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ABSTRACT
The ability to identify and respond to food is essential for survival, yet little is known
about the neural substrates that regulate natural variation in food-related traits. The
foraging (for) gene in Drosophila melanogaster encodes a cGMP-dependent protein kinase
(PKG) and has been shown to function in food-related traits. To investigate the tissue
distribution of FOR protein, we generated an antibody against a common region of the FOR
isoforms. In the adult brain we localized FOR to neuronal clusters and projections including
neurons that project to the central complex, a cluster within the dorsoposterior region of the
brain hemispheres, a separate cluster medial to optic lobes and lateral to brain hemispheres,
a broadly distributed frontal-brain cluster, axon bundles of the antennal nerve and of certain
subesophageal-ganglion nerves, and the medulla optic lobe. These newly described tissue
distribution patterns of FOR protein provide candidate neural clusters and brain regions for
investigation of neural networks that govern foraging-related traits. To determine whether
FOR has a behavioral function in neurons we expressed UAS-for in neurons using an
elav-gal4 driver and measured the effect on adult sucrose responsiveness (SR), known to be
higher in rovers than sitters, the two natural variants of foraging. We found that panneuronal expression of for caused an increase in the SR of sitters, demonstrating a neural
function for PKG in this food-related behavior. J. Comp. Neurol. 504:570 –582, 2007.
© 2007 Wiley-Liss, Inc.
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Studies of the fruit ﬂy Drosophila melanogaster have
uncovered genetic, molecular, and neural mechanisms underlying complex behaviors such as courtship, rhythms,
learning, and memory (Hall, 2003). Behaviors such as
sleep, aggression, food-related behaviors, and social dynamics have more recently joined the compendium of complex behaviors investigated in this species of insect
(Sokolowski, 2001; Greenspan, 2004). Overall, studies performed using relatively simple models such as Drosophila
provide us with principles for understanding elements of
nervous-system development and function that underlie
complex behaviors. Among the prospects so revealed is
identiﬁcation of candidate genes that potentially contribute to the control of analogous behaviors in other species,
including mammalian ones (Fitzpatrick et al., 2005). Of
particular interest to us are genes that inﬂuence natural
variations in behavior and how they regulate relevant
neuronal pathways.
© 2007 WILEY-LISS, INC.

Natural variation in the foraging (for) gene of Drosophila has furthered our understanding of larval and adult
food-related behaviors (Osborne et al., 1997; Douglas et
al., 2005). for, which is synonymous with the dg2 gene
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(Kalderon and Rubin, 1989), encodes a cGMP-dependent
protein kinase (PKG). For is a large gene (encompassing
⬎40 kb of genomic DNA) with three major transcripts
called T1, T2, and T3 (T3 is an mRNA subset of T1)
(Osborne et al., 1997). The functions of for’s transcripts in
food-related behaviors have not been described. for has
two naturally occurring alleles, rover (forR) and sitter
(fors). Rovers have higher PKG enzyme activities (Osborne
et al., 1997), longer larval foraging trails, and move more
between food patches compared to sitters (Sokolowski,
1980). Rover and sitter locomotion does not signiﬁcantly
differ in the absence of food. The exact DNA sequence
polymorphism(s) responsible for the rover/sitter differences in behavior have not yet been identiﬁed.
for also affects adult food-related behaviors. Adult rovers walk farther from a sucrose drop postfeeding (Pereira
and Sokolowski, 1993), have higher sucrose responsiveness (SR), and take longer to habituate to repeated presentations of sucrose than sitters or sitter mutants (Scheiner et al., 2004b). The neural components of these
phenotypes have not been investigated primarily due to
the elusive nature of good Drosophila FOR antibodies. We
developed an antibody to study FOR protein expression in
the head of the ﬂy and found that FOR is mostly localized
in clusters of neurons in the adult brain.
We investigated SR, one of the previously mentioned
for-related phenotypes, as a means to discover whether
FOR acts in neurons to affect variation in food-related
behaviors. In insects, SR is thought to be an indicator of
general sensory acuity. For example, in the honeybee, SR
correlates with responsiveness to odors and visual stimuli
(Scheiner et al., 2004a; Erber et al., 2006), nonassociative
and associative learning ability (Scheiner et al., 1999,
2001a,b, 2005; Scheiner, 2004) and foraging behavior. In
the fruitﬂy, SR is measured by stimulating the front tarsi
of the leg of a ﬂy with a sucrose solution. Sucrose stimuli
are perceived by gustatory receptors on the front tarsi
which project into the thoraco-abdominal ganglia
(Stocker, 1994; Singh, 1997). When the sucrose is of sufﬁcient concentration, the ﬂy extends its mouth part in a
proboscis extension response (PER) (Dethier, 1955).
We investigated neural requirements of FOR in SR. We
expressed for in neurons because our immunohistochemical analysis showed that FOR was primarily found there.
We increased the expression of for in sitters and tested for
rover-like SR since sitter heads have lower PKG enzyme
activities than rover heads (Osborne et al., 1997). Specifically, we used a pan-neuronal GAL4 driver (elav-gal4) to
determine whether expression of the major for transcripts
(forT1 and T2) in the nervous system is sufﬁcient to increase sitter SR to a rover-like level. Both the forT1 and
T2 transgenes were able to increase SR when expressed in
an elav-gal4 pattern, although forT2 caused a greater
increase in SR than T1. The neural expression pattern of
FOR combined with the behavioral results provide insight
into the cellular mechanisms of FOR in sucrose responsiveness and provide candidate brain regions that may
mediate FOR’s functions in other food-related behaviors.

MATERIALS AND METHODS
Fly strains
Drosophila melanogaster were maintained in 170-mL
bottles with 40 mL of yeast-sucrose-agar medium at 25 ⫾
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1°C, on a 12L:12D photocycle with lights on at 0800. The
rover (forR) and sitter (fors) strains were homozygous for
their forR or fors alleles, respectively. forR and fors also
share a common pair of third chromosomes derived from
forR (de Belle and Sokolowski, 1987). fors2 is a sitter mutant generated on the rover (forR) genetic background (de
Belle et al., 1989; Pereira and Sokolowski, 1993). Other
strains used in this study were the wildtype, Canton S
(CS) strain, a recessive embryonic-lethal deletion-bearing
strain, Df(2L)drmP2, with left and right breakpoints at the
second-chromosomal sites l(2)k10101 and l(2)k06860, respectively (Green et al., 2002), and a homozygous, pupallethal deletion-bearing strain, Df(2L)ED243, custommade using the Drosdel insertion lines CB-0383-3 and
5-HA-2002 (Ryder et al., 2004). This deletion removes
24,679 bp of chromosome 2L, from 3,632,218 bp to
3,656,897 bp that correspond to the ﬁrst four exons of the
T1 transcript and the ﬁrst two exons of the T3 transcript.
Also, 210 bp of the ﬁrst exon of T2 is removed by this
deletion, which does not include the start codon. Reversetranscriptase polymerase chain reaction (RT-PCR) and
Western blot analysis using extracts collected from homozygous mutant larval tissues showed that T1- and T3speciﬁc isoforms are absent in this deletion line, while
T2-speciﬁc isoforms are reduced but not knocked out (data
not shown). DSK001 is used as control for the Df(2)ED243
mutant strain and is the parental strain used to generate
the Drosdel insertion lines CB-0383-3 and 5-HA-2002.
A pan-neuronal driver, elav-gal4 (Lin and Goodman,
1994) and the transgenic strains UAS-mCD8-GFP
(Bloomington Stock Center, Bloomington, IN) were used
in histological studies. To generate for transgenes, DNA
fragments encoding the complete FORT1 and T2 proteins
were obtained from the corresponding cDNA constructs,
generated by D. Kalderon (Kalderon and Rubin, 1989).
They were subcloned into the transformation vector
pUAST (Brand and Perrimon, 1993) and transformed into
white1 (w1) mutant embryos according to standard procedures (Spradling, 1986). We generated viable homozygous
insertion strains UAS-forT1 and UAS-forT2 constructs
and then crossed them into a fors, genetic background
(including the w1 eye-color marker) to produce w1;fors;
UAS-forT1 and w1;fors;UAS-forT2, respectively. To express forT1 and forT2 in the nervous system of sitters, we
separately crossed the w1;fors;UAS-forT1 and w1;fors;
UAS-forT2 lines to a w1;fors;elav-gal4 line. Negative controls were generated by crossing w1;fors to each of w1;fors;
UAS-forT2, w1;fors;UAS-forT1, and w1;fors;elav-gal4.

PKG enzymatic activity assay
PKG enzyme assays (modiﬁed from Osborne et al.,
1997) were performed on 4 –7-day-old adult head and body
homogenates of forR, fors, and fors2. Twenty heads or 10
bodies were homogenized in 25 mM Tris (pH 7.4), 1 mM
EDTA, 2 mM EGTA, 0.05% Triton X-100, 5 mMbmercaptoethanol, and protease inhibitor cocktail (Roche
Diagnostics, Indianapolis, IN) and microcentrifuged for 5
minutes at 4°C. The supernatant was then removed and a
subset was used to determine the total protein amount
using BioRad Protein Assay Reagent (Bio-Rad Laboratories, Hercules, CA). Supernatants containing equal
amounts of total protein were analyzed for PKG activity.
This was done in a 70 L reaction mixture containing (at
ﬁnal concentration): 40 mM Tris-HCl (pH 7.4), 20 mM
magnesium acetate, 0.2 mM [␥32P]ATP (500 –1,000 cpm/
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TABLE 1. Oligonucleotides Used for PCR Ampliﬁcation of for Coding
Sequences
Primer
Designation

Primer Sequence
(5⬘ 3 3⬘)

CTf
CTr
T1f
T1r
T2f
T2r
T3f
T3r

TGGATCCATGGCTCCTATTGG
CGGATCCCGGACCCTCAG
CAAGCTTATGCGTTTCTGC
AAAGCTTAGAGAGCATCG
ACTCGAGTCTTTCGTAATG
ACTCGAGTCAGAAGTCCT
GAAGCTTATGCAGAGTCTG
AAAGCTTAGAGAGCATCG

cDNA clone ID #
GH10421
LD46758
GH10421
LD46758

Forward (f) and reverse (r) primers were designed from cloned for cDNA sequences
reported by Flybase. Nucleotide substitutions were made in the primers to introduce
restriction sites (underlined) that would facilitate subsequent cloning and recombinant
PKG expression. T1, T2, T3 represent the three for isoforms; CT represents primer
sequence common to all of the for transcripts.

pmol) (Amersham Pharmacia Biotech, Piscataway, NJ),
113 g/mL heptapeptide (RKRSRAE) and 3 M c-GMP
(Promega, Madison, WI), and a highly speciﬁc c-AMP dependent protein kinase A (PKA) inhibitor (4.6 nM) (5-24,
Calbiochem, La Jolla, CA). As a control, reactions were
performed in the presence of 468 nM PKG inhibitor
K-5823 (Calbiochem). The reaction mixtures were incubated at 30°C for 10 minutes, followed by termination of
the reaction by spotting 70 L of the reaction mix onto
Whatman P-81 ﬁlters, which were then soaked with 75
mM H3PO4 for 5 minutes and washed three times with 75
mM H3PO4 to remove any unreacted [␥32P]ATP. Filters
were rinsed with 100% ethanol and air-dried before quantiﬁcation. For quantiﬁcation of PKG activity, counts were
taken in a Wallac 1409 Liquid Scintillation Counter
(PerkinElmer, Boston, MA) using universal scintillation
cocktail (ICN). Speciﬁc activity of PKG was expressed as
pmol of 32P incorporated into the substrate per minute per
mg protein.

Recombinantly produced FOR oligopeptide
and antibody production
Recombinant forms of PKG were generated in E. coli by
using two different expression systems. For the generation of PKG-speciﬁc antibodies, a C-terminal 40-aa segment, DGFYWWGLQNCTLEPPIKPAVKSVVDTTNFDDYPPDPEGP, that is common to the deduced proteins from
each of the three major for transcripts (Kalderon and
Rubin, 1989) was identiﬁed by sequence alignment. Additional alignments showed that this C-terminal segment is
speciﬁc to these for expression products and is not encoded
by any other sequences in the Drosophila genome. A
133-bp DNA fragment encoding this PKG-speciﬁc segment was subsequently ampliﬁed by the PCR from a for
T2 cDNA clone (ID #GH10421) kindly provided by the
Canadian Drosophila Microarray Centre (CDMC, University of Toronto). Ampliﬁcations were performed using engineered primers (Table 1, CTf/CTr primer) and AmpliTaq
DNA polymerase (PerkinElmer) under the following conditions: 94°C initial denaturation for 2 minutes; 35 cycles
of 94°C for 25 seconds, 55°C for 25 seconds, 72°C for 20
seconds; 72°C ﬁnal extension for 5 minutes. The amplicon
was digested with BamHI and the resulting restriction
fragment was ligated into the corresponding site of the
pGEX-3X expression vector (Amersham). This plasmid
construct, which encodes a GST-PKG fusion protein, was
subsequently electrotransformed and maintained in E.
coli BL21(DE3) cells (Novagen, Madison, WI) using standard techniques (Sambrook and Russell, 2001).

Induced expression of the GST-FOR fusion protein in
1-L bacterial cultures was carried out by the addition of
1 mM isopropyl-␤-D-thiogalactoside, as previously described (So and Espie, 1998). To improve the solubility
of the expressed GST-FOR protein, lysates were supplemented with 1% (w/v) sarkosyl and maintained at 4°C
with gentle swirling for 10 minutes. Afﬁnity puriﬁcation
of the GST-FOR polypeptide was performed using
glutathione-linked sepharose 4B (GE Healthcare, Madison, WI), according to the manufacturer’s instructions.
Eluted protein was quantiﬁed using the Bio-Rad Protein Assay dye reagent. Puriﬁed GST-FOR protein (1
mg) was emulsiﬁed with complete Freund’s adjuvant
and used to immunize rabbits and guinea pigs. Three
subsequent boosts (0.5 mg antigen) with incomplete
Freund’s adjuvant were administered at 2-week intervals before terminal bleeds were collected. Prior to immunocytochemical and Western blot analyses the antisera were preincubated with nitrocellulose-bound GST
to absorb and remove the antibodies generated against
the GST portion of the antigen.
For validation of the anti-FOR antibodies, constructs
were also generated for the expression of each FOR isoform encoded by the three major for transcripts. The entire T1, T2, and T3 coding sequences were ampliﬁed from
cDNA clones (CDMC) using sequence-speciﬁc primers (Table 1) and the PCR conditions described above, except that
the 72°C cycle and ﬁnal extension times were increased to
2 and 10 minutes, respectively. The HindIII-digested for
T1 and T3 fragments and the T2 XhoI fragment were each
ligated into the pET-21b vector (Novagen) for the subsequent bacterial expression of epitope-tagged versions of
the three FOR isoforms. Cloned DNA fragments were
sequenced using an ABI Prism 373A Gene Analyzer (Foster City, CA) to conﬁrm the correct sequence, orientation,
and reading frame of the inserts.

Immunoblots
Samples containing soluble Drosophila protein (15 g)
from 3–7-day-old ﬂy heads or epitope-tagged FOR (10 ng)
prepared from E. coli (So et al., 2002) were separated by
denaturing polyacrylamide gel electrophoresis and transferred onto BioTrace NT pure nitrocellulose (Pall, West
Chester, PA) using the Bio-Rad Mini Trans-Blot system,
as vendor recommended. To ensure consistent loading
among lanes and proper transfer of protein onto the nitrocellulose membrane, the latter were stained with 0.2%
Ponceau S (Sigma, St. Louis, MO) solution. Immunodetection of FOR protein on Western blots was carried out as in
So and Espie (1998) using anti-FOR and horseradish
peroxidase-conjugated goat antirabbit or antiguinea pig
IgG (Jackson Immunological, West Grove, PA) at 1:1,000
and 1:10,000 (v/v) dilutions, respectively. Signals were
detected using the ECL Plus Western Blotting Detection
kit and the Storm 840 Imaging System (GE Healthcare).

Immunocytochemistry
Assessments of FOR immunoreactivity in situ were performed on whole-mount forR, fors, and fors2 adult male and
female tissue. Because no strain or sex differences in the
spatial distribution of FOR-immunoreactivity were observed we focused immunocytochemical analyses on adult
forR females (upwards of 50 brains were imaged). Brains
were dissected in phosphate-buffered saline (PBS pH 7.4),
ﬁxed in 4% paraformaldehyde in PBS, washed several
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times in PBS-TX (PBS with 0.5% Triton X-100), and
blocked in 10% normal goat serum (Jackson ImmunoResearch), 0.1% bovine serum albumin (BSA) (Sigma) in
PBS-TX for 2 hours at room temperature. Specimens were
then incubated in primary antibody (anti-FOR raised in
guinea pig 1:100) for 24 – 48 hours at 4°C, washed several
times in 0.5% PBT, and then incubated in secondary antibody (diluted 1:100) for 24 hours at 4°C. We generated
two rabbit and two guinea pig anti-FOR sera. All of these
antibodies worked well on Westerns. Although anti-FOR
raised in both guinea pig and rabbit produced clean results on Western blot studies, we found that one guinea
pig anti-FOR produced stronger and cleaner staining in
immunocytochemical studies.
Additional primary antisera used here have been described previously. Neuronal nuclear marker, mouse
anti-ELAV, used in this study at 1:200 dilution (mAb
Elav-978A9 concentrate, Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), was
raised against a fusion protein of the ﬁrst 260 amino
acids of phage T7 and the full-length ELAV protein
(O’Neill et al., 1994). This antiserum stains 50 kDa
ELAV-speciﬁc bands on Western blot (for example, see
Samson et al., 1995). Glia marker mouse anti-REPO
(8D12 anti-Repo concentrate, Developmental Studies
Hybridoma Bank) was raised against a fusion protein
containing 6-histidine and amino acids 218 – 612 of Drosophila Repo protein (DSHB). This antibody (used in
this study at 1:200) stains glia cells as shown by colocalization studies with known glia cell markers (Campbell et al., 1994; Halter et al., 1995). The neuropile
marker mouse mAb nc82 (used at 1:20, a gift from A.
Hofbauer) is an Ig-G produced by a hybridoma clone
from a large library generated against Drosophila heads
(Hofbauer, 1991; Rein et al., 1999; Wagh et al., 2006). It
is widely used in confocal images of Drosophila brains,
providing a structural framework for the “standard
brain” (Rein et al., 1999). It recognizes two proteins of
190 and 170 kDa in Western blots of homogenized Drosophila heads (Wagh et al., 2006). Rat anti-mCD8 (used
at 1:100, Caltag, South San Francisco, CA) is a monoclonal antibody generated against the mouse CD8 alpha
subunit. This antibody is widely used to visualize transgenic expression and does not show staining in the brain
in the absence of the transgenic construct mCD8 (data
not shown).
Secondary antibodies used in this study were goat Cy2-,
Cy3-, or Cy5-conjugated antimouse or antiguinea pig Ig
(1:100 dilutions, Jackson ImmunoResearch). To control for
nonspeciﬁc binding of secondary antibody, tissues were
treated with secondary antibody, without preincubation
with primary sera. As a further control the primary antibody (1:100 dilution) was preadsorbed overnight at 4°C
with 100 g of FOR peptide (the FOR antigen used for
immunization) before incubation of specimens. Fluorescently labeled tissues were examined with an LSM 510
confocal laser scanning microscope (Zeiss, Thornwood,
NY) and images were edited for contrast using Adobe
Photoshop (San Jose, CA).

Sucrose responsiveness
The protocol for quantifying sucrose responsiveness
(SR) has been described (Scheiner et al., 2004b). Brieﬂy,
ﬂies were food-deprived in the presence of water for either
24 ⫾ 0.5 or 2 ⫾ 0.5 hours and individually placed into a cut
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pipette tip (0.5–20 L, Th. Geyer, Berlin); one leg of the ﬂy
protruded from the tip. The tarsus of the leg was touched
with a toothpick moistened with either water or sucrose
concentrations ranging from 0.1%, 0.3%, 1%, 3%, 10%,
30% (weight/volume H2O) and a proboscis extension was
noted. Each ﬂy was exposed in a pseudorandomized order
in one of seven sequences which included water and the
six sucrose concentrations listed above. Only the data
from water-satiated ﬂies, those that did not exhibit a
proboscis extension to water, were analyzed. The total
number of responses to the six different sucrose concentrations was called the sucrose response score (SRS), and
it ranged from 0 to 6. Analysis of variance (ANOVA) was
used to test for the effects of strain, sex, and food deprivation on SRS, and post-hoc pairwise comparisons were
done using Scheffé Tests (Zar, 1999).

RESULTS
Antibodies against FOR recognize major
isoforms of the protein
The neural substrates involved in adult food-related
behavior in Drosophila are unknown. Because the expression pattern of endogenous FOR has not been described,
we generated an antibody against the for gene products
and used it to investigate the expression pattern of this
PKG protein in various neural tissues by conducting a
detailed study in the adult brain, as well as an overview of
expression in sensory neurons within the antennae, foreleg tarsi, wings, and proboscis. The immunogen used was
a 40 amino-acid fragment common to the C-terminus sequence of the three major FOR isoforms (T1, T2, and T3).
Sequence alignments showed that this C-terminal segment is unique to for gene products and common to all
FOR isoforms (data not shown).
The speciﬁcity of the FOR antibody was demonstrated
by immunoblotting bacterially expressed, epitope-tagged
FOR T1, T2, and T3 proteins. Three bands corresponding
to the molecular weights of the three recombinant FOR
isoforms (recombinant T1, T2, T3 with MW of 123.62,
104.13, and 85.62 kDa, respectively; Fig. 1A, lanes 2, 3,
and 4) were observed demonstrating that anti-FOR can
recognize FOR proteins. We then assayed the presence of
FOR isoforms in the heads of wildtype (Canton-S) ﬂies.
We observed three bands corresponding to the predicted
molecular weights of T1, T2, and T3 FOR isoforms (predicted MW 121, 101, and 83 kDa, respectively, and observed MW 120, 95, and 83 kDa, respectively; Fig. 1A, lane
1). A band corresponding to the predicted molecular
weight of DG1 (87 kDa), a closely related PKG, was not
observed (Kalderon and Rubin, 1989). To further validate
the speciﬁcity of our anti-FOR antibody we assessed FOR
expression in a deletion strain, Df(2L)drmP2, which harbors a 165-Kb deletion removing part of the for locus
(Green et al., 2002). Fly heads heterozygous for drmP2
(deletion-over-balancer chromosome) showed a reduction
in the intensity of the three FOR isoform bands compared
to the wildtype CS control strain (Fig. 1B). Together these
ﬁndings show that the FOR antibody can recognize endogenous FOR proteins.
Although we have shown that rover and sitter heads
differ in PKG activity (Osborne et al., 1997), it was not
known if all FOR isoforms are expressed in their heads. To
investigate this we used head protein extracts from forR,
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Together, the results of the Western and immunocytochemical analyses show that the anti-FOR antiserum
used here detects and is speciﬁc to endogenous FOR.

FOR immunoreactive cells are positive for a
neuron-speciﬁc marker

Fig. 1. Immunodetection of recombinant and endogenous forms of
FOR protein using anti-FOR. A: Western blot containing protein
extracted from wildtype (CS) heads and afﬁnity-puriﬁed, recombinant
(T7-tagged) forms of FOR isoforms (FOR-T1, FOR-T2, and FOR-T3)
was developed using anti-FOR generated in guinea pigs. Anti-FOR
recognizes the three T7-tagged FOR proteins (lanes 2, 3, and 4) as well
as the three major isoforms of endogenous FOR (lane 1) from a
wildtype (CS) head extract. B: Detection of FOR in the heads of
deletion heterozygote mutant animals, fordrmP2/CyOGFP, and the
wildtype control, CS. Compared to the wildtype control, the intensity
of the three bands is reduced by half in head extracts of ﬂies heterozygous for a for-minus deletion drmP2 and a second-chromosome (for⫹containing) balancer called CyOGFP. C: All three FOR isoforms (T1,
T2, and T3) are expressed in forR, fors, and fors2 heads. This was also
found for female heads (data not shown).

fors, and fors2 and performed Western blots. We found that
all three major isoforms of FOR are expressed in the heads
of the natural forR and fors strains and the sitter mutant,
fors2 (Fig. 1C). The fors2 mutation did not exhibit missing
or aberrant sized isoforms.

Localization of FOR in the D. melanogaster
brain
We used the antibody described above to investigate
FOR expression patterns in the adult brain. We observed
discreet clusters of FOR-immunoreactive (FOR-IR) cells in
several regions of the adult brain (Fig. 2A,B). Some cells
were in tight clusters while others were regionally restricted but distributed across a central-brain region (see
result below). In addition, FOR-IR cells and ﬁber-like projections were found in the optic ganglia. To begin to examine the speciﬁcity of our antibody in adult tissues, we
stained brains with a preincubated mixture of anti-FOR
antiserum and FOR antigen (the antigen used to generate
this antibody). Localized signal (Fig. 2A,B) was almost
abolished when tissues were incubated with the preadsorbed antibody (Fig. 2C). The low level of background
expression in the brain samples treated with the preadsorbed antibody is similar to that observed when tissues
were stained in the absence of primary anti-FOR antibody
(Fig. 2D).
As a further conﬁrmation of speciﬁcity of anti-FOR immunolabeling, we used the FOR isoform-speciﬁc null deletion mutant Df(2L)ED243 that is homozygous larvalviable but pupal lethal. In the control wildtype strain,
DSK001, we found that FOR was localized to the larval
proventriculus (PV), speciﬁcally as punctates throughout
its outer epithelial cell layer (Fig. 2E). The proventriculus
is part of the larval digestive system; it serves as a valve,
regulating food passage into the midgut (Skaer, 1993).
The punctate expression pattern of FOR observed in the
PV of the DSK001 control strain was completely absent in
the homozygous deletion mutant Df(2L)ED243 (Fig. 2F).

Most if not all FOR-expressing cells are neurons, as
determined by positive colocalization between the FORexpressing cells and a nuclear neuronal marker, antiELAV (Figs. 3C⬙,E,G⬘,I⬘, 4B). All FOR-IR cells were
ELAV-positive, with the exception of cells within the optic
lobe medulla (Fig. 4E⬙). Single confocal sections showed
that the FOR-IR crescent-like cells of the medulla are not
ELAV positive (Fig. 4E,E⬘,E⬙). Furthermore, double labeling with anti-mCD8 and anti-FOR in strains expressing
the reporter UAS-mCD8GFP driven by elav-gal4 showed
colocalization of these markers in the FOR-IR projections
of the antennal nerve (data not shown). Immunostaining
with a glial cell marker, anti-REPO (Campbell et al.,
1994), indicated that FOR did not colocalize with glia
(data not shown) in any of the FOR-IR regions including
the medulla.

FOR-immunoreactive cell clusters in the
anterior CNS
We found ﬁve FOR-IR cell clusters within the anterior
CNS and two immunoreactive projections.
FOR-IR cellular clusters.
Cluster #1: within the ellipsoid body. We observed
groups of FOR-IR neurons dorsolateral to the antennal
lobes (Fig. 3A,B). In this cluster, FOR is localized to the
nucleus and shows colocalization with the neural marker
anti-ELAV (Fig. 3C,C⬘,C⬙). The cells are in close proximity
to each other within each cluster and hence appear to be
intensely stained. We counted an average of 27 ⫾ 3 (n ⫽ 6)
neurons per hemi-brain. Interestingly, these neurons give
rise to neurites that can be traced to the neuropiles of the
central complex (CC); however, these projections do not
stain as strongly as the cell bodies (Fig. 3A). The ellipsoid
body (EB) is a doughnut-shaped midline structure and is
part of the centrally located CC. It is thought to be an
integration center of the brain for processes such as locomotor behavior and learning (Heisenberg, 1994; Strauss,
2002). The EB was previously implicated in foraging behavior using structure-function analysis (Varnam et al.,
1996). Images of this FOR-IR region taken at higher magniﬁcation show that the cell bodies are situated at the
anterior region of the brain (Fig. 3B) while sending projections posteriomedially to the EB. The position and morphology of these cells resembles that reported for the
large-ﬁeld and small-ﬁeld neurons that innervate the EB
(Renn et al., 1999) and are thought to interconnect the
different subunits of the CC.
Cluster #2: dorsoposterior. Bilateral clusters of 4 –5
FOR-IR neurons were observed at the dorsoposterior tip of
the central brain of both hemi-brains (Fig. 3D), here referred to as the dorsal posterior cells (DPCs). The DPCs
show anti-ELAV staining (Fig. 3E). The DPC cluster has
large cell bodies with FOR localized to the cytosol and/or
plasma membrane (Fig. 3E). We did not observe FOR
immunoreactivity in the axon projections of these neurons, and it is unclear to which region of the brain the
axons of these cells might project.
Cluster #3: optic lobes. Bilateral clusters of FOR-IR
neurons were observed in the region medial to the optic
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Fig. 2. FOR immunoreactivity (FOR-IR) in the brain. All brains
are shown in a frontal view with dorsal at the top; the images are 3D
reconstructions of 2-m optical sections through the adult brain.
FOR-IR regions are colored green. There are ﬁve anti-FOR immunoreactive clusters and ﬁbers. Four of these cell clusters and projection
nerves of the subesophagial ganglion (SOG) are visible in (A) and
partly in (B). The locations of these clusters are shown relative to
neuropiles within the central brain and the optic lobes (B), marked
with anti-nc82 (magenta). C,D: Negative controls, for which FOR
immunoreactivity was abolished following antibody adsorption (C),

and weak ubiquitous staining that resulted from exposure of a specimen only to the secondary antibody (D). E,F: FOR-IR in larval for
null tissue, the proventriculus (F) and its wildtype control (E). Images
(anterior up) are 3D reconstruction of 2-m optical sections spanning
the whole proventriculus. (E) Punctate-like expression of FOR in the
wild type control, DSK001, proventriculus epithelial cells. This staining pattern is absent in the mutant Df(2L)ED243 (F). AL, antennal
lobe; Br, brain hemisphere; EB, ellipsoid body; M, medulla; OL, optic
lobe; PV, proventriculus, SOG, subesophageal ganglion. Scale bar ⫽
50 m.

lobes and lateral to the central brain (Fig. 3F, arrowhead).
Due to the proximity to the optic lobes, these groups of
neurons are referred to as optic lobe (OL) clusters. These
cells are anti-ELAV-positive (Fig. 3G,G⬘). Neurons of the
OL cluster can further be divided into those that show less
intense nuclear staining and are found scattered (dorsoventrally) throughout the optic lobe/central brain region
(OL neurons in Fig. 3F,G,G⬘, arrowhead) and those that
show high-intensity staining and are located at the dorsal
region, adjacent to the central brain (lateral cells [LC];

Fig. 3H,I, arrowheads). The LC group is made up of a
single neuron in each brain hemisphere and showed
strong cytoplasmic and/or plasma membrane-associated
staining but no nuclear signals (Fig. 3I,I⬙). These neurons
have the largest diameter (6 –7 m) of all of the FOR-IR
cells observed in the adult brain.
FOR-IR frontal clusters and ﬁber-like projections.
Cluster #4: ventrofrontal. A group of sparsely distributed FOR-IR neurons was observed on the most anterior
and frontal region of the brain, dorsal to the subesopha-
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geal ganglia (SOG) and ventral to the antennal lobes (Fig.
4A, circled area). Images taken at higher magniﬁcation
showed that FOR expression in these cells is localized to
the nucleus (Fig. 4B, arrowhead). This was further supported by the colocalization between the FOR staining and
the neuronal marker ELAV staining in the nucleus of
these cells (Fig. 4B).
Cluster #5: medulla soma and ﬁbers. Dense and ﬁberlike FOR-immunoreactivity was observed on the surface of
the optic lobes (Fig. 4D) and lateral to the optic lobe
clusters described above. This pattern of FOR expression
was found in all individuals tested (n ⬎ 50) and was strong
in intensity. This ﬁber-like expression pattern resembles
that of the columnar arrangement of photoreceptor axons
projecting to the medulla but does not show colocalization
with these axons (data not shown). As one’s perspective
moves from the frontal region of the optic lobes posteriorly, the FOR-IR region becomes restricted to a crescentlike row of cells at the lateral region of the medulla, the
outer medulla (Fig. 4E). This FOR-IR crescent region of
the optic lobes is devoid of anti-ELAV labeling (Fig.
4E⬘,E⬙). It is not clear whether the cell bodies found at the
lateral medulla are connected to the projections or ﬁberlike structures we observed at the outer frontal surface of
the optic lobe or whether FOR is expressed in support
sheet-like structures that make up the columnar structures of the optic lobes. The presence of FOR in the visual
system of the ﬂy suggests that FOR/PKG may play a role
in the processing of visual information.
Pattern features #6 and #7: axonal projections of the
central brain. Strong FOR-immunoreactivity was observed in axon bundles that enter the brain hemispheres
just ventrolateral to the antennal lobes (AL) (Fig. 2B).
Brain tissue preparations in which the antennal nerve
(AN) (n ⬎ 8) was left attached to the brain showed strong
staining in the AN (Fig. 4C). Furthermore, we observed
strong FOR expression at the entrance point of the AN to
the brain (Fig. 4C⬘) It was clear that the majority of these
FOR-expressing nerves terminated posteroventral to the

Fig. 3. Detailed features of FOR-immunoreactive clusters. AntiFOR mediated signals are in green, neuropile marking (elicited by
mAb nc82) in magenta in B and H, and nuclear neuronal ELAV
immunoreactivity in magenta in C⬘, C⬙, E, and G⬘. A: 3D reconstruction of 2-m sections spanning cluster #1 (EB) cells shows FOR is
expressed in somata located lateral to the ellipsoid body (EB). These
cells send ﬁber-like projections to the central complex. B: The EB
cluster is located just anterior-lateral to the ALs. C–Cⴖ: A single
optical section through this cluster of cells shows FORimmunoreactive is localized to the nucleus of anti-ELAV positive cells
(for example, see arrowheads). D: Posterior view showing 3D reconstruction of sections spanning cluster #2 (DPC), 4 –5 FOR-IR cells
located at the dorsal posterior margins of the brain hemispheres.
E: Single 2-m section taken at higher magniﬁcation shows FOR
localization to the plasma membrane and/or cytosol of these neurons.
F: Cluster #3 (OL) shows a number of FOR-IR cells located between
the brain hemisphere and optic-lobe regions (arrowhead). These cells
are distributed dorsoventrally in this region and show colocalization
with a neural marker (G,Gⴕ, single section). Cluster #3 also consists of
a single large cell (LC) found at the dorsolateral region of the brainhemisphere/optic-lobe boundary (H, arrowheads); these cells are relatively large and show expression in the cytosol/plasma membrane
and are neurons (I,Iⴕ, single section). AL, antennal lobe; Br, brain
hemisphere; CX mushroom body calyx; EB, ellipsoid body; LC, lateral
cell; M, medulla; OL, optic lobe. Scale bars ⫽ 50 m in A,B,D,F; 25 m
in C⬙,E,G⬘,H,I⬘.
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AL in a brain region known as the antennal mechanosensory region or the antennal mechanosensory and motor
center (Kamikouchi et al., 2006). This region of the brain
is the ﬁrst-order relay point for auditory and other mechanosensory cues, such as gravity sensing, suggesting a
role for FOR in the processing of auditory and/or nonauditory mechanosensory information. Furthermore, we
cannot rule out possible function of FOR in olfactory signaling, as some of the FOR-expressing antennal nerve
ﬁbers may project to the antennal lobes. Sensory neurons
of the antennae were not observed to label with anti-FOR
(data not shown).
FOR immunoreactivity was also observed in a pair of
nerves that innervates the SOG (Figs. 2A, 4A, arrowhead).
There are three nerves that innervate the SOG, and this
may be one of the three neurites that carries chemosensory signals from the labial region to the SOG, where such
information is processed (Stocker and Schorderet, 1981).
A schema of the FOR-IR cellular patterns is shown in
Figure 4F (the FOR-IR ﬁber-like projections are not included in this schematic).
In addition to the FOR-IR regions described above, we
observed diffuse expression throughout the brain but most
frequently in the mushroom-body neuropiles, the calyx,
and the CC, speciﬁcally in the ellipsoid body. Although our
antibody did not result in as clean labeling of the ventral
ganglia as presented here for the brain, we observed a few
clusters of FOR-IR cells in the ventral ganglia (data not
shown). Examination of the sensory neurons of the tarsi,
wings, and proboscis (n ⫽ 10 –15) peripheral structures
that could be related to SR, did not show FOR immunoreactivity. We cannot rule out the possibility that wholemount immunohistochemistry may not allow the FOR
antibody to penetrate the hard peripheral tissues, although in a similar procedure using anti-elav antibody we
observed clear labeling in the sensory neurons of the proboscis.

Expression of for in neurons causes an
increase in the sucrose responsiveness of
sitter ﬂies
We assayed the head and body PKG enzyme activities of
forR, fors, and fors2 ﬂies using a modiﬁed assay from Osborne et al. (1997) and conﬁrmed that these lines show
differences in PKG enzyme activities. Rovers exhibit signiﬁcantly higher PKG enzyme activities than sitters in
their heads (Fig. 5; ANOVA, F(2,11) ⫽ 37.05, P ⬍ 0.0001).
PKG activities were generally lower in the bodies than
heads. In the ﬂy body we found no difference in PKG
enzyme activities between the natural rover and sitter
strains and a reduction in activity in the bodies of the
sitter mutant (fors2) (Fig. 5; ANOVA, F(2,11) ⫽ 33.09, P ⬍
0.0001).
Sitter ﬂies have lower PKG activities than rovers and
increasing for-T2 expression in sitter larvae alters a suite
of foraging-related behaviors to that of a rover (Osborne et
al., 1997; Kaun et al., in press). We expressed for-T1 and
for-T2 in sitter neurons to induce a rover-like SR. (For
now, for-T3 was not used because the T3 transcript is a
complete subset of T1.) This was accomplished using the
Drosophila GAL4/UAS system (Brand and Perrimon,
1993). Sex did not signiﬁcantly affect SR in these experiments, so behavioral data from males and females were
pooled. Increasing expression of for transgenes (encoding
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either T1 or T2 transcript types) in sitter neurons significantly increased SR (Fig. 6). Speciﬁcally, elav-gal4/UASforT1 ﬂies showed signiﬁcantly higher SR than their respective controls: w1;fors;UAS-forT1/⫹ and w1;fors;elavgal4/⫹ (ANOVA, F(2,597) ⫽ 12.18, P ⱕ 0.0001) (Fig. 6A,C).
Similarly, neuronal expression of the forT2 transcript
caused an increase in SR of sitters relative to their respective controls (Fig. 6B,D; ANOVA, F(2,597) ⫽ 66.36, P ⱕ
0.0001). This increased responsiveness of sitters was observed for both 2-hour (Fig. 6C,D) and 24-hour (Fig. 6A,B)
food-deprivation treatments and, as expected (Scheiner et
al., 2004b), ﬂies were more responsive to sucrose after 24
hours compared with 2 hours of food deprivation (Fig.
6A,B: ANOVA, F(1,598) ⫽ 321.85, P ⱕ 0.0001; and Fig.
5C,D: ANOVA, F(1,598) ⫽ 301.14, P ⱕ 0.0001). Typically,
forR ﬂies show average SR scores of 4 following a 24-hour
food deprivation and 2 following 2 hours of food deprivation (Scheiner et al., 2004b); this suggests that expression
of for in sitter neurons with the elav-gal4 driver did not
fully restore SR to rover levels (rescue to rover SR ranged
from 65– 85% for T2 and from 35–70% with T1 under
conditions of 2-hour and 24-hour food deprivation, respectively). Although both the T1 and T2 transcripts signiﬁcantly increased SR when expressed in neurons, the T2
transcript appeared to have a larger effect on SR (Fig. 6).
Furthermore, Western blot analysis of head extracts of the
double transgenic strains showed an increase in band
intensity of the corresponding isoform compared to that of
the control strains. The elav-gal4/UAS-forT2 strain
showed 4.4- and 6.9-fold increases in T2 band intensity
compared to the UAS-forT2 and elav-gal4 controls, respectively. We conclude that neuronal expression of for in
sitters is sufﬁcient to increase SR; this increase in SR can
be achieved with either the T1 or T2 isoforms, indicating
that either isoform may function on behalf of sucrose
responsiveness.

Fig. 4. FOR-IR clusters #4 –7 and schematic of FOR-IR brain
regions. FOR immunoreactivity is shown in green and magenta represents immunoreactivity to the neural marker anti-ELAV in B,E⬘, E⬙
and to the neuropile marker, nc82, in C. A: Cluster #4 (ventrofrontal)
consists of FOR-immunoreactive cells distributed across the frontal
surface of the brain in the region between the AL and SOG neuropiles
(A, circled region). B: Single section image through cluster #4 shows
FOR-IR is localized to the nucleus of theses cells and the cells are
neuronal (arrowhead, single section). FOR is also expressed in ﬁberlike projections in the AN (C) and projection nerves of the SOG
(arrowheads in A). Insert in C,C⬘ shows FOR localization at the brain
entry point of the AN (circled in C). Cluster #5 (medulla) shows FOR
expression in a ﬁber-like structure distributed across the optic lobes
(D, 3D reconstruction of sections spanning the optic lobe). E: A single
section through this region shows a crescent-like expression at the
lateral region of the lobes; these cells are not positive for the neural
marker, anti-ELAV (E⬘,E⬙). F: Schematics of FOR-IR clusters in the
adult brain: #1 (ellipsoid body [EB] cluster), #2 (DPC cluster), #3
(OL/LC cluster), #4 (frontal cluster), and #5 (medulla cluster, in an
optic lobe ﬂanking the brain per se). The schematic represents the
spatial pattern of FOR expressing cellular clusters but not the projection patterns and the number of cells shown on schematics do not
necessarily represent actual number of cells in a cluster. AL, antennal
lobe; AN, antennal nerve; Br, brain hemisphere; DPC, dorsalposterior cells; EB, ellipsoid body; LC, lateral cell; M, medulla; OL,
optic lobe; SOG, subesophageal ganglion. Scale bars ⫽ 50 m in
A,C–E; 10 m in B.
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DISCUSSION
Our characterization of PKG expression patterns in D.
melanogaster, a genetically tractable organism, is an important and essential advance toward the understanding
of cellular functions of PKGs. We describe, for the ﬁrst
time, the brain distribution pattern of FOR in the adult
fruitﬂy, D. melanogaster. We also show that increasing the
level of FOR in neurons is sufﬁcient to increase SR in
sitters. In mammals, subcellular localization of PKG isoforms is found in different subcompartments of the cell
(for example, see Feil et al., 2005). Similarly, in adult
tissues of Drosophila, FOR is expressed in the nuclei of
some cells (the EB, OL, and ventrofrontal clusters), while
it is highly enriched in the cytoplasm and/or plasma membrane (the LC and DPC clusters) of other cells. MacPherson et al. (2004) showed that in Drosophila S2 cell cultures, T1- and T2-encoded isoforms of FOR were localized
to the plasma membrane of the cells. Our antibody detects
all three of for’s major protein isoforms. Immunohistochemical analyses with this antibody showed that rovers
and sitters do not have obvious differences in FOR spatial
distribution. Further studies using FOR isoform-speciﬁc
antibodies will allow for a detailed comparison of the patterns and levels of FOR expression.
Although in the past we have shown that adult heads
have PKG kinase activity, we did not know if only some or
all isoforms are expressed in the adult brain. Our results,
for the ﬁrst time, show that all three isoforms are expressed in the adult brain. It is possible that all or only
some of these FOR isoforms explain the kinase activity
differences between rovers and sitters. Our preliminary
results demonstrate that there are isoform-speciﬁc contributions to differences in PKG enzyme activities (A. So,
unpubl. data). Furthermore, MacPherson et al. (2004)
showed that some of the FOR isoforms differ in EC50 for
cGMP binding; cGMP binding to PKGs initiates a cascade
of events that leads to activation of the kinase. It is possible that there are differences in the activity levels of
each of the isoforms and/or that the rover PKG variants
are more readily activated than the sitter ones. These
relationships remain to be further elucidated. Finally,
sequence differences between these variants have not yet
been investigated.
Mammalian studies have shown that the different products of PKG-expressing genes, cGKI and cGKII, show
distinct localization patterns in some regions of the mammalian brain, while other regions may express both gene
products but at different levels (Schlossmann and Hofmann, 2005; Hofmann et al., 2006). This leads to the
question of how isoform- and tissue-speciﬁc expression
patterns relate to for’s pleiotropic functions. However, the
patterns of FOR immunoreactivity that we observed seem
to correlate with the roles for plays in physiology and
behavior (Renger et al., 1999).
Immunohistochemical analysis using our common antibody did not uncover differences in abundance of protein
in the heads of rovers, sitters, and sitter mutants. Detailed analysis with isoform-speciﬁc FOR antibodies is
required to assess possible differences in the spatial expression patterns or level of expression patterns of the
FOR isoforms in rovers and sitters. Interestingly, either
the T1 or the T2 transcript could be used in neurons to
increase SR from a sitter to a rover-like level. Investigating the differences in spatial expression patterns of T1

The Journal of Comparative Neurology. DOI 10.1002/cne

580

Fig. 5. PKG enzyme activity levels in rover and sitter ﬂies. Rover
(forR) head extracts show signiﬁcantly higher PKG activities than
those of sitters (fors and fors2). All three strains show relatively lower
levels of PKG activity in the bodies than in the heads. The bodies of
rovers and sitters do not differ in PKG activity. The sitter mutant
(fors2) shows signiﬁcantly lower PKG activity than forR and fors in the
head and body. Four independent protein extractions and activity
measures were performed and the mean of these values is presented
(letters indicate signiﬁcant differences according to Tukey’s post-hoc
comparisons at P ⫽ 0.05).

and T2 protein isoforms in rover and sitters may shed
light on the cellular mechanism governing SR. Furthermore, isoform-speciﬁc localizations of T1 and T2 will aid in
identifying the neural cluster(s) involved in SR.
FOR may be involved in the regulation of gustatory
responsiveness in Drosophila, which in turn could affect
behaviors such as food intake and food choice. Increasing
for in sitter neurons increases SR. SR in the adult fruitﬂy
likely involves pathways that detect sucrose via the gustatory receptors found in sensory neurons (e.g., the tarsi)
and transmit the information to the gustatory region of
the thoracic-abdominal ganglion, which somehow causes
the ﬂy to respond by extending its proboscis. Nerves carry
the gustatory information detected by the proboscis to the
SOG, the ﬁrst relay point of the processing of gustatory
information in the adult ﬂy brain (Stocker, 1994). Information may then be sent to a higher-order brain region for
interpretation of gustatory information, as in the honeybee (Schroter and Menzel, 2003). This region could integrate relevant food-related sensory stimuli and thus be
involved in the regulation of SR. for could affect SR at any
one or a combination of the above pathways. One candidate region for FOR’s regulation of SR is the cluster of
FOR-immunoreactive cells that project axons to the EB of
the CC, thought to be an information integration center in
the ﬂy brain (Heisenberg, 1994). FOR expression in these
neurons may modulate gustatory information received via
the peripheral chemosensory organs and thereby affect
the proboscis-extension response.
The efferent nerves of the SOG thought to be involved in
gustation could also be involved in SR. A pair of nerves
that project from the proboscis to this ventral-brain region
shows FOR expression. Axons of gustatory receptor neurons found in the labellum project to distinct regions of the
SOG via the labial nerves (Stocker and Schorderet, 1981;
Nayak and Singh, 1985) and projections from sensory
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Fig. 6. Sucrose responsiveness (SR) increases when either the for
T1 or T2 transcript is expressed in the nervous system of sitter ﬂies
using the elav-GAL4 driver. Mean SRS ⫾ SE of 1-week-old ﬂies
deprived of food for 24 hours (A,B) or 2 hours (C,D) are shown.
Expression of either the forT1 (A,C) or the forT2 (B,D) transgene
under the control of elav-GAL4 driver caused a signiﬁcant increase in
the SR score of sitters relative to the controls under 24-hour (A,B) and
2-hour (C,D) food deprivations; 50 males and 50 females were tested/
strain.

neurons of the internal mouthparts, labral sense organ,
and the cibarial sense organs reach the SOG via the pharyngeal and the accessory pharyngeal nerves, respectively. FOR’s possible presence in the labial nerve would
be in line with its role in food-related phenotypes. Interestingly, we also found a high level of FOR expression in
the antennal nerve of the ﬂy. The antennal nerve carries
axons of the olfactory, auditory, and mechanosensory neurons (Stocker, 1994). It remains to be determined whether
FOR’s expression in the antennal nerve is associated with
one or all of these types of neurons. FOR was also found in
the OL of the ﬂy, suggesting a function in reception and/or
processing of visual stimuli, as has been suggested for the
honeybee Amfor gene (Ben-Shahar et al., 2003). Interestingly, the mammalian FOR homolog is expressed at a high
level in the mouse eye (Gamm et al., 2000). Furthermore,
cGKI was shown to be expressed in the hypothalamus and
the pituitary gland, regions of the brain known to inﬂuence food intake and body weight regulation (Schwartz et
al., 2000; Bellinger and Bernardis, 2002).
It remains to be determined which tissues are required
for each of for’s food-related phenotypes. Furthermore, it
is not known whether FOR is needed acutely and/or during development for rover/sitter differences in behavior.
Our transgenic studies of SR in sitters and our initial
characterization of FOR protein expression in adults represent an important and essential advance toward understanding how PKG functions in food-related behaviors.
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