP is maintaining an excitatory- inhibitory 

balance. Altogether, when excitatory inputs are up-regulated, inhibitory synaptic inputs 

are required to prevent network over-excitation (32). When intact hippocampi were 

treated with tetrodotoxin (TTX) to block action potentials, electrophysiological studies 

found that  excitatory inputs were up-regulated, and accompanied  by an increase in 

frequency and amplitude of inhibitory spontaneous currents (33). On the other hand, after 

blocking glutamatergic receptors, C3 regions of hippocampal slice cultures displayed no 
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change in the level of the gamma-aminobutyric acid (GABA)-synthetic enzyme glutamate 

decarboxylase isoform,GAD65, and GABAA receptor α1 subunits (34).   

Interestingly, excitation-inhibition balance is developmentally regulated (33,35). 

For instance, TTX treated hippocampal slices showed an increase in miniature Excitatory 

Post Synaptic Current (mEPSC) amplitudes in young animals only, and an increase in 

mEPSC frequency in both adult and young animals. Moreover, TTX treatment showed an 

increase in miniature Inhibitory Post Synaptic Current (mIPSC) amplitude in both young 

and adult animals, but an mIPSC frequency increase was reported in adult animals only 

(35), suggesting that the balance between excitatory and inhibitory inputs to homeostatic 

modulation has different responses during development (33,35).  

 

1.2 Implication of HSP in human disease 

Multiple studies indicate that alteration in HSP contributes to the pathogenesis of 

neurological and neuropsychiatric disorders. Homeostatic signaling perturbations have 

been embroiled in intellectual disability and autism spectrum disorders (36–38) , Epilepsy 

(39), Schizophrenia (40) and in neurodegenerative disorders such as Alzheimer’s disease  

(41,42) and nicotinic addiction (43–45).  

Rett Syndrome is the most widely hereditarily caused form of intellectual disability 

in females, and it is caused by mutations in the gene encoding the transcription repressor, 

methylated CpG binding protein 2, MeCP2, which binds to the promoter of target gene 

and inhibits transcription. Chronic inhibition of GABA receptors in hippocampal cultures 

triggers synaptic down-regulation and results in an increase in MeCP2, which represses 

GluA2 expression (37). Inhibition or genetic deletion of MeCP2 prevents synaptic down 
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regulation (37), indicating that MeCP2 mediates this pathway. Another study showed that 

MeCP2 plays a critical role in synaptic up-regulation in response to neural activity 

blockade of neocortical neuron (38). It is interesting that another study has reported lack 

of up-regulation of synaptic strength in response to visual deprivation in vivo in a mouse 

model of Rett syndrome (38). These studies strongly indicate that perturbation of HSP 

may be responsible for some of the neurological defects in Rett syndrome. 

 Fragile-X syndrome is a neuropsychiatric disorder distinguished by developmental 

abnormalities including intellectual disability, features of autism spectrum disorders such 

as disabilities in communication and social interaction, and in some cases seizures (46).  

This genetic condition is caused by a mutation in the Fmr1 gene, which encodes Fragile 

X mental retardation protein (FMRP), an RNA-binding protein that regulates dendritic 

protein synthesis. It is interesting that FMRP plays a pivotal role in homeostatic plasticity 

by increasing synaptic strength induced by RA (36). FMRP is necessary for HSP that is 

mediated by retinoic acid (RA) and it is required for dendritic protein synthesis (47). In 

addition, FMRP plays a critical role in RA-dependent synaptic homeostasis and RA-

dependent GluA1 local translation (36). In the absence of FMRP or RA, activity blockade 

with TTX in hippocampal neurons fails to up-regulate synaptic strength or initiate 

translation of dendritic synaptic proteins (36). These observations suggest that some of 

the symptoms related to fragile-X syndrome may also be a consequence of homeostatic 

plasticity perturbation.  

Mechanisms that function to balance between excitation and inhibition in the brain 

are necessary to prevent epilepsy, and defects in these mechanisms may lead to 

epileptogenic activity (11). Activity change in inhibitory neurons plays an important role in 
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homeostatic responses to avoid short-term increases in neural activity that may be 

connected to some pathological conditions, such as seizures (48).  The neocortex, part 

of the cerebral cortex, which maintains firing activity, has been found to be involved in 

homeostatic plasticity (39). Simulation studies have predicted that  prolonged isolation of 

the neocortex results in burst discharges that are similar to epileptic burst discharges 

reported in experimental studies of traumatic brain injury in vivo (39). It is interesting that 

epileptic seizure after traumatic brain injury is age-dependent, with elderly people more 

susceptible to epileptogenic attack than younger people (49).  In addition, HSP regulation 

in response to brain injury is age-dependent, possibly explaining the severity of epileptic 

seizure in adults after traumatic brain injury as shown in  studies examining    the 

properties of traumatic brain injury -induced epileptogenesis (50).  

One hallmark of advanced stages of Alzheimer’s disease (AD) is the presence of 

amyloid plaques with an accumulation of amyloid β (Aβ), which is produced by cleavage 

of the amyloid precursor protein by β- and ϒ- secretase. In the familial form of AD, 

mutations in presenilin-1, the catalytic subunit of ϒ-secretases, have been documented. 

Hippocampal neuronal cultures derived from psen1-/- mice or neurons expressing the 

presenilin-1 mutation (Psen1M146v) exhibit impairment in synaptic plasticity (42).  Another 

study characterized the impairment of HSP in hippocampal neurons from Psen1M146V 

animals and showed an increase in calcineurin phosphatase activity that diminishes 

GluA1 Ser845 phosphorylation, which reduces trafficking and recruitment of AMPA 

receptors to postsynaptic membrane in these neurons (41).  

Recently, the Tsunoda lab used direct application of Aβ40/ Aβ42 and a transgenic 

Drosophila line that expresses a secreted form of the human Aβ42 peptide as a model to 
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examine the effects of Aβ42 on cholinergic synaptic activity. The study showed that 

expression of Aβ42 resulted in an early increase in cholinergic activity followed by later 

synaptic inhibition. The early synaptic activity up-regulation is mediated by Dα7 nAChRs, 

and the later down-regulation of synaptic strength was dependent on a Dα7-mediated 

HSP mechanism induced by earlier hyper-activity. This study suggests that early Aβ-

induced increases in activity trigger endogenous HSP mechanisms that generate the 

synaptic inhibition associated with cognitive/motor dysfunction (6). 

Multiple studies in the literature suggest that other diseases also induce a 

homeostatic response to balance out the perturbed activity induced by these diseases. 

For example, Myasthenia gravis is an autoimmune disease initiated by production of auto-

antibodies against acetylcholine receptor at the neuromuscular junction (NMJ), results in 

muscle fatigue and weakness. Human myasthenia gravis patients show an increase in 

acetylcholine release at the NMJ (51,52), which has been suggested to be a response to 

disease symptoms.  Myasthenia gravis symptoms were induced in mouse after prolonged 

exposure to α- Bungarotoxin, an acetylcholine receptor antagonist (51), and resulted in 

an up-regulation of acetylcholine release. These findings suggest that myasthenia gravis 

induces adaptive HSP to compensate for reduced activity in muscle cells. 

Huntington’s disease (HD) is another example of a disease that induces HSP. HD 

is a neurodegenerative disease caused by mutations that result in an increase in CAG 

repeats (glutamate codon) in the gene encoding huntingtin protein that result in an 

increase in huntingtin protein levels.  HD is characterized by early severe atrophy in the 

striatum and it is associated with death of medium spiny neurons (MSN) (53). Studies 

have showed that the density of dendritic spines in a HD transgenic model is decreased 
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compared to age-matched animal controls. However, intrinsic excitability and AMPA 

receptors that mediate synaptic transmission in MSN are up-regulated (53), suggesting 

that these changes are a compensatory response  in MSN that  modulate HD symptoms. 

 

1.3 Pathways of HSP 

Multiple studies have suggested that compensatory changes happen in intrinsic 

electrical prosperities, pre- and postsynaptic compartments of individual neuron in 

response to activity perturbation (10,11). 

 

1.3.1 Homeostatic Intrinsic plasticity 

Regulation of intrinsic excitability is well-documented in invertebrate and 

vertebrate neurons (54–57). Multiple studies have found that neurons can adjust their 

properties in response to their own activity (56). When a specific ion channel is knocked 

down or deleted or when pharmacological blocker is applied, the neurons can tune 

themselves and compensate for missed channel activity by expression of another mix of 

ion channels (58). Neural activity or excitability is associated with changes in intracellular 

Ca+2 (59,60), so that when neural activity is increased, associated intracellular Ca+2 is 

required to induce outward K+ currents (61). When activity of cortical neurons was blocked 

by  TTX  treatment and after washing out the blocker, neural excitation was increased 

due to an increase Na+ current density  and a decrease in K+ current densities (62,63), 

suggesting that neurons are able to monitor their activity and adjust their ion channel  

conductances to restore pre-perturbation activity (56). Interestingly, this intrinsic plasticity  

can strengthen synaptic plasticity  via local changes in dendritic excitability or reduced 



 

8 
 

homeostatic response through increase threshold of firing rate to control spike generation 

(64–66).   

Over-expression studies have supported the implication of compensatory 

mechanisms in the regulation of intrinsic neural excitability. When Kv4/Shal mRNA was 

delivered into pyloric dilator neurons of the lobster somatogastric ganglion (67,68), this 

resulted in a great increase in the A-type transient K+ current (IA), but no change in neural 

excitability because the increase in IA  was modulated by an increase in hyperpolarization 

current (Ih). These findings demonstrated that homeostatic mechanisms will adjust values 

of membrane conductances to maintain overall neural activity (69). In Drosophila, two A-

type potassium channel genes, Kv4/shal and Kv1/shaker, are reciprocally 

transcriptionally coupled to maintain A-type channel expression (70). When Kv4/Shal 

gene is mutated in motorneuron of Drosophila larvae, Kv1/Shaker expression was up-

regulated and Kv1/Shaker gene is mutated in motorneuron of Drosophila larvae, Kv4/Shal 

expression was up-regulated (71), suggesting that ion channels in the same neuron can 

balance each other to maintain activity (70). Neural intrinsic excitability is regulated by 

changes in density, distribution and function of ion channels to modulate synaptic inputs. 

In response to an increase in synaptic activity, Xenopus retinocortical circuits exhibit a 

decrease in Na+ currents  to reduce intrinsic excitability and maintain overall activity in 

optimal range (72). On the other hand, inhibiting synaptic activity during development  in 

Xenopus tectal neurons and  motorneurons in Drosophila resulted in an increase in both 

Na+ current and intrinsic excitability (72–74).  

Localization of voltage gated potassium and sodium channels in the axon initial 

segment (AIS) plays an important role in intrinsic homeostatic plasticity (4). The AIS is 
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the site where the neural signal is initiated and it is responsible for regulating neural 

activity (75,76). In mice, AIS length in pyramidal cortex is shortened after 13-14 days 

postnatal (77) and this event adjusts ion channel density, distribution and function that 

consequently affects transcription, translation and posttranslational modification , 

trafficking processes implemented in intrinsic homeostatic plasticity to keep overall 

activity at pre-perturbation set point (77). In avian brainstem auditory neurons, deprivation 

of neural input resulted in an  increase in AIS length (77). This increase led to 1.7 fold 

increase in voltage-gated Na+ channels to re-establish neural activity (77). 

 

1.3.2 Secreted and Cell Adhesion Molecules 

In response to activity blockade, different cellular and molecular mechanisms are 

implicated in the homeostatic response, ranging from transcription, translation, trophic 

signaling and cell-cell adhesion molecules (10). Chronic changes in network activity 

trigger downstream cascades that result in transcriptional activation (78) and newly 

synthesized mRNA trafficked to dendritic branches for local translation and synaptic 

strength modulation (79,80). 

In response to synaptic stimulation, glutamatergic neurons express Arc/Arg3.1 

protein, which plays a critical role in homeostatic synaptic plasticity (81). Arc/Arg3.1 

mRNA is then packaged and transported to dendrites for local translation (80,82). 

Arc/Arg3.1 protein forms a complex structure with dynamin and endophilin to trigger 

AMPA receptor endocytosis (83). In addition, local dendritic protein synthesis can be 

controlled by the phosphorylation of translation effectors. For instance, chronic inhibition 

of synaptic activity results in dephosphorylation of eukayotic elongation factor-2 (eEF2), 
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generating an active form, and thereby enhancing dendritic protein synthesis. On the 

other hand, chronic activation of network activity leads to phosphorylation of the active 

form of eEF2, which inhibits protein synthesis (84,85).  

Many secreted molecules mediate presynaptic and postsynaptic homeostatic 

responses. For instance, neurotrophin is a cytokine derived from glia cells that targets 

neurons and plays a critical role in a local homeostatic feedback mechanism (10). Brain-

derived neurotrophic factor (BDNF) is produced in excitatory and inhibitory neurons in its 

precursor form (Pro-BDNF) and then processed and stored intracellularly as BDNF (10) 

or processed by plasmin, an extracellular protease that converts the precursor proBDNF 

to the mature BDNF, and stored extracellularly (86).  BDNF release mechanisms are 

mediated by Ca+2 (87) and modulated by synaptotagmin-IV (88). When released, BDNF 

binds to TrKB receptors and triggers downstream signaling involved in the control of 

homeostatic synaptic plasticity (89,90). Interestingly, BDNF plays a crucial role in the 

organization of N-type and P/Q type of Ca+2 channels and spontaneous neurotransmitter 

release in the resting state (91). 

Earlier studies have documented that tumor necrosis factor (TNFα), secreted by 

glia cells plays a crucial role in homeostatic mechanisms in inhibitory and excitatory 

neurons in vitro and in in vivo (19,92). TNFα positively regulates postsynaptic 

homeostasis by enhancing GluA2-lacking AMPA receptor delivery and down-regulates 

GABAA receptors from the cell surface (92,93). TNFα is required for homeostatic synaptic 

plasticity triggered by neural network inhibition, but not required for homeostatic synaptic 

plasticity induced by neural network activation (94). 
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Another essential player in homeostatic synaptic plasticity is retinoic acid (RA). It 

has been reported that RA is required for gene expression throughout development, LTP 

and LTD (95). In vivo studies have shown that neural activity inhibition with TTX and D-

2-amino-5-phosphonopentanoic acid (APV), a selective NMDA receptor antagonist, 

triggers RA synthesis (47). Adding RA by itself, without neural activity manipulation, up-

regulates AMPA receptor expression and enhances GluA1 synthesis in dendrites via the 

RA receptor, RARα (47,96). RA signaling pathways have been documented in Hebbian 

and non-Hebbian plasticity and this may explain the diversity of RA receptors: for 

instance, RARα has been shown to function in HSP (47,96), while and RXRϒ has been 

shown to function in LTD (97). 

Cell adhesion molecules have also been shown to play crucial roles in HSP. Cell-

to-cell adhesion molecules maintain synapse structure and arrange cell-cell or cell-

extracellular matrix signaling (10). Integrins are heterodimeric transmembrane adhesion 

molecules that act as signal mediators between the extracellular matrix and the cell (98). 

An earlier study reported that ꞵ3 integrins up-regulate AMPA receptors in response to 

network activity inhibition, but expression of the dominant-negative form of ꞵ3 integrins in 

post-synaptic neurons decreases synaptic AMPA currents (99,100). The N-Cadherin/ꞵ-

catenin complex is another class of adhesion protein. N-cadherin is a Ca+2-dependent 

hemophilic cell adhesion protein that plays an important role in synapse formation and 

spine morphology (101,102). N-cadherin is connected to the cytoskeleton through ꞵ- and 

α-catenin, and to a synaptic scaffold protein through its PDZ binding domain. By this 

connection, N-cadherin can play an important role in modulating presynaptic and 
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postsynaptic activities (103–105). In addition, N-cadherin can adjust synaptic activity via 

its direct binding to AMPA receptor subunits (106). 

 

1.3.3 Presynaptic expression of homeostatic synaptic plasticity 

The pre-synaptic compartment plays a pivotal role in maintaining synaptic strength. 

In dissociated hippocampal neuron cultures, blocking action potentials using TTX or 

adding an AMPA receptor antagonist results in an increase  in synapse size and an 

increase in the number of docked neurotransmitter vesicles at the synaptic cleft 

(107,108).These observations indicate an increase in the probability of release of 

neurotransmitter from presynaptic neurons (108). Furthermore, chronic neural activity 

depletion leads to up-regulation of mEPSC frequency and an increase in neurotransmitter 

vesicles recycling, as monitored by styryl dyes, vesicle turnover, or synaptotagmin luminal 

domain antibody uptake assays (107,109–112). On the other hand, chronic stimulation of 

network activity in dissociated neuronal cultures reduces the number of recruited 

neurotransmitter vesicles and decreases the probability of release (107,113,114). 

Additionally, manipulation of the glutamate transporter, v-Glut1, expression has a 

bidirectional effect on glutamate vesicle content, thereby affecting the efficiency of the 

presynaptic homeostatic response (115,116). 

 

1.3.4 Postsynaptic expression of homeostatic synaptic plasticity  

A hallmark feature of the synaptic response to persistent activity perturbation at 

excitatory synapses is an increase in AMPA receptors, mediating mEPSC amplitude 

(61,117). Glutamatergic AMPA receptors are composed of four subunits (GluA1-A4) in 
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hetero-tetrameric combinations (118). When network activity was altered, the change in 

subunit combination and availability of synaptic AMPA receptors may be controlled by 

different processes, such as endocytosis/exocytosis, and lateral diffusion of receptors 

in/out the synapse (119–122). Newly synthesized AMPA receptors (123,124) locally 

translated in dendrites (124), are also involved in the postsynaptic homeostatic response 

to network activity inhibition. Phosphorylation of Ser845 on the GluA1 subunit of AMPA 

receptors by protein kinase PKA (125,126) facilitates trafficking and recruitment of AMPA 

receptors to postsynaptic membranes in response to LTP (126,127). On the other hand, 

dephosphorylation of GluA1-Ser845 by calcium dependent calcineurin triggers AMPA 

receptors endocytosis, which is required for LTD (128–130). Phosphorylation of GluA1-

Ser845 is also increased and decreased to up-regulate and down- regulate AMPA 

receptors, respectively, in response to activity perturbation (131), suggesting that GluA1-

containing receptors mediate synaptic up scaling.  

Subunit composition determines channel properties, such as agonist affinity, 

gating kinetics and calcium permeability, so postsynaptic responses can also be 

modulated by switching between receptor subunits without a change in the total receptor 

number (132). Ca+2-permeable -GluA1-containing AMPARs (CP-AMPARs) are 

implicated in postsynaptic up-scaling (110,133,134) by switching from Ca+2-impermeable 

GluA2-containing AMPARs (CI-AMPARS) to CP-AMPARs in response to receptor 

inactivation (132). In an in vitro study, chronic TTX- hippocampal treated slices showed a 

selective increase in CP-AMPARs in CA1 pyramidal neurons (135), and persistent 

inhibition of AMPA or L-type calcium channels in hippocampal dissociated cultures  

enhances CP-AMPARs localization at postsynaptic compartments (110). 
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Synaptic scaffold proteins, such as postsynaptic density protein-95 (PDS-95) and 

PDS-93 play critical roles in Hebbian plasticity and HSP (136–139). These proteins 

interact with trans-membrane proteins, including AMPAR regulatory proteins (TARPs), 

and  play an important role in AMPAR trafficking and cell surface insertion in response to 

network activity perturbation (140,141). Other scaffold proteins like PICK1,GRIP and 

AKAP150 may also be involved in Hebbian and HSP (129,142,143). These scaffold 

proteins recruit kinases (PKA) and phosphatases (calcineurin) to dendrites and post-

synaptic densities and have been implicated in the up-regulation and down-regulation of 

synaptic strength in response to circuit activity change (144,145). 

 

2. Regulation of HSP at the Drosophila Neuromuscular Junction (NMJ) 

Many experimental studies have documented that the central and peripheral 

nervous systems in vertebrate and invertebrate organisms deploy homeostatic synaptic 

plasticity to control cellular activity and counterbalance the experimental perturbations 

that increase or decrease cellular excitability. These changes have been reported to be 

bidirectional in neurons and muscle excitation (4,146–148). Experimental evidence has 

shown that perturbing the activity at the NMJ results in many changes, including the 

number of ion channels in motorneurons (149,150), the probability of release of 

neurotransmitter vesicles from motorneurons (151,152) and the increased sensitivity of 

postsynaptic receptors(148). 

HSP has been extensively studied at the Drosophila NMJ. Synaptic activity at the 

Drosophila NMJ is regulated by PKA that modulates change in receptors’ cell surface 

expression and retrograde signaling that induces presynaptic release. Two glutamate 
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receptors, DGluRIIA (153) and DGluRIIB (154) have been identified in  Drosophila muscle 

.Sequence analysis has shown that only DGluRIIA has PKA phosphorylation site (155) 

and mutations that delete DGluRIIA are homozygous viable (154). PKA-dependent 

modulation requires the muscle-specific glutamate receptor DGluRIIA (148). 

Homozygous DGluRIIA mutation or in transgenic line with over-expression of 

constitutively active protein kinase A have shown an increase in neurotransmitter release, 

suggesting there is retrograde signaling induces presynaptic homeostatic response (155).   

Chronic impairment of postsynaptic neurotransmitter receptors resulted in an 

increase in neurotransmitter release to restore activity (155). Presynaptic homeostasis 

has been shown to be mediated by Ca+2 entry through P/Q type Ca+2 channels 

(100,156,157). Likewise, in the vertebrate CNS, presynaptic homeostatic responses 

depend on Ca+2 influx (158). Upon neural activity blockade, the Ca+2 sensor 

synaptotagmin, the synaptic vesicle protein SV2B, and the pore forming subunit Cav2.1 

of P/Q type Ca+2 channels became highly expressed in the  presynaptic compartment, 

resulting in an increase in probability  of neurotransmitter release  (159). Other studies 

have showed that  transgenic expression of the delayed rectifier potassium channel, 

Kir2.1, resulted in hyperpolarization of the muscle and a delay in muscle synaptic 

depolarization (151). Muscle membrane excitability was re-established by an up-

regulation of the probability release of neurotransmitter vesicles(160). 

Chronic post-synaptic inhibition triggers a presynaptic change, suggesting trans-

synaptic communication to induce presynaptic homeostasis (161). Retrograde Bone 

Morphogenic Protein (BMP) signaling plays a critical role in homeostatic control of muscle 

excitation in Drosophila (162,163). At the Drosophila NMJ,   Ephrin/Eph receptor signaling 
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in motor neurons is required for the retrograde homeostatic response (161).  Eph is a 

muscle derived signal that binds to Eph receptors on motor neurons and subsequently 

activates Rho-GEF ephexin and Rho-GTPase Cdc42 downstream cascades (161). 

Prolonged post synaptic inactivation induces presynaptic neurotransmitter release by 

acting on CaV2.1 channels (100,156). It has been suggested that Ephexin/Cdc42 couples 

synaptic Eph signaling to modulation of presynaptic CaV2.1 channels to induce the 

presynaptic homeostatic response (156).  

 

3. Nicotinic Acetylcholine Receptors (nAChRs) 

nAChRs are ligand- activated neurotransmitter receptors. There are two subtypes 

of acetylcholine receptors: the metabotropic muscarinic receptors (mAChRs) and 

ionotropic nicotinic receptors (nAChRs). Both groups are activated by acetylcholine and, 

expressed in neural and, non-neural cells, such as skin, pancreas and lung (164–167). 

nAChRs are widely distributed and abundant in the mammalian central nervous system 

(168).  Structurally, each ionotropic receptor is composed of five subunits that form a 

water-filled, cation-permeable pore (169,170). Each subunit of a nAChR possesses a 

large extracellular N-terminal  domain, which binds the ligand, three hydrophobic trans-

membrane regions (M1-M3) followed by a large intracellular loop that connects to the 

fourth trans-membrane domain, M4, and a short intracellular C-terminal tail (171). 

Although the N-terminus and some trans-membrane domains are conserved among all 

nAChRs subunits, the M3-M4 cytoplasmic loop is distinct in length and amino acid 

sequences (173). It has conserved sequences required for receptor export from the 

endoplasmic reticulum and trafficking to the cell surface. In addition, other sequences are 
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important for postsynaptic scaffold protein interaction and for different serine/threonine 

phosphorylation sites (174,175). Interestingly, the C- terminus of the α7 subunit has a 

binding site for a G-coupled protein that mediates downstream signaling pathways 

(176,177), suggesting that α7 receptors may act as a metabotropic receptor and activate 

second messenger pathways (176). 

In mammalian systems, neuronal nAChRs can be homopentamers or 

heteropentamers. They are composed of diverse combination of seven α subunits, α2-

α9, α10 (α8 was identified in chicken) and, 3 β subunits, β2-β4 (178). Different nAChR 

subunit combinations have different biophysical properties and expression pattern that 

suggest different physiological functions (179).  For instance, homopentameric α7 

nAChRs are widespread and abundant in the mammalian CNS and display high Ca+2 

permeability and faster desensitization than other subtypes (180,181). The α4ꞵ2 

combination is plentiful in the brain and up-regulated as a consequence of nicotine 

exposure (182). Channel permeability depends on receptor composition. For example, 

ꞵ2 homomeric receptors are highly permeable to Na+ and α7 homomeric receptors are 

highly permeable to Ca+2 (181,183–186). More distinct hetero-multimeric nAChRs 

combinations are reported, such as α4α6ꞵ2 nAChRs that are located in midbrain 

dopaminergic areas. α-7 containing and ꞵ2-containing nAChRs are localized at 

preterminal, axonal, somatic and dendritic sites (181,186–192). Homo-multimeric 

nAChRs are formed by α7, α8, α9, but only α7 nAChRs exhibit widespread and abundant 

expression in brain (189,193,194). 

Genetic studies and sequence analysis of the Drosophila genome have revealed 

that nAChRs subunits are encoded by ten genes: seven genes encode α subtypes, Dα1-
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7, and three genes encode ꞵ subtypes, Dꞵ1-3. Drosophila Dα5-7 share high sequence 

identity (~ 60%) with mammalian α7, suggesting that Dα5-7 are orthologs of mammalian 

α7 (195–197). Selective permeability of α7 nAChRs to Ca+2 makes it an important player 

in postsynaptic transmission and plasticity (198).  

nAChRs are localize to pre- and post-synaptic compartments and play an essential role 

in mediating synaptic homeostasis. α7 nAChRs are located in presynaptic terminals and 

can induce membrane depolarization and increase intracellular Ca+2 and therefore 

positively up-regulate neurotransmitter release (199,200).   Additionally, nAChRs are 

located in postsynaptic compartments (201), and mediate postsynaptic homeostasis 

(178). nAChRs have been implicated in synaptic plasticity and membrane properties 

change (202). In CA1 pyramidal cells backpropagation of AP into the dendrites and play 

a role in synaptic plasticity (203,204). When CA1 pyramidal cells in culture were  inhibited 

with Na+ channel blockers, depolarizing influence of back warded AP may decrease A-

type K+ channels through inactivation and increase activation other channels linked to AP 

propagation, such as Na+ and Ca+2 (202). In some cell, in response to expression Ca+2-

activated K+ Channels, nAChRs could mediated Ca+2 influx to stabilize or hyperpolarize 

the membrane potential (202).  nAChRs may therefore mediate presynaptic as well as 

postsynaptic homeostatic response. 

 

4. Cholinergic HSP 

Although most HSP studies have focused on glutamatergic receptors, Ping and 

Tsunoda (2011) suggested that other excitatory receptors could mediate HSP (205). 

When nAChRs, the major excitatory neurotransmitter receptors in Drosophila, were 
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pharmacologically blocked in vitro using curare, a nAChRs antagonist, Ping and Tsunoda 

found pre- and postsynaptic homeostatic changes in response to this activity blockade. 

After 24 hrs of curare treatment, there was a selective increase in Dα7 nAChR proteins 

concurrent with an increase in frequency and amplitude of miniature excitatory 

postsynaptic currents (mEPSCs) (205). Newly synthesized Dα7 nAChRs were suggested 

to be translationally up-regulated (205). 

Although HSP studies have focused on pathways mediating pre- and postsynaptic 

responses, less is known about regulatory mechanisms that might prevent over-

compensation by HSP mechanisms (179). One earlier study reported that the monomeric 

G-protein, Rab3, binds a repressor that negatively regulates the presynaptic response to 

activity blockade (206).  Ping and Tsunoda (2011) showed that cholinergic receptor 

blockade induced an increase in Kv4/Shal channels, as a regulatory mechanism for 

tuning the homeostatic response, and preventing over-compensation (205). 

After prolonged curare treatment, immunoblots analysis showed an increase in 

Kv4/Shal protein and electrophysiological studies revealed an up-regulation of the rapidly 

inactivating A-type K+ current mediated by Kv4/Shal channels.  This up-regulation of 

Kv4/Shal was shown to stabilize the Dα7 nAChR-mediated homeostatic response to 

prevent over-excitation (205). Interestingly, Kv4/Shal protein/current up-regulation 

required the Dα7 nAChRs and synaptic transmission recovery (205). Adding transcription 

inhibitor, actinomycin D, blocks increase in Kv4/Shal protein (205), suggesting that 

Kv4/Shal protein up-regulation is transcriptionally regulated. Additionally, Ca+2 influx has 

been found to be essential for an increase in Kv4/Shal channel (205) and when 

Ca+2/calmodulain-dependent protein kinase kinase ( CaMKII) activity was inhibited  during 
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recovery time resulted in inhibition of  Kv4/Shal up-regulation. Similar to mammalian α7 

nAChRs, the selective increase Dα7 subunits could form highly Ca+2-permeable receptors 

to activate CaMKII and downstream transcription cascades (205).  

In mammals, cholinergic receptors have been implicated in HSP mechanisms. 

Chronic exposure to nicotine has been documented to up-regulate nicotinic acetylcholine 

receptors (nAChRs) (44,207), suggesting that this up-regulation may be due to 

desensitization of nAChRs that trigger HSP mechanisms (179). Cholinergic activity during 

Alzheimer disease showed early increase in cholinergic activity followed by inhibition in 

later stage that involve endogenous HSP mechanisms (208,209). In Myasthenia Garvis 

disease, the human NMJ endplates are affected, showing an increase in neurotransmitter 

release (52), suggesting that this up-regulation is a homeostatic response mediated by 

nAChRs. 

In this work, we use genetic mutants to reduce cholinergic activity in vivo to study 

HSP and investigate the mechanisms underlying the inactivity-induced up-regulation of 

Kv4/Shal expression. 

 

 

 

5. Temperature sensitive Choline acetyltransferase mutants (Chats) as a tool to 

inhibit cholinergic activity 

Cholinergic HSP studies have been conducted previously in our lab in vitro ( 

Drosophila neurons in culture) (205). In this study, we used genetic tools to reduce 

cholinergic activity in vivo and examine if this triggers a similar pathway. We used 
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temperature sensitive mutant alleles that affect the choline acetyltransferase enzyme and 

reduce cholinergic activity.  

Choline acetyltransferase (ChAT) catalyzes the synthesis of the major excitatory 

neurotransmitter, acetylcholine, in the Drosophila CNS and it has been used as marker 

for cholinergic synapses (210,211). ChAT plays a crucial role in development and 

maintenance of cholinergic receptor activity, and reduction in ChAT activity has been 

reported in many pathological conditions such as memory malfunction and Alzheimer 

disease (354,355).Greenspan (1980) identified the Drosophila ChAT locus on the third 

chromosome (212). He also identified two temperature sensitive mutations, Chats1 and 

Chats2. Mutant proteins were found to function at the permissive temperature of 18˚C, but 

displayed reduced ChAT activity (49-65%) at the restrictive temperature of 30˚C. In a later 

study, a third temperature sensitive mutant allele, Chats3, was identified (213) 

Temperature sensitive mutations of ChAT have been shown to be due to point 

mutations in the Cha structural gene, as confirmed by alteration in isoelectric point profile 

(214). Salvaterra et. al 1999 (215) used the single nucleotide primer extension (SNuPE) 

assay  to detect single nucleotide differences that cause thermolability in each Chats 

mutants allele. They found that Chats1 displays a change in adenine (212) at position 1614 

and Chats2 exhibits a change in A at position 1596. These changes led to a change in a 

methionine (Met) to lysine (Lys) at amino acid 403 for Chats1, and arginine (Arg) to 

histidine (His) at position 397 for Chats2 (215). 

We planned to use heat-treatment of Chats alleles as an approach to alter synaptic 

transmission in the central nervous system in vivo. Heat treatment negatively affects 

ChAT activity and acetylcholine levels in Chats mutants compared to wild-type flies. HT of 
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wild-type flies at 32˚C for 12hrs was shown to increase ChAT activity, while homozygous 

Chats1 and Chats2 mutants both displayed a decrease  in ChAT activity when compared 

to the same genotype raised at 18˚C (214). Moreover, the enzyme activity gradually 

decreased over days until it was undetectable after 71hrs for Chats2 and 95 hours for 

Chats1 (212) while no changes have been reported with wild-type activity under the same 

experiment conditions. Instead, ChAT activity in wild-type increased after 120 hrs of heat 

treatment. When ChAT activity was measured in different Chats mutant allele 

combinations at 18˚C, ChAT activity was reduced, compared to wild-type ChAT activity 

at 18˚C. For instance, Cha+/Chats1 (16%), Chats1/Chats1 (32%), Cha+/Chats2 (42%), 

Chats1/Chats2 (58%) (356), and Chats2/Chats2 (75%) (214); note that these numbers are 

reduction percentage. In individual fly heads, acetylcholine (ACh) and Choline levels were 

examined in homozygous.  ACh levels and ChAT activity were decreased at 30˚C, while 

choline levels were not affected by heat treatment (214). Heat treatment showed no effect 

on acetylcholinesterase in wild-type and Chats1, but the Chats2 mutant allele showed a 

30% decrease in acetylcholinesterase activity after 24hr heat treatment at 32˚C (214) 

suggesting the heat treatment is specific for ChAT.  

ChAT mRNA levels were also decreased in homozygous Chats mutants at the 

restrictive temperature (30˚C) (215). At the permissive temperature (18˚C), ChAT mRNA 

levels in wild-type and homozygous Chats mutants were approximately equal, but when 

mutant flies were shifted to 30˚C for 48hrs, ChAT mRNA levels were increased by 23% 

in wild-type. On the other hand, Chats1 mRNA levels dropped to 70% and Chats2 mRNA 

level to 60% after heat treatment, while no change was observed for β-tubulin mRNA 

levels which was used as a control, suggesting that the change was specific for ChAT 
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(215). Interestingly, HT at 30˚C does not affect ChAT mRNA in heterozygous Chats 

mutants (215).   

Alteration of acetylcholine synthesis also has a negative impact on the physiology 

and behavior of Drosophila flies (212). Chats1 and Chats2 were identified based on their 

lethality or inability to reach adulthood stage at 30˚C (212). Both mutants at 30˚C were 

shown to exhibit behavioral abnormalities. For example, males neglected to court female, 

and some alleles showed paralysis followed by death (212). Chats1 and Chats2 mutants 

raised at 30˚C have shown death in late embryogenesis, indicating the importance of 

acetylcholine for normal development (212). Severity of the Chats3 allele compare to 

Chats1 and Chats2 was demonstrated by the temperature sensitive response after heat 

treatment. When Chats mutants flies were raised at 18˚C and shifted to 30˚C for different 

periods, Chats3 mutant flies were more sensitive to heat treatment, expressing a paralytic 

phenotype faster than Chats2 and Chats1 (213). 

Because heterozygous Chats2 exhibits ChAT activity more similar to wild-type 

when grown at 18°C, and induce ~35% reduction in ChAT activity at 30˚C compare to 

wild-type (Greenspan et al., 1980), we chose  to use Chats2   as a major tool to inhibit 

cholinergic activity, then examined if Chats2-induced activity inhibition induces 

homeostatic response. 

 

6. NACHO and nAChRs Biogenesis 

nAChR homeostasis is required for efficient CNS and peripheral nervous system 

physiological function (216). This process involves the proper folding, assembly, 

degradation, and trafficking of nAChRs (216). nAChR folding and assembly happens in 
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the endoplasmic reticulum (ER) and requires many biochemical steps, including cleavage 

of the peptide signal, oxidation of disulfide bonds and N-glycosylation of some residues. 

Because of the sensitivity of this biological process, checkpoints are required to 

differentiate between correctly folded and misfolded proteins. Essential players include 

chaperone proteins that reside in the ER and prevent trafficking of non-functional subunits 

to the cell surface (216). NACHO is recently identified as a transmembrane chaperone 

protein, located in the ER, which plays an important role in the folding and trafficking 

nAChRs (175). ER localization of NACHO is mediated by the NACHO C-terminus, which 

contains an ER-retention signal (KxKxx) known in other proteins to bind ꞵ’-COP subunits 

for Golgi-to-ER retrieval (217). 

NACHO mediates cell surface expression of nAChRs, especially α7 nAChRs in 

non-permissive cells, such as HEK-293 cells, in which expressed nAChR subunits are 

retained in the ER membrane and are not able to reach the cell surface (218). When 

nAChR subunits are co-expressed with NACHO, they are successfully recruited to the 

cell surface and exhibit an induced acetylcholine current (218). α- bungarotoxin is known 

to selectively bind to α7 nAChRs (219). Genetic deletion of NACHO in hippocampal 

neurons diminishes receptor trafficking and led to a reduction in α-bungarotoxin binding 

affinity (218), suggesting reduced trafficking of α7 receptors 

NACHO is specific for nAChRs. For example, when NACHO co-expressed with 

α4+ꞵ2 nAChRs in non-permissive cells, an acetylcholine current could be induced (218), 

but NACHO showed no effect on GluA1or 5-HT3A/B receptors (220). NACHO also plays 

an essential role in the assembly of α7-, α4β2- and α6-containing nAChRs (220). The 

Drosophila NACHO homolog, dNACHO, shares about 37% sequence identity with human 
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NACHO (218). When NACHO was suppressed by shRNA, hippocampal neurons were 

unable to sustain α7 nAChRs mediated current after adding ACh (218). Additionally, 

NACHO knockdown hippocampal neurons failed to express HA-tagged α7 on cell 

surface, as indicated by absence of α-bungarotoxin binding sites (218), suggesting that 

NACHO plays a role in nAChRs, especially α7 nAChR, folding and trafficking.  

Previously, resistant to inhibitors of cholinesterase-3, RIC-3 (216) was found to   

play a pivotal role in nAChRs trafficking in C.elagans (221). The mammalian homolog 

RIC-3 has a weak effect on α7 nAChR biogenesis and it has different effects on other 

nAChRs and 5-HT3 receptors. RIC‐3 can both enhance and reduce levels of α4β2 and 

α3β4 nAChRs functional expression, and it can the modulate maturation of 5-HT3 

receptors (222,223), suggesting that mammalian RIC-3 is neither required (224) nor 

sufficient (225) for efficient α7 nAChR cell surface expression. Mammalian RIC-3 boosts 

the effect of NACHO on mammalian α7 activity (222,223). When RIC-3 and NACHO are 

co-expressed, the acetylcholine current was greatly increased (218).  On the other hand, 

RIC-3 plays an important role in α7 nAChR intracellular retention when it is present in 

excess (226) and allows multiple proteins to bind to α7 and facilitate intracellular 

trafficking (227).     

In this study, we tested the effect of dNACHO on Dα7-EGFP expression, and we 

used dNACHO as a tool to increase surface expression of endogenous Drosophila α7 

(Dα7) and examine the consequential effect on Kv4/Shal protein and mRNA. 
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7. Transcriptional Programming in Synaptic Homeostasis 

The relationship  between neural activity and transcriptional mechanisms was first 

explored  in 1984 when Greenberg and Ziff (228) discovered that Fos transcription was  

rapidly and transiently induced in mammalian cells in response to changes in the external 

environment (229–232). When the notion that specific transcription events are rapidly 

activated by synaptic transmission was established, many studies focused on 

characterizing the immediate early genes (IEGs) of signal-dependent transcription, such 

as Fos (228). IEGs are defined as a class of genes that are rapidly and transiently 

activated in response to environmental change and do not require newly synthesized 

proteins (228). Many IEGs encode transcription proteins, such as transcription factors 

that mediate transcription of late response genes (LRGs), which are known to be cell 

specific and  have specific functions in response to neural activity (233,234). 

IEG activation depends on extracellular calcium influx that is mediated by 

neurotransmitter receptor activation (235). A rise in intracellular calcium positively 

regulates downstream cascades including the activation of the Ras-mitogen-associated 

protein kinases (MAPK), calcineurin/calmodulin-dependent protein kinases (CaMKs), and 

calcineurin-mediated signaling pathways (236–238). Calcium influx take places through 

different points of entry, such as α7 nAChRs (239),N-methyl-D-aspartate (NMDA), AMPA 

glutamate receptors and voltage gated calcium channels, as well as intracellular calcium 

stores (240). IEG activation does not require synthesis of new protein but requires pre-

existing constitutively  expressed transcription factors, such as cyclic adenosine 

monophosphate (CREB), serum response factor (SRF) and myocyte enhancer factor 2 

(MEF2) (241,242). Although these transcription factors are constitutively expressed, their 
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activation depend on Ca+2 influx in response to neural activity perturbation (243–245). 

Different gene products are implicated in bidirectional synaptic scaling depending on Ca+2 

influx (11). For instance, BDNF, TNFα, ꞵ3, PICK1 and PSD95 positively regulate synaptic 

strength in response to prolonged activity blockade by recruiting more surface AMPA 

receptors to synapses in order to increase Ca+2 influx. Arc, Homer1a and EphA4 

negatively regulate synaptic strength mainly by down-regulating AMPA receptors through 

endocytosis and eventually reducing Ca+2 influx (246). 

 

7.1 Nuclear Factor of Activated T-cells (NFAT) 

The mammalian NFAT family consists of five members (NFAT1-5) and is 

evolutionary related to the Rel/NFҡB family of eukaryotic transcription factors (247,248). 

Generally, NFATs (NFAT1-4) are transcription factors and regulated by the 

Ca+2/calmodulin-dependent serine phosphatase, calcineurin. Phosphorylated NFAT 

resides in the cytoplasm of resting cells, and in response to activation, NFATs are 

dephosphorylated by calcineurin. Dephosphorylated NFAT, which is the transcriptionally 

active form, translocate to the nucleus and drives target gene expression, thus providing 

a bridge between Ca+2 signaling and target gene expression(249). T-cells from hereditary 

severe combined immunodeficiency (SCID) patients, characterized by a severe defect in 

T-cell activation, show a decrease in multiple cytokines and inability to activate NFAT due 

to a reduction in Ca+2 entry (250,251). 

In resting cells, NFAT1-4 are heavily phosphorylated in serine residues that are 

distributed in four conserved serine-rich sequence motifs, conserved 300 amino 

acids(252,253). When the cell is excited or depolarized, NFAT is dephosphorylated at 

these motifs (248). When calcineurin dephosphorylates three out of four conserved 
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motifs, which is sufficient to dephosphorylated and translocate NFAT to nucleus and drive 

target gene expression (252,254,255). Calcineurin has a specific docking site on the N-

terminus of the NFAT regulatory domain that is required for efficient dephosphorylation 

(256–258). In addition, calcineurin inhibitors, DSCR1/MCIP1 bind to the calcineurin-

binding sequence in the regulatory domain of NFAT and thereby compete with calcineurin 

for binding to these sites (259–261). Calcineurin activity itself can be controlled by 

DSCR1/MCIP1 through a negative feedback mechanism, in which calcineurin/NFAT 

signaling activates DSCR1/MCIP1 expression, which then inhibits calcineurin activity 

(262). 

In resting cells, many constitutively active or inducible kinases work cooperatively 

to phosphorylate NFAT(249). Interestingly, these kinases have different target sequences 

(252), for instance, casein kinase 1(CK1) and glycogen synthase kinase 3 (GSK3) are 

constitutively active kinases with different target motifs. When both phosphorylate NFAT, 

they trigger NFAT nuclear export (263,264).GSK3-calcineurin-NFAT signaling has been 

characterized in hippocampal neurons (265,266) and has also been found to be a key 

player in the growth and plasticity of tectal neuronal dendrites in the tadpole (265,266). 

Many studies have shown that NFAT5 is expressed in almost all tissues and have 

diverse functions other than osmoprotective role (267). NFAT5 is 40% similar identity to 

rest of Rel family members (268,269), and initially renal medulla cells of the urinary 

system (270–272). It regulates expression of osmolality regulating genes, including the 

Na+/Cl- coupled betaine/g-aminobutyric acid transporter and the synthetic enzyme aldose 

reductase (271). For this reason, NFAT5was called tonicity enhancer binding protein, 

TonEBP (273).  NFAT5 is highly expressed in the infant and adult brain with various 
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quantity and distribution (274). NFAT5 is more expressed in fetal brain than adult brain 

(275,276), and it is highly expressed in hypothalamus and the hippocampus than other 

brain regions (274). NFAT5 has been found to maintain osmotic equilibrium with plasma 

in the brain under normal physiological conditions (277). It has various functions in 

neurons, astrocytes, microglia, and other cell types in the CNS, including the regulation 

of aquaporin-4 (AQP4), the predominant water channel expressed in astrocytes 

(278).Thus NFAT5 functions to protect neurons against ischemic damage (279,280), and 

play an essential role in neuroinflammation (281). 

Many studies have shown that NFAT5 is activated and deactivated by different 

kinases. NFAT5 is phosphorylated by different kinases at various specific phosphorylation 

sites and control different genes expression during different responses (282). The nuclear 

translocation of NFAT5 is mediated by different kinases, such as p38α (282), ATM(283), 

GSK-3β (284), CDK5(285) and CK1 (286). Hypertonicity and hypoxia induce NFAT5 

phosphorylation at different sites, including 111 threonines, 216 serines, and 15 tyrosines 

(287). Phosphorylation at  Y143 and T135 led to an increase in nuclear localization of 

NFAT5 in the human embryonic kidney 293 cells (288,289) and rat renal inner medulla 

cells (290). On the other hand, other kinases such as, glycogen synthase kinase 3β 

(GSK3β), casein kinase 1 (CK1), and p38δ negatively regulate the nuclear localization 

and transcriptional activity of NFAT5 (282). For example, phosphorylation at S155 and 

S158 of NFAT5 in response to low NaCl reduces the nuclear accumulation of NFAT5 

(286). 

Multiple studies have shown that NFAT is involved in neural development and 

plasticity. When NFAT activity was inhibited using CaN phosphatase inhibitor in the visual 
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system of living Xenopus Laevis tadpole, this resulted in an increase in mEPSC frequency 

and dendritic arbor complexity, and this morphological phenotype was rescued by 

calineurin/NFAT signaling (265). Other studies have found that NFAT is required for 

control of morphology and development. For example, sensory and commissural 

neuronal axons outgrowth in response to neurotrophins (295). In lack of calcineurin 

phosphatase activity or NFAT2-4, neurons did not responds to neurotrophins (295), 

suggesting that NFAT/calcineurin signaling plays a role in controlling the neural 

morphology and development.  

 Some studies have documented that mammalian NFATs regulates ion channels 

in neurons. Voltage-gated Kv7 potassium channels play an important role in regulation of 

neuronal excitability and action potential firing (296). NFAT has been found to be 

expressed in rat superior cervical ganglion neurons (SCG) (297) and when SCG was 

activated, this resulted in an increase in NFATc1/c2 activity and an increase in Kv7 

channel expression (239), suggesting that NFATc1/c2 is required for Kv7 up-regulation. 

Other studies have shown that Neuritin plays critical role in regulating neural 

development, synaptic plasticity, and neuronal survival (298). In cerebellum granule 

neurons, neuritin elevates intracellular Ca+2 and activates Ca2+/CaN-NFATc4 signaling 

followed by an increase in Kv4.2 expression (299). 

Multiple studies have shown that mammalian NFATs regulate ion channels in the 

cardio-vascular system. For example, in arterial smooth muscle, the vasoactive peptide, 

angiotensin II, induces an increase in Ca2+ through L-type Ca2+ channels that 

subsequently leads to a calcineurin-NFATc3 dependent down-regulation of Kv2.1 

channel expression (300). In addition, Ca2+-activated potassium (BK) channels play an 
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essential role in regulating excitability and the contractile state of arterial smooth muscle 

(39). During hypertension, expression of the accessory β1 subunit has been found to be 

decreased relative to the pore forming α subunit (301). In NFATc3-/- mice, Angiotensin II 

administration led to an increase in  systemic blood pressure, suggesting that NFATc3 is 

required for down-regulation of the β1 (301).  

Myocardial infarction (MI) has shown an increase in NFAT activity and reduction 

in Kv4.2 current (302). When Kv4.2 current were examined after MI in ventricular 

myocytes from NFATc3 knockout mice, it showed no change, indicating that NFATc3 

down-regulates Kv4.2 expression in response to MI (302). Other studies have shown that 

NFATc3 increases Kv4.2 expression during cardiac hypertrophy (303), and it has also 

been reported to contribute to the gradient of Kv4 expression across the mouse left 

ventricular free wall (304). 

The Drosophila genome encodes only one NFAT homolog, dNFAT, with two splice 

isoforms originating from two distinct promoters, “a” and “b”.  The dNFATa and, dNFATb 

isoforms have ten exons, and the last eight exons are shared between the two splice 

forms (305). Three different Drosophila dNFAT mutant alleles have been generated 

(dNFAT∆a, dNFAT∆b, and dNFAT∆ab) (306). In the first two mutant alleles, the first exon 

from each isoform was deleted and, in the third mutant allele, the second and third shared 

exons were deleted (306).Sequence analysis of putative DNA-binding Rel homology/IPT 

region showed that dNFAT shows 64% similarity identity to human NFAT5 and 53% 

identity wit NFAT1(305). Earlier study has shown that dNFAT, similar to NFAT5, lacks 

AP-1 and calcineurin binding sites, suggesting that dNFAT may not be activated by 

Ca+2/calmodulin-dependent pathway (305), but  another study has identified an AP-1 
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binding site in dNFAT (306), suggesting that dNFAT may be activated by the similar 

pathway.  

Similar to NFAT5, dNAFT has been identified as an osmo-regulator (305). 

Drosophila uses different organs to maintain homeostasis, such as Malpighian tubules 

and anal pads, which regulate ionic concentrations in the hemolymph (305). dNFAT∆ab  

larvae showed a decrease in their survival  rate in high salt concentration (305). Unlike 

NFAT5, dNFAT mutant alleles have been tested if they have immune-related function and 

the study has shown that dNFAT deletions have no effect on survival rate after bacterial 

infection (305). 

dNFAT regulates presynaptic growth and motor neural excitability (306). dNFAT 

has been found to regulate pre-synaptic growth in the Drosophila NMJ. Although either 

dNFAT∆aor dNFAT∆b showed less effect on NMJ size (305), dNFAT∆ab or RNAi mediated 

knock down of dNFAT exhibited an increase in the number presynaptic boutons (306). 

When dNFATa or dNFATb was expressed in neurons, the synapses appeared to be 

smaller compared to genetic background lines and resulted in a decrease in 

neurotransmitter release (306). When dNFATa was expressed in larva RP2 

motorneurons, this resulted in a reduction in excitability, as indicated by slow movement 

of larva (306).  

In this study, we investigated if an NFAT based reporter was activated in response 

to Chats2- induced inactivity and Dα7 over-expression. Then, we tested if dNFAT is 

required in the up-regulation of Kv4/Shal protein and mRNA in response to activity 

inhibition.    
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8. Overview of this dissertation 

Homeostatic synaptic plasticity is a compensatory mechanism that neurons deploy 

as protection from activity perturbations, thereby maintaining overall synaptic strength in 

an optimal range. Neural circuits experience different types of activity perturbation, 

including positive feedback from Hebbian types of plasticity. Neurons use homeostatic 

synaptic plasticity to prevent over-excitation.  Homeostatic synaptic plasticity has been 

found to play a neuro-protective role during times of activity change, such as 

development, learning and memory and some of neuro-pathological conditions that alter 

synaptic strength like Alzheimer disease and nicotine addiction. 

Most synaptic plasticity studies have focused on glutamatergic receptors. Dr. 

Tsunoda’s lab found that nAChRs mediate synaptic homeostasis in the Drosophila CNS. 

These receptors are among the most widespread and abundant receptors in the 

mammalian brain, play important physiological roles, and are associated with multiple 

pathological conditions. α7 nAChRs are highly permeable to Ca+2 and play crucial roles 

in synaptic plasticity.   

In a previous in vitro study in Dr. Tsunoda’s lab, the investigators blocked 

cholinergic receptor activity using pharmacological tools found that this resulted in an 

increase in frequency and amplitude of mEPSCs. This homeostatic response was due to 

a selective increase in the Dα7 nAChRs. The homeostatic response was followed by an 

increase in expression of the voltage gated potassium channel Kv4/Shal, which tuned the 

homeostatic response and prevented over-compensation. In this dissertation, my aim was 

to test this pathway in vivo, in live flies, using a genetic method to inhibit cholinergic 

activity. I investigate the mechanisms that underlie the increase in Kv4/Shal expression. 
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In addition, I aimed to study the relationship between Dα7 nAChRs and Kv4/Shal 

potassium channels.  

 

Chapter 3: In This Chapter, I used genetic methods to inhibit cholinergic activity and 

tested for a change in Dα7-EGFP expression.  I found that in vivo activity inhibition also 

up-regulated the nAChR chaperone protein, dNACHO-HA.  In addition, I tested the 

hypothesis that dNACHO-HA up-regulates Dα7-EGFP expression 

 

Chapter 4: In this chapter, I tested if cholinergic activity inhibition in vivo triggers an up-

regulation of Kv4/Shal expression. I showed that using Chats2- induced activity inhibition 

or block of neurotransmitter release using targeted expression of tetanus resulted in an 

increase in Kv4/Shal protein and mRNA. This up-regulation is Dα7 nAChRs dependent. I 

found Kv4/Shal protein up-regulation requires dNACHO-HA. In addition, I characterized 

the relationship of Dα7 nAChRs and Kv4-Shal. I showed that over-expression Dα7-EGFP 

and / or NACHO-HA was sufficient to up-regulate Kv4/Shal protein and mRNA.   

 

Chapter 5: In this chapter, I investigated the transcriptional activators that might be 

involved in Kv4/Shal up-regulation in response to activity inhibition using Chats2. I tested 

if Chats2- induced activity inhibition or over-expression Dα7-EGFP and / or NACHO-HA 

could activate a human NFAT-based reporter. I tested the hypothesis that the Ca+2- 

dependent transcriptional activators, dNFAT and/or dCREB-2a, might be involved in 

Kv4/Shal protein and mRNA up-regulation. I showed that Drosophila NFAT is required for 
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Kv4/Shal up-regulation in response to Chats2-activity inhibition. In addition, I showed that 

over-expression of dCREB-2a induces Kv4/Shal up-regulation. 
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CHAPTER 2. MATERIALS AND METHODS 
 
 
 

1- Fly Stocks.  

w1118 or genetic background strains were used as control lines in this study. We 

used previously generated mutant and transgenic lines: UAS-TnT (Deitcher et al., 1998; 

Sweeney et al., 1995); Chats2 and Chats3 alleles (Salvaterra and McCaman, 1985); UAS-

Dα7-EGFP (Leiss et al., 2009) and Dα7PΔEY6 (Fayyazuddin et al., 2006); UAS-NACHO-

3xHA (Bischof et al., 2013); UAS-mLexA-VP16-NFAT, LexAop-CD8-GFP, and LexAop-

CD2-GFP transgenes (Masuyama et al., 2012); NFATΔAB, NFATΔA, and NFATΔB alleles 

(Keyser et al., 2007); elav-GAL4 (elav-GAL4c155) and tub-GAL80ts (Bloomington 

Drosophila Stock Center, Indiana University); 201Y-GAL4 (O'Dell et al., 1995; Yang et 

al., 1995); GH146-GAL4 (Stocker et al., 1997); UAS-RNAi-NACHO (VDRC, Vienna, 

Austria), Dα7-GAL4 (Fayyazuddin et al., 2006), hs-CREB-2a and hs-CREB-2b (J.C.P Yin 

et al., 1995), and ;;syb-Gal4 (Bloomington Drosophila Stock Center, Indiana University). 

 

2. Heat-Treatment/Shock Protocols 

Heat treatment (HT) refers to exposure of flies to 30C° and heat shock (HS) refers 

to subjection of flies to 37C°. Flies carrying a temperature-sensitive mutation (Chats), heat 

shock promotor (hs-Gal4) and Gal80ts were raised at 18C°. Other flies such as w1118 and 

flies carrying transgenic insertions not sensitive to temperature, such as Dα7-EGFP and 

NACHO-HA, were grown at room temperature. All crosses that included a temperature-

sensitive mutation or transgene were grown at 18C°. Newly-eclosed flies were subjected 

to HS or HT for different periods. For instance, at 37C°, flies cannot withstand for heat 

more than two hours, while flies can stay for a long time at 30C° (> 2 days). Then flies, 



 

37 
 

were returned to 18C° for recovery. We called this HT or HS/ R protocols, as indicated in 

the text and legend, HT  

 

3. Immunoblotting 

3.1 Sample Preparation 

All experimental and control flies were collected following the indicated heat-

treatment or heat-shock time courses. Each sample contained 5 Drosophila heads in 20 

ul 1X immunoblotting sample buffer (0.5M Tris pH6.8, 10% SDS, Glycerol, Bromophenol 

Blue, DTT). Then samples were sonicated (20 cycles) using a sonifier (Branson 

Ultrasonics, Danbury, CT) and spun at 14,000 RPM / 2 minutes in a table-top microfuge. 

Samples were stored at -20 °C until used or used immediately.    

 

3.2 Workflow  

Same amount (16ul) of samples were loaded in wells of 10% polyacrylamide 

gels. Proteins were separated based on molecular weight by polyacrylamide gel 

electrophoresis (SDS-PAGE). Proteins were transferred using the wet transfer method 

to 0.45 um nitrocellulose membrane (Bio-Rad, Hercules, CA). To reduce the amount of 

non-specific binding, we blocked the membranes using 5% non-fat dry milk in 1X PBS 

with 0.05% Tween-20 (Sigma-Aldrich, St. Louis, MO) for approximately 20 min on a 

tabletop rocker.  

The blots were probed with specific primary antibody to detect the target protein. 

Primary antibody (see Table for concentrations) in block solution with 0.02% sodium azide 
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(J.T. Baker Chemical Co., Phillipsburg, NJ) was added to blots and incubated over night 

at room temperature. Then blots were washed in 1X PBS and 0.05% Tween-20 4 times / 

5 min each. Blots were incubated with secondary antibodies (Goat α-rabbit or Goat α-

mouse) conjugated to horseradish peroxidase, HRP (Jackson ImmunoResearch Inc., 

West Grove, PA), as listed in Table (1)  

Table 1: primary and secondary antibodies concentration against different proteins (Kv4, 
GFP and HA) and their loading controls (Actin and Syntaxin). 
 

Protein Primary Antibody 
Concentration 

Incubation Secondary Antibody 
Concentration 

Incubation 

Kv4             1:100 Over night 1:1000 (Goat α-rabbit) 2 hours 

GFP 1:10000 Over night 1:10000 (Goat α-

rabbit) 

1 hour 

HA              1:100 Over night 1:1000 (Goat α-mouse) 1 hour 

Actin 1:10000 1 hour 1:10000 (Goat α-

mouse 

1 hour 

Syntaxin              1:100 Over Night 1:1000 (Goat α-mouse) 1 hour 

 
Then blots were washed in 1X PBS and 0.05% Tween-20 4 times as mentioned 

previously. To initiate chemiluminescent reaction, Super Signal West Pico PLUS 

Chemiluminescent Substrate (ThermoFisher Scientific, Waltham, MA) added to blots at 

concentration 1:500 for 30 – 60 seconds. The super signal was then removed, 

chemiluminescent bands were captured using an Epichemi3 Darkroom, and the Lab 

works Imaging Software (UVP BioImaging, Upland, CA) was used to capture digital 

exposures. 
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3.3 Data collection and analysis 

Band intensity for target proteins and loading controls were quantified using 

ImageJ software. Obtained values were transferred to an Excel spreadsheet and each 

target protein value was normalized to its corresponding loading control (Actin or 

Syntaxin). Dixon’s Q-test was applied on normalized values and identified outlier values 

were excluded from statistical analysis. Student’s t-test was used to detect statistical 

different between control and experimental groups. Origin 6.0 was used to make 

representative graphs that were edited in Adobe Photoshop.   

4. RNA Extraction  

4.1 Sample collection and storage  

Total RNA was extracted using 300ul TRIzol reagent. Ten Drosophila heads were 

collected for each sample and homogenized with a clean and autoclaved pestal. The 

samples were stored at - 80°C until used. 

 

4.2 Workflow (integrity and purity) 

RNAase-Free water or DEPC-treated water is prepared by adding 100ul of (DL-

Dithiothreitol Cleland’s Reagent, DTT) to 100 ml of H2O. Mixture was shaken vigorously 

and kept overnight in a hood at room temperature, then autoclaved before use. Frozen 

samples were completely thawed on ice. To precipitate proteins and genomic DNA, 60ul 

of Chloroform was added and vigorously vortexed for 60 seconds. Then samples were 

spun at maximum speed (14.000 RPM) on a tabletop cold centrifuge at 4 ˚C. The 

supernatant was collected and placed in a new autoclaved eppendorf tube containing 150 

ul of 2-propanol and 10 ul of glycogen. To precipitate total RNA, samples were incubated 
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at -20 °C for one hour.  After incubation, samples were spun at 1400 RPM at 4˚C for 15 

min. The supernatant was removed, and the RNA pellet was washed with 500 uL of 70% 

ethanol/DEPC-treated water and spun at maximum speed at 4˚C. To remove TRIzol 

residue and obtain a high purity of RNA, the RNA pellet was washed three times with 

70% ethanol/DEPC-treated water.  After washing, the dried pellet was suspended in 16 

ul of DEPC-treated water. At this step, RNA samples could be stored at -80 ˚C for future 

experiments.  

To examine RNA integrity, 2 ul of total RNA was examined by agarose gel 

electrophoresis. The RNA purity and concentrations were evaluated using a NanoDrop 

spectrophotometer. Acceptable range for RNA purity to be used in reverse transcription 

was 1.9 – 2.0 (absorbance ratio). 

 

5. Reverse Transcription 

Only RNA with a high purity and integrity were used for reverse transcription (RT) 

reactions. 700 ng total RNA were used for each RT reaction. To remove genomic DNA, 

1 ul DNases I (ThermoFisher Scientific, Waltham, MA) was incubated with RNA at 37˚C 

for 15 minutes. Then the DNAase reaction was deactivated by adding 1uL 50 mM EDTA 

and incubated at 65 ˚C for 10 minutes. To avoid RNA from forming secondary structures, 

samples were immediately placed on ice for 5 min. 1uL 0.5 ug/uL Oligo(dT)12-18 primer 

(ThermoFisher Scientific Waltham, MA) was added to each sample along with 1uL 10 mM 

dNTP (ThermoFisher Scientific, Waltham, MA). To allow primers to bind mRNA polyA, 

samples were incubated for 2 min at 42 ˚C. To initiate the reverse transcription reaction, 

Superscript II RNase H (ThermoFisher Scientific, Waltham, MA) and RNAse OUT 
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(ThermoFisher Scientific, Waltham, MA) were then added.  Reverse transcription reaction 

was set up for 50 minutes at 42˚C for elongation, and at 70˚C for 15 minutes for enzyme 

inactivation. Freshly prepared cDNA was preferably used for qPCR and ddPCR 

experiments. 

 

6. Quantitative Polymerase Chain Reaction (qPCR)  
 
6.1 Primer and Probe design (specificity, sensitivity and efficiency) 
 

We used the Universal Probe Library Assay design center 

(https://lifescience.roche.com/en_us/brands/universal-probe-library.html) to design our 

RT-qPCR assays, including the probe and gene specific primers for target genes. Probe 

finder version 2.35 and the intron-spanning assay were used to find a proper probe and 

design primers; Primer3 software was used with the following settings: melting 

temperatures between 59 °C and 61 °C, GC content between 40 and 60% and amplicon 

length limited to 60-200 base pairs. The maximum self-complementarity of the primers 

was set at 8 and the maximum 3’ complementarity at 3. The PCR primer sets were verified 

for specificity by Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) using the 

Drosophila transcriptome. The probe and gene specific primer set were designed for our 

GOI (Kv4) and reference genes (RpS20 and eIF1A) as listed in table (2). 

To examine the primer specificity, we ran qualitative PCR using monocolor 

universal probe RT-qPCR setting (incubation at 95°C for 10 min, followed by 45 cycles of 

95 °C for 10 s and 60 °C for 30 s and 72 °C for 1 s). Then, PCR products were analyzed 

by agarose gel electrophoresis (5%) to confirm that only a single product of the expected 

size was amplified.  To verify target amplicon sequence, we extracted PCR bands 
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(GeneJET™, ThermoFisher Scientific, Waltham, MA) for sequencing (Proteomics, 

Metabolomics Facility, Colorado State University, CO)  

Table 2: Forward and reverse primers, amplicon size and corresponding probes for Kv4 
and two reference genes (RpS0A and eIF1A) 
 

 

 

 

 

To verify primer amplification efficiency, we prepared reverse transcribed cDNA 

from pooled genotypes of young flies being used in an experiment, then made 10-fold 

serial dilutions of the cDNA: undiluted, 1:10, 1:100, 1:1000, 1:10000, 1::100000. Each 

cDNA sample was loaded in triplicate (5ul from cDNA and 15ul from Master Mix as 

explained in the sample preparation section) into 96-well white qPCR plates and loaded 

into the LightCycler® 480. Triplicate averages for each dilution were plotted as a function 

of the Log dilution factor and fitted with a linear regression curve (R2 ≥ 0.95). The slope 

of the regression line was used to calculate the primer efficiency (E= [(10^-1/slope)-1] 

*100). The slope (m) of 100% primer efficiency is -3.32 and acceptable efficiency range 

was set between 1.80 and 2.10. We measured Kv4 primer efficiency for Kv4 (m=-3.336, 

99%), RpS20 (m= -3.348, 99%) and eIF1A (m= - 3.475, 94%) as demonstrated in figure 

1. 

6.2 Sample preparation and workflow  

Each freshly prepared cDNA was diluted 1:5 with PCR-grade H2O. Master Mix was  

Gene Forward Primer Reverse Primer Probe # Amplicon 

size(bp) 

Kv4 GCTAACGAAAGGAGGAACG TGAACTTATTGCTGTCATTTTGC 66 145 

RpS20 CGACCAGGGAAATTGCTAAA CGACATGGGGCTTCTCAATA 66 62 

eIF1A TCG TCT GGA GGC AAT GTG GCC CTG GTT AATCCA CAC C 147 88 
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prepared in the following manner: for each reaction, 3.8 uL of PCR-grade H2O, 0.4 uL of 

20 uM forward primers, 0.4 uL of 20 uM reverse primer, 0.4 uL of 10 uM Probe from 

Universal Probe Library (UPL), and 10 uL LightCycler® 480 Probes Master Mix (Roche, 

Switzerland). Each sample was loaded in triplicate for GOI (Kv4) and Ref genes (RpS20 

and eIF1A). For each reaction 5 ul of diluted cDNA and 15 ul of master mix were loaded 

in 96-well white qPCR plates (Roche, Switzerland). Each loaded plate was sealed with a 

transparent plastic sheet and spun for 2 min in a plate-centrifuge. The plate was then 

loaded into the LightCycler® 480 Instrument II (Roche, Switzerland). Monocolor 

hydrolysis universal probe setting was used. The Second Derivative Maximum method 

was used to identify Ct values as mentioned in LightCycler® 480 manual user. 

 
Figure 1. Log of dilution factors plotted against Ct values and slopes were used to estimate 
primer efficiency. 
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6.3 Data collection and analysis  
 

To evaluate relative gene expression, Ct values for triplicate were copied and 

transferred to an Excel spreadsheet. Standard deviation among each sample triplicate for 

GOI and Ref gene was calculated (criteria of <0.16) and average of each triplicate were 

reported. The Dixon’s Q-test was applied to remove any outliers among averages of GOI 

and Ref Gene. If any averages were identified as outliers, the sample was excluded from 

further statistical analysis. Reference gene stability was estimated by examining the 

standard deviation between averages of triplicates of reference gene in control and 

experimental groups; we used a criterion of <1.0. To evaluate relative expression, 2-∆∆ct 

method was used to calculate fold change of cDNA copies relative to a reference gene 

(307). Student’s t-test was applied to determine statistical differences.  

 

7. Digital Droplet Polymerase Chain Reaction (ddPCR) 

For ddPCR experiments, we used the same primers as designed for RT-qPCR and 

followed the same protocol for cDNA preparation. Digital droplet PCR was used to 

measure the number of target molecules, as predicted using the Poisson distribution. 

Probability theory of this statistic depends on positive droplets (at least one target copy) 

and negative droplets (no target copy) (308). If the number of positive droplets and/or 

negative droplets are too high or low, the Poisson distribution cannot predict the number 

of target copies per sample. To avoid this, it is important to first determine an appropriate 

concentration/dilution of the starting material. 
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7.1 Identifying proper starting material concentration  

After preparing a cDNA pool from 700ng total RNA, we tested different cDNA 

concentrations: no-template, 0.5ng, 1.0ng, 1.5ng, 3.0ng, 5.0ng. We found that 1.5ng was 

the optimal concentration to obtain an acceptable number of positive and negative droplet 

populations (Positive population should not be less than 10.000 droplets) that can be 

analyzing using Poisson distribution.  

 

7.2 Sample preparation and workflow  

RNA extraction and cDNA preparation were performed as mentioned in the 

previous section. 1.5ng cDNA and master mix were prepared ((10ul ddPCR Supermix for 

probes, 0.4ul forward primer, 0.4ul reverse primer, 0.4ul Probe, 1ul cDNA, 7.4ul H2o). 

For each sample, two different reactions (Kv4 and RpS20) were prepared. To generate 

droplets, the 20ul reaction mix and 60ul droplet generation oil were added to wells in the 

DG8 Cartridge for the QX200 droplet generator, which was then inserted into the 

automated droplet generator. After that, droplets were transferred to a 96-well plate. The 

plate was sealed with foil using the PX1 PCR plate sealer, and PCR amplification of 

template molecules in each separate droplet performed in the C1000 Touch Thermal 

Cycler with a 96-deep well reaction. The following thermal cycling protocol was used: 95 

°C for 10 minutes (one cycle), 94 °C for 30 seconds (40 Cycles) and then 60 °C for 1 

minute (40 cycles), 98 °C for 1 minutes (one cycle), and hold at 4 °C. The ramp rate was 

set at 2 °C/s, the sample volume at 40 mL, and the heated lid at 105 °C. After PCR 

amplification, the plate was inserted into the QX200 Droplet Reader, and the absolute 
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template expression in copies per microliter was quantified using QuantaSoft software for 

Kv4 and Rps20 for each sample. 

 

7.3 Data collection and analysis  

Any sample that displayed less than 10,000 positive droplets was excluded from 

analysis. Student’s t-test was used to compare the number of positive droplets in control 

and experimental groups to evaluate reference gene stability. For each sample, the 

number of Kv4 copies/ul were normalized to the number of RpS20 copies/ul from the 

same sample. Student’s t-test applied to evaluate statistical analysis between control and 

experimental population.  
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CHAPTER 3. CHOLINERGIC HOMEOSTATIC SYNAPTIC PLASTICITY 
 
 
 
3.1 Overview 

The capacity of neurons and circuits to maintain activity levels within an 

appropriate range is accomplished by homeostatic mechanisms crucial for neural network 

signaling. These compensatory processes constitute homeostatic synaptic plasticity 

(HSP). HSP is a negative feedback process by which neurons modify (scale) their 

synaptic strength to adjust for increased or decreased overall input, thereby protecting 

the neurons from hyper- or hypo-activity that could otherwise lead to neural network 

instability. Homeostatic regulation of synaptic strength maintains the excitation/inhibition 

balance in the neural network, which is essential for proper network capacities, including 

long-term potentiation (LTP) and long-term depression (LTD). Dysregulation of the 

excitation/inhibition balance often contributed to neurological disorders(309).  

Cholinergic receptors in the mammalian brain are exposed to activity changes 

during development and during pathological conditions. For instance, cholinergic activity 

is up- regulated in early Alzheimer disease (208,310) with an increase in choline 

acetyltransferase levels (311) and α7 nAChRs (312,313). Cholinergic receptors at the 

human neuromuscular junction also experience dynamic changes in activity is some 

disorders. Myasthenia Gravis (MG) is an autoimmune disease that affects endplates and 

result in muscle fatigue and weakness due to loss of post-synaptic cholinergic receptors 

(309). This condition results in an increase in neurotransmitter release in response to 

network activity alteration (52).  
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Blocking the nicotinic Acetylcholine Receptor (nAChR) (in vitro) which is the major 

excitatory receptor in the Drosophila central nervous system (CNS), has been shown to 

result in an increase in frequency and amplitude of miniature excitatory post-synaptic 

currents (mEPSCs), concurrent with a selective increase in levels of the Drosophila 

nAChR α7 subunit (Dα7) (205). This homeostatic change in Dα7 nAChR level was shown 

to mediate the stabilization synaptic strength (205).  

We used a temperature-sensitive choline acetyltransferase mutant allele, Chats2, 

to inhibit cholinergic synaptic activity in vivo and studied if this induces a homeostatic 

response and molecular changes that affect synaptic strength. In this Chapter, we show 

that Chats2-induced inactivity triggers a homeostatic response that is represented by an 

increase in Dα7-nAchRs.  NACHO is a chaperone protein that plays an important role in 

α7-nAChRs assembly and trafficking (218). We found that in vivo activity inhibition using 

the Chats2 mutant allele resulted in an increase in Drosophila NACHO (dNACHO). We 

also confirmed that increasing dNACHO causes an increase in Dα7 protein level, 

suggesting that the mechanism underlying the homeostatic up-regulation of Dα7 might 

involve dNACHO        

 

3.2 Chats2-induced inactivity up-regulates Dα7-nAChRs (Homeostatic response) 

  An earlier in vitro study from our lab showed that prolonged pharmacological 

blockade of neural activity in Drosophila neurons results in a selective increase in the 

Drosophila α7  (Dα7) subunit of nAChRs that mediates an increase in miniature excitatory 

post-synaptic currents (mEPSCs) (205). Here, we set out to examine whether we could 

apply an in vivo blockade of activity and detect a similar homeostatic response. Since 
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homozygous Chats2 mutants exhibits significantly reduced levels of ChAT activity even at 

permissive temperatures (18 °C) (213), we used heterozygous Chats2/+ mutants, which 

likely exhibit ChAT activity more similar to wild-type when grown at 18 °C. Chats2/+ 

heterozygotes raised at 30 °C have been reported to exhibit ~35% less ChAT activity 

compared to wild type (212).  

We used the pan-neural elav/UAS-Gal4 system to express Dα7-EGFP in a Chats2- 

(elav;; Chats2/UAS-Dα7-EGFP) and wild-type background (elav;;UAS-Dα7-EGFP/+). In 

this way, expression of Dα7-EGFP would be constitutively and similarly expressed, so 

that any change in Dα7-EGFP protein, would indicate an induced change in Dα7-EGFP 

protein and likely represent the response of endogenous Dα7.  Flies were grown at 18 

°C, collected at <24 hours after eclosion (AE), and subjected to either no HT, or 3 hours 

HT at 30°C to test if Chats2-induced inactivity homeostatically enhanced Dα7-EGFP 

protein levels. By immunoblot analysis, steady-state levels of Dα7-EGFP were 

normalized to a loading protein control.  We found that levels of Dα7-EGFP were indeed 

enhanced by ~36% in response to Chats2-induced activity inhibition, compared to 

untreated flies; in contrast, similar HT induced no change in Dα7-EGFP levels in the 

absence of the Chats2 allele (Figure 2). This is consistent with Dr.Hahm’s finding in our 

lab that reducing cholinergic activity using the Chats2 allele induces an increase in 

mEPSCs (314).  

It is interesting that in our lab’s in vitro study, up-regulation was observed 

immediately after activity blockade, however, in our in vivo study, we found that a 3-hour 

recovery time is necessary to detect the Dα7-EGFP increase in response to Chats- 

induced inactivity (Figure 2).   
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Figure 2. Inhibition of Cholinergic Activity in Chats2/+ Neurons Induces a  
Homeostatic Increase in Dα7 Protein. Quantification and representative immunoblots of elav-
Gal4>>UAS-Dα7-EGFP/+ and elav-Gal4>>UAS-Dα7-EGFP/Chats2 flies grown at 18 °C, then 
subjected to 0 or 3 hours HT and no recovery and 3 hours recovery at 18 °C (0/0, 3/0 and 3/3, 
respectively). All immunoblots were run with 5 heads per sample per lane. Anti-GFP band 
intensities were normalized to those of anti-actin, which were used as loading control; for each 
condition, N=24-46 samples per condition. All data are represented as mean +/- SEM; *P<0.05, 
Students t-test. 
 

This discrepancy probably comes from the method of activity blockade. In vitro, 

cholinergic activity was blocked with curare, an antagonist of cholinergic receptors. With 

curare, synaptic activity was completely blocked, and this is considered to be a toxic 

condition for neurons, so the homeostatic response was faster and occurred immediately 

after washout of the blocker. In our in vivo study, cholinergic activity was inhibited but was 

not completely blocked. There was probably some neurotransmitter still available at 

cholinergic synapses to bind to Dα7 nAChRs. In addition, in the in vitro study, activity was 

blocked persistently for 24 hours, but in our in vivo study, activity inhibition was only for 3 

hours. These differences might occur for the late increase in Dα7-EGFP in our in vivo 

study compared to the previous in vitro study.   
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3.3 Drosophila NACHO (dNACHO) Up-regulates Dα7 expression 

Recent studies have identified NACHO as a transmembrane endoplasmic 

reticulum resident protein that promotes biogenesis and surface expression of nAChRs 

(314), and in particular, α7 nAChRs (218).  We obtained a Drosophila transgenic line that 

expresses dNACHO tagged with a hemagglutinin tag (HA) downstream of the 

Upstream Activating Sequences (UAS), the HA epitope tag was used to confirm 

expression of NACHO-HA. We used the Gal80ts/Gal4 system to express Dα7-EGFP or 

with dNACHO-HA, and then tested for a change in GFP expression. Gal80ts contains 

temperature-sensitive mutation. Gal80ts expression under the control of the tubulin 

promoter is constitutively expressed at 18˚C and negatively regulates Gal4 (Gal80 binds 

Gal4 C-terminal and forms a complex that blocks DNA binding). At 30˚C, Gal80ts no 

longer affects Gal4; Gal4 binds to UAS and drives expression the downstream gene. To 

conditionally express dNACHO-HA and Dα7-EGFP after the completion of development, 

we generated elav-Gal4;tub-Gal80ts>>UAS-Dα7-EGFP/+ and  elav-Gal4;tub-

Gal80ts>>UAS-Dα7-EGFP/UAS-dNACHO-HA lines. Both lines were raised at 18˚C at 

which temperature both genotypes develop normally, without over-expression of Dα7-

EGFP and dNACHO, then after eclosion, young male adult flies were subjected to HT at 

30°C for 4 days to induce expression of Dα7-EGFP alone or with dNACHO-HA. Dα7-

EGFP protein levels were examined by immunoblot analysis. We found that Dα7-EGFP 

levels were elevated by ~45% when NACHO-HA was expressed (Figure 3). These 

findings suggest that dNACHO promotes Dα7-EGFP biogenesis similar to its mammalian 

counterpart.   
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Figure 3. dNACHO positively regulated Dα7-EGFP. Representative immunoblots and 
quantitative analyses of steady-state levels of Dα7-EGFP. elav-Gal4;tub-Gal80ts>>UAS-Dα7-
EGFP/+ (Dα7 only) and elav-Gal4;tub-Gal80ts>>UAS-Dα7-EGFP/UAS-NACHO-HA 
(Dα7/NACHO). All fly lines were grown at 18 °C, allowing them to develop normally, and then 
subjected to heat-treatment at 30 °C (HT) for 4 days. Immunoblots lanes were run with 5 male 
heads per lane. Anti-GFP band intensities were normalized to those of anti-syntaxin (syn), which 
was used as a loading control. Data are represented as mean +/- SEM; *P<0.05, Students T-test. 
 

3.4 Dα7-EGFP up-regulation has no effect on dNACHO protein level 

To understand more about the relationship between dNACHO and Dα7, we next 

set out to test if Dα7-EGFP over-expression enhances expression of dNACHO. We used 

the Gal80/Gal4 system to express dNACHO-HA alone and to express Dα7-EGFP with 

dNACHO-HA and analyze for a change in dNACH-HA levels. To conditionally express 

dNACHO and Dα7-EGFP, we generated elav-Gal4;tub-Gal80ts>>UAS- dNACHO-HA /+ 

and  elav-Gal4;tub-Gal80ts>>UAS-Dα7-EGFP/UAS-dNACHO-HA lines. Both lines were 

grown at 18˚C, at which temperature both genotypes develop, without over-expression of 

Dα7-EGFP or dNACHO-HA. Since heterozygous elav>>UAS-dNACHO-HA flies do not 

live more than two days at 30˚C, newly-eclosed flies were subjected to HT at 30 °C for 2 

days to induce expression of dNACHO-HA alone and with Dα7-EGFP. dNACHO-HA 

protein levels were examined by immunoblotting analysis and we found that expression 

of Dα7-EGFP had no effect on dNACHO-HA levels (Figure 4), suggesting that Dα7-

EGFP over-expression is not sufficient to induce an increase in dNACHO-HA expression.  
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Figure 4. Dα7-EGFP over-expression does not affect dNACHO-HA protein level. 
Representative immunoblots and quantitative analyses of steady-state levels of dNACHO-HA. 
elav-Gal4;tub-Gal80ts>>UAS- dNACHO-HA/+ (dNACHO-HA only) and elav-Gal4;tub-
Gal80ts>>UAS-Dα7-EGFP/UAS-dNACHO-HA (Dα7/dNACHO). All fly lines were raised at 18 °C, 
allowing them to develop normally, and then young adult flies subjected to heat-treatment at 30 
°C (HT) for 2 days. Immunoblots lanes were run with 5 male heads per lane. Anti-HA band 
intensities were normalized to those of anti-actin, which was used as a loading control. Data are 
represented as mean +/- SEM; *P<0.05, Students T-test. 
 
 
3.5 Chats2-induced inactivity up-regulates dNACHO-HA protein level 
 

Since Chats2 -induced inactivity resulted in an increase in Dα7-EGFP; we next set 

out to test if Chats2-induced inactivity up-regulates α7 nAChRs chaperon protein, 

dNACHO. We used the UAS/Gal4 system to drive dNACHO-HA expression in a Chats2 

mutant (elav;; Chats2/UAS-NACHO- HA) and wild type background (elav;; UAS-NACHO- 

HA/+). Both genotypes were raised at 18°C, then after eclosion, flies were subjected to 

3hrs at 30°C followed by 3hrs recovery at 18˚C. By immunoblot analysis, steady-state 

levels of dNACHO-HA were normalized to a loading protein control. We found that Chats2- 

activity inhibition up-regulated dNACHO-HA compared to NACHO-HA in wild type 

background by over 40 X (Figure 5). Our results suggest that Chats2-induced inactivity 



 

54 
 

up-regulation of dNACHO might be part of the mechanism underlying the homeostatic 

response, or alternatively, it may be a consequence of the increase in Dα7 nAChRs.  

 
Figure 5. Chats2-Induced Inactivity Induces dNACHO-HA Up-Regulation. Quantification and 
representative immunoblots of elav-Gal4>>UAS-dNACHO-HA /+ and elav-Gal4>>UAS-NACHO-
HA /Chats2 flies grown at 18 °C, then subjected to 3 hours HT at 30˚C and 3 hours recovery at 18 
°C. All immunoblots were run with 5 heads per sample per lane. Anti-HA band intensities were 
normalized to those of anti-actin, which were used as loading control; for each condition, N=20-
21 samples per condition. All data are represented as mean +/- SEM; *P<0.05, Students t-test. 

 

3.6 Conclusion 

Chats2-induced inactivity in vivo induces a homeostatic response mediated by an 

increase in Dα7 nAChRs. Over-expression of the Dα7 nAChR chaperone protein, 

dNACHO, up-regulates the Dα7-EGFP subunit. Conversely, however, over-expression of 

Dα7-EGFP was not sufficient to up-regulate dNACHO-HA protein levels. In addition, we 

found that Chats2-induced inhibition positively regulates dNACHO-HA, suggesting that 

dNACHO might contribute to mechanisms underlying the homeostatic response.   
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CHAPTER 4. REGULATION OF HSP BY KV4/SHAL CHANNELS 
 
 
 
4.1 Overview 

Our lab’s previous in vitro study showed that prolonged inhibition of nicotinic 

acetylcholine receptors led to a homeostatic response that is mediated by a selective 

increase in the Dα7 subunit (205). Improper regulation of HSP, however, might cause 

additional under or over-compensation. Dr.Tsunoda’s lab discovered a regulatory 

mechanism that prevents over-compensation and maintains the activity in an optimal 

range (205). Prolonged activity blockade of nAChRs in Drosophila neurons resulted in a 

homeostatic response that is tuned by an increase in the expression of the potassium 

channel Kv4/Shal (205).  Kv4/Shal channels encode the transient A-type potassium 

current and they operate at subthreshold potentials, and plays a crucial role in initiating 

action potential firing, and regulating the frequency of action potential firing (315).  In 

mammals, the Kv4.2 channel was down-regulated in response to glutamate receptors 

stimulation and led to an increase mEPSC amplitude, this down-regulation of Kv4.2 was 

shown to contribute to  synaptic LTP (316–318).   

We used the Chats2 mutant allele and a transgene that expresses tetanus toxin 

light chain to inhibit/reduce cholinergic activity in vivo, and then examined if a similar 

pathway was observed in vitro. In the previous chapter, we reported that the Chats2 mutant 

allele induces a homeostatic response mediated by an increase in Dα7 nAChRs. In this 

chapter, we characterize the regulatory mechanism that counterbalances the homeostatic 

response.  We found that Kv4/Shal protein and mRNA were up-regulated in response to 

Chats2-induce inactivity and TnT-activity blockade. We report that an increase in Kv4/Shal 
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protein and mRNA depends on Dα7 nAChRs. We also studied the relationship between 

Dα7 nAChRs and Kv4/Shal. We found that over-expression Dα7-EGFP and/or dNACHO-

HA is sufficient to induce an increase in Kv4/Shal protein and mRNA.  We then used UAS-

NACHO-RNAi to knockdown dNACHO in a Chats2 mutant background and found that the 

Kv4/Shal increase in response to Chats2-induced inactivity was blocked with a knock down 

of dNACHO. We found that in vivo activity inhibition triggers a similar regulatory 

mechanism as described in vitro.  

          

 4.2 Cholinergic activity blockade increases Kv4/Shal protein and mRNA levels         

We first tested if in vivo activity inhibition using the Chats2 allele induces an up-

regulation of Kv4/Shal channels. Newly-eclosed Chats2/+ and wild-type flies were 

collected and subjected to HT at 30°C. We tested different durations of HT, followed by a 

3-hour recovery period at 18°C. We found that Chats2/+ flies displayed a ~27% increase 

in Kv4 protein with a 3- or 6-hour HT (Figure 6A); we refer to the 3 or 6 hours of heat-

treatment, followed by 3 hours recovery, as 3/3 or 6/3-protocols, respectively. Similarly 

treated wild-type flies showed no change in relative Kv4/Shal protein levels (Figure 6B). 

Since in vitro studies had shown that the up-regulation of Kv4/Shal was not apparent 

immediately following cholinergic blockade (3/0-protocol), but required recovery of 

synaptic transmission, we subjected Chats2/+ flies to HT for 3 hours with different 

durations of recovery. Indeed, we found that no increase in Kv4/Shal protein was 

observed immediately following activity inhibition and required a 3-hour recovery period 

(Figure 6C). For further confirmation that HT of Chats2 was a reliable method of inducing 

HSP, we tested another Chats allele, Chats3 (213). Heterozygous Chats3/+ flies subjected 
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to the 3/3 heat-treatment protocol also exhibited ~29% increase in Kv4/Shal protein 

(Figure 6D).  

Although inactivity-induced up-regulation of Kv4/Shal protein was previously 

shown to be blocked by transcriptional inhibitors (205), it has been unclear whether this 

was due to a transcriptional block of Kv4/Shal itself since mRNA levels of Kv4/Shal could 

not be examined in that preparation. Our in vivo Chats2 model, however, allowed for 

sufficient mRNA to be isolated for reverse transcription-quantitative polymerase chain 

reactions (RT-qPCR). We examined if mRNA levels of Kv4/Shal are indeed elevated 

following activity blockade.  

To this end, we validated universal probes with corresponding PCR primers for 

Kv4/Shal, RpS20 and eIF1A, for efficient amplification, and optimized RNA preparation, 

RT reactions, and cDNA dilution factors for reliable RT-qPCR. For every experimental 

genotype and genetic background tested, stability each reference genes, ribosomal 

protein S20 (RpS20) and eukaryotic initiation factor 1A (eIF1A), were validated before 

use. We tested the Chats2/+ line immediately after inhibiting activity with a 3-hour HT at 

30°C and prior to an up-regulation of Kv4/Shal protein that is detectable after a 

subsequent 3 hours of recovery (Figure 6A). We quantified Kv4/Shal mRNA levels 

relative to reference gene expression without HT (0/0), and after 3 hours HT. In wild type, 

Kv4/Shal mRNA levels showed no change with HT (Figure 6E). In contrast, when HT 

was applied to the Chats2/+ line, Kv4/Shal mRNA levels were significantly elevated by 

23% compared to untreated controls (Figure 6F). Interestingly, the rise in Kv4/Shal 

mRNA was rather short-lived when examined in Chats2 flies, returning to baseline levels 
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after 3 hours of recovery at 18 °C (3/3-protocol; Figure 6F), suggesting a transient and 

dynamic regulation of Kv4/Shal mRNA. 

 

 

 

 

 

 

 

 

 

 

Figure 6. Blocking Neural Activity In Vivo Results in an Up-Regulation of Kv4/Shal Protein. 
(A-C) Quantification of relative Kv4/Shal protein levels and representative immunoblots from 
Chats2/+ (A, C), wild-type (wt; B), and Chats3/+ (D) after HT protocols, indicated as hours of HT at 
30°C/hours of recovery at 18°C (e.g. 3/3, 6/3; 0/0 indicates flies kept at 18°C with no HT). Note 
that 3-6 hours HT of Chats2/+ induces an increase in Kv4/Shal protein. (E and F) RT-qPCR 
analyses of Kv4/Shal mRNA levels normalized to reference gene expression, expressed as “Fold 
Change”. Comparison of wt and Chats2/+ male flies subjected to heat-treatment and recovery 
(HT/R; hours at 30°C/hours of recovery at 18°C) protocols, as indicated. 
 

4.3 Cholinergic activity blockade using tetanus toxin induces Kv4/Shal Protein and 

mRNA up-regulation 

We also inhibited cholinergic activity by another approach, using a transgenic line 

that expresses tetanus toxin light chain (TnT), which cleaves n-synaptobrevin and has 

been shown to completely block evoked neurotransmitter release and reduce 

spontaneous release by 50- 75% (319,320). We used a heat-shock-GAL4 (hs-Gal4) line 

to induce expression of UAS-TnT (hs-GAL4>>UAS-TnT) in all neurons for 2 hours. After 

E F 
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heat-shock at 37°C, we allowed the flies to recover at 18°C. Fly heads were analyzed by 

immunoblot analysis for steady-state levels of Kv4/Shal normalized to a loading control 

protein. We found that levels of Kv4/Shal were increased by 29% after heat-shock and a 

two-hour recovery period (this protocol is indicated as “2/2”; Figure 7A, right). Kv4/Shal 

protein levels remained elevated for up to 24 hours following inactivity; in contrast, age-

matched wild-type flies exposed to the same heat-shock protocols showed no significant 

change in relative Kv4/Shal protein levels (Figure 7A, left). Then inducing inactivity in 

these flies with a 2-hour heat shock at 37 °C, also up-regulates Kv4/Shal mRNA levels. 

We quantified Kv4/Shal mRNA levels relative to reference gene expression without heat-

shock (0/0), and after 2 hours of heat-shock. Since 37°C activates endogenous heat-

shock pathways and has been reported to have immediate effects on transcriptional 

activity (321), we quantified mRNA levels at later times: after 24 and 48 hours at 18°C 

(2/24 and 2/48 heat-shock protocols, respectively). In wild-type, Kv4/Shal mRNA levels 

showed no change with either the 2/24 or 2/48 heat-shock protocol (Figure 7B, left). In 

contrast, when heat-shock protocols were applied to the hs-GAL4>>UAS-TnT line, 

Kv4Shal mRNA levels were significantly elevated by ~46% at 24 hours following heat-

shock, compared to untreated controls (Figure 7B, right). Relative Kv4/Shal mRNA levels 

then returned to basal levels after 48 hours (Figure 7B, right). In addition, we used a 

Chat-Gal4 line, which drives expression of Gal4 in choline acetyltransferase (Chat) 

expressing neurons, to induce expression of UAS-TnT. 
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Figure 7. Blocking Neural/Cholinergic Activity Using Pan-neural Driver, elav-Gal4, to Drive 
Tetanus Toxin Expression Up-Regulates Kv4/Shal Protein/mRNA. (A) Quantification and 
representative immunoblots of wild-type (wt) and hs-Gal4>>UAS-TnT samples after various 
treatment protocols, indicated as hours of heat-shock at 37 °C/hours of recovery at 18°C (eg. 2/2, 
2/5; note that 0/0 indicates flies kept at 18°C with no heat-shock). (B) RT-qPCR analyses of 
Kv4/Shal mRNA levels normalized to reference gene expression, expressed as “Fold Change”.  
Comparison of wild-type (wt) and hs-Gal4>>UAS-TnT male flies subjected to heat-shock and 
recovery (HS/R; hours at 37 °C/hours of recovery at 18°C) protocols, as indicated. Note that 0/0 
indicates no heat-shock treatment, and aged-matched 0/0 flies were used for 2/24 and 2/48 
comparisons.  
 

To induce expression transiently, we included expression of the temperature-sensitive 

Gal80ts protein (Gal80ts) to negatively regulate the function of Gal4. At 18 °C, Gal80ts 

inhibits Gal4; at 30 °C, Gal80ts is no longer functional and Gal4 promotes transcription of 

the UAS-TnT transgene in cholinergic neurons. We raised Chat-Gal4;tub-Gal80ts>>UAS-

TnT and wild-type lines at 18°C to allow them to develop normally, without expression of 

UAS-TnT, then after eclosion, young adult flies were subjected to HT at 30°C for 3 or 6 
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hours. After HT, we allowed flies to recover at 18°C for 3 hours. Flies’ heads were 

analyzed by immunoblot analysis for steady-state levels of Kv4/Shal normalized to a 

loading control protein. We found that levels of Kv4/Shal protein were increased when 

heat treatment protocols were applied to the hs-GAL4>>UAS-TnT line by 42% after a 6/3 

protocol (Figure 8A, right). In wild-type, Kv4/Shal protein levels showed no change under 

the same experimental conditions (Figure 8A, left).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Blocking Neural/Cholinergic Activity Using Chat Driver, Chat-Gal4, to Drive 
Tetanus Toxin Expression Up-Regulates Kv4/Shal Protein/mRNA. (A) Quantification and 
representative immunoblots of wild-type (wt) and Chat-Gal4>>UAS-TnT samples after various 
treatment protocols, indicated as hours of heat-shock at 30°C/hours of recovery at 18°C (eg. 3/3, 
3/6; note that 0/0 indicates flies kept at 18°C with no heat-shock). (B) RT-qPCR analyses of 
Kv4/Shal mRNA levels normalized to reference gene expression, expressed as “Fold Change”.  
Comparison of wild-type (wt) and Chat-Gal4>>UAS-TnT male flies subjected to heat-shock and 
recovery (HT/R; hours at 30°C/hours of recovery at 18°C) protocols, as indicated. 
 

Since Kv4/Shal mRNA levels were increased immediately and prior to the increase 

in Kv4/Shal protein following inhibition of cholinergic activity, we tested for a change in 

Kv4/Shal mRNA level in Chat-Gal4;tub-Gal80ts>>UAS-TnT  immediately after inhibiting 
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activity with a 6-hour HT at 30°C. We quantified Kv4/Shal mRNA levels relative to 

reference gene expression without HT (0/0), and after 6 hrs HT. In wild-type, Kv4/Shal 

mRNA levels showed no change with HT (Figure 8B, left). In contrast, when HT was 

applied to Chat-Gal4;tub-Gal80ts>>UAS-TnT line, Kv4/Shal mRNA levels were 

significantly elevated by 27% compared to untreated controls (Figure 8B, right). These 

findings suggest, that blocking neural activity using tetanus toxin is sufficient to up-

regulate Kv4/Shal protein and mRNA.  

Altogether, our results show that activity inhibition or blockade using Chats2 mutant 

allele, or a transgene expressing tetanus toxin, induces an increase in Kv4/Shal protein 

and mRNA.   

 

4.4 Kv4/Shal protein and mRNA Up-Regulation depends on Dα7-nAChRs 

In previous in vitro studies, inactivity induced Kv4/Shal protein and current up-

regulation required Dα7-nAchRs (205). We set out to test if the up-regulation of Kv4/Shal 

protein and mRNA induced by in vivo activity blockade also requires the Dα7 nAChR. 

Heat treatment and recovery protocols (0/0 and 3/3) were applied to Chats2/+ flies in a 

Dα7PΔEY6 null mutant background (Dα7PΔEY6;;Chats2/+). We found that in the absence of 

Dα7 nAChRs, Chats2-induced up-regulation of Kv4/Shal protein was indeed inhibited 

(Figure 9A, left). Then we examined relative Kv4/Shal mRNA levels in Dα7PΔEY6;;Chats2/+ 

flies. We found that the 3/0 HT protocol that induced an increase in Kv4/Shal mRNA in 

Chats2/+ mutants resulted in no significant increase in Kv4/Shal mRNA in the Dα7PΔEY6 

null background (Figure 9B, right).  As an additional control, we tested Dα7PΔEY6 null 
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mutants alone and found no change in Kv4/Shal protein and mRNA levels with HT (Figure 

9A right and 9B left, respectively). 

 

Figure 9. Kv4/Shal protein and mRNA up-Regulation in response to Chats2-Induced 
inactivity requires Dα7 nAChRs. (A) Quantification and representative immunoblots of 
Dα7PΔEY6;; Chats2/+, and Dα7PΔEY6 samples after indicated HT protocols shows no significant 
change in Kv4/Shal in the absence of Dα7. All immunoblots were run with 5 male heads per lane; 
for each condition, number of samples N=15-46. Anti-Kv4/Shal band intensities were normalized 
to those of anti-syntaxin (syn), which was used as a loading control. (B) Comparisons of Dα7PΔEY6 
null mutants and Dα7PΔEY6;; Chats2/+ flies subjected to HT/R, as indicated. Data are represented 
as mean fold-change +/- SEM (means are from N=10-17 independent RNA extraction and RT-
qPCR); note that fold-changes are calculated in comparison to the corresponding 0/0 condition 
shown. (C) Quantification and representative immunoblots of rescue experiment for Kv4/Shal 
protein levels in Dα7PΔEY6;elav-Gal4;UAS-D7-EGFP/Chats2 (left) and Dα7PΔEY6;Chat-Gal4;UAS-
D7-EGFP/Chats2 (right). HT/R protocols shows no significant change in Kv4/Shal protein level. 
Data are represented as mean +/- SEM; *P<0.05, Students t-test. 

 

We attempted to rescue the inactivity-induced regulation of Kv4/Shal protein in the 

mutant Dα7 background by expressing transgenic Dα7-EGFP. We used elav-Gal4 and/or 

Chat-Gal4 to drive expression UAS-Dα7-EGFP in Chats2 mutant flies (Dα7PΔEY6;elav-
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Gal4;Chats2/UAS-Dα7-EGFP and Dα7PΔEY6;Chat-Gal4;Chats2/UAS- Dα7-EGFP , 

respectively). We applied 0/0 and 3/3 protocols to these genotypes and found no change 

in Kv4/Shal levels (Figure 9C). The inability to rescue the increase in  Kv4/Shal protein 

might be due to insufficient Dα7-EGFP expression because the location of elav-Gal4 

system . Together, our results suggest that in vivo inhibition of cholinergic activity induces 

a homeostatic up-regulation of Dα7 nAChRs that is required for subsequent increase in 

Kv4/Shal protein/mRNA. 

 

4.5 Over-expression of Dα7-EGFP and/or dNACHO-HA results in Shal/Kv4 protein 

and mRNA Up-Regulation 

We aimed to overexpress Dα7-EGFP alone and test if it is sufficient to induce an 

increase in Kv4/Shal channel protein and mRNA. We used the pan-neural elav/Gal4 

system to constitutively express UAS-Dα7-EGFP. Newly-eclosed elav;; UAS-EGFP and 

genetic background flies were raised at room temperature for 2 ,4 ,6 , and 10 days. 

Kv4/Shal steady-state protein levels were tested by immunoblot analysis. We found that 

constitutively expressed Dα7-EGFP had no effect on Kv4/Shal protein levels at 2 days 

and 10 days. However, 4 days and 6 days showed a decrease in Kv4/Shal protein level 

(Figure 10). Since constitutive expression of Dα7-EGFP might be complicated by 

development and long-term expression, we next used the Gal80ts/Gal4 system to 

conditionally induce expression of Dα7-EGFP after development. We raised elav-

Gal4;tub-Gal80ts>>UAS-Dα7-EGFP/+ and background control lines at 18°C to allow them  
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FIGURE 10. Constitutive expression of Dα7-EGFP has no effect on Kv4/Shal protein. 
Quantification and representative immunoblots of elav;;UAS-Dα7-EGFP and ;;UAS-Dα7-EGFP 
samples after different times of age show no increase  in Kv4/Shal in response to constitutive 
Dα7-EGFP expression. All immunoblots were run with 5 male heads per lane; for each condition. 
Anti-Kv4/Shal band intensities were normalized to those of anti-syntaxin (syn), which was used 
as a loading control. Data are represented as mean +/- SEM; *P<0.05, Students t-test. 
 

to develop normally, without over-expression of Dα7-EGFP, then after eclosion, young 

adult flies were subjected to HT at 30°C for 2days, 4 days, and 6 days to induce 

expression of Dα7-EGFP. We then, tested whether this post-eclosion over-expression of 

Dα7-EGFP induced an increase in the level of Kv4/Shal protein. After 4 days, we found 

that induced expression of Dα7-EGFP resulted in an increase in Kv4/Shal protein levels, 

which were elevated by ~14% (Figure 11A). At 2 and 6 days, however, Kv4/Shal protein 

levels were decreased (data not shown). 
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Figure 11. Effect of Dα7-EGFP Over-Expression expression on Kv4/Shal protein. (A) 
Quantification and representative immunoblots of elav;Gal80ts;UAS-Dα7-EGFP and ;;UAS-Dα7-
EGFP samples. 4 days of HT shows increase in Kv4/Shal in response to transient Dα7-EGFP 
expression. Anti-Kv4/Shal band intensities were normalized to those of anti-syntaxin (syn), which 
was used as a loading control (B) Representative immunoblots and quantitative analyses for Kv4 
expression in UAS-Dα7-EGFP/+, W; tub-Gal80ts>>UAS-Dα7-EGFP/ syb-Gal4 and Dα7-Gal4;tub-
Gal80ts>>UAS-Dα7-EGFP/+. Newly eclosed flies (<24 hours) were subjected to heat-treatment 
(HT) for 4 days at 30 °C.  Samples were collected for immunoblot analyses and probed for 
Kv4/Shal. Anti-Kv4 signals were normalized to anti-actin signals as a loading control. 5 
heads/sample/lane; N= 12 samples for each condition.  Means normalized to the UAS-Dα7-EGFP 
background control samples on the same immunoblots are shown +/- SEM; *P<0.05, Students t-
test. 

 

  To further examine similarly up-regulation of Kv4/Shal was observed when we 

used a Dα7-Gal4 driver or syb-Gal4 (Dα7-Gal4;tub-Gal80ts>>UAS-Dα7-EGFP/+ and 

W;tub-Gal80ts>>UAS-Dα7-EGFP/syb-Gal4 respectively) (Figure 11B). To further test the 

Dα7-Kv4/Shal relationship, we set out to increase the expression of endogenous Dα7 and 

test for effects on Kv4/Shal protein levels. Recent studies have identified NACHO as a 

transmembrane endoplasmic reticulum resident protein that promotes biogenesis and 

surface expression of nAChRs (220), and in particular, α7 nAChRs (218). Thus, we aimed 

to over-express the Drosophila ortholog, NACHO, in neurons, as a way of increasing the 

expression/trafficking of endogenous Dα7 nAChRs (reported in chapter3 Figure 3), and 
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then test if this results in a consequent increase in Kv4/Shal expression. We used an 

UAS-dNACHO-HA transgenic line in combination with elav-Gal4 and tub-Gal80ts 

transgenes to conditionally over-express UAS-dNACHO-HA in the nervous system of 

adult flies. The HA epitope tag was used to confirm expression of NACHO-HA. We raised 

elav-Gal4;tub-Gal80ts>>UAS-dNACHO-HA and background control lines at 18 °C, then 

after eclosion, flies were subjected to HT at 30°C. elav-Gal4;tub-Gal80ts>>UAS-

dNACHO-HA flies, which were homozygous for the UAS-NACHO-HA insertion, were only 

viable for 12-15 hours at 30°C. As such, we assayed Kv4/Shal protein at 12 hours and 

found that Kv4/Shal protein levels were indeed elevated in heat-treated elav-Gal4;tub-

Gal80ts>>UAS-dNACHO-HA flies by ~33%, while no change in Kv4/Shal protein level 

was observed in similarly treated background control lines (Figure 12B, left).  

Interestingly, Kv4/Shal protein levels were increased by ~33% with dNACHO-HA 

over-expression but were increased by only ~14% with Dα7-EGFP over-expression. One 

possibility is that endogenous dNACHO is limiting when Dα7-EGFP is over-expressed, 

preventing maximal Dα7/Dα7-EGFP surface expression and thereby more limited up-

regulation of Kv4/Shal. To address this, we conditionally over-expressed both UAS-

dNACHO-HA and UAS-Dα7-EGFP, using the elav-Gal4;tub-Gal80ts driver line. To allow 

for more balanced expression of dNACHO-HA and Dα7-EGFP, experimental and 

background control lines used were heterozygous for each insertion. Both lines were 

raised at 18°C during development, then after eclosion, flies were subjected to HT at 

30°C. With co-expression of UAS-dNACHO-HA/UAS-Dα7-EGFP, flies lived longer than 

those over-expressing two copies of UAS-dNACHO-HA alone, allowing us to apply heat-

treatment for days. We then examined how co-over-expression of dNACHO-HA and  
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Figure 12. Over-expression Dα7 alone is sufficient to up-Regulate Kv4/Shal  
Protein/mRNA. (A-C) Representative immunoblots and quantitative analyses of steady-state 
protein levels (Left) and digital droplet PCR (ddPCR) analyses (Right) of samples from: (A) UAS-
Dα7-EGFP/+ (UAS) and elav-Gal4;tub-Gal80ts>> UAS-Dα7-EGFP/+ (Dα7), (B) UAS-NACHO-
3xHA (UAS) and elav-Gal4;tub-Gal80ts>>UAS-NACHO-3xHA (NACHO), (C) UAS-Dα7-
EGFP/UAS-NACHO-3xHA (UAS/UAS) and elav-Gal4;tub-Gal80ts>>UAS-Dα7-EGFP/UAS-
NACHO-3xHA (Dα7/NACHO). All fly lines were grown at 18°C, allowing them to develop normally, 
then subjected to heat-treatment at 30°C (HT) for the indicated times. All immunoblots (Left) were 
run with 5 male heads per lane. Anti-Kv4/Shal, Anti-GFP and Anti-HA band intensities were 
normalized to those of anti-syntaxin (syn), which was used as a loading control. Experimental 
means were then normalized to similarly treated genetic background control (UAS) means on the 
same immonblots; for each condition, N=17-23, data are represented as mean +/- SEM; *P<0.05, 
Students T-test. For RT-qPCR analyses of Kv4/Shal mRNA levels normalized to reference gene 
expression, expressed as “Fold Change” (A-C Middle).For ddPCR (A-C Right), data are 
represented as mean copy number per ng cDNA +/- SEM (means are from N=10-21 independent 
RNA extractions and RTs), normalized to mean copy number/ng cDNA from similarly treated 
genetic background control (UAS) values.  

 

Dα7-EGFP affected Kv4/Shal protein levels. We found that Kv4/Shal protein levels more 

than tripled (Figure 12C, left).  

We next tested if induced expression of Dα7-EGFP and/or dNACHO-HA results in 

an elevation in Kv4/Shal mRNA. We used the elav-Gal4 driver in combination with 

Gal80ts, as performed when examining Kv4/Shal protein expression. For each genotype, 
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we assayed for Kv4/Shal mRNA levels at times prior to detected elevations in Kv4/Shal 

protein. Indeed, Kv4/Shal mRNA levels were enhanced by Dα7-EGFP or NACHO-HA 

over-expression (Figure 12A-C, middle). We noticed that when we over-expressed Dα7-

EGFP or dNACHO-HA alone, an increase in protein levels are similar to increase in  

mRNA levels , but when we co-expressed Dα7-EGFP and NACHO-HA, the increase in 

Kv4/Shal protein was much greater than  the increases in  mRNA seen. Since Digital 

Droplet polymerase Chain Reaction (ddPCR) is more sensitive than RT-qPCR (308), we 

reexamined Kv4/Shal mRNA levels using ddPCR. We found that Kv4/Shal mRNA levels 

were increased by Dα7-EGFP or NACHO-HA over-expression by 42 % and 74%, 

respectively (Figure 12A-C, right), and more than 100% with over-expression of Dα7-

EGFP and NACHO-HA (Figure 12A-C, left). Together, our results suggest that an 

increase in Dα7-EGFP alone is sufficient to trigger an up-regulation of Kv4/Shal mRNA 

and protein expression. 

 

4.6 RNAi knockdown of dNACHO block the Chats2-induced increase in Kv4/Shal 

protein 

Since dNACHO positively regulates Dα7-EGFP (Figure 3) and Kv4/Shal (Figure 

12B), we set out to test if dNACHO is required for Kv4/Shal up-regulation in response to 

Chats2-induced inactivity. We used UAS-NACHO-RNAi to knockdown dNACHO in the 

Chats2 mutant background and then investigated for change in Kv4/Shal protein level after 

activity inhibition. At 18˚C w;Chat-Gal4/UAS-Dcr2;Chats2/UAS-NACHO-RNAi flies were  

subjected to heat treatment at 30C° for 3 hours and then returned to 18˚C for recovery 

for 3 hours (3/3). Flies’ heads were analyzed by immunoblot analysis for steady state 
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levels of Kv4/Shal normalized to a loading control protein. We found that dNACHO 

knockdown prevented any Chats2-induced increase in Kv4/Shal (Figure 13), suggesting 

that dNACHO is required for the inactivity-induced up-regulation of Kv4/Shal. 

 

Figure 13. dNACHO knockdown inhibits Kv4/Shal protein up-regulation in response to 
Chats2-Induced inactivity. Representative immunoblots and quantitative analyses of steady-
state Kv4/Shal protein levels from heads of Chat-Gal4/UAS-Dcr2>>UAS-NACHO-RNAi/Chats2 

(Right, Chat-Gal4>>UAS-NACHO-RNAi/Chats2) flies grown at 18 °C, then either not heat-treated 
(0/0) or subjected to heat-treatment at 30°C for 3 hours followed by recovery at 18°C for another 
3 hours (3/3). Flies’ heads were analyzed for steady-state levels of Kv4/Shal protein by 
immunoblot analysis, N = 15. Note that no significant increase in Kv4/Shal is observed when 
expression of dNACHO is inhibited, in contrast to samples from similarly treated Chats2/+ flies 
(Left; data here is the same as shown in Figure 5A). *P<0.05, Students t-test. 
 

4.7 Conclusion 

We conclude that activity inhibition/blockade using the Chats2 mutant allele and 

transgenic expression tetanus toxin in in vivo induces an increase in Kv4/Shal protein and 

mRNA, similar to our lab’s previous in vitro observations. The increase in Kv4/Shal 

protein, not mRNA, requires a recovery time after Chats2-induced inactivity as well as the 

Dα7 nAChR. We studied the relationship of Dα7 nAChRs and Kv4/Shal. We found that 

Dα7-EGFP subunit over-expression is sufficient to increase in Kv4/Shal protein and 

mRNA expression, suggesting that an increase in Dα7 nAChRs under any condition may 

induce Kv4/Shal expression. Our finding that dNACHO knockdown blocks the increase 
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Kv4/Shal protein in response to Chats2-induced inactivity is consistent with the idea that 

a dNACHO-dependent increase in Dα7 induces Kv4/Shal up-regulation.     
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CHAPTER 5. Ca+2-DEPENDENT TRANSCRIPTIONAL ACTIVATORS, INCLUDING 

DNFAT AND DCREB-2, ARE INVOLVED IN KV4/SHAL UP-REGULATION IN 

RESPONSE TO Chats2-ACTIVITY INHIBITION 

 

 

5.1 Overview 

We tested candidate Ca+2-dependent transcriptional activators, including 

Drosophila Nuclear Factor of Activated T-cell (dNFAT) and Drosophila cAMP- 

Responsive Element Binding protein-2 (dCREB-2), that might be involved in the inactivity- 

induced Kv4/Shal up-regulation. First, we tested if Chats2-induced inactivity and Dα7-

EGFP over-expression activates a human NFAT based reporter system, the Ca2+-

dependent nuclear import of LexA (CaLexA) system. We found that both, inactivity or 

Dα7-EGFP expression activates the CaLexA system. In addition, we found that dNFAT is 

required for Kv4/Shal protein and mRNA up-regulation in response to activity inhibition 

using Chats2. When we over-expressed dCREB-2a, the activated form of CREB-2, we 

observed an increase in Kv4/Shal protein and mRNA. 

 

5.2 Chats2-Induced Inactivity, or Over-Expression of Dα7, Activates the dNFAT- 

Based CaLexA Reporter 

With mounting evidence that Kv4/Shal is dynamically and transcriptionally 

regulated downstream of changing neural activity and Dα7 nAChR levels, we set out to 

identify transcriptional regulators involved. Previously, the Tsunoda lab demonstrated that 

the inactivity-induced increase in Kv4/Shal protein was dependent on intracellular Ca2+, 
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likely enhanced by the increased number of Ca2+-permeable Dα7 nAChRs (308). We 

considered Ca2+-dependent transcriptional regulators, including Nuclear Factor of 

Activated T-cells (NFATs), which are activated by the Ca2+-dependent protein 

phosphatase 2b, calcineurin (CaN). CaN has been shown to trigger translocation of 

mammalian NFATs into the nucleus, where they lead to increases or decreases in 

transcription (322–324). To test if dNFAT might be a Ca2+-dependent transcriptional 

regulator involved in the inactivity-induced up-regulation of Kv4/Shal, we first examined if 

inactivity induced with the Chats2 allele would activate an in vivo NFAT-based reporter 

system, the Ca2+-dependent nuclear import of LexA (CaLexA) system (325). In the 

CaLexA system, a transgene containing the regulatory domain of human NFATc1 is fused 

to the mutant bacterial DNA-binding protein mLexA and the VP16 activation domain, 

UAS-mLexA-VP16-NFAT. When the mLexA-VP16-NFAT protein is expressed, it is 

cytoplasmic, and if the NFAT regulatory domain is activated, the fusion proteins 

translocate to the nucleus, where it promotes transcription from a LexAop sequence 

upstream of a reporter gene. This modified human NFAT has been shown to successfully 

translocate to the nucleus and drive expression of LexAop-CD2/8-GFP in the fly CNS and 

has been used as a Ca2+ reporter (325).  

We used elav-Gal4 to drive neuronal expression of UAS-mLexA-VP16-NFAT, in a 

Chats2/+ mutant background, which also contained reporter insertions, LexAop-CD8-GFP 

and LexAop-CD2-GFP. These flies were subjected to 0/0 and 3/0 HT (30 °C) protocols. 

We then tested for CD8/CD2-GFP expression by immunoblot analysis, as an indicator for 

CaLexA activation. Indeed, we found that CD8/CD2-GFP expression was increased by 

~49% with the 3/0 HT protocol, compared with age-matched flies not subjected to HT 
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(0/0) (Figure 14A); and levels of CD8/CD2-GFP continue to rise with additional recovery 

time after HT (Figure 14C). In contrast, elav-Gal4>>UAS-mLexA-VP16-NFAT/LexAop-

CD8-GFP;LexAop-CD2-GFP/+ lines, without the Chats2 allele, showed no increase in 

CD2/8-GFP with the same HT. These results suggest that inactivity induced by Chats2 

does indeed activate an NFAT-based reporter system in vivo. We additionally tested 

whether over-expression of Dα7-EGFP alone was sufficient to activate the CaLexA 

reporter. We raised elav-GAL4;tub-GAL80ts>>UAS-Dα7-EGFP/UAS-mLexA-VP16-

NFAT,LexAop-CD8-GFP;LexAop-CD2-GFP/+ flies at 18°C to allow for normal 

development, then after eclosion, young adult flies were subjected to HT at 30°C to induce 

expression of Dα7-EGFP. Since HT on the order of days was required to observe 

sufficient over-expression of Dα7-EGFP using the elav-GAL4;tub-GAL80ts inducible 

driver to induce Kv4/Shal expression (Figure 11A, left), we expected that activation of 

the CaLexA reporter would require at least 24 hours HT to induce sufficient over-

expression of Dα7-EGFP. We found that CD8/CD2-GFP reporter expression more than 

doubled after 24 hours of heat-induced Dα7-EGFP expression compared to HT of the 

background control line, elav-GAL4;tub-GAL80ts>>UAS-mLexA-VP16-NFAT,LexAop-

CD8-GFP/+;LexAop-CD2-GFP/+ (Figure 14B). Our results demonstrate that inactivity, 

which homeostatically up-regulates Dα7, or even direct over-expression of Dα7, is 

sufficient to activate an NFAT-based reporter system, and possibly endogenous dNFAT 

itself. 
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Figure 14. In vivo Activity Inhibition, or Dα7 Over-Expression, Activates the NFAT- 
Based CaLexA Reporter. (A)Representative immunoblots and quantitative analyses for 
CD8/CD2-GFP expression in elav-Gal4>>LexAop-CD8-GFP/+;UAS-mLexA-VP16-
NFAT,LexAop-CD2-GFP/+ (elav>>CaLexA) and elav-Gal4>>LexAop-CD8-GFP/+;UAS-mLexA-
VP16-NFAT,LexAop-CD2-GFP/Chats2 (elav>>CaLexA/Chats2) flies subjected to 0/0 and 3/0 heat-
treatment protocols (HT/R; hours at 30 °C/hours of recovery at 18 °C), as indicated. Anti-GFP 
signals were normalized to anti-syntaxin (syn) signals, as a loading control, then normalized to 
control (0/0) samples on the same immunoblots; N=11-12 samples for elav>>CaLexA, N=18 for 
elav>>CaLexA/Chats2. Note that the CD8/2-GFP levels responding to activation of the CaLexA 
reporter are elevated with HT of Chats2. (B) Representative immunoblots and quantitative 
analyses for CD8/CD2-GFP expression in heads from elav-Gal4;tub-GAL80ts>>UAS-mLexA-
VP16-NFAT,LexAop-CD2-GFP/UAS-Dα7-EGFP; LexAop-CD8-GFP/+ flies were grown at 18°C, 
then either not heat-treated (-HT) or heat-treated at 30°C for 24 hours (+HT). Quantification of 
GFP, normalized to anti-syntaxin, was performed as described above; N=12-14 samples. Note 
that the CD8/2-GFP levels responding to activation of the CaLexA reporter are elevated with HT 
to induce over-expression of Dα7-EGFP. (C)Representative immunoblots and quantitative 
analyses for CD8/CD2-GFP expression in elav-Gal4>>LexAop-CD8-GFP/+;UAS-mLexA-VP16-
NFAT,LexAop-CD2-GFP/+ (elav>>CaLexA) and elav-Gal4>>LexAop-CD8-GFP/+;UAS-mLexA-
VP16-NFAT,LexAop-CD2-GFP/Chats2 (elav>>CaLexA/Chats2) flies subjected to the 3/3 heat-
treatment protocol (3 hours at 30 °C, followed by 3 hours of recovery at 18°C).  Anti-GFP signals 
were normalized to anti-syntaxin (syn) signals, as a loading control, then normalized to 
elav>>CaLexA samples on the same immunoblots; N=13 samples for elav>>CaLexA, N=16 for 
elav>>CaLexA/Chats2.  Note that the CD8/2-GFP levels responding to activation of the CaLexA 
reporter are significantly elevated with HT of Chats2. 

 

5.3 dNFAT is required for inactivity-induced up-regulation of Kv4/Shal 
 

We next investigated whether NFAT might be involved in the regulation of 

Kv4/Shal expression. In Drosophila, there is only a single NFAT gene, dNFAT, that 

express two isoforms (-a and –b) under the control of two different promoters (305). First, 

we tested flies, which were null mutants for either or both dNFAT-a and/or dNFAT-b and 
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compared them to wild-type controls. We found no significant difference in the steady-

state Kv4/Shal protein or mRNA levels (Figure 15), suggesting that dNFAT does not 

regulate basal levels of Kv4/Shal expression. 

 

Figure 15. dNFAT does not affect basal levels of Kv4/Shal protein and mRNA levels.  
Representative Immunoblots and quantitative analyses for Kv4/shal protein and mRNA 
expression. Wild type (W1118) and dNFAT mutant allele (NFAT∆ab) flies were grown at room 
temperature for 4 days. Immunoblotting analysis of steady-state levels of Kv4/Shal normalized to 
loading control protein are shown on left. RT-qPCR analyses for Kv4/Shal mRNA, expressed as 
fold change shown on right.  

 

Next, we tested test if dNFAT is required for the inactivity-induced up-regulation of 

Kv4/Shal. We crossed dNFAT mutant alleles into the Chats2/+ mutant background and 

assayed whether inhibition of activity could still induce an up-regulation of Kv4/Shal 

protein in these flies. We subjected mutant combinations of Chats2 with dNFATΔa, 

dNFATΔb, or dNFATΔab, as well as background control lines, to the 0/0 and 3/3 HT 

protocols that up-regulate Kv4/Shal expression in Chats2/+ mutants. We found that Chats2-

induced inactivity was unable to elicit an increase in Kv4/Shal protein in the absence of 

dNFAT-a and/or dNFAT-b (Figure 16 A-C, left); NFAT mutant alleles alone also showed 

no difference in Kv4/Shal levels with heat-treatment.  
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Figure 16. dNFAT is Required for the Chats2-induced Increase in Kv4/Shal Protein and 
mRNA. (A-C) Representative immunoblots and quantitative analysis of relative Kv4/Shal protein 
levels (Left) and RT-qPCR analyses for Kv4/Shal mRNA, expressed as fold change (Right) 
comparing (A)  NFATΔab mutants and NFATΔab;;Chats2/+ , (B) NFATΔa and NFATΔa;;Chats2/+, (C) 
NFATΔb and NFATΔb;;Chats2/+ lines, subjected to heat-treatment/recovery (HT/R; hours at 
30°C/hours of recovery at 18°C) protocols, as indicated. All immunoblots were run with 5 heads 
per lane. Anti-Kv4/Shal band intensities were normalized to those of anti-syntaxin (syn), which 
was used as a loading control; for each condition, N=15-25, data are represented as mean +/- 
SEM. For RT-qPCR, data are represented as mean fold-change +/- SEM (means are from N=9-
14 independent RNA extraction and RT-qPCR); note that fold-changes are calculated in 
comparison to the corresponding 0/0 condition shown. *P<0.05, Students t-test. 
 

We then tested these same genotypes for inactivity-induced up-regulation of 

Kv4/Shal mRNA. We subjected flies to the 0/0 and 3/0 HT protocols in which an up-

regulation in Kv4/Shal mRNA is detected following inactivity. Similar to Kv4/Shal protein 

A 

B 

C 
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analyses, we found that loss of dNFAT-a and/ or dNFAT-b blocked the up-regulation of 

Kv4/Shal mRNA (Figure 16 A-C, right); heat-treatment of dNFAT alleles alone also had 

no effect on Kv4/Shal mRNA levels. Altogether, our results suggest that while dNFAT 

does not affect basal levels of Kv4/Shal mRNA or protein, dNFAT is required for the 

transient up-regulation of Kv4/Shal mRNA and protein induced by cholinergic activity 

blockade. 

For further study of the effect of dNFAT on Kv4/Shal, we used the Gal4/Gal80ts 

system to conditionally over-express dNFAT, downstream of an UAS insertion (EP1353), 

in resting cells and test for a change in Kv4/Shal protein level. Both experimental flies 

(NFATEP1353;elav-Gal4;Gal80ts) and control flies (w;elav-Gal4;Gal80ts and NFATEP1353;;) 

were raised in 18˚C without dNFAT over-expression. Newly-eclosed flies were subjected 

to HT for 4 days to over-express dNFAT. Flies’ heads were analyzed for steady-state 

levels of Kv4/Shal protein by immunoblot analysis. We found that dNFAT over-expression 

has no effect on Kv4/Shal protein levels in resting cells (Figure 17). These findings 

suggesting that over-expressed dNFAT in resting cells needs to be activated in order to 

enter the nucleus and drive gene expression. 

 

5.4 dCREB2-a over-expression up-regulates Kv4/Shal protein and mRNA  

cAMP Response Element –Binding Protein-2 (CREB-2) has been found in all cell 

types. In mammalian nervous system, CREB is implicated in different systemic and 

cellular processes including responses to stress, circadian rhythm, and learning and 

memory (326–328). CREB is localized in the nucleus and when it is phosphorylated at 
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Ser 133, it is activated and transcribes target genes by binding to cAMP Response 

Element (CRE) sites (329). CREB can be phosphorylated by different kinases, such as  

 

 

 

 

 

 

 

 
Figure 17. dNFAT Over-Expression Does Not Affect Kv4/Shal protein levels. Quantification 
and representative immunoblots of NFATEP1353, W;elav-Gal4;Gal80ts, NFATEP1353, and elav-
Gal4;Gal80ts samples after indicated HT protocols show no significant change in Kv4/Shal protein 
with dNFAT over -expression. All immunoblots were run with 5 male heads per lane; for each 
condition. Anti-Kv4/Shal band intensities were normalized to those of anti-syntaxin (syn), which 
was used as a loading control. Means normalized to the NFATEP1353 background control samples 
on the same immunoblots are shown +/- SEM; *P<0.05, Students t-test. 
 

protein kinase A (PKA), calmodulin-dependent protein kinase (CaMK), and mitogen-

activated protein kinases (327). Multiple studies have  reported that neurotransmitters are 

able to activate gene expression in a Ca+2 -dependent manner (232,330). In mammals 

CREB2-a is Ca+2- dependent transcription activator (331,332). In neurons, intracellular 

Ca+2 largely comes through voltage or ion-gated channels. For instance, when the 

neurons are depolarized, the Ca+2 enters through L-type Ca+2 channels (326) or through 

α7 nAChRS (326). Intracellular Ca+2 binds to protein calmodulin (CaM) that activates 

CaMKI, CaMKII, and CaMKIV that are capable to phosphorylate and activate CREB2-a 

and initiate transcription (240,331,332).   



 

80 
 

In Drosophila, the orthlog of mammalian CREB is dCREB-2. dCREB-2 has multiple 

isoforms, including dCREB-2a that functions as a transcriptional activator and dCREB-2b 

that works as a transcriptional inhibitor by dimerizing with dCREB-2a and inhibiting its 

transcriptional activity (333). Over-expression of dCREB-2a, under the control of the heat-

shock promoter enhances long-term memory (LTM) formation, while dCREB-2b over-

expression blocks LTM (334).  dCREB-2a positively regulates slo-encode BK-type Ca+2 

activated K+ channels in response to drug tolerance (334). In addition, drug addiction 

affects dCREB2 expression, increasing dCREB-2a expression and reducing CREB-2b 

expression (334).  

One possibility is that dCREB-2a is required for Kv4/Shal up-regulation in response 

to Chats2-induced activity inhibition. We first over-expressed dCREB-2a using a heat-

shock promoter in resting cells and assayed for in Kv4/Shal protein and mRNA. Flies 

carrying a hs-CREB-2a insertion were raised at 18˚C, at which temperature the heat-

shock promoter is turned off. Newly-eclosed flies were subjected to heat-shock to turn on 

the promoter at 37˚C for 2hrs. Then, flies were returned to 18˚C for recovery for 2, 5, and 

24 hrs since recovery was found to be required for Kv4/Shal protein up-regulation.  Flies’ 

heads were analyzed by immunoblot analysis for steady-state levels of Kv4/Shal, 

normalized to a loading control protein. We found that levels of Kv4/Shal protein were 

increased by 16%, 19%, and 42% after 2hrs, 5hrs and 24hrs of recovery, respectively, 

(this protocol is indicated as 2/2, 2/5; 2/24 Figure 18A, left) compared to non-heat 

shocked flies of the same genotype. Kv4/Shal protein levels remained elevated for up to 

24 hours following inactivity. In contrast, age-matched wild-type flies exposed to the same 

heat-shock protocols showed no significant change in relative Kv4/Shal protein levels 
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(Figure 18A, right). Then we tested if inducing dCREB-2a over-expression in the hs-

CREB-2a line with a 2-hour heat shock at 37°C, up-regulates Kv4/Shal mRNA levels. We 

quantified Kv4/Shal mRNA levels relative to reference gene expression without heat-

shock (0/0), and after 2 hours of heat-shock. As discussed in chapter 4 subsection3, we 

could not measure the difference change in mRNA expression at early times (2-15hrs). 

We quantified mRNA levels at later times: after 24 at 18 °C (2/24 heat-shock protocols). 

We found that when heat-shock protocols were applied to the hs-dCREB-2a line, 

Kv4/Shal mRNA levels were significantly elevated by ~69% at 24 hours following heat-

shock, compared to untreated controls (Figure 18B, left). In contrast, in wild-type, 

Kv4/Shal mRNA levels showed no change with 2/24 heat-shock protocol (Figure 18B, 

right). These findings suggest that dCREB2-a positively regulated Kv4/Shal protein and 

mRNA. We next set out to test if dCREB-2a is implicated in Kv4/Shal protein and mRNA 

up-regulation in response to Chats2-induced inactivity.  

Using the heat-shock promoter, we over-expressed negatively acting CREB 

variant (CREB-2b) in Chats2-background and wild-type background and, then studied the 

effect of dCREB-2b on levels of Kv4/Shal protein and mRNA. We applied the 3/3 heat-

shock protocol to hs-CREB-2b;;Chats2/+ and hs-CREB-2b;; lines.  Flies’ heads were 

analyzed by immunoblot analysis for steady-state levels of Kv4/Shal normalized to a 

loading control protein. We found that there was no increase in Kv4/Shal protein in 

response to Chats2-induced inactivity when dCREB-2b was over expressed (Figure 18). 

However, when we applied the same heat-shock protocol to the genetic background, 

hsCREB-2b/+, Kv4/Shal protein levels were down-regulated (Figure 18C). 
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Figure 18. dCREB-2a is involved in Kv4/Shal Protein and mRNA up-regulation. (A-C) 
Representative immunoblots and quantitative analysis of relative Kv4/Shal protein levels and RT-
qPCR analyses for Kv4/Shal mRNA, expressed as fold change. (A) hs-CREB-2a and wt Kv4/Shal 
protein. (B) hs-CREB-2a and wt Kv4/Shal mRNA, (C) CREB-2b;;Chats2/+ and hs-CREB2-b;;  
lines, subjected to heat-treatment/recovery (HT/R; hours at 37 °C/hours of recovery at 18 °C) 
protocols, as indicated. All immunoblots were run with 5 heads per lane. Anti-Kv4/Shal band 
intensities were normalized to those of anti-actin, which was used as a loading control; for each 
condition, data are represented as mean +/- SEM. For RT-qPCR, data are represented as mean 
fold-change +/- SEM. *P<0.05, Students t-test. 
 

These findings showed that dCREB2-b negatively affected Kv4/Shal protein levels in 

resting cells making the lack of Kv4/Shal up-regulation in the Chats2 mutant background 

uninterpretable / inconclusive. Interestingly, expression of d-CREB-2b, in Chats2 resulted 

in a down-regulate Kv4/Shal mRNA. 

5.5 Conclusion 

We found that Chats2-induced inhibition or Dα7-nAChRs over-expression activated 

the human NFAT-based reporter, CaLex A system. Then we tested the of involvement 

dNFAT in Kv4/Shal protein and mRNA up-regulation in response to induced inactivity. 

A 

B 

C 



 

83 
 

We reported that the increase in Kv4/Shal protein and mRNA was blocked in the absence 

of either isoform of dNFAT. When we over-expressed the activated transcription factor, 

dCREB-2a, using a heat-shock promoter, we found an increase in Kv4/Shal protein and 

mRNA. These observations suggest that dNFAT is required for Kv4/Shal up-regulation 

and that dCREB2 might be also play a role Kv4/Shal up-regulation in response of 

cholinergic inactivity. 
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CHAPTER 6. DISCUSSION 

 

 

6.1 Overview 

Homeostatic synaptic plasticity is a crucial mechanism that protects neurons from 

activity perturbation (under/ over-activity) and maintains activity in an optimal range. HSP 

has been suggested  to play a neuroprotective role during times of activity change, 

including during learning and memory formation, development, and some 

neuropathological conditions, such as   Alzheimer’s disease  and nicotine addiction (335–

338). Most HSP studies have focused on glutamatergic synapses, but a previous study 

in Dr. Tsunoda’s lab has suggested that cholinergic receptors also mediate HSP in 

primary neurons from Drosophila. In this study, we used genetic and pharmacological 

tools to test for cholinergic HSP and its regulation by Kv4/Shal in vivo. We used tetanus 

toxin and Chats2 mutants to inhibit cholinergic activity. We found that Chats2-induced 

inhibition resulted in a homeostatic response mediated by an increase in Dα7-nAChRs 

and an increase in Kv4/Shal protein and mRNA levels. We found that Kv4/Shal protein 

and mRNA up-regulation in response to Chats2-induced inhibition depends on Dα7. In 

addition, we found that TnT-activity blockade resulted in an increase in Kv4/Shal protein 

and mRNA levels.  We studied the relationship between Kv4/Shal and Dα7. We found 

that over-expression of Dα7-EGFP and/or dNACHO-HA is sufficient to induce an increase 

in Kv4/Shal protein and mRNA. We tested dNFAT, as a Ca+2- dependent transcriptional 

activator, which might be involved in Kv4/Shal up-regulation in response to Chats2-

induced inactivity. We found that Chats2-induced inhibition and/or Dα7-EGFP over-
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expression activate a human NFAT-based reported, and that dNFAT is required for 

Kv4/Shal up-regulation in response to activity inhibition. Then we investigated the effect 

of dCREB-2 on Kv4/Shal levels. When we over-expressed the activated form,dCREB-2a, 

we found an increase in  Kv4/Shal protein and mRNA.  Since HSP is involved in multiple 

neuropathological conditions, understanding the underlying mechanisms and identifying 

the molecular players is important for potential treatment strategies of such conditions. 

 

6.2 Cholinergic activity inhibition induces a homeostatic response and Kv4/Shal 

protein and mRNA up-regulation 

Previous HSP studies have used pharmalogical agents to block neural activity. 

Disadvantages of using pharmacological approaches, such as tetanus toxin, to block 

neural activity are well known. For example, there is an uncertainty that the toxin is acting 

exclusively on specific enzymes/receptors. In addition, adding tetanus toxin will inhibit 

release of all neurotransmitters (339). It is also difficult to establish an efficient distribution 

and concentration of the toxin or know its effective period. For our study, we decided to 

choose a genetic approach to specifically block cholinergic activity and overcome some 

of these difficulties.  Genetic tools have often served as an elegant method in Drosophila 

melanogaster to study many processes related to assembly and function of the nervous 

system (340). We used the Chats2 allele that encodes a  mutant protein that was found to 

function at the permissive temperature of 18˚C, but displayed reduced ChAT activity at 

the non-permissive temperature of 30˚C (212). The HT-induced change in ACh level is 

reversible and returns back to basal levels at 18˚C (214). 
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Greenspan (1980) (212) and Salvaterra and McCaman (1985) (214) have found 

that homozygous Chats mutant flies raised at 18˚C, then shifted to 30˚C for 24hrs showed 

behavioral abnormalities including  paralysis, starting as an inability to stand up, and later 

as a complete discontinuation of all movement. (212). This paralysis is likely related to 

the decrease in ACh levels and ChAT activity when Chats mutant flies were shifted to 

30˚C (214). The maximum time we exposed Chats2 mutant flies to HT was 48hrs and 

because the flies were heterozygous, we did not observe any paralysis, suggesting that 

heterozygous Chats2 mutants do not exhibit complete inhibition of ACh synthesis or 

complete diminishment ChAT activity during this time.   

 

6.2.1 Chats2- induced activity inhibition induces homeostatic response     

We found an increase in Dα7-EGFP in response to Chats2- induced inhibition in 

vivo. Dr. Hahm, in the Tsunoda lab, measured synaptic strength after transient inhibition 

of acetylcholine synthesis. With HT, he found progressively decreased activity, as 

expected, with a consequential enhancement in inter-event times (314). In addition, he 

found an increase in amplitude of mEPSCs (314), most likely mediated by the  increase 

in Dα7 nAChRs, and similar to the observations reported by Dr. Tsunoda’s lab previously 

(205). It is interesting that curare- induced activity blockade induced a homeostatic 

response in a Dα7 null mutant background, suggesting that another nAChR may also play 

a role in mediating the homeostatic response (205). It would be interesting for further 

studies to test for a change in all Drosophila nAChRs subunits in response to cholinergic 

activity inhibition. One possible experiment would be to use null mutants of different 

Drosophila nAChR subunits and test for HSP in response to cholinergic activity inhibition. 
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Additionally, in Dr.Tsunoda’s lab, Dr. Justice immunostained the whole Drosophila brain  

to examine the effect of Chats2-induced inactivity on endogenous Dα7. Dr. Justice found 

that cholinergic inhibition up-regulates the endogenous Dα7 subunit (314), consistent with 

the increase in Dα7-EGFP observed in vivo. 

 Dr. Justice, in Dr. Tsunoda’s Lab, used the UAS/Gal4 system to express Dα7-

EGFP in well-known and characterized neurons, the projection neurons and Kenyon cells, 

and examined the subcellular localization of Dα7-EGFP in resting cells. She found that 

Dα7-EGFP is localized in presynaptic and post-synaptic compartments (314) similar to its 

mammalian counterpart (201). To confirm that Dα7-EGFP was not mislocalized as 

consequences of overexpression, Dα7-EGFP was also expressed in Dα7 null mutant 

background. The study showed that Dα7-EGFP was similarly localized in pre- and post-

synaptic compartments (314). In Dr. Tsunoda’s lab, Dr. Hahm found that cholinergic 

activity inhibition using the Chats2 allele induces a decrease in mEPSC frequency in early 

times  of HT, suggesting that a decrease in acetylcholine synthesis limits the available 

vesicles of ACh for release  (314). He also found an increase in amplitude of mEPSCs, 

suggesting a postsynaptic homeostatic response most likely mediated by postsynaptic 

Dα7 nAChRs. At later times of HT, Dr. Hahm also found that an increase in the frequency 

of mEPSCs, suggesting that this later homeostatic response may be mediated by 

presynaptic Dα7 nAChRs (314). Further studies would be interesting to investigate Dα7 

subunit localization in response to cholinergic activity inhibition. Additionally, multiple 

studies suggest that nAChRs mediate trans-synaptic or retrograde signaling at the  mice 

NMJ and play a crucial role in presynaptic homeostasis (341). Further studies would be 

interesting to investigate if semaphorin–plexin signaling is implicated in presynaptic 
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homeostasis in response to Chats2- induced activity inhibition to understand how 

postsynaptic neuron could communicate presynaptic neuron and initiate presynaptic 

homeostatic response. 

 

6.2.2 Chats2- induced activity inhibition induces a regulatory mechanism     

The Kv4/Shal channel modulates the homeostatic response to prevent over-

excitation. Dr.Tsunoda’s lab discovered this regulatory mechanism that  tunes the 

homeostatic response and prevents over-compensation (205). The Kv4/Shal channel 

mediates a transient A-type potassium current and because it is activated at subthreshold 

potentials, it plays a crucial role in initiating and regulating the frequency of action potential 

(315). Transient A-type current of potassium channel has been suggested to be 

pharmacological target to improve epileptogenic activity by suppressing EPSPs (340) and  

it is considered as essential player for modulating Ca+2 influx through synaptic NMDA 

receptors (342). In mammals, the Kv4.2 channel was down-regulated in response to 

glutamate receptor stimulation and led to an increase in mEPSC amplitude. Down-

regulation of K4.2 has also been shown to contribute to the induction of LTP (316–318). 

We found that cholinergic activity inhibition in vivo resulted in an increase in Kv4/Shal 

protein after recovery of synaptic transmission similar to observations made after activity 

blockade in vitro (205).  

Dr. Hahm, in Dr. Tsunoda’s lab, measured changes in transient A-type potassium 

currents and delayed rectifier currents in response to Chats2-induced inhibition. He found 

that the transient A-type current, mediated by Kv4/Shal, was up-regulated (314), similar 

to our lab’s previous study observations (205). These findings are consistent with an 
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increase in Kv4/Shal mRNA immediately after activity inhibition followed by Kv4/Shal 

protein up-regulation (3/3).  

  Kv4/Shal up-regulation requires the Dα7 subunit. Our lab’s previous in vitro study 

documented that an increase in Kv4/Shal protein in response to cholinergic activity 

blockade depends on the Dα7 subunit (205). We found that up-regulation of Kv4/Shal 

protein and mRNA due to Chats2- induced inhibition in vivo depends on Dα7 subunit too. 

Drosophila Dα5-7 subunits share high sequence identity (~60%) with mammalian α7, 

suggesting that Dα5-7 are orthologs of mammalian α7 (195–197). It would be interesting 

to test the possible involvement of Dα5 and Dα6 in Kv4/Shal up-regulation in response to 

activity inhibition in vivo.  

 

6.2.3 Chats2- induced activity inhibition induces Dα7 chaperone protein up-

regulation 

Chats2-induced activity inhibition resulted in an increase in dNACHO-HA. 

Mammalian and Drosophila NACHO are able to mediate α7 nAChRs expression and 

induce ACh currents in non- permissive cells (218). We showed that dNACHO-HA over-

expression up-regulates Dα7-nAChRs. An interesting question is whether the increase in 

dNACHO-HA a mechanism is required for the homeostatic response, or a consequence 

of the Dα7 increase. It could be answered by testing for a change in dNACHO-HA in 

response to Chats2-induced inhibition in a mutant Dα7 background. If the increase in 

NACHO-HA is a part of the homeostatic response, it will be up-regulated and will not 

depend on the presence of Dα7, but if the increase is dependent on Dα7 up-regulation, 

we would see no change in dNACHO-HA levels.  
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6.3 Over-expression of Dα7 nAChRs alone is sufficient to up-regulate Kv4/Shal 

protein and mRNA 

We studied the relationship between Kv4/Shal and Dα7 nAChRs. In Drosophila 

neurons, nAChRs mediate fast excitatory synaptic transmission (343). We found that 

conditional expression of Dα7-EGFP or dNACHO-HA resulted in Kv4/Shal protein and 

mRNA up-regulation, suggesting that conditions that cause an increase Dα7 nAChRs 

would be  followed by an up-regulation of Kv4/Shal as regulatory mechanism.  

NACHO is a transmembrane chaperone protein that resides in the endoplasmic 

reticulum and plays an essential role in the folding, assembly, and trafficking of α7 

nAChRs (218). When we over-expressed dNACHO-HA, immunoblot analysis showed 

that dNACHO-HA positively regulates Dα7-EGFP protein expression. These findings are 

consistent with other studies showing that dNACHO can recruit human nAChRs and 

induce ACh current in cell lines that normally do not form functional nAChRs (218). Our 

results showed that dNACHO-HA over-expression increases Dα7-EGFP protein levels, 

but that Dα7-EGFP over-expression did not affect dNACHO-HA protein level. This may 

be because Dα7-EGFP expression did not to require more dNACHO-HA, or there are 

other molecular mechanisms to prevent Dα7-EGFP from exceeding an allowed level 

(226,344). We did not test how dNACHO could play a role in the assembly and trafficking 

or recruitment of functional receptors to cell surface. Further studies should investigate 

how dNACHO affects Dα7 nAChRs, whether it be through cell surface expression, gene 

expression, or other pathways such as posttranslational changes.  
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Drosophila RIC-3 (dRIC-3) has 11 alternative splice forms, but only isoforms 

containing exon two, which encode a proline-rich N-terminal region, are unability to induce 

nAChRs maturation (345). When dRIC-3 is co-expressed with human α7 nAChRs and 

with a mixture of Drosophila and rat   α7 nAChRs, many of dRIC-3 variants greatly 

enhanced α7 nAChRs maturation compared to human RIC-3 (345). It would be interesting 

to express dRIC-3 in Drosophila cholinergic neurons and test for a change in Dα7-EGFP 

protein levels and an effect on Kv4/Shal protein levels. In addition, one could investigate 

how dRIC-3 affects the ability of dNACHO to up-regulate Dα7-EGFP.   

Lansdell et al 2012 (346) have found that Dα5 and Dα7 subunits are able to form 

homomeric nAChRs in Xenopus oocytes when they are co-expressed with the molecular 

chaperone RIC-3. In addition, they found that when RIC-3 is co-expressed with Dα5 and 

Dα6, this resulted in detectable cell-surface binding of α-bungarotoxin in 

both Drosophila and mammalian cell lines (346).  Further studies could test for an effect 

of dRIC-3 on Dα5-Dα7 expression. Other studies have shown that when RIC-3 is co-

expressed with a mixture of subunits, including Dα7 with Dα5 and Dα6, the specific 

binding of α-bungarotoxin was blocked in cell lines, suggesting that nAChR assembly and 

maturation can be blocked in some cellular environments (346). 

 

6.4 dNFAT and dCREB2 are implicated in Kv4/Shal up-regulation  

We used a human NFAT-based reporter to investigate if NFAT can be activated in 

response to Chats2-activity inhibition or Dα7 over-expression. We found that both Chats2-

activity inhibition and Dα7 over-expression activated this NFAT based reporter. We tried 

to test if dNACHO-HA over-expression could activate NFAT based reporter but because 
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of multiple insertions are on the same chromosomes, we could not perform this 

experiment. The regulatory domain that was used to design the NFAT based reporter 

belongs to NFAT1 and this domain has calcineurine binding site, which plays a role in 

NFAT activity  (249). Some studies have shown that dNFAT is similar to NFAT5 that lacks 

AP-1 and calcineurin binding sites (347), and is activated by a different pathway (282). 

Other studies have documented that dNFAT has part of AP-1 and calcineurin binding 

sites (348), suggesting that dNFAT may activated by Ca+2 / calcineurin pathway.  It would 

be beneficial to design another NFAT-based reporter using the NFAT5 or dNFAT 

regulatory domain to test if Chats2-activity inhibition or Dα7 over-expression might activate 

this dNFAT based reporter. 

NFAT5 is activated and inhibited by different kinases. Many kinases, such as 

P38α, ERK1/2, c-ABI, and ATM induces NFAT5, activate NFAT5, however, GSK3β, CK1 

and p38δ negatively regulate nuclear localization and transcription activity of NFAT5 

(282). Activity inhibition of P38α and/or ERK1/2 using specific inhibitors resulted in 

blocking NFAT5 activity in response to hypertonic environment (349,350). In contrast, 

GSK3β negatively affects nuclear localization and transcription activity of NFAT5 in 

response to  isotonic conditions (284). Further studies are needed to test if these enzymes 

are involved in dNFAT activation. This could be done by transfecting siRNA or mutating 

the functional domain of Drosophila P38α and examining effects on dNFAT activation. 

When we over-expressed dNFAT, we found no effect on Kv4/Shal protein and mRNA 

levels, however, we did not test if dNFAT protein and mRNA levels were indeed changed 

in response to dNFAT over-expression. 
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We tested if dNFAT is implicated in Kv4/Shal protein and mRNA up-regulation in 

response to Chats2-activity inhibition. We found that an increase in Kv4/Shal protein and 

mRNA was blockade in the absence of dNFAT. We concluded that dNFAT is involved in 

Kv4/Shal regulation downstream of activity inhibition using the Chats2 mutant. Further 

studies are needed to examine if NFAT directly regulates Kv4/Shal expression. One could 

generate a reporter fused to sequence from the 5’ upstream region of Kv4/Shal and test 

if dNFAT could drive expression of this reporter in response to Chats2- induced activity 

inhibition in vitro, and eventually in vivo. In addition, studies should identify putative sites 

that may be recognized by dNFAT, and test whether or not dNFAT would bind to these 

sites in vitro and eventually, in vivo by mutational analyses. It is possible that dNFAT 

might not directly regulate Kv4/Shal expression. It could control expression of another 

transcription factor or transcription-required proteins, such as polymerase subunits that 

regulates Kv4/Shal expression. 

 Drosophila CREB2 (dCREB-2) plays important role in the expression of ion 

channels expression, such as the Ca+2-dependent BK potassium channel, which plays a 

role in learning and memory formation (351). We showed that dCREB-2a over-expression 

positively regulate Kv4/Shal protein and mRNA levels. Although dNFAT is similar to 

NFAT5 and multiple studies have shown that NFAT5 does not interact with other 

transcription factors (352), further studies should examine whether dNFAT and dCREB-

2a work independently in different ways or work cooperatively to regulate Kv4/Shal. 

Multiple transcription factors form complexes and synergistically activate transcription. 

For example, NFAT1-4 can interact with the AP-1 transcription factor, which often has 

binding sites close to regulatory sequences of NFAT1-4 (352). Although NFAT1-4 and 
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AP-1 have different binding sites on the regulatory sequence of NFAT target genes, 

NFAT1-4 and AP-1 coupling is often required for NFAT transcriptional activation 

(322,324,353). First, we need to identify the binding sites for dNFAT and dCREB-2a in 

the regulatory regions of Kv4/Shal. Preliminary studies in Dr. Tsunoda’s lab have 

identified binding sites for dNFAT in regulatory sequence of Kv4/Shal. We could test if 

these transcription factors are working cooperatively. One could use CRISPR technique 

to induce mutations within binding sites of dNFAT and/or dCREB-2 and test for changes 

in Kv4/Shal in response to Chats2- induced activity inhibition.   

 

6.5 Conclusion  

In this study, we used a genetic method of inhibiting activity in vivo that induces 

HSP and modulation by Kv4/Shal channels. We used the Chats2 mutant allele (Figure 19) 

and a transgene that expresses tetanus toxin light chain to inhibit/reduce cholinergic 

activity in vivo. Chats2-induced inhibition induced a homeostatic response mediated by an 

increase in Dα7 nAChRs followed by an increase in Kv4/Shal protein and mRNA that was 

dependent on Dα7 nAChR subunit, demonstrating in vivo a pathway (Figure 19) has been 

observed in our lab’s previous in vitro study.    

Then we studied the relationship between Dα7 and Kv4/Shal. We tested if over-

expression Dα7 alone, without activity manipulation, would be sufficient to up-regulate 

Kv4/Shal expression. We identified Dα7-Kv4/Shal coupled regulatory system. NACHO 

has been shown to play a role in α7 nAChRs biogenesis.  We found that over-expression 

of Dα7-EGFP and/or dNACHO-HA was sufficient to up-regulate Kv4/Shal protein and 

mRNA. Additionally, we found that dNACHO-HA positively regulates Dα7-EGFP 
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expression and that Chats2-induce activity inhibition up-regulates dNACHO-HA. Knocking 

down dNACHO blocked the up-regulation of Kv4/Shal protein levels in response to 

cholinergic activity inhibition, suggesting that dNACHO is required for Kv4/Shal up-

regulation in response to Chats2-induced activity inhibition.  

In our lab’s previous in vitro study, Kv4/Shal protein increase in response to activity 

blockade was suggested to be transcriptionally regulated and dependent on Ca+2 influx. 

We tested if the Ca+2-dependent transcriptional activator, dNAFT, might be involved in 

Kv4/Shal mRNA up-regulation due to Chats2- induced activity inhibition (Figure 19). First, 

we tested if activity inhibition the using Chats2 mutant allele or Dα7-EGFP over-expression 

could activate an NFAT-based reporter. We found that both activated this reporter. Then 

we examined if dNFAT is required for Kv4/Shal up-regulation in response to Chats2-

induced activity inhibition. Although, dNFAT had not effect on basal levels of Kv4/Shal, 

we found that dNFAT was required to up-regulate Kv4/Shal protein and mRNA in 

response to activity inhibition. In addition, we tested the possibility that dCREB-2 might 

affect Kv4/Shal expression. We over-expressed the transcription activator form of CREB-

2 (hs-CREB-2a) and found an increase in Kv4/Shal protein and mRNA levels.  Altogether, 

our results show that cholinergic signaling inhibition in vivo using Chats2 mutant allele 

induces HSP mediated by Dα7 nAChRs and that this Dα7 upregulation itself is sufficient 

to trigger transcriptional activation, mediated by NFAT, of the Kv4/Shal gene, revealing a 

novel receptor-ion channel coupled system for homeostatic tuning in cholinergic neurons. 
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Figure 19. Working model of homeostatic synaptic plasticity and regulatory mechanism in 
response to Chats2- induced activity inhibition. (A) Representive synapse at the permissive 
temperature of18˚C, at which the temperature-sensitive protein encoded by Chats2 functions 
normally and synthesizes sufficient acetylcholine (ACh). (B)  At the restrictive temperature of 30˚C 
Chats2 activity is transiently inhibited as indicated by a reduction in ACh neurotransmitter vesicles. 
(C) Where the temperature is returned to the permissive temperature, there is an increase in ACh 
neurotransmitter vesicle release and a concurrent increase in pre- and post-synaptic Dα7 
nAChRs. Note that these receptors are highly permeable to Ca+2. As a second messenger, Ca+2 
activates calcineurin which dephosphorylates cytoplasmic dNFAT. Activated dNFAT translocates 
into the nucleus and promotes Kv4/Shal expression.      
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