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Regulation of Energy Stores and Feeding by Neuronal
and Peripheral CREB Activity in Drosophila
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1 Laboratory of Neurodegenerative and Metabolic Diseases, Farber Institute for Neurosciences, Department of Biochemistry and Molecular Biology, Thomas Jefferson
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Abstract
The cAMP-responsive transcription factor CREB functions in adipose tissue and liver to regulate glycogen and lipid
metabolism in mammals. While Drosophila has a homolog of mammalian CREB, dCREB2, its role in energy metabolism is not
fully understood. Using tissue-specific expression of a dominant-negative form of CREB (DN-CREB), we have examined the
effect of blocking CREB activity in neurons and in the fat body, the primary energy storage depot with functions of adipose
tissue and the liver in flies, on energy balance, stress resistance and feeding behavior. We found that disruption of CREB
function in neurons reduced glycogen and lipid stores and increased sensitivity to starvation. Expression of DN-CREB in the
fat body also reduced glycogen levels, while it did not affect starvation sensitivity, presumably due to increased lipid levels
in these flies. Interestingly, blocking CREB activity in the fat body increased food intake. These flies did not show a
significant change in overall body size, suggesting that disruption of CREB activity in the fat body caused an obese-like
phenotype. Using a transgenic CRE-luciferase reporter, we further demonstrated that disruption of the adipokinetic
hormone receptor, which is functionally related to mammalian glucagon and b-adrenergic signaling, in the fat body
reduced CRE-mediated transcription in flies. This study demonstrates that CREB activity in either neuronal or peripheral
tissues regulates energy balance in Drosophila, and that the key signaling pathway regulating CREB activity in peripheral
tissue is evolutionarily conserved.
Citation: Iijima K, Zhao L, Shenton C, Iijima-Ando K (2009) Regulation of Energy Stores and Feeding by Neuronal and Peripheral CREB Activity in Drosophila. PLoS
ONE 4(12): e8498. doi:10.1371/journal.pone.0008498
Editor: Brian D. McCabe, Columbia University, United States of America
Received October 25, 2009; Accepted December 3, 2009; Published December 30, 2009
Copyright: ß 2009 Iijima et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: This work was supported by start-up funds from the Farber Institute for Neurosciences. K. I. is supported by a pilot research grant from the Thomas
Jefferson University, and grants from Gilbert Foundation/the American Federation for Aging Research (http://www.afar.org/), the Alzheimer’s Association (NIRG08-91985)(http://www.alz.org/index.asp). K. I. and K. I.-A. are supported by the National Institutes of Health (R01AG032279). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* E-mail: kanae.iijima-ando@jefferson.edu (K.I.-A.); koichi.iijima@jefferson.edu (K.I.)

neuronal CREB pathway has been implicated in energy metabolism
in flies. The CREB Regulated Transcriptional Coactivator (CRTC,
also known as TORC) family of latent cytoplasmic coactivators
stimulate CREB-mediated transcription [14,15]. Flies lacking a
homolog of mammalian TORC [16,17] are viable and fertile, but
have reduced glycogen and lipid stores and are sensitive to
starvation and oxidative stress [4]. Stress sensitivity, reduced energy
stores, and CREB target gene expression in TORC mutants is
rescued by neuronal TORC expression [4], indicating that CREB
activity in neurons regulates energy metabolism in flies. In
Drosophila, the fat body is the primary energy tissue for the storage
of fuel molecules, such as glycogen and triglycerides, and adopts the
similar functions as mammalian adipose and hepatic tissues. The
role of dCREB2 in the fat body in energy metabolism is not clear.
CREB has been found to mediate effects of catecholamines and
other fasting hormones on cellular gene expression [1,18]. For
example, the pancreatic hormone glucagon activates the CREBmediated gluconeogenetic program in the liver in response to a
low glucose level during fasting. In insects, the adipokinetic
hormone (AKH) pathway is the functional analogue of mammalian glucagon and b-adrenergic signaling [19,20,21,22]. It is
unknown whether the AKH pathway regulates CREB activity in
Drosophila.

Introduction
Energy balance is maintained by concerted changes in behavior
and metabolism, which are often regulated by gene expression
[1,2,3,4]. The cAMP responsive element binding protein (CREB) is
an evolutionarily conserved transcription factor that is involved in
many physiological functions including energy metabolism
[4,5,6,7]. In response to pancreatic glucagon and adrenal cortisol,
CREB activates gluconeogenic and fatty acid oxidation programs in
mammals [1]. Blocking CREB activity in mammalian liver causes
excessive fat accumulation and eventually ‘‘fatty liver’’, which has
been ascribed to overactivation of the liposynthesis program [2].
CREB belongs to the activating transcription factor (ATF)/
CREB family of proteins. The two major subgroups of the ATF/
CREB family are CREB and ATF-2 [8,9]. ATF-2 activates
transcription of the phosphoenolpyruvate carboxykinase-cytosolic
(PEPCK-C) gene, which encodes a key enzyme of both
gluconeogenesis [10] and glyceroneogenesis [11]. Recently, it
has been reported that ATF-2 regulates fat metabolism in
Drosophila: knock-down of the Drosophila homolog of ATF-2
reduced, and overexpression of ATF-2 increased, lipid stores [12].
While Drosophila has a homolog of mammalian CREB, dCREB2
[13], its role in energy metabolism has not been elucidated. The
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Here we demonstrate that energy stores and feeding behavior
are controlled by CREB activity either in neurons or in the fat
body, and that CREB activity is regulated by the AKH pathway in
flies. Interestingly, flies with disruption of CREB functions in the
fat body shows an obese-like phenotype.

Blocking CREB activity in neurons reduces glycogen and
lipid stores
Overexpression of an isoform of dCREB2, dCREB2b, has been
reported to block CREB activity, presumably by a dominantnegative effect [13,25,26], and used to analyze the role of CREB
activity in various contexts [25,27,28,29]. To examine whether
blocking CREB activity in neurons causes reductions in glycogen
and triglyceride levels, we expressed dCREB2b (a dominant
negative form of CREB, DN-CREB) in all neurons under the
control of the pan-neuronal elav-GAL4 driver. We previously
reported that CREB activity was reduced in these flies using a
transgenic CRE-Luciferase reporter [26]. Similar to the observation in TORC mutant flies [4], we found that neuronal
overexpression of DN-CREB caused reductions in stored glycogen
and triglyceride (Figure 2A, left and middle). Flies that expressed
DN-CREB in neurons did not display reduced body size
(Figure 2A, right), indicating that the lower total body glycogen
and triglyceride content of these flies is not due to a reduction in
overall body size. Similar results were obtained from two
independent DN-CREB transgenic fly lines. These results support
the previous observation [4] that reduction in CREB activity in
neurons causes lower glycogen and lipid stores.

Results
Knock-down of dCREB2 expression in adult flies causes a
reduction in glycogen and lipid stores
To test whether loss of dCREB2 functions causes similar
changes in energy stores as the TORC mutation, we examined
glycogen and lipid levels in flies with a null mutation in dCREB2, a
Drosophila homolog of mammalian CREB/CREM [13]. A loss-offunction mutation in dCREB2, S162, is lethal [23]. dCREB2 gene
has been reported to produce a number of alternatively spliced
isoforms (dCREB2a, b, c, d, q, r and s) [24], and the lethality of
S162 can be rescued by induction of the dCREB2d isoform under
control of the heat shock promoter (hs-dCREB2d) during
development [23]. S162 flies carrying hs-dCREB2d were subjected
to a daily 60 min heat shock at 37uC during the embryonic, larval
and pupal stages. After eclosion, flies were kept at 18uC for two
weeks to shut down hs-dCREB2d expression. This treatment
caused a dramatic reduction in dCREB2 levels in adults
(Figure 1A).
In Drosophila, glycogen and triglyceride comprise the major
forms of energy storage for carbohydrate and lipids, respectively.
We tested the levels of glycogen and triglyceride in dCREB2
mutant flies under normal feeding conditions. We found that a
mutation in dCREB2 caused a reduction in stored glycogen levels
and a reduction in lipid levels (Figure 1B and C), as was seen in
TORC mutants. These results confirm that dCREB2 mediates the
regulation of energy stores at the adult stage in Drosophila.

Blocking CREB activity in the fat body reduced glycogen
levels, but increased lipid levels
CREB-mediated transcription mediates glycogen and lipid
metabolism in mammalian adipose tissues and liver [1,2]. The
Drosophila fat body is the primary energy storage tissue and serves
as a repository for both glycogen and triglycerides, thereby
combining the energy storage functions of adipose tissues and the
liver [30]. To examine whether blocking CREB activity in the fat
body alters glycogen and triglyceride levels in flies, we expressed
the DN-CREB transgene under the control of the take out (to)GAL4 [31], which drives expression mainly in the fat cells in the
head and throughout thorax and abdomen in adult fly bodies [31].
We first confirmed that CREB activity was reduced in these flies
using the CRE-Luciferase reporter transgene (Figure 2B). The
overexpression of DN-CREB in the fat body caused significant
reductions in stored glycogen levels (Figure 2C, left). Interestingly,
we found that blocking CREB activity in the fat body significantly
increased triglyceride levels (Figure 2C, middle). Flies with
expression of DN-CREB in the fat body did not display altered
body size (Figure 2C, right), indicating that reduction in glycogen
levels is not due to a reduction in overall body size. In addition, the
higher total body triglyceride content without an increase in
overall body size indicates an obese-like phenotype for flies with
DN-CREB expression in the fat body.

Blocking CREB activity in neurons or in the fat body
altered stress resistance in flies
We found that neuronal expression of DN-CREB sensitized flies
to starvation stress (Figure 3A left). In response to water-only
starvation, they lived an average of 53 hours, while the control flies
lived an average of 74 hours (Figure 3A left). These flies were also
sensitive to oxidative stress: following exposure to paraquat, their
mean survival time was 50% lower than that of controls (Figure 3B
left). When supplied with regular cornmeal food or sucrose, the
survival of DN-CREB flies at this age (about 7 days after eclosion)
was comparable to that of control flies, suggesting that the reduced
survival rates of these flies under stressed conditions are not due to
a general ‘‘sickly’’ effect (Figure 3A right and 3B right).
We next tested the effect of blocking CREB activity in the fat
body on stress resistance. Interestingly, we found that flies

Figure 1. Lower stored glycogen levels in adult flies with loss of
dCREB2. (A) A reduction in the CREB level was confirmed by Western
blot analysis. A low level of expression of a dCREB transgene (hsdCREB2d) was used to rescue the lethality of CREBS162 (CREBS162+hsdCREB) [23]. Tubulin was used to confirm equal protein loading in each
lane. (B) Glycogen content in loss-of-function dCREB mutant flies.
Glycogen levels are expressed as ratios to the control level, n = 6,
*p,0.05, Student’s t-test.). (C) Lipid content in loss-of-function dCREB
mutant flies. Lipid levels were normalized to protein levels and
expressed as ratios to the normalized control level, n = 4, *p,0.05,
Student’s t-test.).
doi:10.1371/journal.pone.0008498.g001
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expressing DN-CREB in the fat body were as resistant to
starvation as control flies (Figure 3C). Previous work in Drosophila
has shown that starvation resistance correlates strongly with lipid
store levels [32]. Although flies with DN-CREB expression in the
fat body had lower glycogen levels, these flies had elevated lipid

Figure 2. Roles of neuronal and peripheral CREBs in energy
stores. (A) Neuronal overexpression of a dominant-negative form of
CREB (DN-CREB) caused lower stored glycogen and lipid levels in flies.
Glycogen (left) or lipid (middle) content in bodies from control flies
(elav-GAL4 driver only, control) or flies expressing DN-CREB in neurons
from the elav-GAL4 (DN-CREB) driver. Glycogen and lipid levels were
normalized to protein levels and expressed as ratios to the control level
(mean6SD, n = 4, *p,0.05, Student’s t-test). Body size (right) of flies
with DN-CREB expression in neurons was indistinguishable from that of
the control. Measurements of mesothorax size are shown as ratios to
the control size (mean6SD, n = 8). Two independent transgenic lines
(DN-CREB#1 and DN-CREB#2) gave similar results. (B) Reduction in
CREB activity in flies following DN-CREB expression in the fat body. CRELuciferase reporter protein was measured using anti-luciferase antibody
in Western blots of body extracts from control flies (to-GAL4 driver only,
control) or flies expressing DN-CREB in the fat body from the to-GAL4
driver (DN-CREB) (top panel). Blots were stripped and reprobed with
anti-tubulin antibodies as a protein loading control (bottom panel).
Signal intensities were quantified and are shown as ratios to control
signals (mean6SD, n = 5; *p,0.05, Student’s t-test). (C) Overexpression
of DN-CREB in the fat body caused lower stored glycogen and higher
lipid contents. Glycogen (left) or lipid (middle) content in the bodies of
control flies (to-GAL4 driver only, control) or flies expressing DN-CREB in
neurons from the elav-GAL4 (DN-CREB) driver. Glycogen and lipid levels
are expressed as ratios to the control levels, n = 6, *p,0.05, Student’s ttest). Body size (right) of flies expressing DN-CREB in the fat body was
indistinguishable from that of the control. Measurements of mesothorax size are shown as ratios to the control values (mean6SD, n = 8).
doi:10.1371/journal.pone.0008498.g002
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Figure 3. Roles of neuronal and peripheral CREBs in starvation
and oxidative stress. (A) DN-CREB overexpression in neurons reduces
starvation resistance in flies. (Left) Survival on water only of 7-day-old
male flies expressing DN-CREB in neurons (DN-CREB#1 and #2, open
circles and open triangles) or control carrying the driver only (filled
circles). Two independent transgenic lines (DN-CREB#1 and DNCREB#2) gave similar results. (Right) Survival on cornmeal food of
male flies expressing DN-CREB in neurons (open circles) or control (filled
circles). (B) DN-CREB overexpression in neurons reduces oxidative
stress-resistance in flies. (Left) Survival in 20 mM paraquat of 7-day-old
male flies expressing DN-CREB in neurons (DN-CREB#1 and #2, open
circles and open triangles) or control carrying the driver only (filled
circles). Two independent transgenic lines (DN-CREB#1 and DNCREB#2) gave similar results. (Right) Survival on sucrose agar of male
flies expressing DN-CREB in neurons (open circles and open triangles) or
control flies (filled circles). (C) DN-CREB overexpression in the fat body
does not alter starvation resistance in flies. Survival on water only of 7day-old male flies expressing DN-CREB in the fat body (DN-CREB#1 and
#2, open circles and open triangles) or control flies carrying the driver
only (filled circles). (D) DN-CREB overexpression in the fat body reduces
oxidative stress-resistance. (Left) Survival in 20 mM paraquat of 7-dayold male flies expressing DN-CREB in the fat body (DN-CREB#1 and #2,
open circles and open triangles) or control carrying the driver only
(filled circles). (Right) Survival on sucrose agar of male flies expressing
DN-CREB in the fat body (open circles) or control flies (filled circles).
doi:10.1371/journal.pone.0008498.g003
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DN-CREB expression in the fat body disrupts detection of, or
response to, the level of energy stores in the body.

levels (Figure 2C), which may explain why they were as resistant to
starvation as the control flies. In contrast, flies with expression of
DN-CREB in the fat body were more sensitive to oxidative stress
(Figure 3D left), although their survival was comparable to that of
control flies in the absence of oxidative stress (Figure 3D right).

Adipokinetic hormone receptor in the fat body regulates
CRE-mediated transcription in flies
In mammals, the pancreatic hormone glucagon activates
CREB-mediated transcription in the liver [1]. The adipokinetic
hormone (AKH) signaling pathway in Drosophila is functionally
related to mammalian glucagon signaling [19,20,21,22,33,34].
The receptor of AKH (AKHR) is expressed predominantly in the
fat body and a subset of gustatory neurons [33,34].
To test whether AKHR plays a role in the regulation of CREB
activity, we examined whether CRE-mediated transcription is
altered in AKHR mutant flies using the CRE-Luciferase reporter
transgene. Luciferase reporter mRNA levels were 50% lower in
the AKHR mutant background than in the revertant control
(AKHRrev) (Figure 5A and B). To determine whether AKHR in
the fat body regulates CRE-mediated transcription, we knocked
down AKHR expression in that tissue. Expression of AKHR
RNAi driven by to-GAL4 caused a dramatic reduction in AKHR
mRNA levels (Figure 5C) and a significant reduction in CRELuciferase reporter mRNA levels (Figure 5D). Similar results were
obtained in flies expressing AKHR RNAi under the control of the
timeless-GAL4 driver, which drives transgene expression strongly in
the fat body [35] (Figure 5E and F). In contrast, expression of
AKHR RNAi in neurons did not affect CRE-Luciferase reporter
expression (Figure 5G). These results indicate that AKHR in the
fat body positively regulates CRE-mediated transcription, and that
the key signaling mechanism regulating CREB activity in
peripheral tissues is evolutionarily conserved.

Blocking CREB activity in the fat body increased food
intake in flies
Changes in food intake behavior can affect energy stores in flies.
To test whether DN-CREB expression in neurons or in the fat
body alters feeding, we quantified food intake in the fed state. We
found that food ingestion was not significantly altered in the flies
with DN-CREB expression in neurons (Figure 4A), indicating that
reduced energy stores in the flies with DN-CREB expression is not
due to reduced food intake. In contrast, despite their elevated lipid
stores, food ingestion was increased in flies with DN-CREB
expression in the fat body (Figure 4B). This result suggests that

Discussion
This study provides in vivo evidence that both neuronal and
peripheral CREB activities are involved in the regulation of energy
balance in flies. Blocking CREB activity in neurons caused
reductions in both glycogen and lipid stores and a higher sensitivity
to starvation stress. In contrast, while disruption of CREB function
in the fat body also reduced glycogen levels, it increased lipid stores,
and did not affect starvation sensitivity (Figure 2–3). Since there was
no significant change in overall body size in these flies, disruption of
CREB activity in the fat body caused an obese-like phenotype.
These results also indicate that CREB activity can both increase and
reduce lipid stores in flies depending on its site of action. Recently,
two distinct populations of Drosophila brain neurons that regulate fat
deposition were identified in Drosophila [36]. It will be interesting to
determine in which neurons CREB functions to regulate energy
metabolism in flies.
In a recent study, TORC-mediated CREB activity in neurons
was shown to positively regulate glycogen and lipid stores in flies
[4]. This is based on results showing that expression of TORC in
neurons rescued the starvation sensitivity of TORC mutant flies.
In addition, expression of TORC in neurons partially rescued the
lower energy stores of these mutants [4]. While supporting the
conclusions of this study with respect to the role of neuronal CREB
activity, our results also provide evidence that CREB in the fat
body plays roles in energy balance. Moreover, in contrast to the
normal feeding behavior of a TORC mutant [4], we found that
blocking CREB activity in the fat body increased food intake
(Figure 4). Thus, disruption of CREB functions has a broader
impact on energy metabolism and feeding behavior than the loss
of TORC. It is likely that not all CREB functions depend on
TORC. In support of this, although a TORC null mutant is viable
and fertile [4], CREB mutants are lethal [23].

Figure 4. Roles of neuronal and peripheral CREBs in food
intake. The ingestion of dye was quantified after feeding 1-week-old
male flies for 6 h (left) or 24 h (right). The absorbance of ingested dye
was measured and the results are shown as ratios to the control value
(mean6SD, *p,0.05, Student’s t-test). (A) Flies with DN-CREB expression in neurons. (B) Flies with DN-CREB expression in the fat body.
doi:10.1371/journal.pone.0008498.g004
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We found that AKH/AKHR signaling in the fat body, which is
thought to be functionally related to glucagon/glucogon receptor
signaling in the mammalian liver, positively regulates CREmediated transcription (Figure 5). In the mammalian liver, CREB
activates the gluconeogenic program following a glucagon
stimulus. Recent studies reported that promoting AKH signaling
in the fat body significantly reduced, while loss of AKHR function
modestly increased, glycogen levels in flies, presumably through
AKH/AKHR-mediated carbohydrate catabolism in the fat body
[33,34]. However, we found that blocking CREB activity in the fat
body significantly reduced glycogen levels (Figure 2), which would
seem to contradict the proposed role of AKH/AKHR in
mediating carbohydrate catabolism in the fat body. One possibility
is that CREB activity in the fat body regulates multiple aspects of
glucose/glycogen metabolism in addition to the AKH/AKHRmediated pathway, and that blocking all CREB functions in the fat
body reduces total glycogen levels as a net effect. In fact, significant
CREB activity was remaining in AKHR mutant flies (Figure 5A),
suggesting that other signaling pathways might contribute to the
activation of CREB activity in the fat body. Further studies will be
required to delineate the role of CREB activity in the fat body in
carbohydrate metabolism and its relationship with the AKH
signaling pathway.
We found that blocking CREB activity in the fat body increased
lipid stores (Figure 2). AKH/AKHR is also thought to be
functionally related to b-adrenergic signaling in mammalian
adipose tissue, which activates protein kinase A (PKA) and
stimulates lipolysis by phosphorylating hormone-sensitive lipase
and perilipin [37,38,39]. In Drosophila, the promotion of AKH
signaling in the fat body reduces lipid levels, whereas loss of
AKHR function has the opposite effect; this is partly ascribed to
altered activity in lipocatabolic systems [33,34]. In addition, AKH
signaling has been shown to repress the lipogenesis pathway in
various insects [40,41]. Interestingly, blocking CREB activity in
mammalian liver causes excessive fat accumulation, resulting in
‘‘fatty liver’’ through overactivation of liposynthesis [2]. Future
analysis will unravel whether CREB activity in the fat body
represses liposynthesis and/or promotes lipid catabolism under the
control of AKH/AKHR signaling.
In summary, our results demonstrate that CREB is involved in
both central and peripheral regulation of energy balance and
feeding behavior in Drosophila. Future studies of CREB in flies hold
great promise for revealing the mechanisms underlying energy
balance and feeding behavior. Such studies will likely contribute to
our understanding of human metabolic disorders.

Materials and Methods
Fly stocks and culture
dCREB2S162, hs-dCREB2d, UAS-dCREB2b, CRE-luciferase
reporter (CRE-Luc) lines were described previously [23,42,43,44].
Transgenic fly lines carrying hs-dCREB2d, UAS-dCREB2b,
CRE-luciferase flies were established in the background of the
Canton-S w1118 (isoCJ1) genotype [25]. takeout (to)-GAL4 fly stock
was a kind gifts from Dr. Amita Sehgal. AKHRnull and AKHRrev
flies were kind gifts from Dr. Kamal N. Bharucha [34]. UASAKHR RNAi (v9546) was obtained from the VDRC stock center
(Vienna, Austria) [45]. The elav-GAL4c155 and timeless-GAL4 flies
were obtained from the Bloomington Drosophila Stock Center
(Indiana University). takeout is a member of a large family of
secreted factors that bind small lipophiles, which was identified
previously in several molecular screens as a robust circadianregulated gene [46,47,48,49] and plays a role in integrating
information about the organism’s sex, nutritional status, and

Figure 5. Reduction in CRE-mediated transcription by knockdown of AKHR in the fat body. Total RNA was extracted from flies and
subjected to qRT-PCR. (A, C, and E) AKHR mRNA level, (B, D, F and G) CREluciferase mRNA levels. (mean6SD, n = 5, *p,0.05, Student’s t-test).
doi:10.1371/journal.pone.0008498.g005
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circadian cycle to affect adult male behavior [31,46,50]. timeless is a
circadian clock gene [51]. Expression pattern of the to-GAL4 and
timeless-GAL4 drivers used in this study have been published (see
references above). To obtain control flies for Figure 1, isoCJ1 males
were crossed to yw females, and F1 flies were subjected to the same
heat-shock treatment and used as controls. To obtain control flies
in for Figure 2–5, isoCJ1 flies (Figure 2–4) or w1118 from VDRC
(Figure 5C–G) were crossed to the GAL4 drivers and F1 flies were
used as controls. The flies were raised on standard cornmeal
medium with 12 h:12 h light:dark cycle at 25uC.

Oxidative stress assay

Western Blotting

Food intake assay

The number of dead flies were assessed every 6–12 h. About 50
flies were analyzed for each genotype. The assay was repeated at
least three times and the representative data was shown.

Male flies were kept in regular cornmeal food vials for 7 days after
eclosion and then transferred to vials containing 20 mM paraquat/
10% sucrose/PBS. The number of dead flies were assessed every 4–
8 h. About 50 flies were analyzed for each assay. The assay was
repeated at least three times and the representative data was shown.

Ten male flies were homogenized in Tris-glycine sample buffer
(Invitrogen) and centrifuged at 13,000 rpm for 10 min, and the
supernatants were separated on 10% Tris-glycine gels (Invitrogen)
and transferred to nitrocellulose membranes (Invitrogen). The
membranes were blocked with 5% nonfat dry milk (Nestlé) and
blotted with the anti-dCREB2 antibody (a kind gift from Dr. J.
Yin) or anti-luciferase antibody (Novus Biolocicals, Luci 21 1-107),
incubated with appropriate secondary antibody and developed
using ECL plus Western Blotting Detection Reagents (GE
Healthcare). The signal intensity was quantified using ImageJ
(NIH). Western blots were repeated a minimum of three times and
representative blots are shown.

Food intake assay was modified from [53]. 7–10 day-old males
were placed in vials containing 1% FD&C Blue No. 1[MacCormick]/10% sucrose/1% agar for 6 h or 24 h. After the feeding,
flies were frozen and bodies were homogenized in PBS and
centrifuged twice for 25 min. The supernatant were transferred to
cuvettes and absorbance was measured at 625 nm. Each
experiment consisted of one or two groups of flies (20 flies each).
The assay was repeated at least three times and the representative
data are shown.

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from fly heads using TRIZOL reagent
(Invitrogen). After reverse transcription using TaqMan Reverse
Transcription Reagents (Applied Biosystems), qRT-PCR reactions
were performed with SYBR PCR Master Mix Reagents and
analyzed with a Sequence Detection System 7700 (Applied
Biosystems). Relative expression values were determined by the
DDCt method according to quantitative PCR Analysis User Bulletin
(Applied Biosystems). Primers were designed using Primer Designing
Tool (NCBI): Luciferase, TTGGATCTT CCAGGGATACGA
(forward) and TTTCCCGGTATCCAGATCCA (reverse), AKHR,
TCCATCACCGTGTACAGCAT (forward) and GAGCGATATGCAGACCATCA (reverse), Actin, TGCACCGCAAGTGCTTCTAA (forward) and TGCTGCACTCCAAACTTC CA
(reverse).

Glycogen measurement
Glycogen levels were determined as described in [52]. 15–20 flies
were quick frozen in liquid nitrogen, homogenized in 200 ml PBS
containing 0.5% Tween 20, and immediately incubated at 70uC for
5 min. Samples were centrifuged and the supernatant was collected.
Aliquot was incubated with 100 ml glucose reagent (Sigma) to
measure the glucose level, or 100 ml glucose reagent and 0.3 U
amyloglucosidase (Sigma) to measure the glycogen level. The
samples were incubated at 37uC for 30 min and the absorbance at
540 nm was measured. Glucose and glucose plus glycogen amounts
were determined using a standard curve and were normalized to the
amount of protein. The amount of glycogen was determined by
subtracting the amount of glucose from the glucose plus glycogen
level. Experiments were repeated a minimum of three times.

Acknowledgments
Triglyceride measurement

We thank Drs. Kamal Bharucha (University of Texas Southwestern
Medical School, Dallas, TX), Amita Sehgal (University of Pennsylvania,
Philadelphia, PA), Jerry C.- P. Yin (University of Wisconsin Madison, WI),
and the Bloomington stock center (Indiana University, Bloomington, IN)
and VDRC (Vienna, Austria) [45] for fly stocks. We thank Dr. Jerry C.- P.
Yin (University of Wisconsin Madison, WI) for anti-dCREB2 antibody. We
thank Dr. Jim Jaynes for his insightful comments on the manuscript. K.I.A. and K.I. would like to dedicate this manuscript to the memory of their
friend, Goemon Ando.

Triglyceride levels were determined as described in [52]. 15–20
flies were homogenized in 200 ml PBS, 0.5% Tween 20, and
immediately incubated at 70uC for 5 min. Heat-treated homogenate was centrifuged, and supernatant were incubated with
Triglyceride Reagent (Sigma) for 30 min at 37uC. Samples were
then incubated with Free Glycerol Reagent (Sigma) for 5 min at
37uC, and assayed using spectrophotometer at 540 nm. Triglyceride levels were normalized to protein amounts in each
homogenate, and data were analyzed using a Student’s t test.
Experiments were repeated a minimum of three times.

Author Contributions
Conceived and designed the experiments: KI KI-A. Performed the
experiments: KI LZ CS KI-A. Analyzed the data: KI KI-A. Wrote the
paper: KI KI-A.

Starvation assay
Male flies were kept in regular cornmeal food vials for 7 days
after eclosion and then transferred to vials containing 1% agar.

References
1. Herzig S, Long F, Jhala US, Hedrick S, Quinn R, et al. (2001) CREB regulates
hepatic gluconeogenesis through the coactivator PGC-1. Nature 413: 179–183.
2. Herzig S, Hedrick S, Morantte I, Koo SH, Galimi F, et al. (2003) CREB
controls hepatic lipid metabolism through nuclear hormone receptor PPARgamma. Nature 426: 190–193.
3. Spiegelman BM, Heinrich R (2004) Biological control through regulated
transcriptional coactivators. Cell 119: 157–167.

PLoS ONE | www.plosone.org

4. Wang B, Goode J, Best J, Meltzer J, Schilman PE, et al. (2008) The insulinregulated CREB coactivator TORC promotes stress resistance in Drosophila.
Cell Metab 7: 434–444.
5. Lonze BE, Ginty DD (2002) Function and regulation of CREB family
transcription factors in the nervous system. Neuron 35: 605–623.
6. Tully T, Bourtchouladze R, Scott R, Tallman J (2003) Targeting the CREB
pathway for memory enhancers. Nat Rev Drug Discov 2: 267–277.

6

December 2009 | Volume 4 | Issue 12 | e8498

CREB Regulates Energy Balance

7. Eckel-Mahan KL, Phan T, Han S, Wang H, Chan GC, et al. (2008) Circadian
oscillation of hippocampal MAPK activity and cAmp: implications for memory
persistence. Nat Neurosci 11: 1074–1082.
8. Gonzalez GA, Montminy MR (1989) Cyclic AMP stimulates somatostatin gene
transcription by phosphorylation of CREB at serine 133. Cell 59: 675–680.
9. Maekawa T, Sakura H, Kanei-Ishii C, Sudo T, Yoshimura T, et al. (1989)
Leucine zipper structure of the protein CRE-BP1 binding to the cyclic AMP
response element in brain. EMBO J 8: 2023–2028.
10. Cheong J, Coligan JE, Shuman JD (1998) Activating transcription factor-2
regulates phosphoenolpyruvate carboxykinase transcription through a stressinducible mitogen-activated protein kinase pathway. J Biol Chem 273:
22714–22718.
11. Reshef L, Olswang Y, Cassuto H, Blum B, Croniger CM, et al. (2003)
Glyceroneogenesis and the triglyceride/fatty acid cycle. J Biol Chem 278:
30413–30416.
12. Okamura T, Shimizu H, Nagao T, Ueda R, Ishii S (2007) ATF-2 regulates fat
metabolism in Drosophila. Mol Biol Cell 18: 1519–1529.
13. Yin JC, Wallach JS, Wilder EL, Klingensmith J, Dang D, et al. (1995) A
Drosophila CREB/CREM homolog encodes multiple isoforms, including a
cyclic AMP-dependent protein kinase-responsive transcriptional activator and
antagonist. Mol Cell Biol 15: 5123–5130.
14. Ravnskjaer K, Kester H, Liu Y, Zhang X, Lee D, et al. (2007) Cooperative
interactions between CBP and TORC2 confer selectivity to CREB target gene
expression. EMBO J 26: 2880–2889.
15. Xu W, Kasper LH, Lerach S, Jeevan T, Brindle PK (2007) Individual CREBtarget genes dictate usage of distinct cAMP-responsive coactivation mechanisms.
EMBO J 26: 2890–2903.
16. Iourgenko V, Zhang W, Mickanin C, Daly I, Jiang C, et al. (2003) Identification
of a family of cAMP response element-binding protein coactivators by genomescale functional analysis in mammalian cells. Proc Natl Acad Sci U S A 100:
12147–12152.
17. Bittinger MA, McWhinnie E, Meltzer J, Iourgenko V, Latario B, et al. (2004)
Activation of cAMP response element-mediated gene expression by regulated
nuclear transport of TORC proteins. Curr Biol 14: 2156–2161.
18. Zhang J, Hupfeld CJ, Taylor SS, Olefsky JM, Tsien RY (2005) Insulin disrupts
beta-adrenergic signalling to protein kinase A in adipocytes. Nature 437:
569–573.
19. Van der Horst DJ (2003) Insect adipokinetic hormones: release and integration
of flight energy metabolism. Comp Biochem Physiol B Biochem Mol Biol 136:
217–226.
20. Kim SK, Rulifson EJ (2004) Conserved mechanisms of glucose sensing and
regulation by Drosophila corpora cardiaca cells. Nature 431: 316–320.
21. Lee G, Park JH (2004) Hemolymph sugar homeostasis and starvation-induced
hyperactivity affected by genetic manipulations of the adipokinetic hormoneencoding gene in Drosophila melanogaster. Genetics 167: 311–323.
22. Isabel G, Martin JR, Chidami S, Veenstra JA, Rosay P (2005) AKH-producing
neuroendocrine cell ablation decreases trehalose and induces behavioral changes
in Drosophila. Am J Physiol Regul Integr Comp Physiol 288: R531–538.
23. Belvin MP, Zhou H, Yin JC (1999) The Drosophila dCREB2 gene affects the
circadian clock. Neuron 22: 777–787.
24. Yin JC, Del Vecchio M, Zhou H, Tully T (1995) CREB as a memory
modulator: induced expression of a dCREB2 activator isoform enhances longterm memory in Drosophila. Cell 81: 107–115.
25. Yin JC, Wallach JS, Del Vecchio M, Wilder EL, Zhou H, et al. (1994) Induction
of a dominant negative CREB transgene specifically blocks long-term memory in
Drosophila. Cell 79: 49–58.
26. Iijima-Ando K, Hearn SA, Granger L, Shenton C, Gatt A, et al. (2008)
Overexpression of neprilysin reduces alzheimer amyloid-beta42 (Abeta42)induced neuron loss and intraneuronal Abeta42 deposits but causes a reduction
in cAMP-responsive element-binding protein-mediated transcription, agedependent axon pathology, and premature death in Drosophila. J Biol Chem
283: 19066–19076.
27. Honjo K, Furukubo-Tokunaga K (2009) Distinctive neuronal networks and
biochemical pathways for appetitive and aversive memory in Drosophila larvae.
J Neurosci 29: 852–862.
28. Davis GW, Schuster CM, Goodman CS (1996) Genetic dissection of structural
and functional components of synaptic plasticity. III. CREB is necessary for
presynaptic functional plasticity. Neuron 17: 669–679.
29. Perazzona B, Isabel G, Preat T, Davis RL (2004) The role of cAMP response
element-binding protein in Drosophila long-term memory. J Neurosci 24:
8823–8828.

PLoS ONE | www.plosone.org

30. Canavoso LE, Jouni ZE, Karnas KJ, Pennington JE, Wells MA (2001) Fat
metabolism in insects. Annu Rev Nutr 21: 23–46.
31. Dauwalder B, Tsujimoto S, Moss J, Mattox W (2002) The Drosophila takeout
gene is regulated by the somatic sex-determination pathway and affects male
courtship behavior. Genes Dev 16: 2879–2892.
32. Djawdan M, Chippindale AK, Rose MR, Bradley TJ (1998) Metabolic reserves
and evolved stress resistance in Drosophila melanogaster. Physiol Zool 71:
584–594.
33. Gronke S, Muller G, Hirsch J, Fellert S, Andreou A, et al. (2007) Dual lipolytic
control of body fat storage and mobilization in Drosophila. PLoS Biol 5: e137.
34. Bharucha KN, Tarr P, Zipursky SL (2008) A glucagon-like endocrine pathway
in Drosophila modulates both lipid and carbohydrate homeostasis. J Exp Biol
211: 3103–3110.
35. Kaneko M, Hall JC (2000) Neuroanatomy of cells expressing clock genes in
Drosophila: transgenic manipulation of the period and timeless genes to mark
the perikarya of circadian pacemaker neurons and their projections. J Comp
Neurol 422: 66–94.
36. Al-Anzi B, Sapin V, Waters C, Zinn K, Wyman RJ, et al. (2009) Obesityblocking neurons in Drosophila. Neuron 63: 329–341.
37. Londos C, Honnor RC, Dhillon GS (1985) cAMP-dependent protein kinase and
lipolysis in rat adipocytes. III. Multiple modes of insulin regulation of lipolysis
and regulation of insulin responses by adenylate cyclase regulators. J Biol Chem
260: 15139–15145.
38. Egan JJ, Greenberg AS, Chang MK, Londos C (1990) Control of endogenous
phosphorylation of the major cAMP-dependent protein kinase substrate in
adipocytes by insulin and beta-adrenergic stimulation. J Biol Chem 265:
18769–18775.
39. Greenberg AS, Egan JJ, Wek SA, Garty NB, Blanchette-Mackie EJ, et al. (1991)
Perilipin, a major hormonally regulated adipocyte-specific phosphoprotein
associated with the periphery of lipid storage droplets. J Biol Chem 266:
11341–11346.
40. Lee MJ, Goldsworthy GJ (1995) The preparation and use of dispersed cells from
fat body of Locusta migratoria in a filtration plate assay for adipokinetic
peptides. Anal Biochem 228: 155–161.
41. Lorenz MW (2001) Synthesis of lipids in the fat body of Gryllus bimaculatus:
age-dependency and regulation by adipokinetic hormone. Arch Insect Biochem
Physiol 47: 198–214.
42. Hendricks JC, Williams JA, Panckeri K, Kirk D, Tello M, et al. (2001) A noncircadian role for cAMP signaling and CREB activity in Drosophila rest
homeostasis. Nat Neurosci 4: 1108–1115.
43. Iijima-Ando K, Yin JC (2005) Transgenic cAMP response element reporter flies
for monitoring circadian rhythms. Methods Enzymol 393: 302–315.
44. Iijima-Ando K, Wu P, Drier EA, Iijima K, Yin JC (2005) cAMP-response
element-binding protein and heat-shock protein 70 additively suppress
polyglutamine-mediated toxicity in Drosophila. Proc Natl Acad Sci U S A
102: 10261–10266.
45. Dietzl G, Chen D, Schnorrer F, Su KC, Barinova Y, et al. (2007) A genomewide transgenic RNAi library for conditional gene inactivation in Drosophila.
Nature 448: 151–156.
46. Sarov-Blat L, So WV, Liu L, Rosbash M (2000) The Drosophila takeout gene is
a novel molecular link between circadian rhythms and feeding behavior. Cell
101: 647–656.
47. Claridge-Chang A, Wijnen H, Naef F, Boothroyd C, Rajewsky N, et al. (2001)
Circadian regulation of gene expression systems in the Drosophila head. Neuron
32: 657–671.
48. McDonald MJ, Rosbash M (2001) Microarray analysis and organization of
circadian gene expression in Drosophila. Cell 107: 567–578.
49. Lin Y, Han M, Shimada B, Wang L, Gibler TM, et al. (2002) Influence of the
period-dependent circadian clock on diurnal, circadian, and aperiodic gene
expression in Drosophila melanogaster. Proc Natl Acad Sci U S A 99:
9562–9567.
50. Lazareva AA, Roman G, Mattox W, Hardin PE, Dauwalder B (2007) A role for
the adult fat body in Drosophila male courtship behavior. PLoS Genet 3: e16.
51. Sehgal A, Price JL, Man B, Young MW (1994) Loss of circadian behavioral
rhythms and per RNA oscillations in the Drosophila mutant timeless. Science
263: 1603–1606.
52. Palanker L, Tennessen JM, Lam G, Thummel CS (2009) Drosophila HNF4
regulates lipid mobilization and beta-oxidation. Cell Metab 9: 228–239.
53. Xu K, Zheng X, Sehgal A (2008) Regulation of feeding and metabolism by
neuronal and peripheral clocks in Drosophila. Cell Metab 8: 289–300.

7

December 2009 | Volume 4 | Issue 12 | e8498

