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ABSTRACT
Adipokinetic hormone (AKH) is an insect neurohormone critical in times of
metabolic stress. AKH signals to the fat body where it induces both hypertrehalosemia
and hyperlipemia. AKH secretion also leads to starvation-induced hyperactivity, a
foraging behavior. Genetic ablation of AKH cells or a genetic deletion of the AKH
receptor (AKHR) results in flies that lack starvation-induced hyperactivity and have
decreased lipid and trehalose hemolymph levels, and are, consequently, long-lived under
starvation conditions. This study aimed to determine the anatomical basis of AKHR
signaling for starvation phenotypes. Genetic knockdown of the AKHR via a specific
RNAi element in multiple driver lines increased starvation longevity similar to that seen
with an AKHR null mutant. These GAL4s define phenotypically relevant sites of AKHR
expression, and a systematic evaluation of the tissues captured by these driver lines
detected that several directed expression in the fat body. Genetic rescue of AKHR
function in fat body restored wild type starvation longevity and locomotion, indicating
receptor expression in the fat body is sufficient for these phenotypes. The AKHR can
couple to either Gαs or Gαq in heterologous expression systems, but this study is the first
example of quantification of AKHR signaling in vivo. Injection of AKH into intact
animals causes calcium levels within the fat body to rise, and this response is absent in
flies with a fat body specific knockdown of AKHR, demonstrating that calcium increases
in the fat body depend upon the AKH receptor. This study suggests that a single tissue,
the fat body, is responsible for AKH-dependent starvation phenotypes in Drosophila, and
indicates that AKH causes an AKHR-dependent increase in calcium in this tissue.
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INTRODUCTION
Adipokinetic hormone (AKH) is a short peptide neurohormone in insects that is
required for normal physiological and behavioral responses to metabolic stress.
Specifically, AKH signaling leads to both mobilization of stored energy reserves and
starvation-induced hyperactivity (Lee and Park 2004; Isabel et al. 2005). AKH is found
throughout the arthropods, with over 35 similarly structured AKHs representing most
insect orders (Van der Horst 2003). Different insect species have variable numbers of the
hormone. For example, within the locusts Locusta migratoria and Schistocerca gregaria,
there are three and two different AKHs, respectively (Bogerd et al. 1995; FischerLougheed et al. 1992). In the fruit fly, Drosophila melanogaster, a single AKH is
encoded within the genome and the primary sequence of the hormone is an octamer,
which undergoes N-terminal pyroglutamate (pGlu) modification as well as C-terminal
amidation (Schaffer et al. 1990). Information gleaned from the study of AKH in
Drosophila would likely apply to arthropods as a whole, and, more broadly, could
provide insight into the organizing principles of metabolic homeostasis.
Genetic ablation of AKH cells or a genetic deletion of the AKH receptor (AKHR)
results in flies that lack starvation-induced hyperactivity and have heightened lipid and
trehalose stores, and are, consequently, long-lived under starvation conditions (Lee and
Park 2004; Isabel et al. 2005; Grönke et al. 2007; Bharucha et al., 2008; Braco et al.
2012) (Figure 1). AKH signals to the fat body, the major energy storage organ in insects,
which combines many of the functions of vertebrate liver and adipose tissue. Here it
activates glycogen phosphorylase, which catalyzes the breakdown of glycogen, leading to
the release of trehalose, the major insect hemolymph sugar (Isabel et al. 2005). AKH
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activates an unknown triacylglycerol (TAG) lipase, which results in the breakdown and
release of fat body lipid stores, elevating diacylglycerol (DAG) levels in the hemolymph
(Figure 2). It is important to note that AKH is not the sole energy mobilizer in
Drosophila, as it has been reported that Brummer lipase is part of a separate fatmobilization pathway (Grönke et al., 2007).
AKH is critical for elevated locomotor activity during starvation conditions (Lee
and Park 2004; Isabel et al. 2005). This starvation-induced hyperactivity, though
counterintuitive, is seen in numerous animals (Russell et al. 1987), and is thought to
assist in foraging behavior. Under starvation conditions imposed in a laboratory,
increased locomotion will cause energy stores to be depleted sooner, and therefore
decrease lifespan. Remarkably, genetic ablation of AKH cells or a genetic deletion of the
AKH receptor (AKHR) results in flies that are long-lived under starvation conditions.
These flies lack starvation-induced hyperactivity, and also have decreased lipid and
trehalose hemolymph levels (Lee and Park 2004; Isabel et al. 2005; Grönke et al. 2007;
Bharucha et al., 2008; Braco et al. 2012).
Work has been done to uncover the regulatory elements present in AKHproducing cells, in order to determine the means by which AKH is released during low
energy conditions. In the adult Drosophila corpus cardiacum, a neuroendocrine gland
located posteriorly to the brain, a group of about 12-13 neurosecretory cells are
responsible for AKH secretion, a process that is tightly regulated (Aggarwal and King
1971, Lee and Park 2004). AMP-activated kinase (AMPK) has been shown to act as an
internal energy sensor in AKH-producing cells. It has also been hypothesized that AMPK
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modulates K+ATP channel conductance in order to alter AKH-cell excitability and,
therefore, secretion (Braco et al. 2012) (Figure 2).
While AKH signaling is critical for the behavioral and physiological responses to
starvation, anatomical targets of AKH are unclear. AKH shows high affinity binding to a
specific receptor, a G-protein-coupled receptor (GPCR) belonging to the Gonadotropinreleasing hormone (GnRH) receptor family (Staubli et al. 2002). The AKH receptor is
expressed in the fat body, as receptor signaling in this tissue results in the mobilization of
stored carbohydrates and lipids (Figure 2). Receptor expression has also been reported in
gustatory neurons (Bharucha 2008), but a comprehensive analysis of the expression
profile of the AKHR is lacking. One goal of this study is to further define the full scope
of AKHR expression, particularly in regard to starvation phenotypes. Genetic rescue
experiments demonstrated the requirement of AKHR expression in the fat body for
normal starvation lifespan and maintenance of triglyceride levels (Bharucha et al., 2008).
However, it is unclear if AKHR signaling in this tissue is solely responsible for starvation
longevity, and whether AKH-dependent starvation-induced hyperactivity also maps to the
fat body. My study suggests that the fat body is responsible for AKH-dependent
starvation phenotypes in Drosophila. This work identified eight different GAL4 driver
lines that operationally define relevant sites of AKH expression. Though these driver
lines have differing expression patterns, the majority direct expression in the fat body.
Genetic rescue of the AKH receptor in fat body was able to restore wild type starvation
longevity and locomotion, indicating that receptor expression in the fat body is sufficient
for these phenotypes. Furthermore, the AKH receptor can couple to either Gαs or Gαq
(Arrese et al. 1999), but it is unclear if signaling occurs through both or one of these
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pathways in vivo. My study shows that injection of AKH into intact animals causes an
increase in fat body calcium levels, a response that is AKHR-dependent, as knockdown
of the receptor elimantes AKH responsiveness. This study is a first step in understanding
how the fat body integrates different signals to cope with metabolic stress. The fact that
the AKH receptor hyperactivity phenotype likely maps to the fat body, a peripheral
tissue, and not the brain is unexpected. This indicates that the fat body is likely secreting
a factor that signals to the brain. Future studies will be aimed at identifying this secreted
factor.
Figure 1. Animals lacking AKH cells (right) are less able to mobilize energy and,
therefore, accumulate larger energy stores. They are fatter than wild type flies (left).
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Figure 2. Model of AKH signaling. Low extracellular energy activates AMPK in AKH
cells, which leads to elevated intracellular calcium levels, triggering AKH release.
AKH binds to its receptors in the fat body, activating glycogen phosphorylase and an
unknown TAG lipase, which cause the fat body to mobilize stored energy. This leads
to the inhibition of AMPK and AKH secretion. (Modified from Braco et al. 2012.)
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RESULTS
AKH and its specific receptor are both required for normal behavioral and
physiological responses to starvation. Flies lacking either the hormone or the receptor are
long-lived under starvation. The underlying mechanism for increased longevity is thought
to be the absence of starvation-induced hyperactivity and heightened energy reserves
(Lee and Park, 2004). To identify site(s) of AKH receptor expression relevant to
starvation phenotypes, I performed a screen employing 16 distinct GAL4 lines that
captured different cell populations to drive expression of an RNAi element targeting the
AKH receptor. The rationale for this line of experimentation is that knockdown of the
AKH receptor in relevant tissues should phenocopy an AKHR loss of function. As a
paired control, I simultaneously starved the AKHR01 line, a null mutant. This line was a
generous donation from Ronald Kühnlein, and the deletion was validated using PCR
(Appendix A). Mean median survival under starvation conditions was calculated for each
genotype, and results were normalized as a percentage of the paired control (Figure 3).
Genotypes not statistically significantly different than the control were considered
candidates. Tissue(s) captured by these drivers are sites of AKHR expression necessary
for a wild type AKH dependent lifespan phenotype. For females, AKHR RNAi
expression under the control of eight different drivers (Lsp2, Ilp2, ppk, nan, ppl, CG, cha,
elav) caused increased starvation longevity similar to that seen in the AKHR01 line. In
males, only progeny of the CG-GAL4 line with the AKHR RNAi line showed a
phenotype similar to that of the AKHR01mutant (One-Way ANOVA, p < 0.0001).
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Figure 3. A. Sixteen different GAL4s with various published expression patterns were
used to drive expression of an RNAi element targeting the AKH receptor. For females
and males of each genotype, percentage survival under starvation conditions of three
replicate vials containing 30 flies each was assessed twice daily. For each vial, the
median survival was determined by employing a non-linear regression analysis. Mean
median survival was calculated for vials of the same genotype and sex. A one-way
ANOVA with post-hoc Dunnett’s comparison was used to determine differences between
experimental genotypes and the paired AKHR01 long-lived control. Genotypes that were
not statistically significantly shorter lived than the control are shown in red (One-Way
ANOVA, p< 0.001). Results are reported as a percentage of the control, with the dashed
line at 100% indicating the cut-off for candidates. B. Lifespan curves of one candidate
(CG) and non-candidate (CCAP) genotype are also shown.
A.
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B.

To reconcile the different results obtained with females and males, I asked if there
was a correlation between female and male lifespans for the different genotypes. A
Spearman’s rank correlation between normalized mean median survival of females and
males was calculated (r = 0.606), and indicates a strong correlation between female and
male lifespan for each genotype (Figure 4). The differences observed likely do not point
to a sex-specific effect of AKHR RNAi introduction, rather an AKH independent sexual
dimorphism. Irrespective of genotype, males have shorter lifespans under starvation than
females (Slack et al. 2010). However, percent survival was measured every twelve hours
for both sexes, indicating that there is less resolution in using this behavioral measure as
an indicator of AKHR function in males. More frequent assessments of survival might
resolve the differences in ranking, and may result in the ability to discern more
candidates from the male data. For example, r4, ppl, and elav appear to have intermediate
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phenotypes in males, and it is possible that increased time points could have identified
the same candidates as the results with the females. Given the high degree of correlation
of the ranks of the genotypes between the sexes, the technical limitations of the
experiment are likely the source for the discrepancies in the number of candidates
between the sexes.
Figure 4. Female and male lifespans in different genotypes show statistical correlation. A
Spearman’s rank correlation between normalized mean median survival of females and
males was calculated (r = 0.606). This indicates a strong correlation between female and
male lifespan for each genotype.
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The expression profiles of the candidate GAL4 driver lines tested above have
previously been published (Appendix B). However, GAL4 lines are often created to drive
expression in a specific tissue without characterization of expression in other tissues (Li
et al., 2012). Therefore, expression patterns of the candidate GAL4s were further
evaluated to specifically address the breadth of expression. Do these lines drive
expression in multiple tissue types? Is there a singular tissue where all candidates drive
expression that could be a critical site of AKHR signaling? To evaluate the expression of
a GAL4, I introduced a DsRed fluorophore, the expression of which is under the control
of a UAS promoter. I dissected four metabolically relevant tissues (brain, fat body, gut,
and ovary) and imaged with a confocal microscope to screen for the presence of the
fluorophore (Table I, Figure 5). Though four of the eight GAL4s drove expression in the
brain, these regions were not necessarily overlapping, making it difficult to pinpoint a
particular neuronal region critical for AKHR expression. This is also true for ovarian
expression. The expression pattern of the pan-neuronal driver elav-GAL4 was restricted
to neurons innervating the ovary, whereas ppl-GAL4 expression was localized to the
oviduct. Five of the eight candidates drove expression in the gut with elav-GAL4, a
neuronal driver, and ppk-GAL4, a gustatory neuronal driver, driving expression in
neuronal projections in the gut, and the other 3 drivers displaying more ubiquitous
expression. The fat body was the tissue with the most overlap, with six of eight driver
lines driving expression in this organ. Notably, CG-GAL4, the only candidate uncovered
in both males and females, displayed the most specific expression pattern, with
expression restricted to the fat body. It was confirmed that this tissue was, in fact, fat
tissue using Oil-Red-O staining (Figure 6).
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Table I. Observed expression patterns of candidate GAL4 driver lines identified in the
AKHR RNAi lifespan screen. R4-GAL4 also included. ND= not detected.
CG
cha
elav
Ilp2
Lsp2
nan
ppk
ppl
r4

Brain
ND
√
√
√
ND
√
ND
ND
ND

Fat body
√
ND
√
√
√
ND
√
√
√

Gut
ND
ND
√
√
ND
√
√
√
√

Ovaries
ND
ND
√
ND
ND
ND
ND
√
ND

Figure 5. Observed expression patterns of candidate GAL4 driver lines identified in the
AKHR RNAi lifespan screen. R4-GAL4 also included. Driver lines were crossed to flies
possessing a DsRed fluorophore under the control of the UAS promoter. Adult brain (A.),
fat body (B.), gut (C.), and ovarian (D.) tissues were dissected and imaged with a
confocal microscope. Single plane fluorescent images and single plane DIC images were
overlaid. Note: The difference in appearance of ppk-GAL4 fat body tissue is age-related.
Older flies of this genotype were used because of availability.
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Figure 6. CG-GAL4 drives expression in fat cells. The CG-GAL4 fat body driver line
was crossed to flies possessing GFP under the control of the UAS promoter. Fat bodies of
these flies were dissected and incubated in Oil-Red-O solution. An image of the Oil-RedO staining was obtaining using standard brightfield illumination (left), and GCaMP
fluorescence of the same cells was imaged on a confocal microscope (right).
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Given the majority of candidate GAL4s drive expression in the fat body, I next
wanted to determine if AKH receptor expression in the fat body alone is sufficient for
normal starvation responses. To test this hypothesis, I selectively introduced a wild-type
AKHR transgene to the fat body in an AKHR mutant background, and tested for
starvation responses. If the fat body represents the critical tissue, then the expectation is
that wild type AKH receptor expression in the fat body will exhibit wild type starvation
longevity. The exact genetic scheme to selectively target AKHR expression to the fat
body is outlined in Appendix C. I used the r4-GAL4 to drive expression of the AKHR
UAS element, as this driver gave a modest phenotype in the RNAi lifespan screen.
Parental lines that were homozygous for the AKHR01 element and only had one of the
other transgenes (thus not having rescued AKHR function) (AKHR01; r4-GAL4/TM6 and
AKHR01; UAS-AKHR/TM6) were as long-lived as the AKHR01 line. The genetic rescue
of the AKHR in the fat body (AKHR01; r4 GAL4/UAS AKHR) was not statistically
significantly different in its starvation longevity as compared to the revertant, indicating
that wild type lifespan under starvation was rescued (Figure 7). This result operationally
defines the fat body as a relevant anatomical site for AKHR expression.
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Figure 7. For each genotype, survival during starvation conditions assessed twice daily
for three replicate vials containing 30 flies each. For each vial, I determined the median
survival by employing a non-linear regression analysis. Mean median survival was
calculated for vials of the same genotype and sex. (Females shown.) A one-way ANOVA
with post-hoc Dunnett’s comparison was used to determine differences between
experimental genotypes and the wild type revertant control and long-lived AKHR01
control. The genotypes corresponding to white bars are statistically significantly shorter
lived than those of black bars. Parental lines with two copies of the AKHR01 element
(AKHR01; r4-GAL4/TM6 and AKHR01; UAS-AKHR/TM6) were not statistically
significantly shorter lived than the AKHR01 line. The genetic rescue of the AKHR in the
fat body (AKHR01; r4 GAL4/UAS AKHR) was not statistically significantly different in
its starvation longevity as compared to the revertant, indicating that wild type lifespan
under starvation was rescued. Error bars represent +/- SEM.

Next, I wanted to test whether starvation-induced hyperactivity, which is absent in
a mutant AKHR background (Braco et al. 2012) is present or absent in flies with rescued
AKHR function in the fat body. The amount of activity during starvation in the fat body
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rescue lines was significantly greater than that of the mutant line and was not
significantly different than that of a wild-type control (Figure 8). These results suggest
that AKH receptor expression in the fat body is sufficient for AKH-dependent starvationinduced hyperactivity.
Figure 8. A. Locomotor activity of the AKHR fat body rescue was measured. Aggregate
locomotor activity on a population of 30 flies was measured for four days as number of
infrared beam breaks, and data were binned in 10 minute intervals. The process was
repeated to obtain three to four replicates for each sex (females shown), genotype, and
condition (fed and starvation). To avoid measurements of activity on dwindling
populations as a confounding variable, only the first 24 hours were used for analysis. To
determine the starvation-induced component of locomotor activity, the total activity
under fed conditions was subtracted from the total activity under starvation conditions. A
one-way ANOVA with post-hoc Dunnett’s comparison was used to determine differences
between the genetic rescue, the AKHR01 null mutant, and the w1118 wild type line. The
genotypes corresponding to white bars are statistically significantly different in their
difference in activity as compared to those of black bars. The genetic rescue had a
statistically significantly greater difference in activity as compared to AKHR01, and was
not statistically significantly different in difference in activity from w1118. This indicates
that genetic rescue of the AKH receptor in the fat body rescues wild type locomotion
under starvation. Error bars represent +/- SEM. B. Locomotor plot of the first 48 hours of
fed and starvation conditions of genetic rescue females.
A.
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B.

Given that my results suggest that AKH receptor expression in the fat body is
both necessary and sufficient for AKH-dependent starvation responses, I next wanted to
assess the physiological responses of this tissue to the AKH hormone. The AKH receptor
is a G protein coupled receptor (Staubli et al. 2002), and has been shown to couple to
both Ca2+ and cAMP signaling systems (Arrese et al. 1999). I wanted to determine if
AKH was signaling through one or both of these second messenger systems in the fat
body. I attempted to measure reporters of these second messengers in response to AKH
application to the fat body in explanted and intact preparations. I performed a CRE-LUC
assay using flies expressing the firefly luciferase gene under the control of cAMP
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response element (CRE) (Belvin et al. 1999). First I attempted to measure increases in fat
body cAMP upon application of forskolin, an adenylate cyclase activator, or AKH.
However, despite manipulating the number and sex of flies; dissecting solution;
dissection, homogenization, and normalization protocols; equipment used; and
concentration of forskolin and AKH, I was unable to get consistent results. I also used
confocal microscopy to visualize AKH-induced increases in calcium and cAMP in
explanted fat tissue via fluorescent reporters. I used epac cAMPs, a fluorescent FRET
sensor for cAMP (Ponsioen et al. 2004), and GCaMP, a genetically encoded fluorescent
calcium indicator (Chen et al. 2013). I was unable to consistently measure signaling
using these reporter lines, likely because the dissection protocol impacted tissue viability.
To circumvent the issue of tissue viability, I tested in vivo AKH-evoked changes
in calcium levels using a GCaMP reporter expressed in the fat body of males and females
via the CG-GAL4 driver. There were no significant differences between the sham,
vehicle, and CCAP (another Drosophila peptide) treatments in the difference in
fluorescence before and after injection (Figure 9). However, compared to these control
treatments, injection of AKH into the abdomen caused a significant increase in
fluorescence in the fat body. Representative images are depicted in Figure 10. To
determine if this response was actually AKH receptor-dependent, Flies expressing both
GCaMP and an AKHR-RNAi under CG-GAL4 control were also imaged and injected
with AKH. This caused a statistically significantly dampened response as compared to
AKH injection in a wild type background, indicating receptor specificity (Figure 9). To
determine if there was a difference in the magnitude of response to AKH between males
and females, the percent change in fluorescence observed upon AKH injection was
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normalized to that of the vehicle injection. Once normalized, the response to AKH
observed in females was not statistically significantly different than that of males (Figure
11). This suggests that, though the baseline of the response to injection displays a sexual
dimorphism, AKH is acting similarly in both sexes. Injection of AKH into the abdomen
of live flies causes a significant increase in calcium in the fat body, and this response
appears to be receptor-dependent.
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Figure 9. The abdomen of a fly expressing the calcium sensitive fluorophore GCaMP
under control of the CG-GAL4 fat body driver was imaged, and then injected with a
sham injection, vehicle control solution, CCAP, or AKH. Flies expressing both GCaMP
and an AKHR-RNAi under CG-GAL4 control were also imaged and injected with AKH.
The abdomen of the fly was imaged a second time, and the percent change in integrated
density between the two images was calculated. The average of ten replicates was
calculated. A one-way ANOVA with post-hoc Dunnett’s comparison was used to
determine differences between treatments. For both females and males the percent change
in integrated density of the sham, vehicle, and CCAP injections and AKH injections in a
fat body AKHR RNAi fly were not significantly different from each other but were all
significantly less than that of the AKH injection. Asterisk indicates significances. Error
bars represent +/- SEM.
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Figure 10. Representative images. Images were selected that represented changes that
were closest to the average percent changes in integrated density observed upon AKH or
vehicle injection in females and males.

21

Figure 11. For each sex the percent change in integrated density observed upon AKH
injection was normalized to that of the vehicle injection. A random number generator was
used to pair each of the 10 AKH replicates to vehicle replicates for both sexes. The
percent change in integrated density for the vehicle injection was subtracted from that of
its paired AKH replicate. After normalization, females had an average percent increase in
integrated density of 85 with a SEM of 13 and males had an average percent increase in
integrated density of 115 with a SEM of 37. A two-tailed t-test assuming unequal
variances determined that once normalized to the vehicle control, the response to AKH
observed in females was not statistically significantly different than that of males (p=
0.47). Error bars represent +/- SEM.
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DISCUSSION
My results suggest that a single tissue, the fat body, is responsible for AKHdependent starvation phenotypes in Drosophila, and indicate that AKH causes an AKHRdependent increase in calcium in this tissue. This study identified eight different GAL4
lines to drive expression of an AKHR RNAi element, which caused increased starvation
longevity comparable with AKHR loss of function alleles. These GAL4s operationally
define the phenotypically relevant sites of AKHR expression. Systematic evaluation of
the tissues captured by these driver lines found differing expression patterns. However,
the fat body was captured in six of eight GAL4 lines. Genetic rescue of the AKH receptor
in only the fat body restored wild type longevity and locomotion during starvation,
implicating receptor expression in the fat body as critical and sufficient for these
phenotypes. Based on these results, I measured AKH receptor signaling in this tissue.
Injection of AKH into the fat body causes calcium levels to rise. However, this response
is absent in flies expressing a fat body – driven AKHR-RNAi, demonstrating the
necessity of AKHR for this response.
I have confirmed previous results that the fat body is an important site of AKH
receptor expression (Bharucha et al. 2008), as genetic rescue of AKHR function in the fat
body restored normal starvation lifespan. My results further those previous findings as
they also suggest that AKH receptor expression in the fat body is required for starvationinduced hyperactivity. Thus, it may be that the effects of AKH on lifespan, metabolic,
and locomotor behaviors are not genetically separable and are all dependent on AKH
receptor signaling within a single tissue. However, there is some disagreement over the
role of AKH in starvation-induced hyperactivity. Although multiple studies (including
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this one) implicate AKH as being a critical component for starvation-induced
hyperactivity (Lee and Park 2004; Isabel et al. 2005; Braco et al. 2012; Gáliková et al.
2015), one study found no impact of an AKH receptor deletion on starvation-induced
hyperactivity (Bharucha et al. 2008). It should be pointed out that in that study a different
null mutant was used and activity was not normalized to account for differing genetic
backgrounds. Though my finding that AKHR expression in the fat body is necessary for
starvation-induced hyperactivity is novel, it is in line with other published studies that
indicate that AKH-producing cells are necessary for wild type locomotion under
starvation conditions (Lee and Park 2004).
While my results strongly support the idea that the fat body may be the most
critical target of AKH signaling, I cannot definitively rule out the possibility that AKHR
signaling in other tissues is ultimately responsible for the ensemble of starvation
phenotypes. Specifically, when I evaluated the expression of the candidate GAL4 drivers,
not every driver showed similar patterns of expression. For example, I failed to detect fat
body expression with cha-GAL4 and nan-GAL4. It could be that these drivers do capture
fat body expression, albeit weak and non-detectable. Along those lines, it is also possible
that the drivers that do capture the fat body also capture additional tissues which were not
evaluated that are in common with all of the candidate GAL4 drivers. Likewise, I only
investigated four tissues (the brain, gut, fat body, and ovaries) for GAL4-driven DsRed
expression, as it is not possible to comprehensively evaluate the entire scope of
expression, and importantly, these tissues were selected for their relevance in metabolic
demand.
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To further refine our understanding of the expression pattern of the AKH receptor
and determine if the fat body is truly the critical target of AKH signaling, I have used the
new gene-editing tool CRISPR to design an AKHR-GAL4 knock-in driver line. I used an
approach called T2A-GAL4 in-frame fusion, which exploits the “ribosomal skipping” of
a T2A peptide found in viruses (Diao and White 2012). Because the GAL4 and AKHR
will be co-translated, I anticipate that this driver will capture the entire complement of
AKH receptor expression. Using this improved driver line may lead to resolving the
entire extent of the AKHR expression pattern. Coupled with other techniques, like
MARCM or intersectional genetics, it may lead to a further refinement of the anatomical
sites required for starvation phenotypes.
This study is the first example of quantification of AKH receptor signaling in
vivo. My results demonstrate AKH-evoked responses from the fat body that are
dependent on the AKH receptor. Presumably, AKH receptor activation directly leads to
activation of the Gαq, subunit, which couples to the phospholipase C pathway and the
release of intracellular calcium (Birnbaumer et al. 1990). The evidence for this model is
that application of AKH leads to elevated calcium levels in intact animals (this study) as
well as a previous study that showed fat body specific knockdown of the Gq subunit
phenocopies the AKHR loss of function variants (Baumbach et al. 2014). To confirm
that the AKH receptor is actually coupling to Gαq in the fat body, future research will be
directed at isolating the receptor from fat body membranes in an active state and
identifying

which

G-proteins

are

interacting

with

the

receptor

via

a

co-

immunoprecipitation assay (Chalecka-Franaszek et al. 2000; Hall et al. 2004).
Furthermore, future experiments taking advantage of genetic and pharmacological
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reagents can determine if the calcium increases observed upon AKH injection are, in fact,
caused by receptor coupling to Gαq.
Though negative results are difficult to interpret, it is nonetheless interesting that
signaling through calcium was observed in the fat body, yet I was unable to assess cAMP
signaling. The reason for this failure to observe AKH–evoked changes in cAMP
signaling could be either technical or biological, though it is important to note that in
another insect, Manduca sexta, AKH treatment increased cAMP-dependent protein
kinase activity in the fat body, so similar results might be expected in Drosophila (Arrese
et al. 1999). Technical issues might stem from the genetic constructs employed,
limitations of signal detection, and reduced tissue viability caused by explanting the
tissue. A first step at addressing technical limitations would be to use another CRE-LUC
construct, as the one used in this study was not validated in our lab. Tissue-specific CRELUC constructs are also available, which may be better geared towards answering
questions directed at a specific tissue, the fat body. We could also take a more indirect
approach similar to the Kühnlein group (Baumbach et al. 2014) by performing a fat body
specific knockdown of the Gαs subunit and asking if this phenocopies an AKH receptor
loss of function in terms of starvation longevity or locomotion.
AKH is not the only energetically important hormone signaling in the fat body;
octopamine, corazonin and insulin receptors are also expressed here (Arrese and Soulages
2010; Yang et al. 2013; DiAngelo and Birnbaum 2009). If these signals are ultimately
determining how energy is to be used, then it stands to reason that the fat body must have
a way of integrating these different signals accordingly. It is possible that though the
AKH receptor is capable of signaling through cAMP, it is signaling solely through
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calcium in the fat body, because a hormone like insulin that is acting antagonistically to
AKH is signaling through cAMP. Parsing out this signal integration is the next step. The
injection assay I developed lends itself to a high throughput screen aimed at identifying
other peptides and hormones that impact fat body cell physiology by liberating calcium
stores.
A next logical extension to my studies include evaluation of the fat body
transcriptome, to identify other hormones, receptors, and signaling molecules. The fact
that the AKHR locomotor phenotype likely maps to the fat body, a peripheral tissue, and
not the brain is unexpected. This indicates that the fat body is likely secreting something
that is signaling to the brain, and the brain is then directing the fly to increase movement.
This secreted factor would likely be upregulated under starvation conditions, and may
also be uncovered via RNAseq.
In conclusion, my study provides evidence that the fat body is a location of AKH
receptor expression relevant for starvation phenotypes and suggests that the AKH
receptor is signaling through calcium in the fat body. Future studies will focus on the
development of a more accurate functional expression profile for the AKH receptor and
learning the specific players responsible for AKHR signaling in this tissue. The fat body
is the place where caloric inputs lead to behavioral outputs, but what happens in between
is really a “black box” involving the integration of signals from multiple hormones.
Determining the role of AKH in this tissue, as well as identifying downstream effectors
of AKH signaling, and identifying other relevant factors will offer insight into how the
fat body integrates different signals and dedicates energy for specific biological
processes.
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MATERIALS AND METHODS
Drosophila husbandry
All Drosophila stocks were housed on a standard cornmeal-malt-agar-molasses
medium, supplemented with propionic acid. Stocks were kept in uncrowded conditions at
25°C on a 12:12 LD cycle. The stocks used in this study are listed below.
Name
AKH-GAL4
AKHR01
AKHRrev
C825-GAL4
CCAP-GAL4
CG-GAL4
cha-GAL4
Crz-GAL4
elav-GAL4
elav-GAL4
Ilp2-GAL4
Lsp2-GAL4
nan-GAL4
NPF-GAL4
Pdf-GAL4
ple-GAL4
ppk-GAL4
ppl-GAL4
r4-GAL4
UAS-AKHR
UAS-AKHRRNAi
UAS-DsRed
UAS-GCaMP6s
w1118
w; Kr/Cyo; D/TM6

Chromosome
III
II
II
II
II
II
II
II
II
III
II
III
II
II
II
III

Source
Bloomington Drosophila Stock Center
kind gift from Ronald Kuhnlein
kind gift from Ronald Kuhnlein
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
kind gift from Yi Zhong
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center

Stock #
25684

II
III
III
III

Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center

58768
33832

Bloomington Drosophila Stock Center

29577

Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center

42746
5905

I, II, III
II
I
I, II, III

6987
25685
6798
51976
8765
8760
37516
6357
24903
25681
25031
8848

Lifespan measurements
Following entrainment to a 12:12 LD cycle, mated progeny were collected under
CO2 anesthesia. Thirty 3-8 day-old flies of the same sex were placed in a vial containing
two percent agar at ZT0 (lights on). Survival was assessed twice daily (ZT0 and ZT12)
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for a minimum of three replicate vials per genotype and sex. For each vial, median
survival as defined as the time of death for 50 percent of the population was determined
by employing a non-linear regression analysis. The mean median survival was
calculated for a minimum of three vials of the same genotype and sex. A one-way
ANOVA followed by a post-hoc Dunnett’s comparison was used to determine
differences between experimental genotypes and the paired AKHR01 control
(GraphPad Prism, La Jolla, CA).
Measurements of locomotor activity
To measure locomotor activity, flies were handled as described above, placed
either in vials containing normal food or starvation media, and placed in a DPM
Population Monitor (Trikinetics, Waltham, MA). Aggregate locomotor activity on a
population of 30 flies of a sex and genotype was measured for four days as number of
infrared beam breaks, and data were binned in 10 minute intervals. The process was
repeated to obtain three to four replicates for each sex, genotype and, condition. To avoid
measurements of activity on dwindling populations as a confounding variable, only the
first 24 hours were used for analysis. To determine the starvation-induced component of
locomotor activity, the baseline activity under fed conditions was subtracted from the
hyperactivity under starvation conditions. A one-way ANOVA with post-hoc Dunnett’s
comparison was used to determine differences between the genetic rescue and the
AKHR01 and w1118 controls.
Confocal microscopy screening for DsRed
Candidate GAL4 driver lines were crossed to flies possessing a DsRed
fluorophore under the control of the UAS promoter. Three to seven-day-old adult
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progeny of this cross were used in the study. The brain, fat body, gut, and ovaries were
dissected in 1xPBS, placed on plastic coverslips, and imaged on a Zeiss LSM 710
confocal microscope (Carl Zeiss Imaging, Thornwood, NY). Single plane fluorescence
images were generated using a DPSS laser at 561 nm excitation. Single plane DIC
images were generated by the same laser to allow for visualization of general
morphology of the tissues. The images were exported as TIF files.
Oil-Red-O staining and imaging
The CG-GAL4 fat body driver line was crossed to flies possessing the calcium
sensitive fluorophore GCaMP under the control of the UAS promoter. Three to sevenday-old adult progeny of this cross were used in the study. Fat bodies were dissected in
PBS, and fixed in 4% paraformaldehyde for 10 minutes. Specimens were rinsed twice
with distilled water, incubated for 35 min in 0.06% Oil-Red-O solution in 60%
isopropanol, and again rinsed twice with distilled water. Fat bodies were imaged in a
glass bottom culture dish containing PBS. An image of the Oil-Red-O staining was
obtaining using standard brightfield illumination, a Zeiss AxioObserver 3-D inverted
microscope, and a Plan Neofluar 10x 0.3NA objective with a 1.6 optivar magnification
(Carl Zeiss Imaging, Thornwood, NY). A Hamamatsu Orca C7780-20 color digital
camera was used for image acquisition in conjunction with Hamamatsu HCImage
software (Hamamatsu Photonics K.K., Hamamatsu City, Japan). GCaMP fluorescence
was imaged on a Zeiss LSM 710 confocal microscope using a 40X 0.8 NA objective and
488 nm argon laser (Carl Zeiss Imaging, Thornwood, NY). Overlapping fields of view
were imaged as Z-stacks then flattened as maximum intensity projections. For display
purposes a tonal adjustment was made on the brightfield image to maximize brightness
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and contrast, and color saturation was slightly increased to highlight stained areas using
Adobe Photoshop. All images were exported as TIF files and assembled in Adobe
Illustrator (Adobe Systems, San Jose, California).
Live fly injections- imaging
The CG-GAL4 fat body driver line was crossed to flies possessing the calcium
sensitive fluorophore GCaMP under the control of the UAS promoter. Three to sevenday-old adult progeny of this cross were used in the study. The legs of a single fly were
removed so they would not later move into the microscope’s field of view. The individual
fly was then glued dorsal side down using medical adhesive (Hollister, Libertyville,
Illinois). Following a 15 min acclimation period, the abdomen of the fly was imaged
once. The posterior end of the abdomen was then immediately injected with either 50.6
nL of solution using a Nanoliter Injector (World Precision Instruments, Sarasota, Florida)
attached to a micromanipulator. 10 millimolar AKH or CCAP was used with AHL as the
vehicle. The abdomen of the fly was imaged a second time five minutes after injection. A
Zeiss Axioplan upright light microscope (Carl Zeiss Imaging, Thornwood, NY) and a
Plan Neofluar 10x 0.3NA objective were used. An EXFO X-cite 120 XL light source
provided the fluorescent illumination with excitation intensity held constant across all
experiments. A GFP filter cube of 470/40 excitation and 525/50 emission was used to
measure the GCaMP fluorescence. A Zeiss AxioCamHRc color camera was used for
image acquisition in conjunction with Zeiss AxioVision 4.8 software. All software
acquisition settings were held constant across experiments including exposure, white
balance, and gain.
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Live fly injections- image processing and analysis
Using ImageJ the pre-injection image was thresholded at the modal pixel intensity
value. Thresholding allowed for unbiased selection of regions of interest and elimination
of low intensity background autofluorescence. The integrated density (the product of area
and mean grey value) was measured. The post-injection image of the same fly was
thresholded at the same pixel intensity value and the integrated density of this
thresholded image was also measured. The percent change in integrated density between
the two images was calculated. The average of ten replicates was calculated. A one-way
ANOVA with post-hoc Dunnett’s comparison was used to determine differences between
experimental and control injections (GraphPad Prism, La Jolla, CA).
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APPENDICES
A. AKHR01 line verification
The AKHR01 line was generated in the laboratory of Dr. Ronald Kuhnlein, and
represents a molecular null variant of the AKH receptor (Grönke et al., 2007). The
continued absence of the AKHR gene in this line was verified. The genomic DNA of
whole AKHR01 flies was extracted using a non-organic, non-enzymatic, solution-based,
salting out method. Primers were designed to amplify a 289 base pair region spanning the
gene excision site (forward primer: tatttaagggcccgtcggtgagtg and reverse primer:
ctacaggaggccgaggaccaggta). Primers for the gene painless, which amplified a similarly
sized region of 400 base pairs, were used as a control (forward primer: tcccttcgaaagaggac
and reverse primer: gttcaatttcattactcgtatg).
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B. Published expression patterns of stocks used in AKHR RNAi lifespan screen.
Candidates identified in lifespan screen in blue.
GAL4 Driver
AKH-GAL4

Target Cell Population
adipokinetic hormone-secreting
cells of the corpora cardiaca
C825-GAL4 amnioserosa, adult ovary, and
adult male accessory glands and
seminal vesicles
CCAP-GAL4 Crustacean cardioactive peptidesecreting cells of the ventral
ganglion and brain.
CG-GAL4
fat body cells and circulating
hemocytes
cha-GAL4
cholinergic neurons
Crz-GAL4
neurons in the CNS that produce
the neuropeptide corazonin
elav-GAL4
nervous system
Ilp2-GAL4
insulin producing cells in the
brain
Lsp2-GAL4
third-instar larval fat body,
adipose tissue of the adult head
Pdf-GAL4
ventrolateral neurons of the brain
and a small number of cells in the
CNS
ple-GAL4
dopaminergic cells, pale encodes
tyrosine hydroxylase
ppk-GAL4
multidendritic neurons
ppl-GAL4
fat body
nan-GAL4
chordotonal neurons,
ventrolateral protocerebrum
(VLP) region of the central brain
NPF-GAL4
some of the clock neurons and
other non-clock cells in the
central and lateral brain,
including in the fan-shaped body
r4-GAL4
fat body
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C. Cross scheme for the selective rescue of the AKH receptor in the fat body.
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D. Cross scheme for fat body - driven AKH receptor RNAi. and GCaMP construct
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Academic Affiliations
Phi Beta Kappa Society, Wake Forest University Chapter

4/2013-Present

Beta Beta Beta Biological Honors Society, Wake Forest University Chapter
Secretary
4/2011-4/2012
Member
3/2011-Present
Honors and Awards
CMCS Graduate Research Fellowship
Center for Molecular Communication and Signaling

8/2015-6/2016

Alumni Student Travel Award
Graduate presentation at a professional meeting

8/2015

James C. O’Flaherty Award
Excellence in German and German Studies

5/2013

Carolina Biological Supply Company Award
Undergraduate Research

5/2013

Beta Beta Beta Biological Honors Society Scholarship
Undergraduate presentation at a conference

3/2013

STARR Travel Grant
Undergraduate presentation at a conference

3/2013

Elton C. Cocke Memorial Scholarship
Outstanding biology major

8/2012-5/2013

W.D. Sanders Scholarship
Language study in Germany or Austria
STARR Travel Grant
Undergraduate presentation at a conference

8/2012-12/2012
3/2012

Elton C. Cocke Memorial Scholarship
Outstanding biology major

8/2011-5/2012

Wake Forest Research Fellowship

5/2011-8/2012

William G. Starling Scholarship
Desire to contribute to community

8/2009-5/2013

Dean’s List, 8 Semesters

8/2009-5/2013
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