
Formation of the motor output in animal nervous sys-
tems is determined by regulatory and triggering impulses
from sensory and integrative structures, as well as the intrin-
sic properties of motoneurons and their interactions [6].
The motor output produced in response to single stimuli can
be in the form of transient bursts of activity (for example,
the knee-jerk reflex) or as a prolonged, rhythmically orga-
nized sequence of impulses (for example, wing-flapping in
insects). This latter type of response is associated with the
existence of central motor pattern generators (CMPG) in
the nervous system, these consisting of single pacemakers
or groups of neurons which interact in such a way as to pro-
duce a rhythmic output. Rhythmic pacemaker activity is
defined by oscillations in membrane permeability to sodi-
um, potassium, and calcium ions, though the molecular and
cellular mechanisms underlying these oscillations have
received very little study [4].

Our previous studies used genetic methods to identify
more than 20 candidate genes whose products are presump-
tively involved in the CMPG in Drosophila [2]. Mutations
in these genes are accompanied by impairments in locomo-
tor behavior and male mating songs. We report here studies
based on testing locomotor activity in Drosophila strains
with reduced expression of 12 candidate genes in the ner-
vous system of flies. Expression was suppressed by synthe-
sizing interfering RNA using the GAL4/UAS system.
Localization of RNA interference in the nervous system
was obtained by placing the GAL4 activator under the con-
trol of the elav, nrv2, appl, and tsh promoters, which are
expressed exclusively or predominantly in nervous struc-
tures [8]. Suppression of the activity of each of these candi-
date genes (with the exception of kermit) in nervous system
cells was found to lead to specific changes in different
parameters of locomotor activity. The nature of these motor
deviations, with consideration of the patterns of expression
of the driver, allowed the possible roles of each candidate
gene in the processes forming and operating motor pattern
generators to be identified. Of the 12 candidate genes stud-
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ied, the CG15630 gene is of particular interest; this is
expressed mainly in the nervous system, where is it pre-
sumptively a component of neuron cell surfaces and is
involved in remodeling the cell cytoskeleton. The product
of the CG15630 gene is an obligate component of neuronal
circuits involved in mediating locomotor activities, and the
functional importance of CG15630 depends on the nervous
structure in which it is expressed.

Methods
Testing of motor activity. Flies were reared and kept on

standard raisin-yeast medium at 25°C with a 12-h light
regime. Locomotor activity was recorded as described previ-
ously [2] in 20 individuals simultaneously using two webcams
and the Drosophila tracks program (by N. G. Kamyshev)
to determine the coordinates of each fly at a frequency of
10 Hz, with subsequent processing of the data using the
analysis module of the program [1]. Statistical analysis of
motor activity parameters was performed using a random-
ization test [11].

Local candidate gene knockdown system. The expres-
sion of candidate genes in the nervous systems of the test
strains was suppressed using interfering RNA synthesized
in transgenic flies using the GAL4/UAS system [10]. Flies
with the GAL4/UAS system were prepared by crossing two
transgenic strains, one containing the GAL4 transcriptional
activator gene (maternal strain) and the other the regulatory
UAS sequence. Binding of GAL4 with the UAS switches
on transcription of the element located in the UAS and
encoding an interfering RNA (the UAS/RNA transgene).
Tissue-specific interference was obtained by placing the
GAL4 activator gene under control of the elav, appl, nrv2,
and tsh gene promoters, which are expressed predominant-
ly in the nervous system in Drosophila.

Transgenic strains carrying the GAL4 activator gene
were prepared from the Bloomington Drosophila Stock
Center (BDSC) at Indiana University (USA) and had the
following genotypes:
a) w*; P{GAL4-elav.L}2/CyO;
b) p{Appl-GAL4.G1a}1, y1 w*; MlfΔ10/CyO;
c) w*; P{nrv2-GAL4.S}8 P{UAS-GFP.S65T}egT10;
d) y1 w1118; P{GawB}tshmd621/CyO; P{UAS-y.C}MC1/TM2.

Strains containing a UAS/RNA transgene and strains
genetically identical to them but lacking the UAS/RNA
transgene and marker gene (parental strain controls) were
provided by The Vienna Drosophila RNAi Center (VDRC)
at the Campus Science Support Facility (Austria). Nine
strains with UAS/RNA transgenes had the genotype y w1118;
P{attP y+ w3’} and three strains (for the mesr4, Treh, and
jumu genes) had the genotype w1118.

Operational efficiency of the GAL4/UAS system. The
efficiency of the GAL4/UAS system was assessed in terms
of the presence and location of the fluorescent protein green
fluorescent protein (GFP) in Drosophila embryos at the late
stages of development before hatching of larvae. Crossings
with driver strains (elav-GAL4, appl-GAL4, tsh-GAL4)

used strains containing the GFP transgene under control
of the UAS sequence. This strain was obtained from the
BDSC and had the genotye w*; P{10XUAS-IVS-GFP-
WPRE}attP2. Drosophila eggs were dechorionized [25]
and placed on a slide in 50% phosphate buffered saline in
glycerol for analysis of GFP fluorescence using a MikMed2
luminescence microscope (FITC filter). Photographs of
embryos were taken at a magnification of ×20 using a CX05
video camera (Baumer Optronic). The parental strains were
used as controls.

In the case of driver strain nrv2-GAL4, whose genome
already contains the UAS/GFP transgene, the efficiency of
the GAL4/UAS system was also assessed by crossing with
a strain containing a β-galactosidase transgene under con-
trol of a UAS (genotype y1 w1118; P{UAS-lacZ.Exe1}2,
BDSC). A protein extract was prepared from the offspring
of crossing 10 adult males and this was used to assess the
efficiency of GAL4/UAS in terms of β-galactosidase activ-
ity [22]. Activity was measured as the optical density of
samples after running the enzyme reaction for 2 h. Protein
contents in samples were made uniform by assay using the
Bradford method.

Estimation of candidate gene expression levels. Levels
of candidate gene expression in test strains were assessed
by quantitative polymerase chain reaction (PCR) using the
fluorescence dye EvaGreen (Biotium Inc.). RNA was
extracted from 20–30 Drosophila males [9]. The resulting
samples were treated with DNase (Fermentas) and used for
cDNA synthesis in a reverse transcription reaction using a
protocol and reagents from SibEnzim (http://russia.siben-
zyme.com). PCR with cDNA samples was performed in a
StepOnePlus thermal cycler (Applied Biosystems) with
real-time detection of the quantity of amplified product. The
internal standard was the RpL32 gene. The negative control
was a sample subjected to a sham reverse transcriptase reac-
tion, i.e., without transcriptase. PCR was run in the follow-
ing conditions: 95°C (5 min), 1 cycle; [95°C (30 sec), 63°C
(30 sec), 72°C (60 sec)] 35 cycles. The following primers
were used:

CG15630 gene: forward: ATTCGTTGAGATTCTCG-
CAATGCG, reverse: CGGCGATTTCCAATGGAGCT;

sps2 gene: forward: TGAGAAGGAACGCGACGTT-
GTG, reverse: GCTGCGCGTTTGACGGTAGTATTAT;

RpL32 gene: direct: TATGCTAAGCTGTCGCACA-
AATGGC, reverse: GTTCTGCATGAGCAGGACCTCCA.

Data were analyzed statistically using the freeware
program REST 2009 [18].

Results
Motor activity in strains with local knockdown of can-

didate genes. Locomotor activity was tested in Drosophila
strains with decreases in the expression of candidate genes
in the nervous system. A total of 12 genes were analyzed:
jumu, Treh, mesr4, CG15630, sps2, Dgp-1, CG34460,
CG6746, CG8708, cf2, ext2, and kermit. Suppression of one
of these genes was produced in each strain using interfering
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Fig. 1. Measures of motor activity in strains with local knockdown of candidate genes under control of the elav, appl, nrv2, and tsh promoters. For each
gene, plots from left to right show run duration (sec), run initiation frequency (number per 100 sec), and run speed (mm/sec). Plots show mean values. Shaded
columns show controls; significant differences from control are shown in dark columns (randomized test, 10000 iterations, p < 0.05).



RNA synthesized under control of one of four promoter
genes whose expression in the nervous system is maximal
(elav, nrv2, appl, and tsh). Movement activity was assessed
using three main parameters: run duration (sec), run fre-
quency (number of runs per 100 sec), and run speed
(mm/sec). Knockdown of each of the study genes led to sig-
nificant changes in motor activity in terms of one or more
parameters (Fig. 1). Controls consisted of offspring from
crosses of the driver strain with the corresponding parental
strain control (for the jumu, Treh, and mesr4 genes the con-

trol strain had the w1118 genotype; for the other nine genes,
the control strain had the w1118; P{attP y+ w3’} genotype).
Changes largely affected run duration and frequency, with
smaller influences on run speed.

The very low frequencies of runs in controls produced
by crossing driver lines with the w1118; P{attP y+ w3’} geno-
type with control parental strains should be noted. It may be
that the consequence of this is the fact that changes in run
frequency in the nine relevant experimental strains (hence-
forth attp strains) were either absent or consisted of increas-
es. Run frequency in the wild-type strain Canton-S (CS)
was 5.3, compared with values ranging from 0.2 to 8.5 in
P-insertion mutants [2].

Run duration was the most informative parameter in
attp strains. Changes in run duration were seen in condi-
tions of RNA interference for eight of the nine candidate
genes (the exclusion being ext2) under the control of one or
several drivers. The magnitudes and directions of changes
varied significantly depending on which gene was sup-
pressed and which promoter was used.

The only changes in the three experimental strains for
which the parental strains with UAS/RNA transgenes had
the w1118 genotype (henceforth w strains) affected run fre-
quency. It is interesting to note that run frequency in the
control for the w strains was closer to the value in wild-type
flies than was the case for the control for the attp strains.
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Fig. 2. GFP fluorescence in nervous structures in Drosophila embryos at the late stages of development before hatching of larvae (lower
row). The anterior part is shown at left and the abdominal part below. Above – an embryo of the parental strain with a genome con-
taining a construct with GFP, which is not expressed in the absence of GAL4. The first row shows embryos of the control parental strains
in which GAL4 was expressed under control of promoters (elav, appl, and tsh). In all photographs, different levels of intestinal yolk flu-
orescence are seen in the posterior part of the egg. Images were taken at a magnification of ×20.

Fig. 3. Levels of β-galactosidase activity in parental (control) strains car-
rying the GAL4 and LacZ transgenes and in experimental strains with the
nrv2-GAL4/UAS-LacZ system. Plots show mean values. Significant dif-
ferences between experimental samples and controls were identified using
Student’s t test (p < 0.01). The vertical axes show the optical density of
samples × 100.



RNA interference for ext2 under control of the appl and
tsh promoters, as well as cf2 under control of the tsh promot-
er, was accompanied by defects in wing morphology.
Suppression of the mesr4 gene under control of tsh was lethal.

Expression of GFP and LacZ transgenes via the
GAL4/UAS system. The operation of the GAL4/UAS system
was confirmed in experiments with activation of the expres-
sion of the fluorescent protein GFP under control of the elav,
appl, and tsh promoters (Fig. 2) or β-galactosidase under
control of the nrv2 promoter (Fig. 3). It should be noted that
the pattern of GFP expression varied significantly depend-
ing on which promoter was used, but was always located in
nervous structures. For the elav and appl promoters, fluores-
cence was seen in the brain and abdominal chain; for tsh,
fluorescence was seen mainly in the abdominal chain.

Quantitative assessment of CG15630 and sps2 gene
expression. The expression levels of the CG15630 and sps2
genes was quantified in strains with RNA interference for
these genes, as well as in strains with mutations (P inser-
tion) of these genes. The CG15630 and sps2 genes were
selected because of a number of factors. Firstly, mutations
in these genes are accompanied by impairments to an
important parameter of rhythmic activity – the interimpulse
interval in male song impulses [2]. Secondly, changes in run
duration in strains with RNA interference for these genes
were in different directions depending on the promoter
used, and further analysis of these data requires the possi-
bility of ineffective knockdown to be excluded.

All experimental samples showed decreased expres-
sion levels, though the magnitudes of the decreases varied
significantly depending on which promoter–gene combina-
tion was being assessed (Fig. 4). Differences in the extent
of suppression were probably associated with the extent of
coincidence between the expression patterns of candidate
genes and the genes controlling local RNA interference.

Thus, suppression under control of the elav promoter was
maximal for CG15630, as this is expressed mainly in the
nervous system, and minimal for sps2, which has a signifi-
cant level of expression outside the nervous system [8].

Discussion
We report here testing of movement activity in

Drosophila in conditions of tissue-specific suppression of
the expression of candidate genes previously identified by
screening P-inversion mutants with significantly altered
locomotion and mating song parameters [2]. Expression was
suppressed using RNA interference under the control of the
elav, nrv2, appl, and tsh gene promoters. Each of these
genes, used to obtain tissue-specific RNA interference, was
expressed mainly in Drosophila nerve cells [8], though each
showed its own characteristic features in the pattern
of expression in nervous tissues. Differences in the pattern of
expression, along with the nature of the motor abnormalities,
suggested mechanisms for the involvement of the candidate
genes in generating the motor pattern for locomotor acts.

RNA interference of the candidate genes jumu, Treh,
and mesr4 (w strains) was accompanied by changes only in
run frequency. There were no changes in strains with sup-
pression of these genes under control of nrv2, which, in con-
trast to elav and appl, is not expressed in sensory neurons,
including photoreceptors in the imaginal disks of the eyes, at
the larval stage [24]. The jumu and mesr4 genes encode tran-
scription factors which have been shown to be involved in the
development of the peripheral nervous system [3, 17]. Thus,
the most likely cause of locomotor abnormalities on interfer-
ence of jumu and mesr4 may consist of impairments to the
development of the sensory organs of Drosophila. The Treh
gene encodes an enzyme (NC-IUBMB classification:
Trehalase, EC 3.2.1.28), which cleaves trehalose, a disaccha-
ride utilized for the transport of hemolymph glucose to vari-
ous organs and tissues [7]. Motor abnormalities associated
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Fig. 4. Levels of expression of CG15630 and sps2 in mutant strains and strains with RNA interference for these genes (as proportions
of control values, which were taken as 1). Expression levels in mutants were measured in relation to wild-type CS flies (shaded
columns) and in relation to mutants for the other gene analyzed (unshaded columns). Expression in strains with RNA interference
was evaluated in relation to the control used for testing motor activity (shaded columns) and in relation to strains with RNA interfer-
ence for the second gene analyzed (unshaded columns). On the horizontal axis: elav, nrv2, appl, and tsh identify the promoters in the
GAL4/UAS system used for localization of RNA interference. Significant differences were identified using the randomization test,
10000 iterations, p < 0.05.



with suppression of this gene are probably associated with
nonspecific impairments to nerve cell energy metabolism.

The group of genes consisting of CG15630, sps2, and
Dgp-1 is interesting, and differently directed changes in run
duration with different promoters were seen. Quantitative
analysis of expression levels of CG15630 and sps2 con-
firmed the effectiveness of RNA interference for all pro-
moters. Suppression of the CG15630 gene controlled by
elav was accompanied by increased run duration, while this
parameter decreased under the control of appl and tsh. On
the one hand, the nature of the motor abnormalities, as in
the cases of jumu and mesr4, suggests impairments to the
development of the sensory organs. However, this sugges-
tion does not explain the differently directed nature of
changes or the function of CG15630 in the central nervous
system (CNS) of animals, where the level of expression of
this gene is quite high. On the other hand, appl powerfully
and tsh mainly are expressed in the thoracic ganglia, in con-
trast to elav, whose maximum level of expression and, thus,
interference of CG15630, is in the brain [8]. Thus, the effect
of RNA interference at CG15630 may depend on the ratio
of the extent of suppression in different parts of the nervous
system. This leads to the conclusion that the product of the
CG15630 gene is an obligate component of neuronal cir-
cuits involved in mediating locomotor acts, the functional
significance of CG15630 being determined by the nervous
structures in which it is expressed. This conclusion is in
good agreement with bioinformatic data on the probable
location of the product of CG15630 on the neuron cell sur-
face, where it is involved in remodeling of the cell
cytoskeleton [2].

Suppression of the sps2 gene led, on the one hand, to
decreases in run duration using the elav and tsh promoters
and, on the other, to increases under control of nrv2, which,
like appl, is expressed identically strongly in all parts of the
Drosophila CNS [8]. These data are difficult to interpret, con-
sidering that the product of sps2 is an enzyme (NC-IUBMB
classification: selenide, water dikinase 2, EC 2.7.9.3),
which is involved in selenocysteine synthesis [21] and is
synthesized mainly outside the CNS [8]. In addition, the
similarity between sps2 and CG15630 in terms of the com-
plex nature of motor abnormalities in RNA interference, as
well as the similarity in previously established changes in
the parameters of song impulses in mutants [2], points to
the occurrence of an interaction between these genes and
the processes in which they are involved. This may indicate
that nrv2 is presumptively expressed in glial cells [24],
while elav and appl have been shown not to be expressed in
several types of glial cells [14, 19]. It is possible that the
effects of RNA interference of sps2 are associated with
impairments to the development and functioning of glial
cells in the nervous system.

RNA interference of Dgp-1 produced abnormalities in
locomotor activity only when the tsh and appl promoters
were used, though changes affected all three analysis

parameters. This pattern may be the result of impaired func-
tioning of a small, scattered group of neurons in the Droso-
phila nervous system in which Dgp-1 under the control of
appl is suppressed significantly more effectively than it is
when under control of elav and nrv2. This group of neurons
must be part of or directly connected with those structures
of the central complex of the fly brain which determine run
speed [23]. The proposed role of the product of the Dgp-1
gene is to counter impairments to intracellular protein
metabolism [2]. It is possible that the motor defects seen on
RNA interference of Dgp-1 result from neurodegenerative
processes in the structural elements of the central complex.
It should be noted that Dgp-1 is the only gene whose sup-
pression under the control of tsh led to increases in run
duration, though the cause of this change may be associated
with the functioning of Dgp-1 outside the nervous system, as
tsh, which has a high level of expression in the abdominal
chain, displays its activity in many other tissues [12].

RNA interference was accompanied by changes in run
speed with a further three candidate genes: CG6746,
CG8708, and ext2. Two of these genes – CG8708 and ext2
– encode sugar transferases and their derivatives [15, 16]
(NC-IUBMB classification: core1-b1.3-galactosyltrans-
ferase, EC 2.4.1.122, and exostosin-2, EC 2.4.1.224, E.C.
2.4.1.225). The general physiological significance of these
enzymes, along with the uniform directionality of all
changes in run speed regardless of which gene was sup-
pressed and which promoter was used, suggests nonspecif-
ic mechanisms of action of interference of these three genes
on the development and operation of CMPG.

The increases in motor activity on suppression of the
cf2 and CG34460 genes were also interesting. He cf2 gene
encodes a transcription factor which has been studied in
detail in relation to its involvement in the muscular organs
of Drosophila [5]. CF2, along with MEF2, is an activator of
muscle protein genes at the embryonic and larval stages.
Our data point to the involvement of cf2 in nervous pro-
cesses affecting animal’s motor activity, and these process-
es must be have a specific localization which in some way
intersects the pattern of nrv2 expression. The product of the
CG34460 gene belongs to the SCV protein family (single
von Willibrand factor C domain) and it is expressed exclu-
sively in the testes [8, 20]. The products of SVC genes are
presumptively secreted into the hemolymph in response to
environmental stressors. Nothing has as yet been discovered
regarding the role of CG34460 in the Drosophila nervous
system, so further studies are required to obtain an under-
standing of the marked effects of RNA interference of this
gene on motor activity in Drosophila seen here.

Our list of candidate genes included the kermit gene, as
previous studies have demonstrated that mutations in this
gene decrease motor activity [13]. However, results
obtained on RNA interference of this gene in the CNS make
its involvement in the processes generating the motor pat-
tern seem unlikely. The changes in run duration seen in the
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present study on suppression of this gene under control of
tsh are probably induced by impairments in other Drosophila
tissues in which tsh is expressed [12].
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