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ABSTRACT 

The mechanisms of how organisms maintain metabolic homeostasis in light of 

significant environmental variation in food availability are not completely understood. In 

Drosophila, the mobilization of energy is primarily controlled by the endocrine factor 

Adipokinetic Hormone (AKH). AKH function is critical for proper energy allocation under 

ad libitum conditions, and is particularly important for the physiological and behavioral 

response to metabolic stress. Animals lacking AKH display multiple stress phenotypes 

including increased lifespan under starvation and the absence of starvation-induced 

locomotion. Research has primarily focused on understanding the downstream targets of 

AKH action, however, little work has explored AKH cell physiology and the mechanisms 

that govern AKH release.  

The goal of this research was to identify and functionally characterize genes that 

regulate AKH release. Specifically, we explored three levels of potential regulation; AKH 

cell inputs at the level of hormone receptors, intracellular proteins that are known energy 

sensors, and ion channel genes that regulate excitation-secretion coupling. We considered 

that all three levels represent potential areas of integration within common cellular 

signaling pathways. Using an integrative approach utilizing behavior, genetics, and 

molecular techniques, we explored the regulation of AKH secretion.  

Specifically, we identified and characterized the function of the AMP-activated 

kinase (AMPK), an intracellular energy sensor, in regulating AKH release. Furthermore, 

this work also identified multiple hormone receptors for dopamine, ecdysone, and pigment 

dispersing factor (PDF), implicating them in the regulation of metabolic allocation via 

AKH signaling. Since AKH release is hypothesized to be ultimately regulated though of 
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excitation secretion coupling, we explored the population of ion channels in AKH cells. 

We were able to identify multiple ion channels present in AKH cells that are involved in 

the regulation of AKH secretion. Collectively, this body of research has led significant 

insight into the regulatory mechanism controlling AKH secretion and therefore organismal 

metabolic allocation. 
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CHAPTER 1 

Metabolic signaling in Drosophila 

DROSOPHILA AS A METABOLIC MODEL: CONSERVATION OF METABOLIC 

SIGNALING 

All living organisms share the common challenge of balancing metabolic processes 

with variation in nutrient availability. In multicellular organisms, changes in internal 

metabolic state are detected by specialized tissues that rely on specific molecules to 

monitor cellular energy, circulating energy. Furthermore, energy sensing tissues relay 

nutritional status to other tissues that, in turn, modulate both behavior and physiology. 

Given the fundamental importance of regulating metabolism, many of the signaling 

pathways controlling the storage and release of energy are highly conserved throughout the 

Metazoa (Garofalo 2002; Grönke et al. 2007). Although many signaling molecules 

involved in mediating metabolic decisions have been identified, there is much that is not 

understood in how these signals couple with cellular factors to produce appropriate 

behavioral and physiological responses during metabolic challenges.  

Drosophila share many of the same metabolic pathways as vertebrates, such as the 

maintenance of circulating sugar levels, and the use of glycogen and lipids as energy 

reserves (Arrese and Soulages 2010). In insects, energy reserves are stored in an organ 

called the fat body, analogous to the vertebrate liver and adipose tissue. The fat body is the 

center of metabolic synthesis, responsible for storing and releasing energy as well as 

synthesizing secondary metabolites. The fat body is also the sole organ capable of 

synthesizing trehalose, the major circulating sugar in insects (Arrese and Soulages 2010b). 
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Trehalose is a disaccharide of glucose and some hypothesize that the energetic demands of 

flight have driven its use as an energetic currency instead of glucose (Candy et al. 1997; 

Reyes-DelaTorre et al. 2012). Additionally the stability of trehalose offers certain 

advantages in an open circulatory system since the high protein content would likely reduce 

other less stable sugars (Reyes-DelaTorre et al. 2012). Despite the difference in the species 

of circulating sugar, research has revealed that many of the genes, proteins, and signaling 

pathways are conserved between vertebrates and invertebrates (Garofalo 2002). 

Furthermore, evidence suggest that many of the upstream hormones controlling the release 

and storage of energy are conserved (Trinh and Boulianne 2013).  

Similar to mammals, insects rely on the antagonistic effects of two hormones to 

maintain metabolic homeostasis, Drosophila insulin-like peptides (DILPs) and 

Adipokinetic hormone (AKH). In insects, DILPs are the major hormones responsible for 

the storage of energy and conversely, AKH is responsible for the mobilization of energy 

(Gäde and Auerswald 2003; Lee et al. 2004; Isabel et al. 2005). The DILPs signaling 

pathway is remarkable similar compared with the canonical insulin signaling pathway in 

mammals. In fact, every member of the insulin signaling pathway shows conservation at 

the protein and gene level (Garofalo 2002). Flies lacking DILPs show defects in growth 

and increases in circulating sugar (Garofalo 2002). Multiple studies have revealed a great 

deal of information regarding the functional consequences of DILPs signaling, as well as 

regulatory mechanisms gating DILPs release (Toivonen and Partridge 2009; Birse et al. 

2011; Kannan and Fridell 2013). Comparatively, little is known about the regulatory 

mechanisms controlling AKH secretion. 
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ADIPOKINETIC HORMONE STRUCTURE AND ANATOMY  

Adipokinetic hormone is a neuropeptide that is evolutionary related to the 

gonadotropin releasing hormone family and is found throughout the Arthropods. It is 

synthesized from a preprohormone that is cleaved into the mature signaling factor. Mature 

AKH possesses a pyroglutamate at the N-terminus, which is a protective modification to 

prevent degradation of the peptide (Schaffer et al. 1990; Noyes et al. 1995). In insects, 

AKH is synthesized and secreted from a specialized subset of cells in the Corpus 

Cardiacum (CC). In Drosophila larvae, the CC is fused in a horseshoe-shaped structure 

with the Corpus Allatum and the prothoracic gland and loosely associated with the larval 

brain (Bodenstein 1950). During metamorphosis, the CC migrates outside of the brain and 

becomes associated with the crop and proventriculus,  and assumes a loosely bilobed 

structure with several distinct projections (Lee et al. 2004). In the Drosophila adult, AKH 

cells project posteriorly to the crop as well as anteriorly along the esophagus to the brain 

(Lee et al. 2004). However, it is clear from functional studies that AKH is likely present in 

circulating hemolymph where it can act on tissue not directly associated with these 

projections, such as the fat body. AKH binds to a specific G-protein coupled receptor 

(AKHR) with high binding affinity (10-9M) (Park et al. 2002). Heterologous as a well as 

in vivo studies suggest that AKHR couple to both cAMP and calcium pathways (Park et al. 

2002). 

FUNCTIONAL ROLES OF AKH 

In Drosophila, genetic ablation of the AKH producing cells has been linked to a 

number of behavioral and physiological phenotypes. The loss of AKH signaling results in 
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increased levels of stored triglyceride and carbohydrates and a reduction in circulating 

carbohydrate levels, consistent with its role in metabolism (Lee et al. 2004; Isabel et al. 

2005). Additionally, AKH cell deficient animals lack starvation-induced hyperactivity 

exhibited in normal animals (Lee et al. 2004). Heightened locomotion during metabolic 

challenge is a common behavioral attribute in insects, rodents, and even humans 

(Scheurink et al. 2010; Mistlberger 2011). This behavioral response is thought to facilitate 

foraging.   However, in a laboratory-based inescapable experimental paradigm, this 

behavioral response leads to a more rapid exhaustion of stored energy and consequently, 

shorter lifespan. Consistent with that explanation, AKH-cell deficient flies show a dramatic 

increase in median lifespan during starvation challenges, resulting from increased levels of 

stored energy, and the loss of starvation induced hyperactivity (Isabel et al. 2005). 

Cumulatively these phenotypes indicate that AKH is an important modulator of the stress 

response in Drosophila. However, the known mechanisms of downstream AKH activity 

have only recently been explored.  

Currently in Drosophila there are several known sites of AKH action. One primary 

site is the fat body where AKHR activation couples to a yet unidentified TAG lipase to 

mobilize lipid reserves (Grönke et al. 2007). Although AKH may not be the sole regulator 

of energy mobilization, it is still the primary mechanism for modulating energy release. In 

addition to energetic phenotypes, AKH impacts a number of behavioral responses to 

metabolic stress, including locomotion and gustatory perception of nutrients. Gustatory 

perception is an important modulator of feeding behavior (Amrein and Thorne 2005). 

Given that AKH is released in response to low circulating levels of nutrients in the 

hemolymph,  it is not surprising that AKH potentiates sugar detecting neuronal activity  
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and inhibits bitter sensing neuronal activity (Bharucha et al. 2008; Linford et al. 2015a) 

These changes in nutrient perception are thought to increase food intake. The locomotor 

phenotypes associated with AKH have recently been mapped to group of octopaminergic 

neurons in the brain (Yang et al. 2015; Yu, Huang, Ye, Zhang, Wang, et al. 2016). The 

actions of AKH are summarized in Figure 1.1. Collectively, these results cement AKH as 

is key regulator of behavior and physiology. While the specific mechanism of AKH action 

are growing more clear, remarkably little is known about how AKH release is regulated.   

Established regulators of AKH cell activity  

Metabolically important hormones are often regulated by a number of factors that 

control their release in order to optimally adjust energetic allocation in accordance with 

energetic demands. Currently, there are only few known mechanisms that regulate AKH 

release. However, AKH cells are intrinsically sensitive to changes in circulating sugar 

(Kim and Rulifson 2004), suggesting that these cells possess energy sensors.  AKH cells, 

akin to pancreatic alpha cells in mammals, express specialized ATP-sensitive potassium 

channels (K+
ATP) which directly couple cellular energy levels with electrical excitation 

(Stephan et al. 2006). While K+
ATP channels are most certainly an important regulator, it is 

unlikely that they are the sole modulators of AKH release. As a point of comparison, other 

hormones that modulate energy balance such as the DILPs in Drosophila and glucagon and 

insulin in mammals, are also regulated by a suite of hormones. Previous studies in other 

insects have suggested that AKH release is also modulated by multiple hormonal factors, 

however, the nature of these studies makes it difficult to assess whether these are direct 

interactions between these hormones and AKH release (Pannabecker and Orchard 1986).  
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Furthermore, what and how do these extracellular signals integrate with cellular signaling 

factors and in turn how do these factors regulate cell physiology to control AKH release?  

 

 

  

Figure 1.1 Model of AKH action. AKH cells (Green) are activated by low circulating energy. Once 
released, AKH is known to act on two major tissues: the fat body and the central nervous system. 
In response to AKH activation, the fat body releases stored energy in the form or trehalose and 
Diglycerides. In the CNS, AKH triggers an increase in gustatory sensitivity and locomotion. These 
behavioral changes promote foraging behavior and resource acquisition. The combined effects lead 
to increases in circulating energy, which in turn inhibit AKH cell activity.  
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ADVANTAGES OF DROSOPHILA AS A GENETIC MODEL 

What are the advantages of Drosophila over other models organisms for this study? 

The ease of making transgenic organisms, generating genetic deletions, and the ability to 

target gene expression to specific cells are powerful experimental tools that allow for 

unique avenues of experimentation, not possible in other eukaryotes. The yeast binary 

system (GAL4-UAS) offers the ability to control expression by utilizing specific cis 

regulatory sequences upstream of a yeast transcription factor (GAL4), to drive the 

expression of particular transgenes (UAS-element) in discrete anatomical loci. This system 

can be used to genetically modify individual cells and offers a great deal of flexibility as 

one can readily express genetically-encoded fluorescent reporters or RNAi elements 

targeting specific genes for knockdown. Together the tool set available in this model 

organism allows for multiple approaches to identify specific pathways that regulate 

hormone release and consequently, the maintenance of metabolic homeostasis.  

The goal of my research was to explore how AKH secretion is regulated. There 

were three major levels that I wanted to explore. First, I wanted assess how AKH cells 

sense nutrients. In this set of experiments, I found that the AMP-activated protein kinase 

(AMPK) is a critical element that controls AKH release during low nutrient conditions. 

Second, I hypothesized that AKH cells represent an important point of integration between 

behavior/physiology and energy allocation. As such, AKH cells are likely to receive input 

from other hormonal systems that change physiology and behavior. Specifically, I 

identified that dopamine and a circadian neuropeptide, PDF, modulate AKH signaling. 

Third, I performed experiments to identify key regulators of AKH cell physiology. Since 

excitation-secretion coupling is the perceived mechanism governing hormone release 
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(Misler 2009), the ion channels regulating membrane excitably represent potential targets 

of regulation.  I found that a calcium channel beta subunit, a voltage-gated potassium 

channel, and, an ATP-dependent potassium channel are features that regulate AKH 

excitation-secretion coupling.  Collectively, these experiments have illuminated multiple 

points of regulation of AKH signaling.  Given the parallels between AKH and glucagon, 

my experimental findings should inform future experiments in mammals, as these are likely 

to be key organizing principles of maintaining metabolic homeostasis.   
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CHAPTER 2 

Energy-dependent modulation of glucagon-like signaling in Drosophila via the 

AMP-activated protein kinase 

The work contained in this chapter was initially published in the Journal of Genetics. Braco 

JT, Gillespie EL, Alberto GE, Brenman JE, Johnson EC. (2012) “Energy-dependent 

modulation of glucagon-like signaling in Drosophila via the AMP-activated protein 

kinase.” Genetics 192: 457–66. Experiment were conceived by EC Johnson and JT Braco 

and performed by JT Braco, EL Gillespie, and GE Alberto. Reagents were generated by JE 

Brenman. Data was analyzed by EC Johnson and JT Braco. The manuscript was drafted by 

EC Johnson and edited by JT Braco, EL Gillespie, and GE Alberto. Since publication, 

format changes have been applied to maintain consistency throughout this document. 
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ABSTRACT   

Adipokinetic Hormone (AKH) is the equivalent of mammalian glucagon, as it is 

the primary insect hormone that causes energy mobilization.  In Drosophila, current 

knowledge of the mechanisms regulating AKH signaling is limited.  Here, we report that 

AMP-activated protein kinase (AMPK) is critical for normal AKH secretion during periods 

of metabolic challenges.   Reduction of AMPK in AKH cells causes a suite of behavioral 

and physiological phenotypes resembling AKH cell ablations.  Specifically, reduced 

AMPK function increases lifespan during starvation and delays starvation-induced 

hyperactivity.  Neither AKH cell survival nor gene expression is significantly impacted by 

reduced AMPK function.  AKH immunolabeling was significantly higher in animals with 

reduced AMPK function; this result is paralleled by genetic inhibition of synaptic release, 

suggesting AMPK promotes AKH secretion. We observed reduced secretion in AKH cells 

bearing AMPK mutations employing a specific secretion reporter, confirming AMPK 

functions in AKH secretion.  Live-cell imaging of wild-type AKH neuroendocrine cells 

shows heightened excitability under reduced sugar levels, and this response was delayed 

and reduced in AMPK-deficient backgrounds.  Furthermore, AMPK activation in AKH 

cells increases intracellular calcium levels in constant high sugar levels, suggesting that the 

underlying mechanism of AMPK action is modification of ionic currents.   These results 

demonstrate that AMPK signaling is a critical feature that regulates AKH secretion, and 

ultimately metabolic homeostasis.  The significance of these findings is that AMPK is 

important in the regulation of glucagon signaling, suggesting that the organization of 

metabolic networks are highly conserved and AMPK plays a prominent role in these 

networks.   
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INTRODUCTION 

Nutrient availability is a dynamic variable in natural environments and all 

organisms must maintain metabolic homeostasis despite food variability.  Furthermore, 

environmental variation in food sources causes a series of physiological and behavioral 

responses in attempts for organisms to maintain energetic homeostasis.  These responses 

require coordination of cellular mechanisms and hormonal signaling to produce differential 

effects in a wide variety of tissues (Johnson and White, 2009).  The connections between 

cell-autonomous elements and hormonal signaling to maintain metabolic homeostasis is 

not completely understood. 

The Adipokinetic Hormone (AKH) is a hormone found throughout the insects and 

is critical for maintenance of energy homeostasis. In many insects, there is variation in the 

numbers and primary sequences of different forms of AKH (Gäde and Auerswald, 2003). 

In Drosophila, there is a single AKH, which is an octamer, possesses a pyroglutamine 

residue at its N terminus, and is amidated (Shaffer et al., 1990).  AKH expression in 

Drosophila is limited to a small group of cells that are part of the corpus cardiacum of the 

ring gland, and ablation of these cells leads to altered behaviors under starvation protocols 

and concomitant changes in carbohydrate metabolism (Lee and Park, 2004; Isabel et al., 

2005).  Specifically, the loss of AKH cells leads to an increased survival when these flies 

are challenged with starvation conditions and an absence of starvation-induced hyperactive 

behaviors (Lee and Park, 2004; Isabel et al., 2005).  AKH has been hypothesized to be the 

functional equivalent of mammalian glucagon (Kim and Rulifson, 2004), as it has been 

shown to be the primary insect hormone responsible for energy mobilization (Gäde and 

Auerswald, 2003).   
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The functional relationship between insect AKH and mammalian glucagon 

signaling suggests that convergent mechanisms may be involved in the physiology of these 

cell types.  The physiology of these cell types are similar, as expression of K+
ATP dependent 

channels is a critical element regulating pancreatic alpha cell excitability (Gromada et al., 

2004) as well as AKH neuroendocrine cells (Kim and Rulifson, 2004).   Thus, in both cell 

types, internal sensors of energy status are coupled to hormone release.  Furthermore, in 

cultured pancreatic alpha cells, the energy sensor, AMP-activated kinase (AMPK) has been 

reported to regulate calcium levels and thus, glucagon secretion (Leclerc et al., 2011).    

Given these critical roles of AMPK and the similarities between pancreatic 

glucagon and AKH cells, we tested the possibility that AKH signaling may be regulated 

by the AMPK in Drosophila.  AMPK is activated by the end product of ATP hydrolysis 

and thus is largely considered to function as an energy sensor (Long and Zierath, 2006; 

Winder and Thompson, 2007).  Activation of AMPK leads to alterations in a series of 

changes in cell physiology which has the net effect of inhibiting energetically expensive 

processes. Functional AMPK is a heterotrimer consisting of a catalytic alpha (α), a 

regulatory gamma (γ), and a scaffolding beta subunit (β) and in most organisms, multiple 

genes are present for each of the three subunits (Riek et al., 2008). For example, humans 

possess two alpha, two beta, and three gamma encoding genes; the consequence of this 

genetic structure is that different heterotrimeric complexes can form and genetic strategies 

to manipulate AMPK is problematic (Birk and Wojtaszewski, 2004). In contrast, the 

Drosophila genome possesses a single gene for each of the subunits (snf1A encodes the 

alpha subunit, snf4 encodes the gamma subunit, and alicorn encodes the beta subunit) (Pan 

and Hardie, 2002).   
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 We and others recently reported the phenotypic consequences of organism-wide 

reduction of AMPK function in Drosophila.  Loss of AMPK function leads to heightened 

starvation sensitivity, greater hyperactive responses to starvation, reduced triglyceride 

levels in spite of hyperphagic behaviors (Johnson et al., 2010).  The suspected basis for 

these phenotypes is a global inability of cells to reallocate energy and activities during 

nutritional stress (Johnson et al., 2010).  However, in addition to the central role of energy 

maintenance, AMPK has specialized function in distinct cellular populations to maintain 

metabolic homeostasis.  For example, AMPK modulates the release of orexigenic 

transmitter from the mammalian hypothalamus (Claret et al., 2007), which would facilitate 

enhanced feeding under low energy conditions.    Furthermore, AMPK activation in 

isolated rat adipocytes inhibits lipolysis (Sullivan et al., 1994).  This is also likely to be the 

case in Drosophila and other insects, as the selective reduction of AMPK function in 

muscle and gut tissues leads to heightened sensitivity to starvation and are thought to 

underlie the developmental lethality associated with a molecular null mutation in the 

αsubunit of AMPK (Tohyama and Yamaguchi, 2010, Bland et al., 2010).   

We report that the loss of AMPK function in AKH cells leads to a partial phenocopy 

of AKH loss of function alleles.  Notably, reduced AMPK function neither impacts AKH 

cell survival nor AKH expression.  Furthermore, reduced levels of secretion in AKH cells 

bearing AMPK genetic variants were observed during a starvation paradigm.  Likewise, 

reduced AMPK causes reduced activation of AKH cells, and activation of AMPK under 

constant energy levels leads to heightened calcium signals in AKH cells. Collectively, 

these results suggest that AMPK signaling regulates AKH secretion during heightened 
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metabolic demand, and such results inform future experiments in mammals with similar 

regulation of glucagon secretion.   
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RESULTS  

Reduced AMPK function in AKH cells alters starvation sensitivity  

Ablation of the neuroendocrine cells that express the Adipokinetic Hormone, 

through introduction of the pro-apoptotic gene reaper, leads to enhanced survival during 

starvation challenges, the suspected mechanism of which is the concomitant loss of 

starvation-induced hyperactivity in animals lacking AKH cells (Lee and Park, 2004; Isabel 

et al, 2005). We performed an RNAi screen to identify candidates that regulate AKH 

signaling using a specific AKH-GAL4 driver (Lee and Park, 2005).  We reasoned that the 

loss of elements that promote AKH release would result in a phenocopy of ablated AKH 

cells.  From this screen, we observed that expression of RNAi elements targeting either the 

alpha or gamma subunit of AMPK caused a significant increase in lifespan under 

starvation.  Given these findings, we then selectively introduced an AMPK dominant 

negative transgene (Johnson et al., 2010). Expression of the dominant negative  subunit 

also significantly increased starvation lifespan in females (Figure 2.1 A) and males 

(Figure 2.1 B) as compared to flies expressing the wild-type  subunit (P< 0.001, 

ANOVA).   Given that overexpression of the wild-type alpha subunit does not lead to 

overexpression of the functional heterotrimeric AMPK (Johnson et al., 2010), the use of 

the wild-type is the ideal control for comparisons with the dominant negative element, as 

they differ in a single amino acid (K57A).  Notably, we also used the GAL80 element 

(McGuire et al., 2003), which inhibits GAL4 mediated transcription and found that survival 

phenotypes were dependent upon GAL4 transcription (Figure 2.2 A).  However, while 

reduced AMPK function causes increased starvation lifespan; the extent of this lengthening 
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is considerably less than in animals lacking AKH cells or to animals expressing tetanus 

toxin, which prevents secretion of this hormone (Sweeney et al., 1995).  

Likewise, stress-induced hyperactivity was also impacted in flies with altered 

AMPK function in AKH cells.  While hyperactive responses were observed, the onset of 

this behavioral response was significantly delayed compared to female flies expressing 

wild-type AMPK (Figure 2.1 C). Specifically, we observed significant increases in activity 

in wild-type animals during the first hour under starvation conditions, whereas increased 

activity was observed following twenty-four hours of starvation in animals expressing the 

AMPK-DN transgene. We observed no significant increase in activity in animals lacking 

AKH cells as previously reported (Isabel et al., 2005; Lee and Park, 2005).  While all these 

genetic manipulations are restricted to the AKH cell population, we wanted to insure that 

these behavioral phenotypes were attributable to a loss of AKH function.  To test the notion 

that it was an AKH deficit rather than another unknown co-expressed hormone, we 

employed an RNAi directed against the AKH hormone and a genetic strain bearing a 

deletion in the AKH receptor (Gronke et al., 2007).  Both of these lines significantly 

differed from wild type in starvation survival (Figure S1A). The AKH-RNAi line 

eliminated AKH immunosignals (Figure 2.2 B), and the AKHR mutant line showed no 

increase in locomotor activity under starvation conditions (Figure 2.2 C). Collectively, 

these results suggest that the consequences of reduced AMPK function reflect a specific 

defect in AKH signaling.  
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Figure 2.1 Reduced AMPK function in AKH cells causes similar phenotypes as loss 
of AKH genetic variants.  A) Lifespan measurements during starvation of adult animals 
with wild-type AKH cells (AKH-GFP and AKH-a WT (green and blue lines respectively), 
no AKH cells (AKH-CD – black line) or defective AKH secretion (AKH-SD (gray line)). 
Compare to results from animals expressing a dominant negative AMPK a transgene 
(gray solid lines) or RNAi elements targeting the AMPK g subunit (light blue line) or the 
a subunit (purple line).  B) Mean median survival +/- SEM for different AKH genetic 
manipulations (same legend as in Figure 1.1 A) (females (left) and males (right)).  C) 
Locomotor activity under a 12:12 LD cycle (yellow and black bars indicate the duration 
of lights-on and lights-off, respectively) in animals with wild-type AKH neuroendocrine 
cell function (left panel), ablated AKH cells (AKD-CD) (middle panel) and in animals 
expressing the AMPK a DN transgene (right panel) under fed (black lines) and starvation 
(red lines). Arrows indicate the time point that starvation activity is significantly greater 
than activity during replete conditions as evaluated by a Repeated Measures ANOVA         
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Reduced AMPK function neither effects AKH cell survival nor AKH expression 

Given that reduced AMPK function in AKH cells leads to phenotypes similar to 

those of AKH cell ablations, we reasoned that AMPK, following verification of expression 

of AMPK in AKH cells (Figure 2.3), may be critical for AKH cell survival or development.  

To determine if AMPK impacts AKH cell survival, we introduced a GFP reporter that 

possessed a nuclear localization signal to facilitate AKH cell counts. We observed no 

differences (p = 0.72, ANOVA) in the number of GFP-

labeled nuclei in wild-type larval (16 ± 0) as compared to 

animals expressing the gamma RNAi transgene (16 ± 0). In 

adults, we observed   11.6 ± 0.4 GFP labeled cells in wild-

type animals and 11.25 ± 0.7 GFP labeled cells expressing 

the γ RNAi element (Figure 2.4 A-B).  Given that GAL4-

driven expression of multiple UAS elements effectively 

reduces the dosage from a single UAS element, we tested 

behavioral phenotypes of animals expressing the AMPK transgenes in combination with 

the nuclear GFP.  We observed that neither RNAi element in combination with nuclear 

GFP differed phenotypically from the RNAi element expressed alone (Figure 2.2 A). In 

contrast, behavioral phenotypes of nuclear GFP in combination with the dominant-negative 

α-construct were wild type (Figure 2.4 B and Figure 2.2 A), which is consistent with the 

notion of different dosage requirements of the dominant negative, which competes with 

endogenous wild-type α-subunits during heterotrimer formation (Riek et al. 2008), as 

compared to the effective dosages of RNAi elements. Based on this finding, for all 

Figure 2.3 Single cell RT-
PCR confirms AMPK 
expression in AKH cells. 
AMPK transcript was 
amplified from isolated 
AKH cells expressing GFP 
under the control of the 
AKH-GAL4 driver.  
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following experiments where multiple UAS elements were employed, we limited our 

experiments to the RNAi elements.  

Given that there was no significant effect of AMPK on AKH cell survival, we 

reasoned that there may be a role for AMPK regulation of AKH gene expression.  We 

measured AKH transcript abundance under replete and starvation conditions in animals 

differing in AMPK function in AKH neuroendocrine cells.  We found that the AKH 

expression profile was similar independent of genotype as it pertained to AMPK function 

and expression (Figure 2.4 C).  

 

Figure 2.4 AKH cell survival or expression is not altered by reduced AMPK.  A)  Representative images 
of adult AKH cells expressing nuclear GFP and counterstained with an anti-AKH antibody in wild-type 
animals (left panel) and g-RNAi expressing (right panel). B) Quantification of larval and adult cell counts 
of AKH cells from wild-type AMPK (filled bars) and RNAi targeting the gamma subunit (open bars).  Mean 
counts +/- SEM from 10 different animals and no significant differences between genotypes were observed 
(ANOVA  P= .715)  C) Relative AKH transcript levels were first normalized to RP49, and then to baseline 
(prior to starvation – time 0) for each genotype.  There was a significant reduction in AKH transcript levels 
as a function of starvation, but there was no significant difference between wild-type and AMPK-deficient 
AKH cells (ANOVA, P = 0.4919).    
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AMPK regulates AKH secretion 

We then tested the hypothesis that AKH secretion was reliant on AMPK function.  

Using an antibody against the AKH hormone (Brown and Lea, 1988), we quantified the 

relative amounts of AKH immunolabeling in animals with wild-type or altered AMPK in 

AKH neuroendocrine cells.  Our reasoning was that AKH cell immunolabeling is inversely 

correlated with AKH secretion. Under replete or starved conditions, larval AKH 

immunolabeling was constant in animals with wild-type AMPK function; however, 

animals expressing either the dominant negative α AMPK transgene or a tetanus toxin 

construct (to block synaptic transmission) had consistently elevated AKH immunolabeling 

(Figure 2.5 A-B).  While these results are consistent with the notion that AMPK may 

impact AKH cell secretion, we were surprised that there were no observed differences in 

AKH immunolabeling as a function of starvation since previous reports implicate 

heightened AKH secretion during starvation (Gronke et al., 2007; Bharucha et al., 2008). 

We attributed this to low sensitivity of the assay and suspect that the amount of 

AKH secreted is low compared to the cellular stores of the hormone. This possibility is 

supported by measurements of the high affinity (sub-nanomolar EC50) that the AKH 

receptor has for the AKH hormone (Park et al., 2002; Staubli et al., 2002).   Therefore, we 

employed a GFP-fused atrial naturietic factor (ANF-GFP) to further evaluate the roles of 

AMPK on AKH secretion.  The ANF-GFP reporter has been used extensively to record 

secretion events in different peptidergic cells in Drosophila (Rao et al., 2001; Husain and 

Ewer, 2004).  We isolated adult AKH neuroendocrine cells from wild-type animals and 

upon transition from high to low trehalose (the major sugar used in insects) concentrations 

to mimic starvation, observed a significant loss of ANF-GFP signals.  In contrast, the 
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difference in ANF-GFP signals as a function of starvation in AKH cells expressing the 

AMPK γ RNAi element was reduced in comparison to wild-type (Figure 2.5 C-D) (P = 

0.04, ANOVA).  Notably, there were no differences in either genotypes when held at 

constant high trehalose levels (P= 0.86, ANOVA).  

 

  

Figure 2.5 AMPK mediates AKH hormone secretion. A) Representative images of 
larval AKH cells stained with an antibody specific for AKH in wild-type ring glands (left) 
and snf4-RNAi expressing (right) under replete (top) and starvation (bottom) conditions. 
B) Quantification of immunofluorescence from flies with wild-type AKH cells, expressing 
the snf4-RNAi, and the TeTX (Tetanus Toxin) construct.  Mean fluorescent values +/- 
SEM from five animals.  C) Representative heat maps of AKH cell terminals expressing 
the ANF-GFP secretion reporter with wild-type AMPK (top) and g-RNAi during transition 
from high to low sugar conditions. Note heat map reports percent difference not percent 
increase.  D)  Quantification of ANF-GFP levels in wild-type (black line) and AKH cells 
expressing the RNAi targeting the alpha subunit (gray line) during high to low sugar 
transition.  Mean +/- SEM fluorescence values were normalized to initial fluorescent 
levels and were derived from 5 different ring glands. 
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AMPK impacts AKH cell excitability 

Since our results with the ANF-GFP reporter show deficits in AKH cell secretion 

caused by reduced AMPK function, we next performed experiments to discern potential 

mechanisms, i.e., whether AMPK modulates AKH secretion machinery and/or AKH cell 

excitability.  We used the fluorescent calcium reporter, GCaMP to observe changes in AKH 

neuroendocrine cell excitability.  A previous study established that AKH cell excitability 

increases in response to lowered trehalose levels (Kim and Rulifson, 2004).  Consistent 

with this report, we observed a rapid increase in calcium fluorescence upon transitioning 

from high to low trehalose levels in adult AKH neuroendocrine cells.  In contrast, either 

pharmacological inhibition of AMPK function by Compound C (an AMPK antagonist, 

(Gao et al., 2008), or genetic reduction of AMPK function by the γRNAi attenuates the 

response to starvation (Figure 2.6).  Specifically, wild-type AKH cells respond within ten 

minutes to the transition from high to low trehalose (replete to starved), whereas in AKH 

cells with reduced AMPK function, both the onset and magnitude of the response are 

altered.  Notably, addition of Compound C in animals expressing the RNAi element 

targeting the gamma subunit produces a response indistinguishable from either alone, 

suggesting that the effects of Compound C are specific to AMPK (Figure 2.7). 
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Figure 2.6 AMPK is required for AKH cell excitability changes during starvation. A) Quantification of 
starvation responses (high to low sugar transition) from explanted AKH cells expressing the calcium reporter, 
GCaMP.  Mean percent change +/- SEM from baseline fluorescence from wild-type AKH cells (green line), 
wild-type cells treated with Compound C (red line) and AKH cells expressing the RNAi targeting the gamma 
subunit (blue line) (N=5 replicates per treatment).  B) Representative heat maps of AKH cells expressing 
GCaMP with wild-type AMPK (left), Compound C treated wild-type AKH cells (middle) and  AKH cells co-
expressing the g-RNAi element (right) during transition from high to low trehalose containing solutions. 

Figure 2.7 Compound C effects are largely 
mediated through inhibition of AMPK.  
We measured GCaMP fluorescence as 
described in the text under transitioning 
explanted AKH neuroendocrine cells from 
high to low trehalose containing solutions. 
We measured initial fluorescence and final 
fluorescence (30 minutes in low trehalose 
solution) and determined the percent change.  
There were no significant differences 
between wild-type AKH cells treated with 
Compound C and snf4-RNAi expressing 
AKH cells and snf4-RNAi expressing AKH 
cells treated with Compound C (ANOVA, 
P= 0.83). 
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We next reasoned that this altered response in AKH cell excitability could either be 

caused by a blunted response to the change in trehalose concentration or alternatively 

and/or additionally, through modulation of specific ion channels regulating AKH cell 

excitability. To test these hypotheses, we applied an AMP mimetic and specific activator 

of AMPK, AICAR (Merrill et al., 1997) to AKH cells under constant high trehalose 

concentrations.  We observed that in lieu of any change in sugar levels, activation of AMPK 

significantly increased GCaMP fluorescence (Figure 2.8). Notably, the increase in 

GCaMP fluorescence with AICAR addition to γRNAi expressing AKH cells was 

significantly reduced compared to wild-type (P= 0.0001, Repeated Measures ANOVA). 

While we cannot rule out the possibility that AMPK activation may alter sugar sensitivity 

of AKH cells, these results clearly show that AMPK activation alters AKH cell excitability 

by increasing intracellular calcium.  Because AMPK has been shown to regulate trafficking 

of ion channels in different cell types (Alesutan et al., 2011; Alzamora et al., 2011), we 

tested whether in AMPK deficient AKH cells, evoked depolarizations were equivalent to 

wild-type AKH cells.  Application of KCl to explanted wild-type AKH cells causes an 

expected increase in GCaMP fluorescent signals that was equivalent to that in AMPK-

deficient AKH cells (Figure 2.9).  
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Figure 2.8 Activation of 
AMPK in AKH cells leads to 
elevated calcium levels 
during replete conditions.   
A)  Timecourse of GCaMP 
fluorescence responses.  Data 
are mean +/- SEM from 3-5 
replicates from wild-type AKH 
cells held in constant high 
trehalose solution (black line) 
and treated with AICAR (red 
line) and RNAi knockdown of 
the gamma subunit expressing 
cells treated with AICAR (blue 
line ). B) Representative 
images of AKH cells 
expressing the GCaMP reporter 
during constant high (replete) 
sugar conditions in wild-type 
animals (left), and wild-type 
animals treated with AICAR 
(middle), and animals 
expressing the gamma RNAi  
treated with AICAR (right).   

Figure 2.9 KCl evoked depolarizations are similar in different AMPK genetic 
backgrounds. To test this if AMPK was impacting ion channel abundance we 
measured fluorescence prior to addition of 3M KCl and again within ten seconds 
of application.  Fluorescence levels were normalized to baseline levels and we 
observed no significant differences in the responses to KCl between wild-type and 
snf4-RNAi expressing AKH cells. (Two tailed T-test, P = 0.78).  
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DISCUSSION 

We report that the selective reduction of AMPK function in AKH neuroendocrine 

cells results in a series of behavioral and physiological phenotypes consistent with a loss 

of function of AKH itself.  Specifically, animals have increased lifespan during starvation 

as do animals lacking the AKH hormone.  Furthermore, animals deficient in AKH exhibit 

a loss of starvation-induced hyperactivity, and the selective loss of AMPK function in these 

cells leads to a delay in this behavioral response.  We conclude that AMPK is a critical 

component that regulates AKH secretion via modulation of cell excitability based on our 

observations that AMPK is not necessary for cell survival or AKH expression, and the 

results demonstrating reduced secretion and GCaMP fluorescence during starvation 

challenges. We propose a model in which AMPK acts as an energy sensor in the AKH cell 

population to control secretion and ultimately coordinate physiological and behavioral 

responses to maintain metabolic homeostasis.   

Processing of the AKH peptide relies on cleavage of the prohormone and 

subsequent amidation of the N-terminus and these events are required for AKH bioactivity 

(Rhea et al., 2010).  While we cannot rule out the possibility that AMPK may be impacting 

AKH hormone processing, we consider this insufficient to explain the ensemble of 

phenotypes associated with reduced AMPK function in AKH cells.  First, we observed 

partial phenocopies of AKH cell ablation, whereas in contrast, the loss of processing causes 

complete loss of function phenotypes (Rhea et al., 2010).  Second, our observation of 

delayed responses in locomotor responses present in animals with compromised AMPK 

function suggests at least minimal levels of bioactive AKH as the complete loss of the 

hormone eliminates this behavioral response.  Third, reduced levels of bioactive AKH 
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which may be caused by reduced AMPK function, are insufficient to explain the changes 

in AKH cell excitability. 

While we cannot completely rule out the possibility that another hormone co-

expressed in the AKH cell population is responsible for some of the behavioral phenotypes 

we observed, we consider this unlikely. First, there is an extensive literature establishing 

the roles of Adipokinetic Hormone in mediating metabolic homeostasis (for review, see 

Gäde and Auerswald, 2003). Second, our observations targeting the AKH hormone with a 

specific RNAi leads to phenotypes consistent with the AKH cell ablations.  Lastly, results 

with a deletion of the receptor highly specific for the AKH peptide are also consistent with 

the behavioral phenotypes from AKH cell ablations (Grönke et al., 2007, Bharucha et al., 

2008).  Collectively, these results make a compelling case that it is AKH as opposed to 

another hormone which is relevant in mediating metabolic homeostasis.  Nonetheless, we 

note that even if there were other hormones coexpressed with AKH that are relevant, the 

actions of AMPK strongly cements this kinase as a critical regulator of AKH cell 

excitability and by extension, hormonal regulation. 

How might AMPK be altering AKH cell excitability?  Our results implicate an 

acute modulation of channel activity.  AMPK has been shown to modulate the biophysical 

properties of the twin pore K+ (TWIK)  channels, and while it is currently unknown if AKH 

cells express similar channels, we speculate that AMPK is similarly modulating an 

unknown channel conductance in AKH cells.  There is evidence that AKH cells express 

the K+
ATP channels, based on in situ analysis and that dietary introduction of a specific 

K+
ATP channel antagonist, tolbutamide (Henquin, 1980) leads to behavioral phenotypes 

consistent with blocking AKH release (Kim and Rulifson, 2004).  AMPK has been shown 
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to regulate the activation of this channel subtype (Yoshida et al., 2012).  Given the energy 

sensing roles of the K+
ATP channel conductance, we are currently testing the contribution 

of this conductance in the regulation of AKH signaling and whether this intersects with 

AMPK signaling. 

We note that AMPK deficient AKH cells still respond to sugar changes as directly 

observed with GCaMP, albeit those responses are diminished and delayed.  This may 

reflect residual wild-type AMPK function or more likely, redundant mechanisms present 

in AKH cells to regulate AKH secretion.  Therefore, we suspect that AKH release in an 

AMPK deficient background may result from other signaling processes.  In support of that 

notion, autophagy, which also facilitates increased cellular energy availability, has been 

shown to occur independent of AMPK activation (Williams et al., 2009).  Another 

candidate that may be involved in AMPK-independent regulation of AKH is the activity-

regulated cytoskeletal-associated (ARC) gene, which is specifically expressed in AKH 

cells and mutants in this gene fail to exhibit normal starvation-induced hyperactivity 

(Mattaliano et al., 2007).   

While the distinct changes in the responses to sugar transitions in explanted AKH 

cells implicate other AKH cell-autonomous elements, we also note the delay in hyperactive 

behaviors in animals with reduced AMPK function.  Many different hormones in a variety 

of insects have been implicated as AKH release factors, including but not limited to 

tachykinin-like peptides, octopamine, and proctolin (Nassel et al., 1999; Clark et al., 2006).  

While it is currently unknown if these hormones are operating in a similar fashion in 

Drosophila, we speculate that these or other hormonal factors may also be responsible for 

AKH release in animals with reduced AMPK function in AKH cells.    We also suspect 
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that some of these or other regulatory hormones may operate through AMPK.  For 

example, AMPK has been shown to be a critical component of leptin signaling and a target 

of FSH modulation in mammals (Andreelli et al., 2006; Chen et al., 2007).  We are 

currently evaluating which hormones regulate AKH secretion and assessing whether 

hormonal signaling pathways modulate AMPK activity.   

We note that the regulation of AKH via 

AMPK is similar to the regulation of glucagon 

signaling via AMPK.  Specifically, AMPK 

activity in pancreatic alpha cells is required for 

elevated calcium levels upon lowered glucose 

levels, akin to our demonstration of AKH calcium 

levels requiring AMPK.  These similarities 

suggest that the signaling networks dedicated to 

maintain metabolic homeostasis are highly 

conserved across broad phylogenetic distances.  

Our results suggest that the mechanism underlying 

AMPK regulation of glucagon in mammals may 

be caused by similar changes in pancreatic alpha 

cell excitability. 

We propose a model in which AMPK acts to integrate energetic balance from 

internal cues and subsequently facilitate AKH release (Figure 2.10).  Low energy levels 

are specifically detected by AMPK, which leads to AMPK activation and modulation of 

components that regulate AKH cell excitability.  This change in excitability leads to 

Figure 2.10 Model of AMPK function in 
AKH neuroendocrine cells.  AMPK 
activation by low trehalose levels are 
detected through a currently unknown 
mechanism.  Upon activation, AMPK 
leads to enhanced calcium levels in AKH 
cells, which subsequently leads to elevated 
levels of AKH release.  The AKH hormone 
stimulates the fat body to release stored 
energy which leads to the inhibition of 
AMPK and AKH hormone secretion. 
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enhanced AKH release.  Secreted AKH subsequently binds to its receptors in the fat body 

to facilitate the mobilization of energy, thereby increasing hemolymph concentrations of 

sugars which consequently, cause the inactivation of AMPK.  Future studies will be needed 

to identify the direct targets of AMPK activation in Drosophila and how AKH cells sense 

sugar changes and what are the AMPK-independent components regulating AKH 

signaling.      
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MATERIALS AND METHODS 

Drosophila stock and husbandry 

All flies were maintained in an incubator maintained at 25° C and under a 12:12 

LD cycle.  Flies were cultured on a standard molasses-malt-cornmeal-agar-yeast medium 

and housed in uncrowded conditions. All transgenes were backcrossed to the w1118 

background for five generations.  The UAS- AMPK transgenes were reported previously 

(Johnson et al., 2010).  Other stocks used in this study were the AKH-GAL4 (Lee and Park, 

2004), UAS-TeTX (Sweeney et al., 1995), UAS-rpr, GAL80 (McGuire et al., 2003), UAS-

GCaMP, and UAS-ANF-GFP (Rao et al., 2002), all procured from the Bloomington Stock 

Center (Table I). The AKHR01 and AKHRrev lines were kind gifts from Dr. Ronald Kuhnlein 

(Gronke et al., 2007).   

Lifespan Measurements 

We placed thirty 3 to 5 day old mated flies (males and females housed separately) 

in vials with a two percent agar solution to starve the animals (Zhao et al., 2010).  We 

assessed percent survival of at least three replicate vials twice daily.  For each vial, we 

assessed the median survival for the treatment and data were pooled to estimate a mean 

median survival and then employed a one-way ANOVA with post-hoc Tukey’s comparison 

for differences between genotypes.   

Locomotor measurements  

 Locomotor activity was monitored with a TriKinetics Locomotor Monitor 

(Waltham, MA) on the aggregate population of thirty 3-5 day old flies (Zhao et al., 2010).  

Flies were housed in a 12:12 LD cycle for three days prior to the experiments.  Flies were 
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transferred to a vial containing starvation or normal medium at ZT0.  Total beam counts 

were monitored continuously through an automated system for forty-eight hours on four 

replicates per treatment.  We determined the amount of activity during starvation relative 

to the activity of fed conditions for the same time period. We employed a Repeated 

Measures ANOVA to determine the time point at which starvation activity was 

significantly greater than activity during replete conditions. 

Transcript analysis: 

Ninety adult flies were homogenized in 1 mL of TriZol (Invitrogen, Ca) and total  

RNA was extracted according to manufacturer’s recommendations.  RNA was then used 

for cDNA synthesis using a SuperScript III Reverse Transcription Kit (Invitrogen).  The 

primers for the AKH transcript were: Forward: 5’ATGAATCCCAAGAGCGAAGTCCTC 

and Reverse: 5’ CTACTCGCGGTGCTTGCAGTCCAG.  Specific primers were also 

designed to amplify the housekeeping gene, RP49 (Zhao et al., 2010).  PCR conditions 

were 94°C for 5 minutes, followed by 25 cycles of 94° C for 45°C seconds, 55° C for 45 

seconds, and 72°C for 90 seconds, followed by a single extension of 72°C for ten minutes. 

Intensity of EtBR fluorescence was determined using a Hitachi Gene Systems equipped 

with a CCD camera and PCR conditions were determined to be in the linear range of 

amplification.  Values were normalized to RP49 across samples and expressed as % of 

baseline (replete conditions). 

 

 

Single Cell RT PCR 
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AMPK primers were designed to flank intronic sequences in order to determine 

whether amplicons were derived from cDNA via reverse transcription or contaminant 

genomic DNA sequences. A Qiagen single-cell RT PCR kit was employed to on a total of 

five individual AKH cell preps. Specific AMPK primers used were previously reported 

(Johnson et al., 2010). All amplicons were of the correct expected length and sequence 

verified. 

AKH cell imaging and immunocytochemistry 

Larval and adult progeny from flies carrying the AKH-GAL4 transgene crossed to 

the UAS-GFP-nls lines were dissected.  Brains were fixed in a 4% Paraformaldehyde 7% 

picric acid fixative for one hour at room temperature and washed six times with phosphate 

buffered saline (PBS) containing Triton-X 100.  A 1:1000 dilution of anti-AKH (Brown 

and lea, 1988) was incubated overnight at 4 °C.  Brains were washed and a Cy-3 conjugated 

anti-rabbit secondary antibody was applied overnight at 1:1000 dilution.  Tissues were then 

mounted and viewed on a Zeiss confocal microscope. For calcium imaging and ANF-GFP 

imaging experiments, adult ring glands were dissected and placed in AHL (adult 

hemolymph-like) (Feng et al., 2004) solution containing 12 mM trehalose which mimics 

replete levels (Broughton et al., 2005).  Following a fifteen-minute incubation period, 

explanted ring glands were then viewed on a Zeiss LSM 710 confocal microscope. Images 

were collected every 15 seconds for experiments using GCaMP and once every ten minutes 

for experiments employing the ANF-GFP in attempt to minimize photobleaching.  For 

sugar transition experiments, an isosmotic calcium-free solution (to reduce spontaneous 

activity) containing 3 mM trehalose to mimic starvation conditions (Broughton et al., 2005) 

was perfused and images were collected.  Following experiments, 3M KCl was applied to 
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evoke cell depolarization as a measure of cell viability; only cells which showed KCl 

evoked cell increases in GCaMP fluorescence were used for analysis. Confocal settings 

were identical for all experiments. A region of interest was manually drawn for each ring 

gland and total values for pixel intensity were assessed.  Values were exported in Excel 

and normalized to baseline levels. Five replicates for each treatment and genotype were 

analyzed. AICAR and Compound C were purchased from Sigma Chemicals (St. Louis) 

and used at 2 mM and 0.5 mM concentrations respectively.  
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CHAPTER 3 

Endocrine regulation of Adipokinetic hormone producing cells 

 

ABSTRACT 

In insects, Adipokinetic hormone is the primary hormone responsible for the 

mobilization of stored energy. While a growing body of evidence has solidified AKH’s 

role in modulating the physiological and behavioral responses to metabolic stress, little is 

known about the upstream endocrine circuit that directly regulates AKH release. Using 

next gen sequencing, we evaluated the AKH specific transcriptome to identify potential 

regulatory elements controlling AKH cell activity. From this data set, we found that a 

number of receptors showed enriched transcript levels including all known dopamine 

receptors including, dopamine ecdysone receptor (DopEcR), Dopamine 2-like receptor 

(D2R), Dopamine 1-like receptor 2 (DopR2), DopR, and the Pigment Dispersing Factor 

(PDFR).  These results were validated by specific GAL4 drivers. We tested the 

consequences of targeted genetic knockdown and found that AKH expression of RNAi 

elements corresponding to each dopamine receptor caused a significant reduction in 

survival under starvation. In contrast, PDFR knockdown significantly extended lifespan 

under starvation whereas expression of a tethered PDF in AKH cells resulted in a 

significantly shorter lifespan under starvation. These manipulations caused various 

changes in locomotor activity under starvation. Specifically, there were higher amounts 

of locomotor activity in dopamine receptor knockdowns, in both replete and starved 

states.  PDFR knockdown resulted in increased locomotion during replete conditions and 

locomotion levels that were comparable to wild-type during starvation. Expression of a 
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membrane-tethered PDF led to decreased locomotion under baseline and starvation. Next, 

we used live-cell imaging to evaluate the acute effects of the ligands for these receptors 

(dopamine, ecdysone, and Pigment Dispersing factor) on AKH cell activation. Dopamine 

application led to a transient increase in intracellular calcium in a sugar-dependent 

manner. Furthermore, we found that co-application of dopamine and ecdysone led to a 

complete loss of this response, suggesting that these two hormones are acting 

antagonistically. We also found that PDF application directly led to an increase in cAMP 

in AKH cells, and that this response was dependent on expression of the PDFR in AKH 

cells. Together these results suggest a complex circuit in which multiple hormones act on 

AKH cells to modulate metabolic state.   
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INTRODUCTION 

In Drosophila, a number of different hormones impact metabolic processes such 

as food intake, reproduction, activity, and growth.  While many hormones impact 

metabolism, only a few directly act on the fat body, the organ that is the principal energy 

storage site. Drosophila insulin-like peptides (DILPS) and Adipokinetic hormone (AKH), 

modulate energy storage and release in Drosophila, respectively (Kim and Rulifson 2004; 

Leopold and Perrimon 2007). This suggests that other hormones that impact energetic 

allocation may either directly or indirectly act on AKH or DILPS. As such, DILPS and 

AKH likely represent important points of integration that couple changes metabolic 

allocation towards different behaviors and/or physiologies (e.g., reproduction or growth). 

Many studies have focused on the regulation of the DILPS (Toivonen and Partridge 

2009; Birse et al. 2011; Kannan and Fridell 2013), however, there has been 

comparatively little research identifying elements that regulate the synthesis, release, and 

signaling of AKH.  

Investigations have consistently shown that impairing AKH function, namely 

genetic ablation of AKH expressing cells (Lee et al. 2004; Braco et al. 2012), blockade of 

hormone release (Braco et al. 2012), or the loss of the AKH receptor gene (AKHR) (Yu, 

Huang, Ye, Zhang, Wang, et al. 2016), all produce a consistent set of metabolic and 

behavioral phenotypes. Specifically, these manipulations cause an increase in triglyceride 

content, and reduce levels of circulating trehalose, the active sugar in insects (Lee et al. 

2004; Isabel et al. 2005).  Is there evidence to suggest that these phenotypes are directly 

the result of AKH acting on metabolic tissues? The AKHR, which binds AKH with high 

affinity, is expressed at high levels in the fat body and genetic knockdown of AKHR in 
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the fat body produces the same metabolic phenotypes associated with the loss of the 

AKH (Grönke et al. 2007; Bharucha et al. 2008). Thus, AKH is directly acting on the fat 

body to mobilize energy from stores. 

In animals, a common behavioral response to metabolic stress is increased 

locomotion (Scheurink et al. 2010; Mistlberger 2011). This may seem counterintuitive as 

it directly leads to energy depletion, however, it is hypothesized that starvation-induced 

activity is an adaptive trait that facilitates foraging. Interestingly, animals lacking AKH 

show no changes in locomotor activity under starvation conditions (Lee et al. 2004). 

Consequently, AKH mutants have increased lifespan under starvation, presumably due to 

the loss of starvation-induced hyperactivity and the elevated levels of energy stores (Lee 

et al. 2004). One interesting question: Is AKH directly controlling locomotion directly, or 

is this behavioral phenotype an indirect consequence of AKH signaling in the fat body? A 

recent report found that AKH signaling in a set of octopaminergic neurons in the CNS is 

necessary and sufficient to rescue starvation-induced hyperactivity (Yu, Huang, Ye, 

Zhang, Wang, et al. 2016).  

Despite our growing understanding of AKH signaling, little is known about the 

factors that govern AKH release. Currently, only two known mechanisms are known 

which rely on the detection of changes in intracellular energy. AKH cells express two 

energy sensors: K+
ATP channels and AMPK (Kim and Rulifson 2004; Braco et al. 2012). 

These molecules couple to changes in cellular ATP with electrical excitability and AKH 

release (Stephan et al. 2006). While these two molecules are critical factors modulating 

AKH release, they are unlikely to be the sole mechanisms. Recent work has shown that 
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the loss of AMPK only partially phenocopies the loss of AKH, suggesting alternative or 

additional mechanisms controlling AKH secretion (Braco et al. 2012).   

 Studies in other insects implicate a number of diverse hormones are modulating 

AKH release. Crustacean cardioacceleratory peptide (CCAP), tackykinin (TK), and 

octopamine are positive regulators of AKH release and FLRFamide and FMRFamide act 

to inhibit AKH release in the locust (Pannabecker and Orchard 1986; Brown and Lea 

1988; Veelaert et al. 1997; Vullings et al. 1998). In general, these experiments measured 

AKH titer in entire CNS preparations or whole organism in response to hormone 

application, thus making it impossible to assert whether these hormones are acting 

directly to alter AKH release or if they are acting through some intermediate 

(Pannabecker and Orchard 1986; Brown and Lea 1988). The molecular and genetic tools 

available in Drosophila have significant advantages over other insect models, as these 

allow a direct genetic evaluation of the contribution of any given receptor in AKH 

dependent phenotypes. Additionally, there is a variety of reagents, such as live-cell 

imaging reporters, that allow for direct measures of the acute effects of these hormones 

on AKH cell physiology.  

Using a number of independent metrics, we identified candidate receptors 

expressed in AKH cells. We tested a subset of these receptors, DopR, DopR2, D2R, 

DopEcR, and PDFR, for known AKH-related phenotypes and found that AKH specific 

knockdown of all these receptors produced changes in starvation locomotion and 

survival. We further validated these by directly testing for changes in AKH cell 

physiology using live-cell imaging of explanted AKH cells. We found that dopamine 

induced a transient increase in calcium in AKH cells and ecdysone was capable of 
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blocking this change. Furthermore, PDF application caused increase in cAMP, which is 

dependent on expression of PDFR in AKH cells. These results not only implicate novel 

functions for some of these hormones, but provide a better understanding of how multiple 

signals converge on AKH cells to modulate changes in organismal physiology.  
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RESULTS 

AKH cells express multiple dopamine receptors and PDFR  

The downstream signaling responsible for the behavioral and physiological actions 

of AKH have been classified, however, the cellular mechanisms that govern AKH release 

are widely unexplored. There are a number of AKH specific phenotypes that make it 

possible to screen for regulatory elements using RNAi elements, however, a full scale 

unbiased screen of the Drosophila genome is impractical.  To gain insight into potential 

regulatory elements governing AKH release, we performed RNAseq on isolated AKH 

expressing cells. Briefly, we microdissected AKH cells from 250 individuals, using the 

expression of GFP under the control of AKH GAL4 driver to specifically label the AKH 

cells. These samples were then pooled together and RNA was extracted and analyzed on 

an ion torrent platform. This analysis resulted in 1.8 million total reads and while we cannot 

fully rule out contamination by other tissues, we consider the genes with multiple 

sequenced transcripts to be strong candidates for further analysis.  

 While the rationale for this experiment was to gain an unbiased view of the entire 

suite of transcripts expressed in AKH cells, we were particularly interested in the receptors 

identified from this analysis. Mining this dataset, we found transcripts for 34 different 

GPCRs that were highly enriched in our sample. Interestingly, all four of the known 

Drosophila dopamine receptors are present in AKH cells, with the Dopamine Ecdysone 

receptor (DopEcR) and the Dopamine 2 like receptor (D2R) as the first and second highest 

expressed receptors, respectively (Figure 3.1). We also chose to evaluate PDFR, since 

previous evidence from our lab suggested that it was a modulator of AKH release.  
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We also took advantage of various driver lines to test for colocalization of our 

candidates and AKH cells. We found that the PDFR-Gal4 and DopEcR-Gal4 drive 

expression in AKH cells (Figure 3.2). Experimental evidence shows that these drivers at 

least partially recapitulate endogenous expression patterns of their respective genes and 

importantly these driver lines were previously validated and have been shown to rescue 

associated behavioral phenotypes (Lear et al. 2009; Ishimoto et al. 2013). Since PDF is the 

primary output of the circadian clock and is generally thought to synchronize different 

clock cells, we screened a number of drivers of core clock genes and found that none 

colocalized with AKH cells (data not shown). Together these results provide a number of 

lines of independent evidence that these candidates are likely to be expressed in AKH cells. 

 

A 

DopEcR>GFP Merged αAKH 

Figure 3.2 Validation of receptor expression in AKH cells.  
A) PDFR-Gal4 expressing mCD8-GFP (green) co-localized with αAKH 
immunostaining (red). B) We isolated AKH cells from adults for RNA 
amplification. Using gene-specific, intron spanning primers we were able to 
confirm expression of mature PDFR transcript. C) DopEcR-gal4 expressing 
mCD8-GFP (green) co-localized with αAKH immunostaining (red). 

PDFR>GFP Merged αAKH 
B 

C 
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Dopamine receptor knockdown in AKH cells exhibit starvation phenotypes: 

 Having validated the expression of these receptors in AKH cells, we next tested 

whether genetic knockdown of these receptors would produce starvation phenotypes.   

Multiple investigations consistently found that the loss of AKH signaling leads to increased 

energy stores and decreased locomotion under starvation which together result in increased 

survival under starvation (Lee et al. 2004; Isabel et al. 2004; Braco et al. 2012). We 

hypothesized that if these receptors were present the loss of the receptor would lead to a 

change in lifespan and locomotion under starvation. Using this experimental framework, 

we modified our previous starvation paradigms (Zhao et al. 2010; Braco et al. 2012) for 

one that would more accurately measure lifespan and simultaneously monitor locomotion.  

 We tested four different RNAi elements targeting the dopamine receptors present 

in the Drosophila genome and expressed in AKH cells, for changes in lifespan during 

starvation. Additionally, we tested a DopEcR loss of function mutant (DopEcRPB). We 

found that genetic knock down of all four dopamine receptors in AKHs cells and the 

DopEcRPB showed a significant reduction in lifespan under starvation (Figure 3.3).  
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Changes in lifespan were accompanied by aberrant locomotor phenotypes under starvation. 

We found that manipulations in three of the four dopamine receptors (DopEcR, Dop2R, 

and DopR) resulted in advanced onset of hyperactivity under starvation (Figure 3.4) and 

increased locomotion, whereas D2R showed a significant decrease in locomotor activity 

(Figure 3.5).  Together these results suggest that dopamine may act as an inhibitor of AKH 

secretion, however, it is entirely unclear what role ecdysone has in AKH cell physiology. 

To more fully explore the interaction of dopamine and ecdysone in AKH cells, we 

monitored explanted AKH cells expressing a calcium sensitive GFP, GCaMP6s1, in 

response to hormone application.  

  

Figure 3.3 Knockdown of 
dopamine receptors in AKH cells 
result in starvation phenotypes. 
Lifespan measurements during 
starvation of animals with wild-
type AKH cells (AKH Gal4/+), 
AKH cells expressing RNAi 
elements against various dopamine 
receptors. Black bars indicate 
statistically different from AKH-
Gal4/+ (p<0.001) (ANOVA).  A 
Tukey’s post-hoc comparison was 
used to evaluate statistical 
differences between genotypes. 
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Figure 3.4 Manipulation of dopamine receptors in AKH cells affects locomotor 
dynamics and onset of starvation induced hyperactivity. 
Activity was measured using Trikinetics monitors and recorded as beam breaks per 
hour. Black indicates average locomotion for the 48 hours prior to starvation and was 
used as a baseline for comparison. Red indicated average locomotion under 
starvation. Arrows indicate the onset of starvation induced hyperactivity defined as 
the point at which 3 consecutive time points had increased locomotion compared to 
baseline (p<0.05) defined by a two way ANOVA and a Sidak’s multiple comparison 
test.  
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Figure 3.5 Manipulations of dopamine signaling affects locomotion. 
Comparison of mean activity over 24-hour period per fly. (+) indicates replete condition, 
(-) indicates starvation. Black bars indicate statistical difference between control and 
experimental genotype under that condition (p<0.05) using a two-way ANOVA and a 
Sidak Multiple Comparison test. (*) indicate statistical difference (p<0.05) and (**) 
indicates statistical difference (p<0.005) between conditions within a given genotype 
using a Two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli.  
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Dopamine and ecdysone modulate AKH cells 

Calcium is a limiting factor in the fusion of exocytotic vesicles with the cell 

membrane. As such, calcium levels can serve as a general proxy for secretion/cell 

activation. We tested if dopamine was capable of effecting calcium levels in explanted 

AKH cells. Interestingly, we found that dopamine-induced responses were dependent on 

the extracellular concentration of sugar. Under high extracellular trehalose levels (15mM), 

dopamine application failed to produce a response, however under low extracellular 

trehalose levels (3mM), dopamine induced a strong peak in calcium in a dose-dependent 

manner (Figure 3.6). We hypothesize that this context dependence likely reflects changes 

in basal receptivity of AKH cells. We, and others, have previously reported that low 

extracellular trehalose concentration result in AKH cell activation, however this was over 

a much longer time course (30 minutes), whereas peak dopamine responses occurred within 

30 seconds after application. We next tested if ecdysone was capable of changing calcium 

concentrations and found that application of 20HE (20-hydroxyecdysone) resulted in no 

change in AKH cell activation. However, coapplication of ecdysone and dopamine 

completely blocked any increase in calcium suggesting that these two hormones are acting 

antagonistically in vivo (Figure 3.6).  
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PDFR knockdown in AKH cells exhibit starvation phenotypes 

We also found that RNAi mediated knockdown of PDFR resulted in a starvation 

resistant phenotype, suggesting that PDFR facilitates AKH release (Figure 3.7). One 

interesting feature of PDFR is that it does not show desensitization in response to ligand 

binding (Shafer et al. 2008; Choi et al. 2009). Thus, persistent presentation of the ligand, 

* 

* 

Figure 3.6 AKH cells respond to dopamine and ecdysone.  
Change in fluorescence measured 15s after treatment. Application of dopamine 
significantly increases fluorescence measured by calcium reporter, GCaMP in response to 
dopamine. * indicated significantly different than vehicle (p<0.01). Application of 20HE 

10
-4

M does not alter GcAMP response. Coapplication of dopamine 10
-5

M and 20HE 10
-4

 
M abolishes dopamine induced response. Data was analyzed using a ANOVA and a 
Tukey’s post hoc analysis. 
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Pigment dispersing Factor (PDF), would lead to chronic activation. A genetically encoded 

membrane-tethered PDF has been useful to investigate PDF gain of function phenotypes 

and does so in only cells that endogenously express the PDFR (Choi et al. 2009a).   We 

found that expression of tPDF in AKH cells resulted in a short lived phenotype, consistent 

with our hypothesis that PDF modulates AKH release (Figure 3.7). 

 

Since PDF is a known regulator of locomotor rhythmicity we asked if there were 

any changes in the locomotor profiles of these manipulations. PDFR-RNAi knockdown 

showed slightly elevated activity under replete conditions and a wild type response to 

starvation (Figure 3.8). In contrast, expression of tPDF resulted in an abnormal locomotor 

pattern under both fed and starved conditions with especially high relative amounts of 

nighttime activity (Figure 3.9). These results corroborate the hypothesis that PDF 

Figure 3.7. PDFR 
manipulations in AKH cells 
result in starvation 
phenotypes. 
Lifespan measurements during 
starvation of animals with wild-
type AKH cells (AKH Gal4/+), 
AKH cells expressing PDFR-
RNAI, AKH cells expressing 
RPR, and AKH cells expressing 
tethered PDF (tPDF). Reduction 
in PDFR signaling leads to an 
increase in starvation 
survivorship. Increased PDFR 
activation via tPDF leads to 
significantly decreased lifespan 
under starvation (p<0.05) 
(ANOVA). Black indicates 
significant difference to control 
(Tukey’s post hoc analysis) 
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facilitates AKH release, we next tested that hypothesis by assessing functional PDF 

signaling in AKH cells.   
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Figure 3.9 Manipulations of PDF in AKH cells signaling 
affects locomotion. 
Comparison of mean activity over 24 hour period per fly. (+) 
indicated replete condition, (-) indicated starvation. Black bars 
indicate statistical difference between control and experimental 
genotype under that condition (p<0.05) using a two-way ANOVA 
and a Sidak Multiple Comparison test. (*) indicate statistical 
difference (p<0.05) and (**) indicates statistical difference 
(p<0.005) between conditions within a given genotype using a 
Two-stage linear step-up procedure of Benjamini, Krieger and 
Yekutieli.  

** 

* 
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PDF acutely modulates AKH cells 

We tested whether PDF is capable of directly acting on AKH cells by expressing a 

fluorescent cAMP reporter, Epac-camps, in AKH cells (Shafer et al. 2008), since the PDFR 

has been shown to couple to this second messenger (Hyun et al. 2005). We found that 

direct application of PDF to explanted AKH cells decreased FRET signatures of the 

reporter, consistent with elevated levels of cAMP (Shafer et al. 2008). These values were 

similar to the values observed with application of forskolin, a positive control that elevates 

cAMP levels (Figure 3.10). In order to test the directness of this response, we repeated 

these experiments with a co-expressed PDFR-RNAi element. Knockdown of PDFR in 

AKH cells abolished PDF-induced responses, showing that PDF is directly acting on AKH 

cells. 
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DISCUSSION 

In this study, we identified and characterized three hormones, (dopamine, 

ecdysone, and PDF) that are likely to directly regulate AKH secretion. Our initial 

exploration of the AKH cell transcriptome revealed the expression of a number of potential 

candidate GPCRs. We validated the expression of these receptors using multiple genetic 

and molecular methods. Next we tested we explored the behavioral consequences of 

knocking down these receptors in KHA cells and found that knockdown of each dopamine 

receptor produced aberrant changes in locomotion. Specifically, we found that 3 of the four 

dopamine receptors showed increase baseline locomotion as well as earlier onset of 

starvation induced hyperactivity.  These manipulations also manifested in short lived 

phenotypes under starvation. We also found that changes in PDF signaling resulted in 

changes in lifespan and locomotion. We then functionally characterized their roles in AKH 

cells using live-cell imaging. Collectively, these results clearly show that AKH cells are a 

critical point of integration lying at the crossroads between physiology/behavior and 

metabolic state of the organism.  

Dopamine and ecdysone modulate AKH cells 

Previous literature has found that dopamine is involved in a number of different 

behaviors and physiologies including courtship, memory formation, and circadian rhythms 

(Lebestky et al. 2009; Freeman et al. 2012; Keleman et al. 2012; Linford et al. 2015b). 

Interestingly, functional characterization of dopamine signaling illustrates a number of 

parallels to AKH signaling. Specifically, pharmacological and genetic manipulations, 

intended to elevate dopamine signaling, cause increased locomotor activity and enhanced 
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gustatory perception of sugar (Kume et al. 2005; Inagaki et al. 2012; Yamamoto and Seto 

2014). Dopamine levels also rise in response to multiple forms of stress including 

oxidative, heat shock, and starvation (Gruntenko and Rauschenbach 2008).  As previously 

mentioned, the loss of AKH signaling leads to a loss of starvation-induced hyperactivity, 

and the titers of AKH increase as a function of elevated metabolic demand.   

Given these parallels, we hypothesized that dopamine may be acting through 

changing AKH levels. To test this idea, we investigated the behavioral consequences of 

knocking down each dopamine receptor in AKH cells. We postulated that if dopamine was 

activating AKH, then the loss of dopamine signaling should lead to decreased AKH release, 

and consequently manifest as increased starvation longevity. Contrary to our initial 

hypothesis, expression of any of the four dopamine receptor RNAi’s led to a significant 

decrease in starvation survivorship, suggesting that dopamine is inhibiting AKH release. 

Our locomotor analysis also supported this notion as RNAi elements targeting DopEcR, 

DopR, and DopR2 as well as the DopEcrPB showed elevated locomotion under starvation 

and earlier onset of starvation induced hyperactivity. Interestingly, previous reports found 

that AKH loss of function results in changes in only starvation-induced activity levels, 

while locomotion with ad libitum access to food is unchanged. In these studies, we found 

that all manipulations displayed significant increases in basal locomotion suggesting that 

AKH may be sufficient to alter activity levels, independent of nutritional status. Our results 

suggest that multiple dopamine receptors are present in AKH cells and are acting to 

modulate AKH release. 

These experiments also implicate ecdysone signaling as an important endocrine 

factor that regulates metabolic status. Either a reduction of the expression of DopEcR levels 
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or the complete loss of the receptor both show changes in locomotion levels and starvation 

sensitivity.  The DopEcR is an interesting GPCR as it also binds the lipid-soluble steroid, 

ecdysone (Srivastava et al. 2005).  Specifically, ecdysone has been shown to abolish 

dopamine-induced responses (Srivastava et al. 2005) and is thought to change the signaling 

parameters of the receptor (Evans et al. 2014). While ecdysone signaling is well-known 

for its impact in mediating developmental transitions, recently studies have shown 

ecdysone signaling to be a critical mediator of stress responses in adult insects (Simon et 

al. 2003; Terashima et al. 2005).  

Like dopamine and AKH, ecdysone titers increase under metabolic stress 

(Gruntenko and Rauschenbach 2008). Furthermore, increased ecdysone halts oogenesis in 

females and consequently, shifts nutrient allocation from reproduction to survival 

(Terashima et al. 2005). Consistent with our findings, unpublished observations from the 

lab of Kitamoto also found that the DopEcRPB had significantly higher locomotion and 

showed higher sensitivity to starvation (Ishimoto and Kitamoto 2011). From this evidence 

we hypothesized that ecdysone may abolish the inhibitory effects of dopamine on AKH 

cells and directly tested for interactions of these two hormones. We found that 

administration of dopamine under high extracellular trehalose failed to induce any change 

in GCaMP fluorescence. However, we did  find that when extracellular trehalose was low, 

dopamine induced a strong increase in fluorescence. Furthermore, co-application of 20E 

eliminated any dopamine response under these nutrient levels. Ecdysone is thought to act 

by directly modulating DopEcR activity, in our experiment the entirety of the dopamine 

induced response was abolished by ecdysone despite the fact that other dopamine receptors, 

not impacted by ecdysone, are present in AKH cells. One potential hypothesis is that the 
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other dopamine receptors are signaling in alternative manners and that the calcium influx 

is primarily downstream of the DopEcR. Additionally, the DopEcR is the most abundantly 

expressed receptor, according to our transcriptome dataset. Consequently, the other 

dopamine receptors may be modulating the DopEcR response.  One potential mechanism 

in which dopamine receptors can interact has been described in mammals. Specifically, 

work has shown that dopamine receptors can dimerize with other dopamine receptors as 

well as other hormone receptors (Perreault et al. 2014). Heterodimerization of GPCRs is a 

widespread phenomenon, however, the functional significance of such receptor complexes 

are in general, poorly understood.  Interestingly, certain heterodimeric receptor complexes 

cause changes in downstream signaling pathways elicited from a transmitter as compared 

to a homodimeric receptor complex (Sakai et al. 2008) or fundamental changes in receptor 

trafficking or desensitization kinetics (Bettler et al. 1998). We hypothesize that the 

additional dopamine receptors may act to modulate DopEcR signaling to precisely regulate 

AKH cell responsiveness to these different ligands (dopamine or ecdysone). These results 

clearly demonstrate that dopamine and ecdysone are acting antagonistically on AKH cells, 

however, they also suggest a more complex system than initially hypothesized. 

While all of our independent experiments firmly establish a role for dopamine and 

ecdysone impacting AKH signaling, how do we reconcile the different results suggesting 

that dopamine may inhibit or enhance AKH signaling? One hypothesis is that dopamine 

may act as a neuromodulator, and the idea that dopamine must either be an excitatory or 

an inhibitory input is likely to be too simplistic.  That idea is supported by the observation 

that multiple dopamine receptor subtypes are present in AKH cells, and that dopamine 

responsiveness of AKH cells is dependent on extracellular sugar levels. Furthermore, 
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interpretation of our behavioral experiments center on animals expressing lifelong genetic 

constructs may not be readily comparable to interpretations of dopamine action on AKH 

cell physiology observed along much shorter timescales.   Given the contextual dependence 

of dopamine signaling, we submit that loss of dopamine receptor signaling phenotypes may 

not simply distill into a model in which dopamine inhibits AKH secretion.    

Further complicating our understanding of the behavioral phenotypes is the fact 

that both dopamine and ecdysone rise in response to stress in vivo. Our results suggest that 

these two hormones are acting antagonistically to regulate AKH indicating that the 

pertinent information is in the ratio of these two hormones. Consequently, the net 

contribution of this receptor to AKH cells is reliant on the precise stoichiometry of these 

two molecules at a given time.  Furthermore, the temporal dynamics of both dopamine and 

ecdysone increases are unclear and it may be that the relevant information is when during 

stress these hormones are released as well as absolute abundance. 

While all of our genetic manipulations were limited to the AKH cell lineage, we 

cannot rule out that AKH may impact other hormonal systems, and consequently, that the 

behavioral phenotypes associated with dopamine receptor manipulation reflect circuit level 

actions. For example, AKH release causes the mobilization of trehalose from the fat body. 

DILP cells are also sensitive to changes in extracellular sugar and AKH-mediated 

mobilization of trehalose is likely to impact DILP release (Kréneisz et al. 2010). 

Interestingly, both the insulin receptor (InR) and AKHR are expressed in group of 

octopaminergic neurons in the CNS where they act antagonistically to regulate locomotion 

(Yu et al., 2016). Thus, the phenotypes we observed with dopamine receptor manipulations 

could be the result of circuit level changes. Moreover, our work has clearly shown that 
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AKH cells are downstream of multiple endocrine signals and it is possible that changes in 

AKH signaling are impacting feedback mechanism through other hormonal inputs. AKH 

is also known to be involved in an indirect autoinhibtory feedback loop through the 

mobilization of sugar from the fat body (Lee et al. 2004; Kim and Rulifson 2004; Braco et 

al. 2012). Heightened AKH release may therefore inhibit further AKH release by adjusting 

sugar levels in such a way that they inactive AKH cells. Despite the difficulties to firmly 

establish how dopamine impacts AKH release, this work has clearly shown that dopamine 

and ecdysone can modulate AKH release, and presumably, in a more complex way than 

previously predicted.   

PDF modulation of AKH cells 

Our experiments also identified Pigment Dispersing Factor, PDF, as a candidate 

hormone that regulates AKH cell physiology. PDF is best known for its paramount role in 

regulating circadian rhythmicity (Hyun et al. 2005; Shafer et al. 2008; Choi et al. 2009b; 

Peschel and Helfrich-Förster 2011). We postulated that PDF may be acting to regulate 

AKH cells in a circadian fashion, as recent studies have established connections between 

the circadian system and metabolic control (Sehgal 2016). The current model of PDF action 

is that of a wake- promoting hormone, secreted in the early morning, and peaking in 

concentration before dawn (Schneider and Stengl 2005). Based on the evidence of the PDF 

receptor (PDFR) being expressed in AKH cells, we speculated that PDF may target AKH 

cells to coordinate energy release in anticipation of morning activity.   Introduction of an 

RNAi element targeting PDFR significantly extended lifespan under starvation and in 

contrast, the introduction of the tethered PDF (to constitutively stimulate PDFR) decreased 
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starvation longevity.  These observations are consistent with a model in which PDF 

facilitates AKH release.   

Since PDF is a responsible for the temporal regulation of locomotor activity, we 

next analyzed the locomotor activity under both replete and starvation conditions. 

Surprisingly, we found PDFR knockdown showed elevated locomotion under replete 

conditions and in contrast, expression of tPDF showed significantly lower basal activity 

that appeared unchanged during starvation. Considering that AKH is a requirement for 

starvation-induced hyperactivity and that it appears that AKH gain of function variants 

enhance locomotor activity (Isabel et al. 2005), these results appear to contradict the 

interpretation that PDF acts to increase AKH titers.  Notably, animals with constitutive 

PDFR activation showed abnormally high levels of activity during the night and perhaps, 

the temporal change in activity levels reflects a chronic sleep deprivation and this is the 

explanation for reduced longevity.  Notably, we observed that exogenous PDF application 

to explanted AKH cells result in increased levels of cAMP, the second messenger 

downstream of PDFR and that such responses were PDFR dependent.  Collectively, these 

results verify that PDFR is expressed in AKH cells and that PDFR action regulates AKH 

release.  

Our work, as well as previous reports, suggest that AKH is dispensable for rhythmic 

locomotor response (Lee et al. 2004). Although, we cannot fully rule out the potential for 

PDF to modulate AKH in a circadian manner, the notable absence of any circadian 

phenotype in locomotion suggests that PDF may be acting on AKH cells in a clock-

independent fashion. A major hypothesis of PDF action is that it acts to synchronize other 

temporal centers (Peschel and Helfrich-Förster 2011; Seluzicki et al. 2014) Recently, 
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investigators succesfully identified a group of non-clock cells that regulate rhythmic 

feeding via PDF modulation (Cavey et al. 2016). However, other investigations suggest 

that PDF may have non-clock functions. Specifically, one group found that manipulations 

of PDF signaling altered triglyceride levels independent of clock function (DiAngelo et al. 

2011).  Given that the circadian loci of PDF action has been mapped to a group of central 

neurons (Shafer et al. 2009), it seems unlikely that central PDF neurons are impacting AKH 

cells. In addition to central expression, PDF is also expressed in a subset of neurons in the 

ventral nerve cord (VNC) that project posteriorly to the midgut (Talsma et al. 2012) . These 

PDF neurons do not express any clock genes and are dispensable for circadian rhythmicity. 

Furthermore, they have been shown to impact ureter contractions in the midgut and 

consequently osmotic homeostasis(Talsma et al. 2012). It is possible that these PDF 

neurons may provide the hormone source that is upstream of AKH.  

PDFR is also known to respond to another ligand DH31, although at a much lower 

affinity (Johnson et al. 2004; Mertens et al. 2005). DH31 is a multifunctional hormone that 

has been linked to stress response behaviors as well as circadian rhythms (Kunst et al. 

2014). Unlike PDF, DH31 is expressed in many tissues, including enteroendocrine cells in 

the gut (Park, Kwon, et al. 2011) and therefore, may more abundant in circulating 

hemolymph than PDF.  Consequently, it may be that DH31 signaling via PDFR is relaying 

information form the digestive system to AKH cells.  

Conclusion 

 These results demonstrate that AKH cells are regulated by multiple hormones. 

While the predicted phenotypic outcome proved more complex that initially hypothesized 
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it is clear that dopamine, ecdysone, and PDF are all capable of directly acting on AKH 

cells. Furthermore, our results suggest that these signals are interacting in a complex 

context specific manner. This study highlights the importance in future investigations 

needed to unravel the mechanisms underlying AKH cell physiology.  
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MATERIAL AND METHODS 

Fly husbandry 

All flies were maintained in an incubator maintained at 25° and under a 12:12 

light/dark (LD) cycle unless otherwise stated. Flies were cultured on a standard 

molasses–malt–cornmeal–agar–yeast medium and housed in uncrowded conditions. 

 

Individual locomotion/starvation  

3-5 day old males were sorted 12-24 hours prior to the start of the assay. At ZT0 

individual male flies were loaded into 5 x 65 mm Polycarbonate Plastic tubes capped at 

one end with a ½ inch piece of yarn. Once loaded, a 200 microL pipette tip filled with 

standard Drosophila media and sealed at one end was placed on the end of the plastic 

tube. Tubes were then loaded into Trikentics DAM 2 monitor for 3 days of entrainment 

on replete media. Total beam counts were monitored continuously through an automated 

system for the duration of the experiment at 10 minute intervals. At Zt0 on the third day 

data collection was paused and media containing pipette tips were replaced with a tips 

containing a 2% agar water solution. Locomotion was monitored for at least three days or 

until all flies in starvation had ceased moving for 12 hours.  Following the experiment, 

beam breaks were binned into 1 hour intervals and used for locomotor analysis. Day 1 

data was considered a recovery and acclimation period and was removed from analysis.  

Death was approximated as the time point following the last registered beam break.  
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Live cell imaging 

For live cell imaging experiments, adult ring glands were dissected and placed in 

AHL (adult hemolymph-like) (Feng et al., 2004) solution containing 12mM trehalose and 

3Mm sucrose or 3Mm trehalose 12mM sucrose (when stated). Dissections where then 

placed on a plastic cover slip containing 180microL of AHL. Explanted ring glands were 

then viewed on a Zeiss LSM 710 confocal microscope and visually inspected for damage 

prior to imaging. All imaging settings were kept constant between experiments. 20microL 

of treatment were applied in a dropwise manner. 

For calcium imaging a 20x 0.8 NA objective and a 488nm laser were used. Z stacks 

were collected in 10 second intervals. Cells were imaged for 1 minute prior to treatment. 

After imaging Z stacks were collapsed to maximum intensity projections. A region of 

interest was manually drawn for each ring gland and total values for pixel intensity were 

assessed.  Values were exported in Excel and normalized to the time point immediately 

prior to application. Dopamine was prepared in 10%PBS AHL solution and added in 

dropwise fashion to reach the final concentration. A Kruskal Wallis ANOVA was used for 

analysis and no fewer than 5 replicates were tested per condition.  

For cAMP imaging, a 40X 0.95NA objective was used. CFP was excited using a 

440nm laser. Z stacks were collected in 10 second intervals and imaged for 1 minute prior 

to treatment. After imaging, Z stacks were collapsed to maximum intensity projections. A 

region of interest was manually drawn for each ring gland and total values for pixel 

intensity were assessed.  Values were exported in Excel and adjusted for spillover (SO). 

Spillover was calculated using CFP expressing HEK cells under the same conditions 

previously described and found to be 54%. Fret ratio was calculated =
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∗
 (Shafer et al. 2008). Data was normalized to the time point immediately prior 

to application and Friedman’s test was used to determine significance. No fewer than 3 

replicates per condition were tested.  

Immunostaining 

All tissues dissections for immunostaining were done in 1X PBS Tx under a 

standard dissecting microscope. Tissue was then placed immediately into fixative (4% 

Paraformaldehyde 7% picric acid) for 1 hour at room temperature. Tissue was then 

washed 10X with 1X PBS Tx before blocking with (%) BSA 1X PBS Tx solution for one 

hour at room temperature. Next tissue was placed in 1:1000 αAKH for 1 hour at room 

temperature and then washed 10X before moving the tissue to 1:1000 Anti Rabbit Cy3 

for 2 hours at room temperature. Tissue was next washed and placed into a drop of 

glycerol to dehydrate it. Finally, the glycerol was removed by capillary action of a 

kimiwipe (wicking) and replaced with Anti Fade mounting media. All images were taken 

on a Zeiss 710 confocal microscope. 

 

AKH specific Transcriptome 

Adult Drosophila ring glands expressing mCD8-GFP were dissected under a 

fluorescent stereoscope and visualized with a powerful LED lamp. The AKH cells were 

then separated from surrounding tissue and loaded into a glass capillary tube using 

suction. Immediately following the dissection, the tips of the capillary tubes were placed 

into trizol and stored for extraction.  250 AKH cell preps were pooled for transcriptome 

analysis. Tissues were homogenized and total RNA was isolated and primers were ligated 

using an Ion Total RNA-Seq Kit (ThermoFisher) according to manufacturer’s 
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instructions.  Following PCR amplification and size selection, samples were sequenced 

on an Ion Torrent PGM (ThermoFisher). Reads were mapped to the Drosophila genome 

using NextGene.   
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CHAPTER 4 

A behavioral screen identifies multiple ion channel types which regulate the 

excitability of neuroendocrine cells expressing the metabolic hormone, AKH, in 

Drosophila 

ABSTRACT 

Adipokinetic Hormone (AKH) is the functional equivalent of mammalian 

glucagon, as it is the primary insect hormone that mobilizes energy from stores.  A growing 

body of literature has explored the downstream actions of AKH in Drosophila and has 

solidified AKH as an integral part of the endocrine network controlling metabolic 

decisions. Most studies have primarily focused on exploring the role of AKH and its 

interactions with other endocrine signals, little is known about how AKH secretion is 

regulated. Here, we performed a targeted RNAi screen aimed to identify candidate ion 

channels that participate in excitation-secretion coupling in AKH neuroendocrine cells. 

Specifically, we introduced RNAi elements that targeted 41 of the 47 predicted ion channel 

genes present in the Drosophila genome and assessed starvation survival as altered AKH 

cell physiology alters starvation sensitivity. We found that the genetic knockdown of, Ca-

Beta and Sur led to an increase in starvation lifespan and knockdown of sei caused a 

significant decrease in survivorship, suggesting an AKH gain of function phenotype. As 

alterations of AKH cell physiology impact starvation-induced hyperactivity, we next 

assayed how reduced ion channel expression impacted locomotor activity. We found that 

RNAi manipulations led to changes in both replete and starvation locomotion. We tested 

the possibility that AKH cell specific RNAi introduction caused a pathological effect, and 

using immunocytochemistry show that AKH cell survivorship and AKH hormone 
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expression were not adversely impacted in these genetic backgrounds. Collectively, these 

results suggest a model of AKH cell excitability, and established an experimental 

framework for evaluating intrinsic mechanisms of AKH release.    
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INTRODUCTION 

Despite the identification of distinct hormones that liberate stored energy, the 

intrinsic mechanisms that couple nutrient sensing to changes in cell physiology and 

hormone secretion are lacking. In insects, Adipokinetic hormone (AKH) is the functional 

equivalent of mammalian glucagon, as it is the primary hormone that facilitates the 

mobilization of stored energy (Gäde and Auerswald 2003). During periods of low 

circulating energy, AKH is secreted from a discrete subset of neuroendocrine cells and 

binds to its specific receptor (AKHR). The AKHR is expressed in the insect fat body 

(Grönke et al. 2007), which is the principal organ involved in fat and carbohydrate stores. 

AKHR activation leads to increased glycogen phosphorylase activity as well as the 

mobilization of stored lipids through lipase activity (Van der Horst et al. 2001; Grönke et 

al. 2007). 

In Drosophila, either the targeted ablation or the blockade of synaptic transmission 

of the neuroendocrine cells that express AKH, cause increased survival during starvation. 

The underlying mechanism responsible for this phenotype  is the accumulation of energy 

stores under replete conditions and a loss of starvation-induced hyperactivity (Lee et al. 

2004; Isabel et al. 2005). These phenotypes are exhibited in strains that lack either the 

AKH hormone or  its specific receptor (Bharucha et al. 2008; Braco et al. 2012) and 

implicate AKH as being a critical regulator of normal responses to starvation. Despite the 

importance of AKH as a metabolic regulator, little work has explored the physiology of 

AKH cells. Specifically, the mechanism that couple nutrient sensing to changes in AKH 

cell excitability.  
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Unlike neurons, AKH cells are neurosecretory cells derived from mesoderm (Park, 

Bustamante, et al. 2011). Thus, excitation-secretion coupling of AKH release may be 

substantially different from typical neurons. Previous reports from other insects have 

shown that AKH cells are electrically excitable, and display spontaneous electrical activity 

(Bloemen and de Vlieger 1985). Consistent with these findings, work in Drosophila has 

shown that electrically silencing of AKH cells through the introduction of constitutively 

open potassium channel (Kir2.1) mirrors AKH loss of function phenotypes (Kim and 

Rulifson 2004). Thus, we suspect that AKH release is modulated at the level of excitation-

secretion coupling. However, the identity of the ion channels modulating excitability and 

how energetic status couples to them remains unclear. 

Given AKH’s role in modulating energy metabolism it is not surprising that AKH-

expressing cells are intrinsically sensitive to hemolymph sugar levels (Kim and Rulifson 

2004; Braco et al. 2012).  One suspected nutrient sensing mechanism is the AMP-activated 

protein kinase (AMPK) as it is critical for heightened AKH secretion during low energy 

conditions and the mechanism of action is thought to be in modulation of AKH cell 

excitability (Braco et al. 2012). In mammals, AMPK is known to couple to a variety of 

downstream cellular pathways that in turn adjust cellular physiology (Long et al. 2006; 

Segatto et al. 2016). Given AMPK’s role in modulating hormone secretion in neuronal 

tissues it is not surprising that AMPK has been shown to directly or indirectly act with a 

number of different ion channel species (Evans et al. 2009).  

In addition to AMPK, AKH neuroendocrine cells are thought to express the K+
ATP 

channel subunit Sur (Kim and Rulifson 2004). K+
ATP channels are particularly interesting 

because they are directly gated by the concentration of free ATP (Nichols 2006). When 
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cellular ATP is low the channels are active and pass a hyperpolarizing current and 

conversely high ATP levels lead to channel inactivation and local depolarizations (Nichols 

2006). Paradoxically, these channels are thought to be responsible for energy sensing in 

both AKH cells (Kim and Rulifson 2004) and DILPs (Fridell et al. 2009) cells as well as 

their mammalian counterpart’s pancreatic alpha (Göpel et al. 2000) and beta cells (Tarasov 

et al. 2004) respectively. If the gating mechanisms are similar in both cell types how do 

changes in energy lead to antagonistic effects on hormone secretion, i.e. how does channel 

inactivation lead to secretion in one cell type and inhibition in another?  In mammals, the 

current hypothesis suggests that although K+
ATP channels are gated by the same 

mechanism, the specific ion channels expressed in each cell type determine whether the 

net effect is inhibitory or excitatory to secretion. Conductance in pancreatic alpha cells are 

tightly regulated such that K+
ATP channel closure and the subsequent decrease in membrane 

potential results in voltage depended calcium channel inactivation (Rorsman et al. 2014).  

Considering the parallels between AKH and mammalian glucagon, investigations of AKH 

cell physiology could inform future experiments in mammals and may provide insight into 

the precise mechanisms underlying excitation-secretion coupling of metabolic hormones. 

To investigate the mechanism gating AKH secretion we performed a screen aimed 

at identifying ion channels contribution to AKH release. In this report, we identify a cohort 

of voltage gated ion channels that are critical for regulating AKH cell excitability.  These 

include the channels that are encoded by the seizure, Ca-Beta, and Sur genes as identified 

by behavioral phenotypes. These results implicate these channels as important factors that 

mediate AKH cell excitability and consequently, the release of AKH and ultimately, in 

metabolic homeostasis.  
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RESULTS 

Manipulations impairing AKH release causes enhanced survivorship during 

starvation challenges (Lee et al. 2004; Isabel et al. 2005; Braco et al. 2012). We performed 

a genome-wide RNAi screen using starvation survival as a behavioral measure to identify 

ion channels that regulate AKH signaling. We reasoned that the AKH cell-specific genetic 

knockdown of an excitatory ion channel, one that normally facilitates AKH release, would 

result in longer-lived flies under starvation conditions. In contrast, we predicted that the 

knockdown of an inhibitory conductance would result in shorter-lived flies.   

We tested the AKH-cell specific introduction of available RNAi elements targeting 

41 of the 47 voltage-gated ion channels encoded in the Drosophila genome (Littleton and 

Ganetzky 2000) for variations in starvation lifespan (Table 4.1). We set our criteria for 

establishing candidates as the mean median lifespan of a given genotype being two 

standard deviations from wild-type lifespan. Notably, all of these RNAi elements possess 

the same  chromosomal insertion site and thus, function as internal controls (Perkins et al. 

2015).  

Introduction of RNAi elements targeting the Calcium Beta (Ca-Beta) and the 

Sulfonylurea receptor (Sur) gene significantly lengthened starvation survival as compared 

to control animals in both males and females (ANOVA, p<0.01).  Conversely, expression 

of an RNAi element targeting the seizure (sei) gene caused a significant reduction in 

starvation lifespan in both males and females as compared to control animals (P<0.01) 

(Figure 4.1). 
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Table 4.1 Ion Channel RNAi elements. A list of all RNAi elements tested  (left), their 
corresponding Blooming Stock identification number (middle), and preferred ion 
conductance (right). 
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The loss of starvation induced hyperactivity is thought to contribute to increased 

longevity of AKH mutants under starvation. We hypothesized that genotypes with 

increased survival under starvation (Sur-RNAi and Ca-Beta-RNAi) would also show 

decreased locomotion under starvation and conversely we hypothesized that manipulations 

leading to a short lived phenotype would show an exacerbated locomotor response. 

Surprisingly, we found that baseline locomotion was increased in all of our manipulations 

in both males and females (P<0.001) (Figure 4.2). 

 

 Next, we asked how do these locomotor profiles change in response to starvation? 

In males we found that RNAi knockdown of Sur and Ca-Beta led to significantly reduced 

changes in locomotion compared to wildtype. We excluded the sei RNAi males since a 

significant number of male would have died during our window of analysis. In females, we 

found that there was no increase in locomotion in wildtype and Sur RNAi females. In 

accordance with our hypothesis, sei females showed an exacerbated locomotor response 

Figure 4.2 Analysis of Replete and Starvation Locomotion. Mean 
daily activity animals Males (Left), Females (Right). Quantification of 
replete locomotion over 24 hours reveals increased baseline locomotion 
in all RNAi manipulations, consistent between sexes. Black bars indicate 
statistically different then control genotype(p<0.001).   
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within the first 24 hours. In conflict with our hypothesis, Ca-Beta, a long lived 

manipulation, showed an exacerbated locomotor response as compared to controls (Figure 

4.3).  

 

  

Figure 4.3 Mean difference in locomotion under starvation. Mean 
Difference in activity between fed and starved animals. Males (Left), 
AKH-Sur-RNAi shows significantly lower locomotion under starvation 
as compared to control genotype(p<0.001).  Females (Right), AKH-Ca-
Beta-RNAi and AKH-sei-RNAi show significantly increased locomotion 
under starvation as compared to controls(p<0.001) (ANOVA) 
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One potential explanation for the behavioral phenotypes associated with the AKH 

cell specific expression is that these RNAi elements adversely affect AKH cell viability 

or impair mature hormone synthesis.  To evaluate potential AKH cell pathologies, we 

examined AKH production using a specific antibody against AKH. We found that in all 

genotypes AKH cell viability and mature hormone synthesis were unaffected (Figure 

4.4). These results indicate that the behavioral phenotypes are not likely to be caused by 

developmental defects, AKH cell lethality, or the lack of AKH hormone expression 

caused by RNAi introduction. 

 

  

AKH>Ca-Beta RNAi AKH>Sei RNAi AKH>Sur RNAi 

Figure 4.4. Validation of AKH cell survivability and AKH expression. 
Expression of ion channel RNAi’s does not impair cell viability or AKH synthesis. 
Representative images of adult AKH cells expressing  Ca-Beta-RNAi (left), sei-
RNAi (middle), and Sur-RNAi (right) counter stained with αAKH-Cy3 (orange). 
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DISCUSSION 

We performed a comprehensive genomic screen using a behavioral phenotype to 

identify three genes encoding ion channels that are involved in the regulation of AKH 

release. Our initial predictions were based on previous descriptions of AKH cell dependent 

phenotypes, which show the loss of the hormone or receptor increases survival during 

starvation (Lee et al. 2004; Bharucha et al. 2008; Gáliková et al. 2015).  We used an AKH 

selective driver to introduce RNAi elements targeting 41 of the 47 predicted ion channel 

genes present in the Drosophila genome (Littleton and Ganetzky 2000). We identified that 

knockdown of one ion channel gene, seizure, which encodes a voltage-gated potassium 

channel, significantly decreased lifespan during starvation.  Furthermore, AKH cell 

specific introduction of an RNAi element targeting seizure, produced significant changes 

in locomotor activity, as alterations in AKH function are associated with locomotor activity 

(Lee et al. 2004; Isabel et al. 2005; Braco et al. 2012; Yu et al. 2016) .  Additionally, we 

found that RNAi elements targeting the Beta subunit for calcium channels (Ca-Beta) and a 

Sulfonurea sensitive component of the K+
ATP channel, caused a significant increase in 

starvation lifespan.  Likewise, both Ca-Beta and Sur RNAi introduction also altered 

locomotor profiles during replete and starved conditions.   A simplistic explanation for 

these phenotypes, is that these RNAi elements either were producing AKH cell lethality or 

pathology.  We used a specific AKH antibody, and observed no AKH cell lethality and 

normal immunolabeling, suggesting that these ion channels were most likely impacting 

AKH cell excitation-secretion coupling.   

Previous work suggested that K+
ATP channel activity was critical for mediating 

AKH cell physiology, however, those experiments were only able to infer this relationship 
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through drug administration to the whole organism and the measurement of behavioral 

changes. While this metric was useful it lacked the ability to directly characterize K+
ATP 

channel function. Our results confirm these findings as manipulations of Sur lead to 

increase in lifespan, phenocopying an AKH loss of function manipulation. Mechanistically 

the loss of Sur likely prevents AKH cells from coupling low extracellular energy to changes 

in membrane potential thus leading to an overall reduction in AKH signaling.  

Consequently, AKH cells appear to have multiple intrinsic energy sensors, AMP–activated 

protein kinase (AMPK) and K+
ATP channels.  AMPK activation causes AKH cell 

secretion(Braco et al. 2012), and it would be interesting to test whether these two energy 

sensors are acting independently of each other or in concert.   

Mutation in sei have previously shown to lead to increased spontaneous 

depolarization in other tissues in a temperature sensitive manner (Zheng et al. 2014).  

Consistent with these findings, genetic knockdown of sei showed a significant reduction in 

lifespan and increased locomotion under replete and starvation conditions.  These 

phenotypes suggest an increased level of AKH secretion. Pancreatic alpha cells express 

hERG channels, the mammalian homologue of sei, which regulate resting membrane 

potential (Qiu et al. 2016). In contrast to our results, acute pharmacologic blockade of ERG 

channels shows an overall reduction in glucagon secretion (Qiu et al. 2016), While these 

channels are homologous, the dynamics of these two channels have different gating 

kinetics (Baker et al. 2015). The sei channel is likely to be involved in rapid action potential 

repolarization, whereas the slow gating kinetics of hERG lead to prolonged action potential 

plateaus. Thus, these two channels are likely to have divergent rather than conserved 

functions. 
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Ca-Beta is the only Beta subunit in Drosophila and little work has ascribed 

functional significance to its activity. Work outside of Drosophila suggests that Beta 

subunits are complexed with pore forming alpha subunits and act primarily as sites of 

modulations. In mammals, Ca-Beta subunits show diverse functions and depending on the 

specific Ca-Beta subunit, Ca-Beta can impact channel trafficking, activation/inactivation 

kinetics, as well as voltage dependence (Buraei and Yang 2013). It may be that the 

functional diversity seen in mammals is partially accounted for by the nine different splice 

variants of the Drosophila Ca-Beta (Attrill et al. 2016). 

The complete loss of AKH, AKHR, or the genetic ablation of AKH-expressing cells 

produce a consistent suite of phenotypes: increased starvation survival and a lack of 

starvation-induced hyperactivity.  Consistent with the roles of AKH mediating locomotor 

activity, the genetic knockdown of Sur, Ca-Beta, and sei, all caused increased activity 

during replete conditions.  This observation does suggest a role for these channels in 

mediating excitation-secretion coupling of AKH cells, and suggests that baseline AKH 

secretion levels are impacted in these genotypes.  However, these changes in activity levels 

during replete conditions makes it difficult to interpret the changes in activity during 

starvation, and how these correlate with changes in starvation lifespan.  Many different 

groups have presumed that the locomotor phenotypes in AKH null lines caused the 

increased longevity during starvation.  Our results suggest a looser coupling of these 

phenotypes. 

One potential explanation for this disconnect could be that AKH cells are 

heterogeneous and that expression of some regulatory elements are limited to a subset of 

AKH cells. Interestingly, two AKH loss of function phenotypes, starvation-induced 
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hyperactivity and increased triglyceride storage, have been mapped to two independent 

anatomical loci. One recent report shows that AKHR rescue in a subset of octopaminergic 

neurons in the CNS completely rescues the locomotor phenotype of the AKHR null (Yu et 

al. 2016). Additionally, another report states that the metabolic phenotype in AKHR null 

flies can be rescued by expression of AKHR in the fat body (Bharucha et al. 2008). It may 

be that differing populations of AKH cells control these two distinct phenotypes. In support 

of this notion,  AKH cells possess distinct projections that extend posteriorly to the crop, 

and anteriorally to the CNS (Lee et al. 2004). 

Another study found evidence for functional heterogeneity, noting stark differences 

in immunostaining between AKH cells within the same preps (Gáliková et al. 2015). These 

studies also suggest that AKH may be regulated by an auto-inhibitory feedback loop 

(Gáliková et al. 2015). Thus, if our manipulations inhibited secretion of AKH in one subset 

of cells, that could cause increased AKH secretion by other cells.  This could account for 

the Sur-mediated increase in baseline locomotion, and the simultaneous increase in lifespan 

under starvation.  

Another potential explanation for these results lies outside of AKH cell physiology. 

Thus, our results may reflect how the organism responds to changes in the dynamics of 

AKH signaling, which are different from the complete absence of the hormone signaling 

system. While it is clear that the genes identified in this study are modulating AKH release 

the results reveal that AKH cell physiology is more complex than previously hypothesized. 

Future studies exploring the mechanisms coupling electrical excitability to AKH release 

are paramount to our understanding of metabolism in Drosophila.  
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MATERIALS AND METHODS 

Drosophila stock and husbandry 

All flies were maintained in an incubator maintained at 25° C and under a 12:12 

LD cycle.  Flies were cultured on a standard molasses-malt-cornmeal-agar-yeast medium 

and housed in uncrowded conditions. 

 

Lifespan Measurements  

We placed thirty 3 to 5 day old mated flies (males and females housed separately) 

in vials with a two percent agar solution to starve the animals (Zhao et al. 2010).  We 

assessed percent survival of at least three replicate vials twice daily.  For each vial, we 

assessed the median survival for the treatment and data were pooled to estimate a mean 

median survival and then employed a one-way ANOVA with post-hoc Tukey’s comparison 

for differences between genotypes. 

 

Locomotor measurements  

Locomotor activity was monitored with a TriKinetics Locomotor Monitor 

(Waltham, MA) on the aggregate population of thirty 3-5 day old flies (Zhao et al. 2010). 

Each vial was considered a replicate and 3-4 replicates per condition were run.  Flies were 

housed in a 12:12 LD cycle for three days prior to the experiments.  Flies were transferred 

to a vial containing starvation or normal medium at ZT0.  Total beam counts were 

monitored continuously through an automated system for forty-eight hours.  We 

determined the amount of activity during starvation relative to the activity of fed conditions 

for the same time period (Long et al. 2006; Braco et al. 2012). 
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AKH cell imaging and immunocytochemistry 

Adult progeny from flies carrying the AKH-GAL4 transgene crossed to the UAS-

RNAi lines were dissected.  Brains were fixed in a 4% Paraformaldehyde 7% picric acid 

fixative for one hour at room temperature and washed six times with phosphate buffered 

saline (PBS) containing Triton-X 100.  A 1:1000 dilution of anti-AKH (Brown and Lea 

1988) was incubated overnight at 4 °C.  Brains were washed and a Cy-3 conjugated anti-

rabbit secondary antibody was applied overnight at 1:1000 dilution.  Tissues were then 

mounted and viewed on a Zeiss 710 confocal microscope. Images were collected using a 

40X 0.95NA objective and 561 laser line, Z stack images were taken and collapsed using 

maximum intensity projections. Setting were constant between images and adjusted post 

imaging for ease of viewing.  
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CHAPTER 5 

Concluding Remarks 

In all animals, metabolic processes are regulated by a suite of hormones that 

modulate both physiology and behavior to optimize fitness. Any change in organismal 

physiology is likely to require changes in energy allocation. In Drosophila, a number of 

hormones have been implicated in the regulation of metabolism, but only a few are 

responsible for directly modulating the storage and release of energy. In Drosophila the 

DILPs and AKH are the primary hormones controlling the storage and release of energy, 

respectively. Regulation of the DILPs has been well explored however little is known about 

the regulation of AKH. 

The goal of my work was to elucidate mechanisms that govern AKH secretion and 

thereby gain insight into the how organisms regulate metabolism. Previous reports have 

clearly established AKH as a central regulator of energy allocation especially in regards to 

its roles in stress responses. Despite a growing understanding of downstream AKH 

function, little is currently known about the regulatory mechanisms underlying AKH 

secretion.  The goal of this dissertation was to explore these questions using an integrative 

approach combining behavioral, genetic, microscopic, and molecular techniques.  

Using the resources available in Drosophila, I was able to limit genetic 

manipulations specifically to AKH expressing cells.   This feature allowed me to introduce 

specific reporters for second messengers, such as GCaMP (a fluorescent calcium reporter) 

and epac-camps (a cAMP reporter) to investigate direct changes in AKH cell physiology 

in response to applied hormones.  I was able to perform comprehensive genetic screens for 

molecules of interest using AKH-dependent behavioral measures (locomotion and 
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starvation sensitivity) as a readout.  Furthermore, I was able to perform microdissections 

on AKH cells and use next generation sequencing platforms to evaluate the AKH cell 

transcriptome.    The strength of this combinatorial approach has led to interesting 

discoveries into the nature of AKH cell regulation. 

Specifically, I was able to identify that the energy-sensitive cellular kinase, AMPK, 

acts as a regulator of AKH cell excitability. Loss of function genetic variants in AMPK 

cause behavioral phenotypes that resemble a detriment in AKH signaling.  Specifically, 

expression of RNAi elements or a dominant negative AMPK variant phenocopy the 

ablation of the cells expressing the hormone, and the loss of the AKH gene or its receptor. 

AKH cells are intrinsically sensitive to sugar (Kim and Rulifson 2004; Braco et al. 2012), 

and AKH release is elevated during low hemolymph sugar levels (Braco et al., 2012).  

Interestingly, the loss of AMPK activity in AKH cells muted this response.   AMPK 

activation, even in a replete condition, is sufficient to enhance AKH secretion, and suggests 

that AMPK modification targets AKH excitation-secretion coupling.   However, its notable 

that AMPK while serving as a critical energy sensor is not the sole arbiter gating AKH 

release.   Interestingly, the parallels between AKH and pancreatic alpha cells are intriguing 

and my results may offer insight into the more complex endocrine regulation of metabolic 

hormones in mammals.  For example, since the publication of my findings, new reports 

have found that AMPK and K+
ATP act in conjunction to regulate insulin secretion in 

mammals.   

 Next, I performed experiments aimed at identifying endocrine factors that regulate 

AKH release.   Evaluation of the AKH-cell specific trancriptome implicated the presence 

of   multiple dopamine receptors, and a host of other peptide hormone receptors.  Notably, 



117 
 

the genetic knockdown of the four known dopamine receptors encoded in the Drosophila 

genome, all produced a similar suite of phenotypes.   Specifically, RNAi elements targeting 

the Dopamine receptor caused shortened lifespan during starvation and changes in activity 

levels in both the fed and starved state.  Given that AKH cells express multiple dopamine 

receptor subtypes, I found a context dependent role of dopamine signaling at AKH cells.  

Specifically, I found that AKH cells respond to dopamine during low extracellular sugar 

concentrations.  Furthermore, this dopamine response was abolished upon co-application 

of the steroid hormone, ecdysone.  This indicates a pivotal role for the DopEcR receptor 

subtype in mediating dopamine actions at AKH cells, as this receptor binds dopamine and 

ecdysone in a competitive manner(Srivastava et al. 2005a) (reference). My results 

suggested a complex interaction of multiple factors especially in regards to AKH regulation 

via dopamine signaling.  

I further evaluated a receptor for the circadian neuropeptide, PDF.  AKH cell 

specific manipulation of PDF signaling caused significant changes in starvation sensitivity 

and concomitant changes in locomotor activity.  Specifically, an RNAi element targeted 

the PDF receptor caused increased starvation longevity, and in contrast, introduction of a 

membrane tethered PDF peptide (to constitutively activate the receptor) caused the 

expected reduction in starvation longevity.   Furthermore, PDF application to explanted 

AKH cells elicits a response during high extracellular trehalose levels. Collectively, my 

results suggest a complex hierarchy in which endocrine signaling may be dependent on 

context such as circulating sugar.  

Next, I tested for specific ion channels that regulate AKH membrane potential. The 

rationale for these experiments was twofold, 1) excitation-secretion coupling is the major 
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component of AKH release and 2) it is likely that AMPK actions include modulation of 

ionic currents.  I conducted a comprehensive RNAi screen for 41 of the 47 ion channels 

present in the Drosophila genome.  I specifically found that genetic knockdown of the 

Sulfonylurea receptor (Sur), and Ca-beta increased starvation longevity.  In contrast, 

genetic knockdown of the potassium channel encoded by seizure (sei) caused heightened 

sensitivity to starvation. These behavioral phenotypes are not the consequence of AKH cell 

pathology, as I was unable to determine any adverse effects of these RNAi elements on 

AKH cell survival or on AKH hormone expression.  Furthermore, I observed significant 

changes in activity levels, consistent with the view that these ion channels are regulating 

AKH cell excitation-secretion coupling.  Interestingly, Sur is the energy sensitive subunit 

of K+
ATP channel.  Therefore, it appears that there are multiple intrinsic (AMPK and Sur) 

and extrinsic (DA and PDF) that modulate AKH secretion and therefore the metabolic state 

of the animal. These results are summarized in (Figure 5.1).  
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Figure 5.1. Regulation of AKH cells 
(Top) AKH cells receive hormonal input via GPCRs. Dopamine leads to the activation 
of multiple dopamine receptors present in AKH cells. These receptors in turn directly 
lead to the influx of calcium in a sugar dependent manner. Ecdysone application blocks 
dopamine dependent responses. PDF acts on AKH cells via PDFR and in turn leads to 
increased production of cAMP through an unidentified adenylate cyclase. Presumably 
increases in cAMP modulate calcium influx. (Middle) AMPK is activated by low sugar 
and in turn leads to calcium influx. (Bottom) AKH cells express multiple ion channels 
that regulate membrane excitability. Notably the Sur subunit of K+

ATP channels responds 
to changes in cellular ATP. Ca-Beta is a regulatory subunit of the functional calcium 
channel. sei modulates potassium influx and baseline membrane potential.  

Dopamine 
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Future directions 

While this work has clearly identified a number of components involved in 

regulating AKH release there are still a number of potential avenues to explore. 

Specifically, my work identified a number of genes involved in AKH cell physiology 

however one major question that stems from my work is how do these genes interact? From 

my data it is clear that multiple GPCRs are expressed in AKH cells, however, the 

mechanisms coupling receptor activation to downstream changes in AKH cell physiology 

are widely unknown.  

Furthermore, my work shows that AMPK is modulating AKH release at the level 

of excitation secretion coupling. Previous work in other organisms has shown that AMPK 

can be directly targeted by GPCRs. While it is possible to test for interactions of GPCRs 

and AMPK with the current methods, the experiments would be complex and ultimately 

reliant on a downstream reporter, such as calcium. A more direct method would be to 

employ a fluorescent AMPK sensor.  Investigators in mammalian systems have 

successfully generated a fluorescent sensor that specifically responds to changes to AMPK 

activity. If adapted for use in Drosophila, this sensor would allow future investigations to 

directly test if GPCR activation couples to changes in AMPK activity by measuring 

changes in fluorescence in response to hormone application.  

In addition to AMPK dependent signaling these receptors could be signaling in an 

AMPK independent fashion. Specifically, GPCR have been shown to directly couple to 

changes in ion channel activity. Thus it is possible that the ion channels identified here are 

targets of these receptors. AMPK has been shown to modulate ion channel trafficking as 
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well as acutely modulate ion channel activity via phosphorylation. Thus future studies 

exploring AKH cell regulation can build from my findings to better understand how these 

regulatory elements interact.  

From our transcriptome data we were able to characterize the function of five 

GPCR’s in AKH cells, however, the data also suggest that there may be up to 31 more 

hormone receptors present. Evaluating these receptors would be important for further 

understanding the endocrine architecture regulating AKH release and may reveal novel 

relationships. Additionally, this data set extends far beyond receptors and encompass a 

multitude of other candidates, such as gustatory receptors, cellular kinases, and 

transcription factors that could all be playing a pivotal role in regulating AKH cell 

physiology. My work and methodologies have established a basis for exploring these 

questions further.  

Interestingly my work also found a striking number of unexpected results. 

Specifically, there were a number of occurrences in which phenotypes that were thought 

to be intimately linked, survivorship and locomotion, showed little or no correlation 

arguing that our simplistic interpretation of AKH signaling is flawed. Are these findings 

the result of feedback mechanism regulating AKH release, are changes in AKH release 

effecting other hormonal circuits in unpredicted ways? These questions are central to our 

understanding of metabolism in Drosophila and as such experiments that test for epistatic 

interactions of AKH with other hormones are necessary.  

 One primary assumption of my work was that AKH cells are homogenous and that 

their signaling is uniform. However, it is entirely possible that AKH cells are acting as a 
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network and communicating amongst themselves. One method to explore this question 

would be to selectively knockdown genes for gap junctions, some of which are enriched in 

our transcriptome data. Furthermore, it is entirely unclear if AKH cells are, in fact, 

homogenous.  From an anatomical perspective it is entirely unclear if the projections 

arising from AKH cells are from all the cells or only a discreet few.  This hypothesis is 

difficult to test as genetic manipulations currently available capture all AKH cells. 

However, it would be possible use MARCM, a method for stochastically reducing Gal4 

expression, to begin testing if AKH cells are truly uniform. Cumulatively, my work has 

established a strong basis for future experimentation as well as revealed a number of novel 

questions regarding AKH cell physiology and the overall hormonal circuit controlling 

metabolism and behavior.  
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APPENDIX: COPYRIGHT PERMISSION 

This article has been adapted with permission of Braco, J.T. and Johnson, E.C. (2012) 
"Energy-Dependent Modulation of Glucagon-Like Signaling in Drosophila via the AMP-
Activated Protein Kinase." Genetics 192(2): 457-466. 
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