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Abstract

Background: Learning and memory are extremely complex and dynamic processes. Proteins that participate in
memory formation are strictly regulated by various pathways and may require protein synthesis and/or post-
translational modifications. To examine the formation of memory, Drosophila was genetically engineered with the
mutated memory-related gene, AmnX8, which induces normal learning and memory behavior within the first
30 min of training. However, the process through which learning occurred could not be retained after the 30 min
of training, indicating that these mutants possessed deficits in middle-term memory. A proteomics platform based
on two-dimensional differential gel electrophoresis and matrix-assisted laser desorption/ionization time of flight
mass spectrometry was employed to examine the head proteome alterations between the wild-type 2u strain and
the memory-deficient mutant AmnX8 strain.

Results: The results indicated that 30 differentially expressed head proteins that mainly function in metabolic
pathways and cell structure/cytoskeleton proteins were involved in memory formation. A bioinformatics analysis
demonstrated that mitochondrial proteins had critical roles in modulating this process.

Conclusions: This is the first study of a comparative head proteomics analysis of a memory mutant strain and a
normal control fruit fly strain. The fundamental proteomics analysis provides potential candidates for further
elucidation of the biological mechanism of the memory formation process in Drosophila.
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Background
For nearly a century, the fruit fly, Drosophila melanogaster,
has been a powerful and very commonly utilized model
organism for studying complex biological problems.
Drosophila has served as an invaluable model organism
and offers many advantages for the study of human dis-
eases. Benefits include a faster time frame due to the
shorter lifespan of flies, numbers of progeny, availability of
techniques and tools for manipulating gene expressions,
and its well-known anatomy and phenotypes (Venken and
Bellen 2005, 2007). Moreover, sequences of the human
and fly genomes show an unequivocally high degree of
interrelatedness (Adams et al. 2000). Therefore, in the last
decade, numerous scientists have tried to gain insights
into neurodegenerative diseases by utilizing this model
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system. Many Drosophila transgenic strains were devel-
oped and have been widely applied to study various human
diseases such as Alzheimer's, Parkinson's, and Huntington's
diseases, and have immensely helped scientists advance
our understanding of these complex disorders (Mutsuddi
and Nambu 1998; Celotto and Palladino 2005).
Amnesiac (amn), a memory-deficient gene, was first

identified by Quinn et al. (1979). It encodes a neuropep-
tide that is homogeneous with the mammalian pituitary
adenylate cyclase-activating peptide, which is related to
protein kinase A activity. The amn gene is excessively
expressed in two dorsal paired medial neurons, which spe-
cifically innervate axon terminals of the entire mushroom
body (MB) lobe ensemble. Amn proteins are thought to
modulate MB activity in the fruit fly brain (Waddell et al.
2000; Waddell and Quinn 2001). Associated learning/
memory tests were applied to Drosophila melanogaster.
Flies with a mutated amn gene possess normal learning
and memory behavior within the first 30 min of training.
However, memory is impaired after 30 min of training,
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indicating deficient memory phases in middle-term mem-
ory (DeZazzo and Tully 1995; Tully and Quinn 1985).
Proteomics is the global-scale study of protein expres-

sion levels and post-translational modifications in the
post-genomic era. This method is able to globally examine
cellular processes at the protein level in cells, tissues, and
organisms (Timms 2008). In order to analyze differential
protein expressions across different samples, improve-
ments in existing techniques such as two-dimensional gel
electrophoresis (2-DE) became essential. Recently, two-
dimensional differential gel electrophoresis (2D-DIGE)
was introduced as a fluorescence-based strategy that in-
creases the usefulness of the proteomics technique by
allowing different protein samples to be labeled with dis-
tinct fluorescent dyes and run on the same gel (Timms
and Cramer 2008). Although the 2D-DIGE technique is
derived from traditional two-dimensional polyacrylamide
gel electrophoresis (2D-PAGE), 2D-DIGE can overcome
many disadvantages of classical 2-DE. For example, the
2D-DIGE approach can eliminate gel-to-gel variations.
Protein samples are initially labeled with different fluores-
cent dyes. Each dye has a distinct fluorescent wavelength
allowing two or three different samples to be concurrently
separated on the same gel. Thus, comparisons across dif-
ferent samples can be made with confidence (Timms and
Cramer 2008; Lai et al. 2010). With this effective tech-
nique, it is now possible to simultaneously and reprodu-
cibly separate around 2,000 different proteins (Hung et al.
2010, 2011; Huang et al. 2010; Lai et al. 2010; Chen et al.
2011; Chou et al. 2010). Individual proteins can be identi-
fied by a subsequent mass spectrometric analysis com-
bined with searches of public protein databases.
Learning and memory are common and important be-

haviors for animals. In this study, we performed 2D-DIGE
to compare the protein expression pattern of a Drosophila
melanogaster wild-type (WT) strain (2u) with that of a
memory-deficient mutant (AmnX8) which can only main-
tain normal memory behavior for 30 min. To our know-
ledge, this is the first publication on a comparative head
proteomics analysis of a memory mutant strain and a nor-
mal control fruit fly strain to elucidate which proteins are
involved in the process of learning and memory formation.

Methods
Chemicals and reagents
Generic chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA), while reagents for 2D-DIGE were
purchased from GE Healthcare (Uppsala, Sweden). All
chemicals and biochemicals used in this study were of
analytical grade.

Drosophila strains
Drosophila melanogaster WT (2u) and memory-deficient
mutant strains (AmnX8) used in this study were provided
by the laboratory of Prof. Ann-shing Chiang at the Brain
Research Center, National Tsing Hua University (Hsinchu,
Taiwan). All flies were reared in a temperature-controlled
incubator which was maintained at 25°C with 70% relative
humidity on a cycle of 12 h of light and 12 h of dark con-
ditions. Flies were raised and maintained on food
containing culture medium (0.9% agar medium containing
10.5% dextrose, 5% cornmeal, 2.6% baker's yeast, and
0.23% tegocept, to which active yeast was added) in glass
bottles. Flies were raised in culture medium for 4 ~ 7 days
after eclosion. Mature flies were then transferred to a new
culture medium and were reared under the same condi-
tions before being sacrificed.

Sample preparation for the proteomics analysis
Drosophila melanogaster strains were separately col-
lected into centrifuge tubes (50 ml), frozen in liquid ni-
trogen, and vigorously shaken to separate heads from
bodies and extremities. Fly heads were isolated using
pre-chilled size-exclusion sieves. The top sieve (Tyler
equivalent 25 mesh#, 0.71 mm2) allowed the heads to
pass to the bottom sieve (Tyler equivalent 40 mesh#,
0.42 mm2), which separated the extremities from the
heads. The heads were collected and pulverized in liquid
nitrogen with a pre-chilled mortar and pestle and then
transferred to a micro-centrifuge tube. All samples were
subjected to methanol/chloroform precipitation for pro-
tein extraction and purification according to a previously
described protocol (Ericsson 1999) with slight modifica-
tions. Samples were suspended in lysis buffer consisting
of 7 M urea, 2 M thiourea, and 4% (w/v) 3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate)
followed by extraction with methanol, chloroform, and
double-deionized water (ddH2O). Prior to adding each so-
lution, samples were vortexed and centrifuged at
14,000 rpm for 5 min. The top aqueous layer of all sam-
ples was discarded. Subsequently, samples were washed
with methanol and centrifuged again at 14,000 rpm for
5 min. Finally, as much of the top methanol layer as pos-
sible was removed, and samples were vacuum-dried in a
SpeedVac (Thermo Scientific, Waltham, MA, USA). Ly-
sates were homogenized by injection through a 25-gauge
needle six times, and insoluble substances were removed
by centrifugation at 14,000 rpm at 4°C for 30 min. Protein
concentrations were determined using a Bradford protein
assay kit (Bio-Rad, Hercules, CA, USA).

2D-DIGE, gel image analysis, protein staining, and
in-gel digestion
The experimental protocols for the expression of 2D-
DIGE, gel image analysis, protein staining, and in-gel di-
gestion were described in our previous publications
(Chan et al. 2005; Gharbi et al. 2002; Lai et al. 2010;
Chen et al. 2011). Briefly, protein samples were labeled
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with [N-hydroxy succinimidyl] ester derivatives of the
cyanine dyes Cy2, Cy3, and Cy5. A protein sample at
100 μg in triplicate was minimally labeled with 250 pmol
of either Cy3 or Cy5 for comparison on the same 2-DE
gel. To facilitate image matching and cross-gel statistical
comparisons, a pool of all samples was also prepared and
labeled with Cy2 at a molar ratio of 2.5 pmol Cy2 per
microgram of protein as an internal standard that was run
on all gels. Labeling reactions were performed for 30 min
on ice in the dark and then quenched with a 20-fold molar
excess of free L-lysine to the dye for 10 min. Differentially
Cy3- and Cy5-labeled samples were then mixed with the
Table 1 Differentially expressed proteins between 2u and Am
2D-DIGE

Spot
number

Protein name Theo
MW

112 Drosocrystallin 55,24

285 Transferrin precursor 72,96

297 Tropomyosin-1, isoforms 33/34 54,66

300 Tropomyosin-2 32,96

324 Heat shock 70-kDa protein cognate 4 71,37

351 Phosphoenolpyruvate carboxykinase (GTP) 71,48

363 Esterase-6 61,48

408 Succinate dehydrogenase [ubiquinone] flavoprotein
subunit, mitochondrial

72,86

513 Actin 42,07

562 Actin 42,07

571 Actin 42,07

642 Enolase 54,56

675 CG2233-PA (GH20802p) 47,10

679 Gene P1 protein 119,3

711 Vitellogenin II precursor 49,76

716 Vitellogenin I precursor 48,73

740 Isocitrate dehydrogenase, isoform D 46,72

750 Actin 42,07

958 Aldehyde reductase 36,18

959 CG9119-PA (GH07301p) 35,86

982 Glycerol-3-phosphate dehydrogenase 39,62

989 Glycerol-3-phosphate dehydrogenase 39,62

994 Glycerol-3-phosphate dehydrogenase 39,62

1000 Glycerol-3-phosphate dehydrogenase 39,62

1017 IP10437p (Fragment) 36,56

1029 Probable transaldolase 36,93

1139 14-3-3 protein 28,21

1234 Ferritin 2 light chain homolog 25,48

1380 Cofilin/actin-depolymerizing factor homolog 17,42

1502 Proteasome endopeptidase complex 26,00
Cy2-labeled internal standard and reduced with dithio-
threitol for 10 min. Immobilized nonlinear pH gradient
(IPG) buffer, at pH 3 to 10 (2% (v/v) (GE Healthcare,
Uppsala, Sweden)) was added, and the final volume was
adjusted to 450 μL with 2D-lysis buffer for overnight re-
hydration into IPG strips (pH 3 to 10, 24 cm). Isoelectric
focusing was then performed using a Multiphor II appar-
atus (GE Healthcare) for a total of 62.5 kVh at 20°C.
Strips were then equilibrated in 6 M urea, 30% (v/v) gly-
cerol, 1% sodium dodecylsulfate (SDS) (w/v), 100 mM
Tris–HCl (pH 8.8), and 65 mM dithiothreitol for 15 min
and then in the same buffer containing 240 mM
nX8 flies by MALDI-TOF peptide mass fingerprinting after

retical
(Da)/pI

Observe
MW (Da)/pI

Score Queries
matched

Coverage (%)

8/5.54 130,000/5.5 90 12 40

4/6.69 90,000/6.7 161 15 31

6/4.77 90,000/4.5 79 13 38

1/4.39 40,000/4.8 122 19 25

2/5.36 72,000/5.5 83 12 26

2/7.50 71,000/7.0 142 19 31

6/5.57 68,000/5.7 233 21 48

8/6.65 66,000/6.3 108 27 48

2/5.29 58,000/5.5 112 11 43

2/5.29 55,000/5.3 67 10 30

2/5.29 55,000/5.5 80 10 37

1/8.68 54,500/6.3 134 13 39

7/5.95 47,000/5.9 167 18 48

50/5.82 47,000/6.4 81 14 18

2/7.74 46,500/6.4 90 14 49

9/7.19 46,500/5.9 134 20 41

9/5.93 46,000/6.4 54 10 28

2/5.29 45,000/5.3 95 10 34

5/6.21 36,000/6.2 154 14 61

6/5.96 39,000/6.0 83 9 40

7/6.33 38,500/6.5 84 11 36

7/6.33 38,500/6.8 84 16 36

7/6.33 38,500/6.5 72 13 38

7/6.33 38,500/6.8 87 12 44

8/6.79 38,500/7.5 138 12 46

9/7.55 38,000/6.0 120 15 47

0/4.77 29,000/4.7 61 13 38

9/5.90 26,000/6.3 183 14 63

8/6.74 20,000/5.8 126 14 70

4/6.21 26,000/5.5 93 9 43
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iodoacetamide for a further 15 min. Equilibrated IPG
strips were transferred onto 24 × 20-cm 12.5% polyacryl-
amide gels cast between low-fluorescence glass plates and
bonded to one of the plates. The strips were overlaid with
0.5% (w/v) low-melting-point agarose in running buffer
containing bromophenol blue. Gels were run in an Ettan
Twelve gel tank (GE Healthcare) at 4 W per gel at 10°C
until the dye front had completely run out of the bottom
of the gels. Gels were then directly scanned between the
glass plates using an Ettan DIGE Imager (GE Healthcare)
according to the manufacturer's instructions. An image
analysis was performed using DeCyder 2-D Differential
Analysis Software vers. 7.0 (GE Healthcare) to co-detect,
2u vs 
pH 4                                                        

pH 4                                                                   8        

2u

A

B

Figure 1 Superimposed 2D-DIGE image of 2u and AmnX8 flies. (A) Hea
(left) and AmnX8 mutant flies (right) were analyzed by 2D-DIGE. The pH range
shown in (A) were superimposed. Differentially expressed protein features are
information are given in Table 1. Pink spots represent upregulation of protein
protein expression in AmnX8 flies. Yellow spots represent an equal amount of
normalize, and quantify the protein features in the im-
ages. Features detected from nonprotein sources were fil-
tered out. Spots displaying an average of a ≥1.5-fold
increase or decrease in abundance with a p value <0.05
were selected for protein identification.
Colloidal Coomassie blue G-250 staining was used to

visualize CyDye-labeled protein features in 2-DE.
Bonded gels were fixed in 30% v/v ethanol and 2% v/v
phosphoric acid overnight, washed three times (for
30 min each) with ddH2O, and then incubated in 34% v/v
methanol, 17%w/v ammonium sulfate, and 3% v/v phos-
phoric acid for 1 h prior to adding 0.5 g/L Coomassie blue
G-250. Gels were then left to stain for 5 to 7 days. Stained
Amnx8
                                    8     

pH 4                                                                   8        

Amnx8

d proteins of Drosophila melanogaster extracted from wild-type 2u flies
and molecular weight marker are indicated in the figures. (B) Images
marked in white circles, and their corresponding identification and
expression in wild-type 2u flies. Green spots represent upregulation of
protein expression in both the wild-type 2u and AmnX8 strains.
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gels were imaged on an ImageScanner III densitometer
(GE Healthcare).
Excised post-stained gel pieces were washed three

times in 50% acetonitrile (ACN), dried in a SpeedVac for
20 min, reduced with 10 mM dithiothreitol in 5 mM
ammonium bicarbonate pH 8.0 (AmBic) for 45 min at
50°C, and then alkylated with 50 mM iodoacetamide in
5 mM AmBic for 1 h at room temperature in the dark.
Gel pieces were then washed three times in 50% ACN
and vacuum-dried before reswelling with 50 ng of modi-
fied trypsin (Promega, Madison, WI, USA) in 5 mM
AmBic. The pieces were then overlaid with 10 μL of
5 mM AmBic and trypsinized for 16 h at 37°C. Superna-
tants were collected, peptides were further extracted
twice with 5% trifluoroacetic acid in 50% ACN, and the
supernatants were pooled. Peptide extracts were vacuum-
dried, resuspended in 5 μL ddH2O, and stored at −20°C
prior to the mass spectrometry (MS) analysis.
Figure 2 Changes in the differential expression and statistical value b
the Cy2-labeled internal standard. Images of 2u and AmnX8 flies were respecti
purple) and corresponding spot volumes were analyzed with DeCyder vers. 7
a p value of ≤0.05, and the average ratio was beyond ±1.5. (A) Fifteen protein
downregulated (15 spots) in AmnX8 flies.
Protein identification by matrix-assisted laser desorption
ionization time of flight mass spectrometry
For protein identification, extracted peptides were sub-
jected to peptide mass fingerprinting (PMF) by matrix-
assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF MS). Details of the MALDI-
TOF MS analysis were described in our previous report
(Lai et al. 2010). Briefly, the PMFs were acquired using
an Autoflex III MS (Bruker Daltonics, Bremen, Germany)
in reflector mode. The spectrometer was calibrated with a
peptide calibration standard (Bruker Daltonics), and in-
ternal calibration was performed using trypsin autolysis
peaks at m/z 842.51 and 2,211.10. Peaks in the mass range
of m/z 800 to 3,000 were used to generate a PMF that was
used to search the MSDB, NCBI, and Swiss-Prot/TrEMBL
databases (vers. 57.12; 513,877 entries) using Mascot soft-
ware vers. 2.2.04 (Matrix Science, London, UK). The fol-
lowing parameters were used: Drosophila melanogaster,
etween 2u and AmnX8 flies. Measured values were normalized against
vely labeled with Cy3 and Cy5. The selected area of 2D-DIGE (marked in
.0 software. The statistical parameters used in this experiment were set to
s were upregulated (15 spots) in 2u flies. (B) Fifteen proteins were



Table 2 List of identified proteins from 2u and AmnX8

flies grouped in functional categories

Functional categories Identified proteins

Metabolic pathway 351. Phosphoenolpyruvate carboxykinase

363. Esterase-6

408. Succinate dehydrogenase [ubiquinone]
flavoprotein subunit

642. Enolase

740. Isocitrate dehydrogenase, isoform D

958. Aldehyde reductase

959. CG9119-PA (GH07301p)

982. Glycerol-3-phosphate dehydrogenase

989. Glycerol-3-phosphate dehydrogenase

994. Glycerol-3-phosphate dehydrogenase

1000. Glycerol-3-phosphate dehydrogenase

1017. IP10437p

1029. Probable transaldolase

Others 112. Drosocrystallin

679. Gene P1 protein

711. Vitellogenin II precursor

716. Vitellogenin I precursor

1502. Proteasome endopeptidase complex

Protein folding, sorting,
and degradation

324. Heat shock 70-kDa protein cognate 4

Transport protein 285. Transferrin precursor

1234. Ferritin 2 light chain homolog

Cell structure and
mobility protein

297. Tropomyosin-1

300. Tropomyosin-2

513. Actin

562. Actin

571. Actin

750. Actin

1380. Cofilin/actin-depolymerizing
factor homolog

Neuron development 1139. 14-3-3 protein

Function unknown 675. CG2233-PA
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tryptic digest with a maximum of one missed cleavage,
carbamidomethylation of cysteine, partial protein N-
terminal acetylation, partial methionine oxidation, partial
modification of glutamine to pyroglutamate, and a mass
tolerance of 50 ppm. Identifications were accepted based
on significant MASCOT scores (p < 0.05), at least four
peptides per protein, spectral annotation, observed versus
expected molecular weights, and the value of the isoelec-
tric point (pI) on 2-DE.

Results
Drosophila melanogaster is one of the most studied
eukaryote model systems used to examine many cellular
processes including diseases, infections, behaviors, mem-
ory formation, and development. Previous reports indi-
cated that memory formation is a process of protein
synthesis and/or post-translational modification (Barco
et al. 2002; Dubnau et al. 2003). In order to establish a high-
throughput platform for identification of memory-related
gene expression changes in Drosophila melanogaster, the
highly sensitive 2D-DIGE technique was employed for
proteome comparisons. After fluorescence dye labeling,
proteins from different sources can easily be detected with
a fluorescence scanner. Each image was displayed with
pseudo-colors, and images of the 2u and AmnX8 strains
were respectively displayed as pink and green. Yellow
spots indicated an equal amount of protein expression in
both the WT 2u and AmnX8 strains. In order to conveni-
ently observe and compare protein profiles of the 2u and
AmnX8 strains, 2D images of the 2u and AmnX8 strains
were superimposed. Triplicate experiments were subse-
quently analyzed using DeCyder™ software, and spots with
significant changes were selected for protein identification
by MS (Table 1, Figure 1). Results indicated that more than
2,000 spots were defined, among which 30 proteins that
differed in protein expression levels between the 2u and
AmnX8 strains were identified. Among these identified pro-
teins, 15 protein spots were observed to have been
upregulated in the WT 2u strain. In contrast, 15 spots were
observed to have been upregulated in the mutant strain
AmnX8 (Table 1). Their 2D-PAGE maps, three-dimensional
patterns, and statistical information are shown in Figure 2.
Because we were interested in the roles of those proteins
during memory formation, the proteins were classified into
seven different groups according to their functions: meta-
bolic pathway (43.3%); cell structure and mobility proteins
(23%); protein folding, sorting, and degradation (3.3%);
transport proteins (6.67%); neuron development (3.3%);
others (16.7%); and function unknown (3.3%) (Table 2).
These proteins may be involved in memory formation.
However, detailed relationships across these identified pro-
teins are yet to be investigated. Accordingly, all of the iden-
tified proteins were uploaded into the STRING protein
interaction database (http://string.embl.de/), and the
interaction map in Figure 3 shows at the ‘medium’ confi-
dence level that more than 1/2 (17/30; 57%) of the entered
proteins could interact with one or more of the others.
Succinate dehydrogenase B (SdhB) interacted with the
highest number of input proteins (eight interactions)
followed by cofilin/actin-depolymerizing factor (tsr), the vi-
tellogenin I precursor (Yp1), heat shock 70-kDa protein
cognate 4 (HSc70-4), heat shock 60-kDa (Hsp60), and
isocitrate dehydrogenase D (CG5028) with seven interac-
tions. These interactions imply that many of the identified
proteins occur within closely related signaling networks
or biological pathways and are involved in regulating the

http://string.embl.de/


Figure 3 Interaction networks of identified proteins. Proteins identified in Table 1 were imported into the EMBL Search Tool for the Retrieval
of Interacting Proteins (STRING) database (http://string.embl.de/), and an interaction map was generated. Each node represents a protein entry.
Interactions or edges were generated from the experimental results, text mining, and database evidence using a medium confidence level.
Thicker lines represent higher-confidence interactions.
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trichloroacetic acid (TCA) cycle, protein folding, and
cytoskeleton regulation. This further suggests that mito-
chondrial metabolic controls and protein conformational
maintenance contribute to memory formation in
Drosophila.

Discussion
Proteomic tools offer potential opportunities to investi-
gate global cellular processes by directly visualizing a
comprehensive set of gene products. In the current
study, 2-DE was used to separate thousands of proteins
by 2D-PAGE according to their relative pIs and molecu-
lar weights (Gorg et al. 2004).
Fly brains are difficult to obtain; therefore, the reason we

performed a differential proteome analysis was to show
that there was high overlap of proteins found in both the
head and brain, and we could simply substitute the head
for the brain in further studies. We analyzed the proteomes
of heads, brains, and cuticles, and compared differences in
proteome expression patterns using the 2D-DIGE
technique. Heads of fruit flies were carefully dissected and
separated into two parts, brains and cuticles. Proteins from
the heads, brains, and cuticles were extracted and conse-
quently labeled with fluorescence dyes (Cy2, Cy3, and
Cy5). After separation by 2D-PAGE, CyDye™-labeled pro-
tein spots could be visualized using a fluorescence scanner.
Proteins found in the heads and brains were approximately
90% similar (Figure 4). In contrast, there was <30% overlap
of proteins found in the brain and cuticle (Figure 5). The-
oretically, the sum of proteins found in both the brain and
cuticle should equal total proteins found in the head. In
summary, these results showed that there was about a 10%
protein difference between the head and brain proteomes.
In order to facilitate analysis of differential protein expres-
sions involved in memory formation by proteomics
research, the brain proteomic analysis was replaced with a
head proteomic analysis in this study to perform experi-
ments comparing brain function-related proteomes.
In the current study, flies with mutated AmnX8 pos-

sessed normal learning and memory behaviors during

http://string.embl.de/


Figure 4 Proteomes of the brain and head of the wild-type
Drosophila and their protein expression patterns. CyDye™-
labeled protein spots were detected on a 24-cm 12.5% SDS-PAGE
gel with a fluorescence scanner. The pH range and molecular
weight marker are indicated.

Figure 5 Image superimposition of the Drosophila brain and
cuticle. 2D-DIGE images of the brain and cuticle are superimposed.
Brain proteins are labeled in red, and cuticle proteins are labeled in
blue. Yellow-colored spots represent proteins expressed in both the
brain and cuticle.
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the first 30 min of training compared to their normal
controls (2u) as examined by a proteomics analysis
where a total of 30 proteins that differed in protein ex-
pression levels between the 2u and AmnX8 strains were
identified. The 14-3-3 protein (spot no. 1139) was shown
to be more abundant (by 9.26-fold) in the WT 2u strain.
Research on Drosophila melanogaster and other insects
indicated that the 14-3-3 protein is encoded by the
leonardo gene (88% amino acid identity to the mamma-
lian 14-3-3 ζ isoform), is dominantly distributed in the
central nervous system preferentially in the MB, and
plays essential roles in learning and memory (Watanabe
et al. 1993). The leonardo gene product was found to
modulate pre-synaptic function (Skoulakis and Davis
1996; Broadie et al. 1997). If the alleles were mutated,
leonardo protein expression was downregulated in MBs
which significantly affected olfactory learning, but the
mutation did not affect sensory modalities. Thus, results
from previous reports and our experiments indicated
that the 14-3-3 protein plays an important role in mem-
ory formation.
Numerous identified proteins were involved in energy

metabolic pathways. Phosphoenolpyruvate carboxykinase
(spot no. 351) is involved in glycolysis/gluconeogenesis
and the citric acid cycle pathway. The succinate dehydro-
genase ubiquinone subunit (spot no. 408) participates in
the citric acid cycle and oxidative phosphorylation.
Isocitrate dehydrogenase isoform D (spot no. 740) is also
involved in the TCA cycle. All of these proteins were
found to be upregulated in the 2u fly brain compared to
AmnX8, which implies that sufficient energy is essential for
maintaining cell survival. Notably, glucose is a major fuel
source for the brain due to its ability to cross the blood–
brain barrier. Energy metabolism in animal brains relies
on glycolysis and glycogenolysis to modulate neuron
transmissions (Hertz et al. 2007). Additionally, astrocytes
are responsible for 20% of glucose consumption in the
brain and generate glutamate and glutamine which play
important roles as neurotransmitters and are associated
with learning, memory, and other neuronal functions
(Hertz and Kala 2007; McGahan et al. 2005; Montana
et al. 2004). Accordingly, from our proteomics results and
those of previous reports, the energetic production rate of
WT flies is probably higher than that of memory-deficient
mutant flies.
Interestingly, glycerol-3-phosphate dehydrogenase, a

glycolytic protein, was identified as two doublet spots
with similar molecular weights but different pIs in the
2D-DIGE analysis (Figure 1). The pink spots (spot nos.
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982 and 994) were upregulated in WT 2u flies; in con-
trast, the green spots (spot nos. 989 and 1000) were
upregulated in memory-deficient mutant AmnX8 flies.
We propose that the pI shift in 2D-DIGE was caused by
post-translational modification, such as by phosphoryl-
ation. Additionally, intracellular glycerol may have two
roles in energy production. First, it may take part in
ATP formation by [entering] glycolysis and oxidative
metabolism. Second, glycerol-3-phosphate may serve as
a glycerol-3-phosphate shuttle, which translocates redu-
cing equivalents into mitochondria (Nguyen et al. 2003).
Hence, glycerol-3-phosphate dehydrogenase in the brain
was assumed to play a critical function in energy metab-
olism (Kageoka et al. 1985; Wells et al. 2001).
Iron homeostasis is essential for normal cognitive de-

velopment and functioning of the brain. In a recent
study, a proper iron balance was reported to facilitate
learning and neuron plasticity (Carlson et al. 2009) by
regulating downstream glutamate production and glu-
tamate secretion (McGahan et al. 2005). Among the pro-
teins we identified, there were two iron-related proteins
which were upregulated in AmnX8 flies. One was the
transferrin precursor (spot no. 285). Transferrin, an iron
ion transport protein, can help maintain iron concentra-
tions in cells. The other was ferritin 2 light chain homo-
log (spot no. 1234). Ferritin, an iron storage protein, is
composed of 24 subunits including ferritin heavy and
light polypeptides. These iron-related proteins were
upregulated in AmnX8 flies compared to 2u flies, sug-
gesting a compensatory effect of the transferrin precur-
sor (spot no. 285) and ferritin 2 light chain homolog
(spot no. 1234).
Signal transmission is very complicated and rapid

among neurons in order to regulate organism coordin-
ation. Accordingly, good efficacy of synaptic transmis-
sion can facilitate the trafficking of the synaptic
machinery. Previous studies revealed that excitatory
synapses play a critical role during learning and memory
in the brain. Thus, the actin cytoskeleton is involved in
the formation and function of the post-synaptic
mushroom-shaped structure, dendritic spines, and pos-
sibly pre-synaptic terminals (Korobova and Svitkina
2010; Matus 2005; Cingolani and Goda 2008). Actin
isoforms are major components of cellular scaffolding of
cytoskeleton proteins. During neurogenesis, actin plays
an important role in neurite formation, branching, and
extension, and synaptogenesis (Cingolani and Goda
2008). Hence, it is a major cytoskeletal protein located at
synapses including both pre- and post-synaptic terminals
(Fifkova and Delay 1982). Comparing head protein pro-
files of 2u and AmnX8 flies showed that four actins (spot
nos. 513, 562, 571, and 750) were all upregulated in 2u
flies. In addition, short actin filaments at excitatory
synapses interlink synaptic vesicles with each other in
pre-synaptic terminals. Thus, they can facilitate synaptic
vesicles, which carry neurotransmitters, moving to active
zones (Cingolani and Goda 2008).

Conclusions
In this study, we successfully used proteomics to study
learning- and memory-related proteins in the brain of
the fruit fly. We employed 2D-DIGE and MALDI-TOF
MS to compare brain proteomes between normal and
memory-deficient mutant fruit flies. To our knowledge,
this is the first publication with a comparative head pro-
teomics memory-related analysis of fruit fly strains. The
fundamental proteomics analysis offers potential candi-
dates for further elucidation of the biological mecha-
nisms of memory formation.
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