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ABSTRACT 
 
 
 

Stress causes a characteristic set of physiological and behavioral responses in all 

animals.  The mammalian hormone, corticotropin-releasing factor (CRF), coordinates 

these stress responses to a variety of different stresses.  CRF has three binding partners, 

including two receptors and a binding protein, and it is the receptors that initiate signaling 

pathways ultimately responsible for alterations in behavioral and physiological program. 

In contrast, the binding protein functions as a negative regulator of CRF signaling and is 

a critical element in coordinating dynamic aspects of stress responses.  In Drosophila, the 

DH44 hormone is homologous to CRF and binds to two CRF-related receptors, DH44-R1 

and DH44-R2.  We suspect, based on this homology, that DH44 is critical in modulating 

the Drosophila stress response.  We have identified a CRF-BP homolog in Drosophila, 

encoded by the gene CG15537. CG15537 possesses 60% sequence similarity to 

mammalian CRF-BP.  Various stressors alter CRF-BP expression and, we observe 

changes in CG15537 expression coincident with the presentation of different stressors.  

Similar to CRF-BP expression in mammals, CG15537 is widely expressed throughout the 

Drosophila CNS.  Furthermore, DH44 and its putative binding protein are co-localized in 

the Drosophila adult brain, which parallels the observations that CRF-BP is co-localized 

with CRF in the mammalian CNS.  We find that CG15537 functions as a DH44-BP, 

through direct assessment of binding.  Increased expression levels of DH44-BP causes 

increased survival under three different stresses.  Surprisingly, decreased expression of 

DH44-BP also leads to enhanced survival under stress.  Animals with either increased or 

decreased expression levels have similar behavioral phenotypes, including reduced 



 viii

starvation-induced hyperactivity and repressed reproductive output.  Furthermore, we 

propose a model which reconciles the identical phenotype, and predicts that DH44-BP 

expression levels both is required for the onset and termination of the stress responses.   
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INTRODUCTION 
 

Stress 

 

Stress is broadly defined as a challenge to homeostasis (Selye, 1956).  An 

environmental or physiological stress is detrimental to an organism’s survival, provided it 

is not countered by an appropriate stress response.  Hans Selye described this response as 

a balance of defense and damage mechanisms that an organism must employ to overcome 

the effects of a stressor (Selye, 1950).  Selye proposed the General Adaptation Syndrome 

(GAS) as a conceptual framework to describe the characteristic set of behavioral and 

physiological responses to physiological stressors (Figure 1).  The GAS consists of three 

stages: alarm, adaptation and exhaustion.  In the alarm reaction, an organism perceives 

the stressor.  In the adaptation phase, large changes within a number of different 

behaviors and physiologies occur.  These responses are thought to reflect differential 

allocation of resources for the acute response to stress.  Many of the initial responses to 

stress in the alarm reaction disappear, or are reversed, in the stage of resistance in order 

for the organism to lessen or escape the strain generated by the stressor (Selye, 1950).  If 

these physiological and behavioral responses are insufficient in alleviating the effects of 

the stressor and a return to homeostatic ranges, then the exhaustion stage follows.  In this 

stage, the animal succumbs to the combined effects of the stressor and its own response.  

Therefore, stress leads to a series of defense mechanisms which are designed for acute 

responses, but also results in “counterproductive” responses for chronic conditions as 

described in the GAS model.   
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 The onset of stress is followed by a characteristic set of physiological and 

behavioral responses in all animals.  These responses are necessary for either maintaining 

or returning to homeostasis during a stressful event and, subsequently, for the organism’s 

survival.  These responses include an increase in activity, blood sugar, heart rate and 

energy store mobilization.  Conversely, many pathways must be suppressed in order for 

energy to be reallocated towards escaping from and alleviating the stressor.  These 

include, but are not limited to, decreased reproductive function, anabolic activity, and 

immune function. 

 

Hormonal signaling that mediate stress responses in mammals 

 

Responses to stress are initiated and coordinated by a cascade of different 

hormones operating both within the central nervous system (CNS) and in a variety of 

peripheral tissues.  In mammals, stress increases the activity of parvocellular neurons of 

the paraventricular nucleus (PVN) and noradrenergic neurons (Charmandari et al., 2005).  

This increase of activity in PVN neurons increases the expression and secretion of the 

corticotropin-releasing factor (CRF) peptide transmitter.  It is thought that CRF is a 

critical signal in generating changes in behavioral and physiological programs that are 

altered by stress.  

Two major sites of CRF modulation include its actions on the hypothalamic-

pituitary-adrenal (HPA) axes and on the hypothalamic-pituitary-gonadal (HPG) axis.  

Within the HPA axis, CRF stimulates adrenocorticotropic hormone (ACTH) secretion 

from the anterior pituitary.  ACTH then increases the secretion of glucocorticoids from 
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the adrenal cortex.  Cortisol is a principal steroid hormone controlling the physiological 

effects in the stress response, including increased heart rate and blood sugar (Djurhuus et 

al., 2002).  Glucocorticoids also have two receptor types in the CNS that further activate 

the HPA axis under low glucocorticoid concentrations or inhibit further CRF and ACTH 

secretion, a negative feedback mechanism, under stress (Habib et al., 2001).  

This sequential release of CRF, ACTH, and glucocorticoids during stress has 

numerous physiological effects.  In general, energy and oxygen must be allocated 

towards critical physiologies and behaviors and away from other physiologies that are 

involved in growth and maintenance.  Cardiovascular activity and respiratory rate both 

increase.  Also, an increase in energy allocated towards the CNS allows for increased 

alertness and improved cognition (Charmandari et al., 2005).  The stress-induced 

activation of the HPA axis also results in inhibition of the hypothalamic-pituitary-gonadal 

(HPG) axis, thereby suppressing reproductive ability.  CRF activity inhibits the release of 

gonadotropin-releasing hormone (GnRH) from the hypothalamus (Li et al., 2004).  

GnRH is responsible for the release of luteinizing hormone (LH) and follicle stimulating 

hormone (FSH) from the anterior pituitary, and these hormones are significant in 

regulating reproductive ability.  Therefore, when GnRH activity is suppressed by CRF, 

LH and FSH release is subsequently inhibited and the reproductive ability of the animal 

is consequently dampened. Through this mechanism of suppressing certain behaviors, 

more energy can be allocated towards enabling typical “fight or flight” responses.  In 

addition to reproductive function, growth, feeding and in general, anabolic activity is 

suppressed during stress (Charmandari et al., 2005).  The decline in reproductive and 

feeding behavior as a consequence of stress is exhibited in a wide range of different 
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Metazoans, including amphibians, birds and mammals (Lowry and Moore, 2006).  Stress 

and CRF signaling also consistently result in increased arousal and locomotor behavior in 

a wide variety of species (Lowry and Moore, 2006).  

 

CRF binding protein, signaling and disorders  

 

Mammalian CRF is a critical determinant in the generation of responses to stress, 

which mediates its effects through two G protein-coupled receptors, CRF-R1 and CRF-

R2.  CRF-R1 is mainly expressed in the CNS and anterior pituitary (Tsatsanis et al., 

2007).  CRF-R2 is primarily expressed in peripheral tissues and exhibits a significantly 

lower affinity to CRF when compared to CRF-R1 (Tsatsanis et al., 2007).  Urocortin 

(UCN) also binds to CRF receptors; CRF-R2 actually has a stronger affinity to UCNs 

than it does to CRF (Tsatsanis et al., 2007).  

CRF also binds to a 37-kDa soluble protein, originally isolated from human 

plasma (Orth and Mount, 1987).  The CRF-binding protein (CRF-BP) is believed to have 

two isoforms: secreted and membrane bound (Behan et al., 1996).  CRF-BP binds both 

CRF and urocortin with greater affinity than either CRF receptor (Seasholtz et al., 2002).  

Since CRF-BP has not shown any signaling capabilities, CRF-BP has been speculated to 

either facilitate CRF transport to CRF receptors or bind CRF in order to limit free CRF 

and decrease signaling potential (Tsatsanis et al., 2007).  However, the observation of the 

greater affinity for CRF exhibited by the CRF-BP, and genetic manipulations of the CRF 

signaling system has provided increasing evidence for CRF-BP functioning to dampen 

CRF signaling.   
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There are clinical disorders that are correlated with abnormal levels of CRF-BP, 

which further support the roles of CRF signaling in stress physiology.  Decreased levels 

of CRF-BP, combined with increased levels of CRF, are characteristic in pregnant 

females who later present with pre-eclampsia (Florio et al., 2004).  Additionally, 

decreased CRF-BP mRNA levels have been found in individuals who suffer from 

schizophrenia and bipolar disorder; this correlation, however, was only seen in males 

(Herringa et al., 2006).  Furthermore, individuals with Alzheimer’s disease have normal 

levels of CRF-BP but decreased levels of CRF, resulting in a greater CRF-BP:CRF ratio 

and significantly less bioavailable CRF (Behan et al., 1997).  An exogenous CRF-BP 

ligand has been shown to increase memory and cognition but not alter anxiety levels, as 

CRF receptor antagonists do, suggesting a possible therapy for Alzheimer’s patients and 

insight into this complex interaction of CRF, its binding protein and receptors (Behan et 

al., 1995).  Specifically, CRF-BP deficient mice and mice given CRF receptor agonists 

exhibit identical behaviors including increased anxiety, decreased food intake and weight 

gain (Karolyi et al, 1999).  

 

Drosophila as a model for stress 

 

Throughout the Metazoa, there are fundamental similarities in the behavioral and 

physiological responses to stress, and such observations would indicate that much can be 

learned about the organizing principles of the regulatory circuits from studies on simpler 

animals.  The extant tools in the postgenomic era of Drosophila allows for unique 

avenues of experimentation, some of which may lead to novel discoveries in regards to 
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the genes and proteins essential for stress responses.  Specifically, the ease of making 

transgenic organisms, generating genetic deletions, and targeting gene expression to 

specific cells are powerful experimental tools which promises to identify specific 

molecules operating within defined neurons which  participate in the generation of 

behavioral responses to stress.  Moreover, Drosophila subject to physiological stressors 

have a characteristic set of behavioral responses which are similar to mammalian 

responses, suggesting not only a conservation of behavioral responses, but also, perhaps, 

of the underlying mechanisms.  First, a variety of stressors induce hyperactivity in 

Drosophila as in mammals (Johnson and White, 2009, Routtenberg and Kuznesof, 1967).  

This response seems to be of significant adaptive value, as it promotes escape from 

inhospitable environments and in the specific cases of osmotic or starvation conditions, 

promotes foraging for water and food, respectively. Therefore, the measure of locomotor 

activity of Drosophila subjected to starvation conditions can provide useful information 

as to how animals allocate energy stores and gives insight into the temporal organization 

of such responses (Johnson and White, 2009). 

 

Neuronal and behavioral responses to stress in Drosophila  

 

Neural circuits and signaling pathways are highly conserved throughout the 

Metazoa.  It is possible to comprise a framework of Drosophila stress circuitry based on 

molecular homologies and the knowledge of the cellular substrates that regulate 

behavioral and cellular responses that are modified by stress.  Recent studies have 

supported the conservation of the CRF circuit and signaling in Drosophila (Hector et al., 
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2009, Johnson et al., 2004).  Likewise, modulating the activity of the neurons that 

produce a Drosophila GnRH-like peptide, the mammalian counterpart which is modified 

by stress, leads to changes in sensitivity to stress (Zhao et al., 2009).  

Drosophila Diuretic Hormone 44 (DH44) is a neuropeptide that was originally 

identified for its diuretic functions.  Specifically, in conjunction with DH31, DH44 signals 

to increase fluid secretion by increasing cAMP levels in the principal cells in the 

Malpighian tubules (Coast et al., 2001).  DH44 shares high sequence similarity with 

mammalian CRF (Cabrero et al., 2002) and both DH44 and CRF bind to two G-protein 

coupled receptors, which are encoded by different gene products (Hector et al., 2009, 

Johnson et al., 2004).  Based on this high degree of molecular similarity, it is reasonable 

to hypothesize that DH44, akin to its mammalian homolog, may be a critical regulator of 

the behavioral and physiological responses to stress.   

 The notion that Drosophila DH44 has a broader functional repertoire, including   

CRF-like actions, has some empirical support.  Specifically, neurons that express the 

corazonin neuropeptide also express receptors for DH44 and DH31 (Johnson et al., 2005).  

The significance of this observation is that in mammals, GnRH neurons express receptors 

for both CRF and CGRP (Li et al., 2004).  By virtue of the sequence similarities of 

receptor molecules, corazonin is homologous to GnRH and DH44 and DH31 are 

homologous to CRF and CGRP, respectively.  Therefore, not only are these signaling 

molecules conserved, but also this suggests that the neuroendocrine circuits between 

mammals and Drosophila are likewise conserved.   Furthermore, experiments conducted 

in our lab indicate that modulation of corazonin neuronal activity results in changes in the 

behavioral and physiological responses to stress (Zhao et al., 2010).  Also, genetic 
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manipulations of the Drosophila DH31 neuropeptide has shown concomitant changes in 

behavioral responses to stress (Bretz et al., MS in prep).  The calcitonin gene-related 

peptide (CGRP) negatively regulates GnRH neurons and similarly, the results from our 

laboratory are consistent with a model in which DH31 inhibits corazonin neurons.  

 Our laboratory recently reported that the knockdown of the DH44-R2 via RNAi 

leads to abbreviated lifespan during osmotic stress (Hector et al., 2009), lending support 

to the hypothesis that DH44 functions within the circuits responsible for mediating stress 

responses.  Further support for this central hypothesis, is that the DH44-R1 is expressed 

in corazonin neurons (Johnson et al, 2005) and that manipulation of the excitability of 

these neurons leads to sex-specific alterations in stress responses (Zhao et al., 2010).   

 

Drosophila CG15537 

 

As previously described, Drosophila possess both a CRF-like hormone and two 

CRF-like receptors.  The primary focus of this study is to characterize Drosophila 

CG15537, a putative DH44 binding protein (DH44-BP), based on its homology to the 

CRF-BP in regards to its biochemical properties and its potential functional roles in 

mediating stress responses in Drosophila (Figure 2).   
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MATERIALS AND METHODS 

 

Drosophila cultures and stocks  

 

All Drosophila stocks were reared on a standard cornmeal–malt–agar–molasses medium, 

supplemented with propionic acid. Stocks were housed in un-crowded conditions at 25°C 

on a 12:12 LD cycle.  Transgenic lines of Drosophila were generated as outlined below.  

Transgenic Drosophila carrying a CG15537 RNAi element were obtained from the 

Vienna Drosophila RNAi Center (VDRC) and two lines were obtained from the National 

Institute of Genetics (NIG), Tokyo, Japan and one line was obtained from the 

Bloomington Stock Center, Bloomington, IN.  The driver lines employed were: Act5-

GAL4;UAS-dcr2, elav-GAL4, and elav-GAL4; UAS-dcr2, all from the Bloomington 

Stock Center.  The Act5c-GAL4; UAS-dcr2 element was used to drive global expression 

for all lines.  The elav-GAL4 line was used to drive pan-neuronal expression for the 

generated transgenic lines and the addition of dicer was necessary for the RNAi 

constructs to be effective.   

 

Molecular cloning of CG15537 

 

The ORF of CG15537 was directionally cloned into a UAS vector.   Products from 

ligation reactions were then transformed into competent bacteria and, following sequence 

verification, plasmid DNA was isolated using a Maxi Prep Kit (QIAGEN).  DNA was 

sent to BestGene (Chino Hills, CA) for embryo injections and nine independent 
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transgenic lines were obtained and insertion sites were mapped.  The coding region of the 

CG15537 gene was cloned in frame with the maltose binding protein coding region in a 

pMAL-c2x vector (NED; Beverly, MA).  This resulted in the generation of a C-terminal 

fusion protein, possessing both the maltose binding domains and the coding region of 

CG15537.  

 

Protein purification 

 

Following cloning of the CG15537 gene, the resulting recombinant fusion protein 

was purified according to manufacturer’s recommendations (NEB; Beverly, MA). Briefly, 

plasmid DNA was introduced to competent Origami cells (Promega).  This bacterial 

strain has been modified to permit the generation of disulfide bonds (Promega), which is 

suspected to be necessary for the binding properties of the putative DH44-BP.  

Expression of the fusion protein was induced using isopropyl β-D-1-

thiogalactopyranoside (IPTG) and then the cells were lysed using multiple freeze thaw 

cycles and sonication.  Extracts were diluted in column buffer (20 mM Tris-HCl [pH 7.4], 

0.2 M NaCl, 1 mM EDTA and 1 mM DTT), and poured over an amylose column.  

Following several washes, the fusion protein was eluted using 10 mM maltose solution.  

Eluate fractions containing the fusion protein were quantified with Bradford reagent.  

Five fractions were pooled and dialyzed.  
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CG15537 binding assays 

 

Following the purification of the CG15537 fusion protein, 100 μg of the product 

was loaded to a mini-column containing amylose to immobilize the fusion.  100 μg DH44 

neuropeptide was added, followed by three washes with PBS and finally a 1% SDS 

solution was added to the matrix, liberating the product.  Extracts were separated by 

SDS-PAGE and MBP, CG15537, and DH44 antibodies were used for a Western blot to 

determine the presence of all three proteins in the purification product.  For control 

experiments, the maltose-binding protein (MBP; lacking the CG15537 ORF) was purified 

and the above experiments were performed in parallel on purified MBP.  Likewise, DH44 

neuropeptide alone was added to a column and the same experiment was conducted.  

Following the purification of the CG15537 fusion protein, 100μg of DH44 

neuropeptide was loaded to a mini-column containing Affi-Gel 15 (Bio-Rad).  1M 

ethanolamine HCL was used to block the available sites.  100 μg of the purified fusion 

protein was added, followed my three washes with 10mM HEPES.  Bust Buffer was 

added to the matrix, liberating the product.  Extracts were separated by SDS-PAGE and a 

DH44 antibody (Johnson et al., 2005, Cabrero et al, 2002) was used for a Western Blot to 

determine the presence of the neuropeptide in the purification product.  For control 

experiments, MBP was loaded onto the Affi-Gel column and the above experiment was 

performed.  
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Transcript analysis 

 

Wild type Drosophila (w1118) were subjected to three physiological stressors and 

the levels of CG15537 transcript produced in response to these stressors at particular time 

points was quantified.  Briefly, three replicates of 30 Drosophila were subjected to either 

normal (cornmeal-malt-agar-molasses medium), starvation (2% agar), osmotic (0.6 M 

NaCl), or oxidative (20 mM paraquat) conditions for either 0, 2, 4, 12, 20, or 28 hours, 

beginning at Zeitgeber Time 0 (ZT0- lights on).  Replicates were combined and RNA 

was extracted using Trizol, followed by phenol-chloroform washes and subsequent 

reverse transcription reactions using a SuperScript RT kit according to manufacturer’s 

recommendations (Invitrogen).  PCR was then performed on each cDNA sample and the 

relative level of CG15537 transcript was determined and levels were normalized to the 

housekeeping gene, RP49.  Conditions of the PCR were carefully optimized to ensure 

that relative transcript measurements were in the linear phase of amplification.  This was 

done by running the PCR for 25-35 cycles, and plotting the transcript abundance vs. 

number of cycles to determine how many cycles were necessary to measure transcript 

amplification in the linear phase.  Since stress hormones have known circadian 

expression (Krieger et al., 1971, Muglia et al., 1997), all samples were calculated relative 

to Drosophila under normal conditions collected at identical time points, to avoid this as 

a confounding variable. 

RT-PCR was also performed on transgenic lines in order to verify the efficacy of 

over-expression and suppression of CG15537 using the same protocol.  For this 
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experiment, control, Act-5c-BP1 and Act5c-RNAi (II) Drosophila were collected under 

normal, non-stressed conditions and their relative CG15537 levels were compared.  

 

Lifespan measurements  

 

All Drosophila stocks were reared on a standard cornmeal–malt–agar–molasses 

medium, supplemented with propionic acid. Stocks were housed in uncrowded conditions 

at 25°C on a 12:12 L:D cycle.  Both the suite of UAS-CG15537 and CG15537-RNAi 

lines were crossed to global and pan-neuronal drivers (Act5c-GAL4;UAS-dcr2, elav-

GAL4 and elav-GAL4; UAS-dcr2).  Progeny were screened, collected under mild CO2 

anesthesia and 30 3-10 day old flies placed in a vial with either starvation (2% agar), 

osmotic (0.6 M NaCl) or oxidative (20 mM paraquat) stress at ZT0, following three days 

of entrainment to a 12:12 L:D cycle.  Percentage survival of three replicate vials was 

assessed twice daily.  For each vial, we determined the median survival, (time of death 

for 50% of the population) employing non-linear regression analysis (GraphPad Prism) to 

calculate a mean median survival and then employed a one-way ANOVA with post-hoc 

Tukey’s comparison for differences between genotypes.  

 

Measurements of locomotor activity 

 

Transgenic animals with increased or suppressed expression of CG15537 were 

also tested for their locomotor activity under normal and starvation conditions.  Briefly, 

progeny were screened, collected under mild CO2 anesthesia and 30 3-10 day old flies 
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placed in a vial with either normal or starvation (2% agar) conditions.  Three replicate 

vials of each genotype and condition were placed in Trikinetics monitor (Waltham, MA) 

at ZT0 and recordings were taken for four days.  Locomotor activity was binned into ten 

minutes and total activity per day was assessed.  For determination of the starvation-

induced component, the total activity under normal conditions was subtracted from the 

activity under starvation conditions, and the difference was expressed as a % of normal 

activity (Zhao et al., 2010).  To avoid measurements of activity on dwindling populations 

as a confounding variable, only the first 24 hours of starvation and normal activity was 

used for analysis.  Comparisons of genotypic differences were assessed with ANOVA.  

 

Egg laying assays 

 
 Virgin females with different genetic backgrounds were collected and housed in 

groups of five.  An equal number of males were introduced and flies were transferred to 

new vials daily for five days.  The number of eggs in each vial each day were counted 

and then divided by five to yield a final measurement of number of eggs laid per female 

per day.  Analysis of genotypic differences were assessed using a Two-Way ANOVA.  
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RESULTS 
  
 
Evaluating DH44 neuropeptide 

 

In collaboration with Dr. John Ewer’s group, a genetic deletion of the DH44 

neuropeptide gene was generated.  Using FLP-mediated recombination between two 

adjacent PiggyBac elements possessing FRT sites (Parks et al., 2004), a deletion of 

approximately twenty kilobases was isolated.  Adults of this population, as well as 1st, 2nd 

and 3rd instar larvae, all possess a wild-type chromosome, marked with GFP; no animals 

homozygous for the deletion were recovered, indicating that this genetic variant results in 

lethality (Figure 3).   However, multiple genes are deleted in addition to the DH44 gene.  

Therefore, this lethality may be associated with the loss of these nearby genes rather than 

the loss of the DH44 gene.  However, RNA interference targeting the DH44 transcript also 

results in lethality (Figure 4).  Therefore, it is difficult to assess the roles of DH44 utilizing 

conventional experimental strategies to manipulate DH44.  Therefore, to further assess 

potential roles of DH44 signaling in the context of stress responses, other aspects of the 

DH44 signaling system have to be explored.   

 

Identification of a CRF-BP homologue 

 

Given that DH44 and CRF share high sequence similarity and both initiate 

signaling pathways through two related GPCRs which share high sequence similarity and 

functional characteristics (Hector et al, 2009), we asked if there was also a CRF-binding 

protein homolog in Drosophila.  BLAST analysis reveals that the protein encoded by 
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CG15537 shares 60% sequence similarity with CRF-BP (Figure 5).  The binding of the 

CRF peptide critically relies on ten cysteine residues which are thought to form the 

binding pocket (Fischer et al., 1994).  Notably, these cysteine residues are also present in 

CG15537.  Therefore, the CG15537 product is predicted to bind DH44.   

 

 
CG15537 binds DH44 

 

 To test the hypothesis that CG15537 encodes a putative DH44-binding protein, 

we purified the protein product of this gene.  CG15537 was cloned into the pMAL vector, 

and then transformed into an Origami bacteria cell line (which allows disulfide bond 

formations).   Expression of the DH44-BP::MBP fusion protein was induced using IPTG, 

and the fusion protein was purified using affinity chromatography on an amylose resin 

column (Figure 6).  Following loading of the bacterial fractions, the column was washed 

six times with column buffer, then with 10 mM maltose, and 5 mL fractions were 

collected.  Eluate fractions were tested for protein content via a Bradford assay and five 

fractions were pooled, since these all possessed significant protein.  Since the fusion 

protein contained a proteolytic cleavage site between MBP and CG15537, the purified 

fraction also contains MBP, which was cleaved from the fusion protein and purified on 

the column.  

 Synthetic DH44 (100 μg) was loaded onto a column containing Affi-Gel, which 

covalently binds proteins.  The column was then subsequently blocked with 1M 

ethanolamine and the purified DH44-BP::MBP fusion protein fraction was added.  After 

three washes, Bust Buffer was added to collect eluate fractions (80 μL).  A Western Blot 
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was then performed using the polyclonal antibody against the purified and eluate 

fractions at 1:5000 dilution (Figure 7).  A specific band consistent with the size of the 

purified fusion protein fraction was detected in the eluate fraction, demonstrating specific 

binding of DH44 to the fusion protein (Figure 8).  Notably, the purified MBP was not 

detected, which show that the fusion protein has specificity for DH44, allowing us to 

validate CG15537 as being the DH44 Binding Protein (DH44-BP).  

 

DH44-BP expression patterns 

 

An antibody raised against the CG15537::MBP fusion protein specifically 

recognizes a band of approximately 30kD on a Western Blot, which is consistent with the 

predicted size of the CG15537 product (Figure 7).  This same antibody was also used to 

evaluate the breadth of CG15537 expression in Drosophila tissues.  Similar to CRF-BP in 

mammals, we find that CG15537 is widely expressed in both the larval and adult CNS 

(Figure 9).  Furthermore, just as CRF-BP is co-localized with CRF in the mammalian 

CNS (Potter et al., 1992), CG15537 is co-localized with DH44 in the adult Drosophila 

brain (Figure 10). These observations further support the central hypothesis that the 

CG15537 product functions as a DH44-Binding Protein. 

 

DH44-BP expression changes during stress  

 

 As CRF-BP expression has been shown to change as a function of stress, we 

wanted to verify whether this same relationship was seen between stress and DH44-BP 
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expression.  DH44-BP transcript expression changed as a function of hours exposed to 

oxidative stress in both males and females (Figure 11).  Although varying trends were 

observed, changes in transcript expression were also observed for Drosophila under 

starvation and osmotic conditions (data not shown).  

 

Altered DH44-BP expression leads to increased lifespan under stress 

 

 To investigate the consequences of altered DH44-BP expression in regards to the 

physiological and behavioral responses to stress, we manipulated the expression of 

DH44-BP and subjected these animals to physiological stresses.  To increase expression 

of the DH44 binding protein, we cloned the CG15537 ORF in a UAS vector and 

generated transgenic Drosophila.  To decrease expression, we procured transgenic 

animals that possessed RNAi elements targeting the CG15537 transcript.  We first 

validated that constructs designed to increase and decrease expression of DH44-BP were 

functional using RT-PCR to assess DH44-BP transcript levels.  Global expression of the 

UAS-BP transgene via the Act5c-GAL4 driver significantly increased DH44-BP 

expression, as compared to the parental control line (Figure 12). Conversely, RNAi-

induced suppression of CG15537 leads to virtually non-detectable levels of DH44-BP 

transcript (Figure 12).  

 Having validated that these constructs led to over-expression and reduced 

transcript abundance, we then tested these transgenic lines under stress paradigms and 

used lifespan as a marker for stress sensitivity (Broughton et al., 2005).  Using either the 

pan-neuronal (elav-GAL4) or global driver (Act5C-GAL4) to over-express the DH44-BP, 
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lead to a significant lengthening of lifespan under starvation, osmotic, and oxidative 

stress challenges. Suppressing the expression of DH44-BP using RNAi results in 

identical phenotypes of extreme longevity under starvation conditions (Figure 13).  These 

lines lived significantly longer than their parental control lines (Turkey’s, P<0.001).  

 Considering that this phenotypic similarity from antagonistic manipulations could 

emanate from either transgene insertion site or off-targets from RNAi expression, we 

tested multiple transgenes and RNAi elements. In six independent insertions of the UAS-

DH44BP and three lines of the 15537-RNAi, longevity was similarly increased (Figure 

14).  While there is minor variability among these lines, these elements uniformly cause a 

significant increase in lifespan under starvation stress as compared to multiple parental 

and control lines (Turkey’s, P<0.001), suggesting that these potential technical issues 

were not causing increased survival.  

 We next tested these lines under different stressors.  Suppression and over- 

expression of DH44-BP also results in long lived phenotypes when exposed to both 

oxidative and osmotic stress environments (Figure 15) as compared to parental control 

lines (ANOVA, P<0.001).  This result suggests that the phenotypes observed reflect a 

general involvement of DH44-BP levels in mediating responses to stress. 

 

Resistance to stress is due to altered DH44 signaling  

 

 Since CRF-BP is known to bind peptides other than CRF (Potter et al., 1991), it is 

possible that DH44 is not the sole ligand for the DH44-BP. Therefore, these phenotypes 

might result from alterations of other signaling pathways.  To discriminate between the 
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effects of DH44 and other hormones, we generated a specific DH44 receptor antagonist.  

Based on models describing the interactions of CRF to its receptors (Nielsen, 2006), we 

synthesized DH12-44, deleting the first eleven N-terminal residues.  This modified peptide 

leads to reduced DH44-evoked signaling from the DH44-R1 receptor in HEK-293 cells 

(Figure 16).  We then cloned the gene encoding this antagonist under the control of a 

UAS-promoter.  Expression of this antagonist in a transgenic line of Drosophila, using a 

pan-neuronal driver (elav-GAL4), causes a similar long-lived phenotype during 

starvation (Figure 17) (Turkey’s, p<0.001), implicating a direct involvement of the DH44 

signaling system within the context of stress.  

 

Altered DH44-BP expression causes behavioral and physiological changes  

 

 To gain insight into potential mechanisms of altered DH44-BP expression within 

the stress response, we examined locomotor activity and reproductive functions.  

Suppressing DH44-BP expression eliminates starvation-induced hyperactivity (Figure 

18) (T-test, p<0.05).  Similarly, both increased and decreased DH44-BP expression 

causes a decline in the number of eggs laid per female per day beginning with the first 

day post-mating (Figure 19) (Turkey’s, p<0.01).  Both of these mechanisms result in 

reduced energy expenditures, which may lead to prolonged survival under starvation and 

other stresses.  
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DISCUSSION 

 

 We have identified the Drosophila protein CG15537 as being a DH44-BP and 

characterized its roles within the response to stress.  Sequence similarity to the 

mammalian CRF-BP, taken together with evidence of co-localization to DH44, molecular 

interactions between the peptide and binding protein, along with indirect measures of 

receptor activation in the presence of the binding protein, all support the naming of 

CG15537 as a DH44-BP.  Given these molecular homologies, we suspected a potential 

role for DH44-BP in modulating DH44 signaling as part of the mechanisms regulating the 

stress response.  We manipulated expression of DH44-BP levels, both increasing and 

decreasing expression, and tested these animals under a series of different stresses.   

Over-expression and decreased expression of the DH44-BP in transgenic Drosophila 

dramatically impacts the ability to cope with physiological stressors.  Both genetic 

modifications cause a long-lived phenotypes under starvation, osmotic, and oxidative 

stress environments as compared to flies with wild-type DH44-BP.   

 How can increased and decreased expression of the DH44-BP give the same 

phenotype?  We argue that these phenotypes are unlikely to be the result of the technical 

details of the assays employed.  PCR analysis of the transgenic lines verifies that the 

transgenic elements employed are altering expression levels consistent with expectations.  

Specifically, UAS-BP constructs significantly increase expression of DH44-BP, and 

DH44-BP RNAi constructs suppress expression.  Additionally, multiple lines, possessing 

independent insertion sites, and multiple RNAi elements, which target different parts of 

the DH44-BP, all show long-lived phenotypes during starvation.  These observations 
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suggest that the similar phenotypes reflect a biological explanation, rather than 

experimental or technical issues.   

Based on a multiple studies attempting to dissect the function of CRF-BP, (Behan 

et al., 1995), we speculate that DH44-BP has a similar role in suppressing DH44 signaling.  

If DH44-BP binding to DH44 leads to the hormone becoming unable to bind to either of 

its receptors, then the predicted outcome of DH44-BP presence would be an overall 

dampening of DH44 elicited signals and subsequent lower stress responses.  Over-

expression of the DH44-BP causes increased survival during starvation, and suggests that 

this longevity is a consequence of a reduced or absent response to stress.  This phenotype 

is in accord with the predictions that DH44-BP acts to suppress DH44 signaling, and 

reduces the intensity of the stress response. However, suppression of expression of the 

DH44-BP via RNAi also leads to increased survival during starvation, which is not 

predicted by the suspected roles of the binding protein function to dampen DH44 

signaling at its receptors.   

Even though these lines yielded nearly identical phenotypes, one explanation 

could be that DH44 has different roles in specific behaviors and/or physiologies which 

may underlie the same long-lived phenotype.  As a hypothetical example, DH44 may act 

to facilitate reproductive effort and also lead to heightened locomotor activity.  The loss 

of the binding protein could lead to lower reproductive and alter the metabolic capacity, 

leading to increased longevity.  Conversely, the loss of heightened locomotor activity in 

animals over-expressing the binding protein might also facilitate higher metabolic stores 

and subsequently, a long-lived phenotype.  While it is not possible to examine every 

physiology in these two strains, it is worth noting that both transgenic lines displayed no 
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differences in starvation-induced hyperactivity and egg-laying.  Both of these behaviors 

are expected, as they both result in the conservation of energy and contribute to the 

observed long lived phenotypes.  Other behaviors and physiological responses, such as 

triglyceride stores, are worth investigating to gain further insight into the underlying 

mechanisms of this response.  

 Since it is still unclear how these two opposing manipulations result in identical 

phenotypes, we propose a model to reconcile similar phenotypes emanating from 

increased and decreased expression of the DH44-BP (Figure 20).  One assumption of this 

model is that these constructs are being driven to extremely low and high ratios of 

DH44/BP.  The dosages of these transgenes may drive expression or suppression of 

DH44-BP to levels that are abnormal during the course of stress.  Another assumption of 

the model is that the ratios of DH44 to DH44-BP are essential for both the appearance of 

stress responses and the termination of stress responses.  If this is the case then 

supraphysiological levels of DH44-BP expression may lead to the failure of the 

development of responses during stress.  Likewise, suppression of the DH44-BP may 

lead to high levels of DH44 relative to its binding protein, leading to a constitutively “off 

state” of stress responses.   

This model makes specific predictions that can be experimentally tested.  First, 

controlling the dosage of DH44-BP expression should be able to show the expected 

antagonistic actions of elevating and reducing DH44-BP expression.  We would also 

predict that the differences exhibited in the transgenes would be evident in survival, as 

well as other potential behavioral and physiological markers of the stress response 

(Figure 21).  Current experiments have suggested that this may be the case.  Under the 
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control of the heat-shock promoter, expression of the RNAi element leads to shortened 

starvation survival with only a single heat shock to induce expression.  Furthermore, the 

basis of the model – one that centers on the relative expression of a binding protein and 

hormone to regulate dynamic aspects of the stress response- is one that has support.  

CRF-BP expression has been shown to change as a function of stress presentation (Chen 

et al., 2008), and likewise, DH44-BP changes coincident with stress.  Although the 

patterns of the changes in expression are different based on the stressor being presented, 

it is evident that the presentation of stress effects the expression of the DH44-BP.  We 

speculate that this change in expression is directly related to changes in stress responses, 

and suggest that DH44-BP may be involved in the graded stress responses as a function 

of stress duration and/or intensity. 

 The model also predicts that the DH44 neuropeptide is a critical component of the 

process of graded stress response.   Indeed, in mice with manipulated aspects of the CRF 

system, it was commonly observed that compensatory actions on other components of the 

stress signaling pathway could explain the lack of observable or predicted phenotypes.  

Likewise, in the Drosophila system, compensatory changes in DH44 could be a 

downstream effect of manipulating DH44-BP levels.  However, deletions of the DH44 

locus, as well as suppression of the DH44 transcript via RNAi, cause lethality, early in 

development.  This lethality may be due to critical failures in other physiologies in which 

DH44 is a critical component, such as ecdysis (Kim et al., 2006).  This lethality precludes 

an investigation of the potential roles of DH44 within the generation of behavioral and 

physiological alterations during stress, through traditional mutational analysis of loss-of-

function alleles.    
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FIGURES 
 
 
 
Figure 1. The general adaptation syndrome. The general adaptation syndrome (GAS) 

model, developed by Hans Selye in 1950, explains the predictable changes in the stress 

response as a function of intensity and time.  The GAS is broken up into three phases: 

alarm, adaptation, and exhaustion.  See text for a complete description.   
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Figure 2. Organization of CRF and DH44 signaling systems. CRF and DH44 are 

homologous peptides and both hormones bind to two distinct, yet related G-protein 

coupled receptors. In addition, mammals posses a CRF binding protein which functions 

to limit free CRF and attenuate receptor signaling.  We hypothesize that Drosophila 

CG15537 is a putative DH44-BP based on sequence homology to CRF-BP. 
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Figure 3. Deletion of the DH44 gene produces early lethality.  We assessed the 

numbers of animals (given in boxes above bars) that were expressing GFP from a 

balanced stock of the Dh44 deletion.  GFP is present on the balanced chromosome (TM3-

GFP) and larvae and adults were scored for the presence of GFP under a fluorescent 

dissecting scope.  At each life stage, 100% of the recovered Drosophila were expressing 

the GFP marker, indicative of the presence of the balancer chromosome.  This 

demonstrates that the deletion of the DH44 locus causes early lethality.  The expectation, 

based on Mendelian ratios is that 33% of the offspring would have been homozygous for 

the deletion, if it had no impact on survival. 
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Figure 4. RNAi knockdown of DH44 produces lethality.  RNAi knockdown, using a 

global driver, of a suite of Drosophila neuropeptides: Tachykinin (TK), Leukokinin (LK), 

Corazonin (Crz), FMRFamide (FMRF), Ion transport peptide (ITP), Allatostatin C 

(AstC), Cardioactive peptide 2B (Cap2b), Neuropeptide like precursor 1(NPLP1), 

Diuretic Hormone 44 (DH44), Ecdysis-triggering hormone (ETH), and eclosion hormone 

(EH).  The number of progeny recovered (as indicated above each bar), were graphed as 

a percent of expected number of viable progeny from Mendelian ratios. As a positive 

control, reducing the expression of neuropeptides that are known to function in 

development (ETH and EH), results in lethality.  RNAi knockdown of DH44 results in 

lethality and Crz-RNAi expression is not favored.    

 

 

 

 

 



 32

Figure 5. CRF-BP and DH44-BP share homology in their primary sequence.  

Alignment of the amino acid sequences of Drosophila putative DH44-BP (CG15537) and 

Homo sapiens corticotropin releasing factor binding protein (CRF-BP) (identical residues 

are in red and similar residues are in blue).  We hypothesize that CG15537 encodes a 

putative DH44-BP based on this degree of similarity (60%) and conserved cysteine 

residues (green boxes), which function in hormone binding. 
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Figure 6. Purification of the MBP::CG15537 fusion protein.  Coomassie-stained SDS-

PAGE gel showing the purification of MBP::CG15537 fusion protein from Origami 

bacterial cells.  The fractions are: uninduced bacteria, origami cells after being induced to 

express the MBP-CG15537 fusion protein (with IPTG), four fractions of wash through 

the amylose resin column, and the eluated, purified product.  Fractions were not 

normalized for total protein concentration.  The purified MBP-CG15537 protein fraction 

also includes MBP alone, presumably due to a proteolytic cleavage at a specific site in 

the fusion protein.  
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Figure 7. DH44-BP antibody verification. We generated a polyclonal antibody against 

the CG15537::MBP fusion protein. On whole fly protein extracts, this antibody 

recognizes a prominent band of 37 kD, consistent with the predicted size of the protein 

encoded by CG15537.  
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Figure 8. DH44-BP binds DH44. Western Blot analysis of 2 μg CG15537-MBP, purified 

from the amylose resin column (1), and the Affi-gel eluate fraction (2).  Proteins were 

probed with an anti-CG15537 primary antibody and an anti-mouse Alkaline Phosphatase 

secondary antibody.  The fusion protein is detected in the Affi-gel column eluate fraction, 

demonstrating direct DH44 binding to the fusion protein.  
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Figure 9. Immunolabeling of the Drosophila CNS by antisera against DH44-BP. 

Larval (A) and adult (B) Drosophila CNS were dissected and fixed according to standard 

protocols and then incubated with polyclonal anti-CG15537 antisera.  Anti-mouse Cy3 

secondary antibody was then applied to tissues which were then imaged.  A number of 

different neuronal populations were labeled in both larval and adult brains, although the 

specific identities of many of these populations are currently unknown.  However, the 

expression patterns in both developmental stages are similar when considering the 

morphological changes occurring during metamorphosis.  
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Figure 10. DH44-BP and DH44 are co-localized. DH44 and the DH44-BP are co-

localized in the Drosophila adult brain.  Adult brains were dissected and fixed and then 

incubated with rabbit anti-DH44 and mouse anti-DH44BP primary antibodies (each at a 

1:500 dilution) overnight at 4C.   Following washes, tissues were incubated with anti-

rabbit FITC and anti-mouse Cy3 secondary antibodies (each at a 1:1000 dilution).  

Images were taken using a Zeiss confocal microscope, and images were uploaded in 

Adobe Photoshop and adjusted for contrast.  Single scans were conducted in the area of 

interest under two different filter sets, and resulting images were then merged (middle 

panel), and the resulting yellow color is representative of DH44 and DH44-BP being 

localized in the same cell populations.  
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Figure 11. CG15537 expression changes with the presentation of stress. RT-PCR 

analysis of DH44-BP transcript expression as a function of hours exposed to oxidative 

stress.  Transcript abundance was normalized to the internal housekeeping gene, RP49, 

and graphed as a percent of the ratio of DH44BP/RP49 at time 0.  
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Figure 12. CG15537 expression levels in transgenic lines. RT-PCR verification of 

DH44-BP expression levels of transgenic Drosophila.  CG15537 expression is increased 

in animals globally expressing the UAS-BP transgene (Act-BP).  Animals expressing the  

RNAi construct (Act-RNAi), shows reduced DH44-BP transcript levels relative to the 

driver line control (Act/+). 

                        

 
 
 
 



 40

Figure 13. Altered DH44-BP expression results in starvation stress resistance.  

Percent survival over time of females, exposed to starvation stress.  Using a pan-neuronal 

drive to over-express the DH44-BP (elav-BP; black) or suppress the expression of the 

DH44-BP (elav-RNAi; red) both result in a significantly longer lifespan under stress, as 

compared to the parental line control (elav/+; blue) (ANOVA, P<0.001).  The same effect 

was seen in males (data not shown).  
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Figure 14. Independent transgenic element lines uniformly increase survival during 

starvation. Mean median survival +/- SEM are plotted for six independent lines of UAS-

BP (black), three independent lines of CG15537-RNAi (red), and four parental and 

background controls (white).  All lines either overexpressing or with suppressed 

expression of DH44-BP have a significantly longer median survival time in starvation 

conditions (ANOVA, P<0.001).  
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Figure 15. Altered DH44-BP levels cause increased survival during other 

physiological stress.  Suppressing the expression of DH44-BP, using RNAi, leads to an 

increased median survival time, when compared to controls, during exposure to osmotic 

and oxidative stressors.  For both females and males, transgenic lines with globally 

driven DH44-BP RNAi (Act-RNAi) live significantly longer than their parental controls 

(Act/+) (ANOVA, P<0.001).  
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Figure 16. DH44 receptor antagonist reduces DH44 signaling.  HEK-293 cells 

expressing DH44-R1 respond in a dose dependent manor to neuropeptide DH44 (black 

line), as measured by cre-luciferase signal. Addition of the DH44 antagonist peptide (red 

line), however, significantly decreases this signal in a classic, competitive inhibition 

mechanism. Data are means +/- SEM from three independent transfections on triplicate 

wells and data are expressed as a % of unstimulated luciferase levels.   
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Figure 17. DH44 receptor antagonist element causes stress resistance.  We created a 

transgenic line of Drosophila expressing the gene for the DH44 receptor antagonist and 

measured their survival under starvation stress.  Expression of the DH44 receptor 

antagonist was driven with a pan-neuronal driver, and causes significantly increases 

survival under starvation stress (elav-ANT; green), as compared to parental controls 

(elav/+; blue) (ANOVA P<0.001).  This phenotype is similar to those observed in flies 

over-expressing the binding protein (elav-BP; black), and in flies with suppressed levels 

of DH44-BP (elav-RNAi; red).  
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Figure 18. Drosophila with lower DH44-BP levels do not display starvation-induced 

hyperactivity.  Suppression of DH44-BP eliminates the hyperactivity regularly exhibited 

by wild-type Drosophila during starvation.  Locomotor activity is shown for control 

Drosophila and transgenic Drosophila with decreased DH44-BP expression (RNAi) 

when in a normal food environment (black line) or exposed to starvation (gray line) stress.  

The total activity, when exposed to starvation, of the control (Act/+) and RNAi (Act-

RNAi) lines is also graphed as a percent of activity when in a normal food environment.  
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Figure 19. Altering DH44-BP expression suppresses reproductive function. We 

quantified the number of eggs laid per female per day, as measured beginning with day 1 

post mating.  We counted these for control (Act/+; blue) and overexpressing (Act-BP; 

black) or suppressing the expression of DH44-BP (Act-RNAi; red).  Both transgenic 

constructs, when driven globally by the Act5c-GAL4 driver, lay significantly fewer eggs 

than the parental control line (Turkey’s, P<0.01).  
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Figure 20. Model of DH44/BP ratio in determining graded stress responses.  While 

this model makes certain assumptions, it illustrates how the ratio of DH44/BP regulates 

the stress response and how either extreme of this ratio can eliminate the stress response.  

It is hypothesized that the experiments performed over-expressing and suppressing the 

expression of the DH44-BP might lead to extreme ratios.  
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Figure 21. Predictions of regulated DH44-BP dosage on stress survival. Using an 

inducible driver, the level of DH44-BP expression may be regulated with more control.  

If this were able, then the prediction is that median survival would change as a function 

of the DH44/BP ratio.  
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