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Abstract

As in vertebrates, dopaminergic neural systems are key regulators of motor programs in

insects, including the fly Drosophila melanogaster. Dopaminergic systems innervate the

Mushroom Bodies (MB), an important association area in the insect brain primarily associ-

ated to olfactory learning and memory, but that has been also implicated with the execution

of motor programs. The main objectives of this work is to assess the idea that dopaminergic

systems contribute to the execution of motor programs in Drosophila larvae, and then, to

evaluate the contribution of specific dopaminergic receptors expressed in MB to these pro-

grams. Our results show that animals bearing a mutation in the dopamine transporter show

reduced locomotion, while mutants for the dopaminergic biosynthetic enzymes or the dopa-

mine receptor Dop1R1 exhibit increased locomotion. Pan-neuronal expression of an RNAi

for the Dop1R1 confirmed these results. Further studies show that animals expressing the

RNAi for Dop1R1 in the entire MB neuronal population or only in the MB γ-lobe forming neu-

rons, exhibit an increased motor output, as well. Interestingly, our results also suggest that

other dopaminergic receptors do not contribute to larval motor behavior. Thus, our data sup-

port the proposition that CNS dopamine systems innervating MB neurons modulate larval

locomotion and that Dop1R1 mediates this effect.

Introduction

Biogenic amines (BAs), among them dopamine, are molecules extensively distributed in the

vertebrate central nervous system (CNS), which act on specific receptors to modulate a wide

range of behaviors including the execution of motor programs [1, 2]. BAs are also expressed

in the CNS of invertebrates including the fly Drosophila melanogaster [3] and have been impli-

cated in the generation and execution of motor programs [4, 5]. However, the neural mecha-

nisms underlying the contribution of BA systems to locomotion are far from being completely

understood either in vertebrates or invertebrates.
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In the adult fly brain, two are the main structures responsible for the generation and modu-

lation of motor programs: the Central Complex (CC) and the Mushroom Bodies (MB), respec-

tively [6–8]. These structures receive strong aminergic innervation, and therefore it is possible

to suggest that through the innervation of these structures BA systems exert their actions on

motor programs [9–12].

Drosophila larvae are also capable to execute motor programs. Importantly, the lower com-

plexity of the larval brain makes it a good system to assess the contribution of specific neural

systems to locomotion. Thus, data available suggest that larval motor programs depend on

neurons that will become the CC in the adult fly brain and on the larval MB [13, 14]. More-

over, it is possible to propose that as in adult flies, aminergic systems innervating these struc-

tures [15, 16] modulate motor output. Actually, we and others have previously shown that

serotonin neural systems regulate motor programs, an effect that depend at least partially on

specific serotonergic receptors expressed in the larval MB [17–19].

In addition to serotonergic neurons, dopaminergic neural systems also innervate the MB

and have been associated to the generation of new olfactory memories in larvae [16]. The pos-

sibility that dopaminergic systems that innervate the larval MB modulate the execution of

motor programs has not been comprehensively assessed. Here, we advanced on this issue. Sev-

eral receptors for dopamine have been cloned in Drosophila [20–23], but we focused our work

on those that share homology with vertebrate DA receptors (Table 1): the D1-type receptors

Dop1R1 (aka dDA1; CG9652) and Dop1R2 (aka DAMB; CG18741) and the D2-type receptor

Dop2R (aka D2R, DD2R; CG18314).

Materials and methods

Fly stocks and crosses

Flies were reared in standard food at 19˚C in a 12/12 h light/dark cycle. When the Gal4-UAS

binary system was used, male flies containing a specific UAS-RNAi element were crossed over-

night to virgin female flies containing a Gal4 driver. New animals from F1 were kept at 19˚C

to diminish the effects of Gal4-driven genes on development [24]. One day before the begin-

ning of an experiment, animals were brought to room temperature (24–25˚) to boost the

Gal4-driven expression of specific RNAi for the different receptors. The mutant flies used in

this work were obtained from the Bloomington Drosophila Stock Center (BDSC, Indiana

University, IN, USA), unless indicated otherwise. Flies used were as follows: w1118;

Dop1R2MB0518 (BDSC #24743); w1118;Dop2Rf06521 (Exelixis Collection, Harvard Medical

School); y1w�;Dop1R1MI03085/TM3,Sb1Ser1 (BDSC #36428); w1118;TH(ple)f01945/TM6B,Tb1

(BDSC # 18492); the cAMP-phosphodiesterase mutant (dnc1, BDSC # 6020) and the dopamine

plasma membrane transporter (DAT, BDSC #25547) which was cantonized for at least 6 gen-

erations. Ddcts2/CyO mutant fly was originally part of Dr Diane O’Dowd Lab fly stock

Table 1. Some of the properties of cloned Drosophila DA receptors.

BA receptora Homolog to (vertebrates) Signaling cascade associatedb Gene Reference

Dop1R1 (dDA1/DmDOP1) D1-type Increase cAMP CG9652 [22]

Dop1R2 (DAMB) D1-type Increase cAMP CG18741 [21]

Dop2R (D2R; DD2R) D2-type Decrease cAMP CG33517 [20]

DopEcR (DmDopEcR) not applicable (DA-ecdysone receptor) Increase cAMP Increase PI3K CG18314 [23]

a Other names used for each receptor are between parentheses.
b Some of the signaling cascades associated to each receptor have been only demonstrated in heterologous systems.

https://doi.org/10.1371/journal.pone.0229671.t001

Dop1R1 in MB modulates larval locomotion

PLOS ONE | https://doi.org/10.1371/journal.pone.0229671 February 26, 2020 2 / 15

https://doi.org/10.1371/journal.pone.0229671.t001
https://doi.org/10.1371/journal.pone.0229671


(University of California Irvine, CA, USA). Since mutants have been generated in different

genetic backgrounds, different wild-type strains were used as control whenever necessary:

Canton-S, y1v1 and w1118. Gal4 driver strains were used according to previous expression data

[25] (Table 2). The UAS-RNAi lines directed to the different dopamine receptors were: y1v1;

UAS-RNAiDop1R2 (BDSC; line #26018); y1v1;UAS-RNAiDop1R1 (BDSC; line #31765); y1v1;

UAS-RNAiDop2R (BDSC; line #26001). These RNAi and mutant lines have been previously

validated elsewhere [26–28]. Data was obtained from animals generated from at least four

independent crosses of parental strains, which were maintained in individual vials.

Video tracking

As previously described [17]. Briefly, a single third instar larva at the middle of the foraging

stage was placed in the center of a 35 mm petri dish half-filled with 1% agar. Larva movement

was recorded for 140 secs (Olympus Digital Camera) in a closed box to avoid influence of

external stimuli. Locomotion in larvae is a behavior that can be understood as composed by

several components: actual movement, pauses and head-sweeps. Larvae at the developmental

stage used in this work and under our experimental conditions, are constantly moving. There-

fore, we studied the distance covered by the animal (in mm) as a representation of motor

output, as previously discussed [17]. To do that, videos were analyzed using an automated

tracking system (Image-Pro Plus 6.0 software; Media Cybernetics Inc, Rockville, MD, USA).

Data was only collected in the mornings (9:30 am– 12:30 pm).

We carry out mating schemes so that experiments with most of the strains are carried out

in specific days, in the time window indicated above, to minimize variability explained by envi-

ronmental factors (fly food, eventual external noises, etc). Thus, all data presented in Fig 1 was

recorded in 4 specific experimental days; all data presented in Figs 2–4 was obtained in 6 spe-

cific experimental days; data in Fig 5 was obtained in 4 specific experimental days. This

explains why in different graphs we use data from a single set of experiments (e.g. in Figs 2A,

3A and 4A, data for “elav-gal4/+” group comes from the same experiment; a similar situation

occurs with data for other gal4/+ strains).

Fast Scan Cyclic Voltammetry (FSCV)

Ex-vivo brain recordings were performed as in [29–32], with the carbon fiber electrode placed

on top of the AL region. Recordings were carried out in Hepes-Tyrode solution at room tem-

perature, as previously described. A triangle waveform was ramped from −0.4 to 1.2 V and

back (vs Ag/AgCl reference electrode) at a scan rate of 400 V/s, every 100 ms (Chem-Clamp

potensiostat; Dagan Corporation, Minneapolis, MN, USA). For data collection, two National

Instruments acquisition cards (NI-DAQ; PCI-6711 and PCI-6052e; National Instruments,

Austin, TX, USA) were used to interface the potentiostat and stimulator with Demon

Table 2. Expression pattern of the MB Gal4 drivers used in this work.

Gal4 lines Larval MB expression

γ lobe α0β0 lobe

OK107-Gal4 + +

MB247-Gal4 +

201y-Gal4 +

c305a-Gal4 +

Contribution of drivers to the two larval MB lobes is indicated. Information as previously stated [25].

https://doi.org/10.1371/journal.pone.0229671.t002
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Fig 1. Larvae bearing mutations affecting the dopaminergic system show altered locomotion. A. Motor behavior (distance

covered by larvae over 140 sec) was assessed in mutants for the enzymes responsible for dopamine biosynthesis (TH and Ddc), in

animals bearing a mutation in the dopamine plasma membrane transporter (DAT), and in larvae mutant for the cAMP-

phosphodiesterase (dnc1). In the upper insert is indicated the dopamine biosynthetic pathway. B. Motor behavior was assessed in

animals containing a mutation for three DA receptors Dop1R1, Dop1R2 and Dop2R. Data shown as a box and whiskers plot from

30 or more animals per genotype. �P<0,05; ���P<0,005, one-way ANOVA followed by Tukey post-hoc test, as compared to

controls. Genetic background does not affect motor output in our setup.

https://doi.org/10.1371/journal.pone.0229671.g001
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Voltammetry and Analysis software. Brains from wildtype and DAT mutants were exposed to

a puff of dopamine (100 μM) in this buffer solution. The time taken to reach 50% of maximum

signal after amine application (t50) was used as a parameter to evaluate operation of the trans-

porter in DAT mutant.

Fig 2. Dop1R1 receptor expressed in MB modulates larval locomotion. A. Pan-neuronal expression of an RNAi

against Dop1R1 (elav>RNAiDop1R1) results in increased motor behavior as compared to genetic controls. B.

Expression of RNAiDop1R1 in the entire MB neuronal population (OK107>RNAiDop1R1) or C. in the γ-lobe forming

neurons (201y>RNAiDop1R1), induces an increase in larval locomotion. D. No effect on locomotion is observed when

the RNAi is expressed in the α0β0 MB forming neurons (c305a>RNAiDop1R1). In each case, genetic controls are animals

bearing one copy of the Gal4 driver or the undriven UAS-RNAi Dop1R1 (in white and gray bars respectively). Data

represent results obtained from at least 34 different larvae per experimental condition. � and ��� indicates p<0.05 and

p<0.005 compared to genetic controls; one-way ANOVA followed by Tukey post-hoc test.

https://doi.org/10.1371/journal.pone.0229671.g002
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Fig 3. Dop1R2 does not affect larval locomotion. A. Expression of RNAi directed to Dop1R2 transcript

(RNAiDop1R2) in the entire CNS (elav>RNAiDop1R2); B. in the MB (OK107>RNAiDop1R2); C. in the MB γ-lobe

(201y>RNAiDop1R2); or α0β0 (c305a>RNAiDop1R2) neuronal populations do not affect larval locomotion as compared

to genetic controls. Results from 34 larvae or more, per experimental condition. One-way ANOVA followed by Tukey

post-hoc test indicated no statistical differences between experimental groups and genetic controls (Gal4/+, white bars;

UAS-RNAiDop1R2/+, gray bars), except when indicated (�, p<0.05).

https://doi.org/10.1371/journal.pone.0229671.g003
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Statistics

Statistical analyses were performed using GraphPad Prism 6.0 software (GraphPad Software,

La Jolla, CA, USA). Execution of motor programs, evaluated as distance covered over the

recorded time, was measured in mm [17]. Data are graphed as box and whiskers plots, where

whiskers indicate the lowest and highest measurement per group. One-way ANOVA analysis

followed by Tukey post-hoc test was used, unless mentioned otherwise. When expressing

Fig 4. Dop2R does not affect larval locomotion. Expression of an RNAi against Dop2R (RNAiDop2R) A. in the entire

CNS (elav>RNAiDop2R); B. in the whole MB (OK107>RNAiDop1R2); or in the neuronal populations forming the C. γ
lobe (201y>RNAiDop1R2) or D. α0β0 lobe (c305a>RNAiDop1R2) does not affect locomotion, when compared to genetic

controls (Gal4/+, white bars; UAS-RNAiDop2R/+, gray bars). Data obtained from at least 34 larvae per experimental

condition. One-way ANOVA followed by Tukey post-hoc test indicated no statistical differences between

experimental groups.

https://doi.org/10.1371/journal.pone.0229671.g004
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RNAi for any given receptor, effects on locomotion were considered significant when statisti-

cal analysis showed differences of experimental group as compared to both genetic controls.

All data and statistical analysis presented in this work is available at (DOI: 10.6084/m9.

figshare.11823444).

Biosafety issues

The experimental procedures were approved by the Bioethics and Biosafety Committee of the

Facultad de Ciencias Biológicas, Pontificia Universidad Católica de Chile and were conducted

in accordance with the guidelines of the National Fund for Scientific and Technological

Research (FONDECYT) and the Servicio Agrı́cola y Ganadero de Chile (SAG).

Results

Dopaminergic system contributes to larval locomotion

As a first approach to evaluate whether dopaminergic systems affects motor programs in Dro-
sophila larvae, we assessed locomotion in animals expressing mutations for biosynthetic

enzymes for dopamine and their receptors (Fig 1). Flies expressing a mutation for the dopa-

mine biosynthetic rate-limiting enzyme, Tyrosine Hydroxylase (TH), shows no statistically

difference in locomotion compared to control strains. However, animals expressing a muta-

tion in Dopa decarboxylase (Ddc), an enzyme that contributes in the biosynthesis of both,

dopamine and serotonin, show increased locomotion (Fig 1A). This data would be consistent

with the idea that dopamine neural systems play a more secondary role in Drosophila larval

motor control as compared to serotonin, as previously suggested [17]. To further assess the

contribution of the dopaminergic system to larval locomotion, we studied motor behavior in

mutants for the dopamine transporter, DAT. This protein is a specific component of the dopa-

minergic neural system, and it has been shown that impairment in DAT results in increased

dopaminergic signaling [33]. To demonstrate that the DAT hypomorphic mutant exhibits an

Fig 5. Expression of RNAiDop1R1 in the γ-lobe MB neurons affects motor output in Drosophila larvae. Expression of RNAi for Dop1R1,

Dop1R2 and Dop2R receptors in MB γ-lobe neurons using a different Gal4 driver line (MB247-Gal4) induces a differential response on motor

output. The different RNAi were expressed under the control of this driver that only labels neurons in flies at the larval stage. It is only observed

an effect on motor behavior after expression of the RNAiDop1R1 (left panel, MB247>RNAiDop1R1) while no effect is observed after expression of

the other RNAis (MB247>RNAiDop1R2 and MB247>RNAiDop2R; center and right panel, respectively) in this neuronal population. These data

further support the proposition that the Dop1R1 receptor expressed in the MB γ-lobe is responsible for the effects on locomotion. Data

obtained from at least 30 different animals. �, �� indicates p<0.05 and p<0.01, respectively; one-way ANOVA followed by Tukey post-test,

when experimental group is compared to respective controls (Gal4/+, in white; undriven UAS-RNAi/+, in gray).

https://doi.org/10.1371/journal.pone.0229671.g005
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impaired reuptake of extracellular dopamine, we exposed brains from DAT mutants and wild-

type animals to a puff of dopamine and recorded the electrochemical signals in a FSCV set up.

Results show an increase in t50 in mutants as compared to wildtype animals (31.65 ± 3.6 and

16.89 ± 2.8 seconds, in mutant and control brains, respectively; p<0.01, t-test), consistent

with impaired DAT activity.

Results obtained from larvae mutants for DAT show decreased motor output (Fig 1A).

Since the activation of dopaminergic receptors is associated to the modulation of intracellular

cAMP levels, we also evaluated locomotion in animals mutant for the enzyme responsible for

the degradation of cAMP (the cAMP-phosphodiesterase, dnc1). Data obtained show reduced

locomotion in dnc1 mutant animals (Fig 1A), consistent with the idea that an increased cAMP

signaling is associated to reduced larval locomotion.

We then decided to evaluate the contribution of the different dopaminergic receptors to

larval motor programs. Several receptors for dopamine have been described (Table 1), but we

decided to focus our attention only on those that share homology with vertebrate receptors.

Results show that mutant animals for the Dop1R1 receptor show increased motor output,

while animals bearing a mutation for Dop1R2 and Dop2R receptors display normal locomo-

tion, as compared to control animals (Fig 1B).

Overall, these results suggest that mutations affecting BA systems differentially modulate

larval locomotion and that the protein mediating the effect of dopamine on locomotion is the

Dop1R1. However, these data do not indicate what is the region in the larval brain where

dopamine is acting.

The Dop1R1 dopamine receptor in MB inhibits Drosophila larval

locomotion

The influence of MB on locomotion has been documented mainly in the adult fly [6, 34, 35].

Several reports have argued that the larval MB might also play a role in the modulation of

motor programs [13, 17]. The MB is a brain region that receives diverse aminergic innervation

and we previously showed that serotonin receptors expressed in MB differentially modulate

motor programs in larvae [17]. We decided to assess the proposition that Dop1R1, Dop1R2

and/or Dop2R in MB are responsible for the modulation of motor programs in larvae.

We detected an increase in locomotion in larvae expressing the RNAiDop1R1 pan-neuron-

ally, when compared to controls (Fig 2A). The expression of the RNAiDop1R1 under the control

of a gal4 driver for the whole MB, also show increased locomotion (Fig 2B). This suggests that

actions of the Dop1R1 receptor on MB neurons would partially explain the effects on locomo-

tion observed in animals expressing pan-neuronally the RNAiDop1R1.

Anatomical and structural studies show that the MB neurons in the adult brain are classi-

fied according to their axon projections into α0β0, αβ and γ lobes [36, 37]. The literature on

olfactory learning and memory shows that this organization has functional implications: the

different lobes are required in different memory phases [38, 39]. It has become evident that the

organization of MB in different lobes plays a role in adult fly locomotion, as well [40, 41]. As in

the adult fly, it is possible to identify different MB neuronal subpopulations in the larval brain:

the γ and the α0β0 lobe neuronal populations [25, 37]. We asked whether these two subpopula-

tions differentially contribute to larval motor output. Animals where expression of the RNAi-
Dop1R1 is directed to the larval γ-lobe MB neurons show increased locomotion, as compared to

control animals (Fig 2C). No effect is observed when the RNAi is expressed in the other MB

neuronal subpopulation, the α0β0 lobe neurons (Fig 2D).

Dop1R1 in MB modulates larval locomotion
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Interestingly, no effect on locomotion was observed when RNAi for the other dopaminergic

receptors were expressed pan-neuronally or specifically in MB neurons (Figs 3 and 4), which is

consistent with data obtained with mutant animals for these receptors (Fig 1).

To further validate our results for the Dop1R1, we used another Gal4 driver to direct the

expression of the RNAi for the different dopamine receptors in γ lobe neurons. We observed

the same effect: only the expression of the RNAiDop1R1 in larval MB γ lobe neurons affects lar-

val locomotion (Fig 5).

Thus, all the data obtained using the different RNAi for dopamine receptors are consistent

with results obtained when evaluating motor output in larvae bearing a mutation for the differ-

ent dopaminergic receptors, and are consistent with the idea that dopaminergic systems inner-

vating MB neurons exert their action on motor programs via Dop1R1.

Discussion

The MB is considered an association area involved in the generation of olfactory memories in

the fly brain [42, 43]. However, it is also involved in other tasks, including the modulation of

motor programs. Actually, several reports support the proposition that MB inhibit motor pro-

grams in adult flies [6, 34]. On the other hand, little we know on the contribution of MB to

motor control in Drosophila larvae. We decided to advance our understanding on this issue.

Different aminergic systems modulate motor output in Drosophila larvae, including octopa-

mine/tyramine [44]; serotonin [19]. The mechanisms underlying this effect are not fully

understood. However, it has been shown that different receptors for amines are expressed in

the MB [21, 22, 45]. Thus, we have previously proposed that aminergic systems innervating

MB modulate the activity of MB neurons, and consequently, the execution of motor programs.

In this regard we previously showed that serotonergic neural systems acting on specific recep-

tors in MB inhibit motor programs in fly larvae [17].

Several evidences support the proposition that dopaminergic systems could contribute to

the execution of motor programs in Drosophila, although the literature is mainly focused at

the adult stage and usually in response to different kind of stimuli [41]. For instance, it has

been reported that adult flies expressing a mutation in the TH gene show impaired locomotion

[46]. In addition, it has been shown that optogenetic activation of DA neurons increases loco-

motion [47]. As in the adult brain, larval DA cells innervate the MB region [20]. However, no

data is available on the contribution of dopaminergic systems and/or specific receptors to

motor programs in larvae. We decided to assess the effect of DA receptors on larval

locomotion.

Our data show increased locomotion in animals mutant for ddc, the second enzyme in

dopamine biosynthesis, and in larvae bearing a mutation in the type1 dopamine receptor

Dop1R1. These can be seen as genetic manipulations that result in impaired dopamine signal-

ing: either reduced dopamine biosynthesis or impaired ability to receive the signal to generate

a postsynaptic response. On the other hand, animals mutant for DAT, a genetic manipulation

associated to increased dopamine extracellular levels [33], exhibit reduced motor output.

Thus, dopamine signaling seems to be associated to reduced locomotion in Drosophila larvae.

Interestingly, activation of D1-type receptor is usually associated to increase in cAMP intracel-

lular levels [22]. Thus, we proposed that animals where increased cAMP intracellular levels are

reported should display reduced locomotion. This is what we observe when locomotion is

studied in animals mutant for the cAMP-phosphodiesterase (dnc1).
One puzzling observation is the lack of effects of a TH mutation on locomotion. We

observed a tendency to increased locomotion in mutants for this enzyme that does not reach

statistical significance. Interestingly, in a previous work it was argued that dopamine play

Dop1R1 in MB modulates larval locomotion
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different roles in several behaviors [48]. Actually, in that work it is argued that the contribution

of dopamine is more important in the planning and execution of exploratory behaviors, than

in other motor behaviors. Thus, it is possible to propose that different larval behaviors are dif-

ferentially affected by dopamine deficiency. On the other hand, mutants on the second enzyme

in dopamine biosynthesis exhibit increased motor output. This enzyme also contributes to

serotonin biosynthesis and we have previously shown that this amine strongly contributes to

larval locomotion [17]. Thus, the robust effect on locomotion observed in ddc mutants would

be the consequence of the two aminergic systems affected: dopaminergic and serotoninergic.

Next, we continued evaluating the contribution of dopaminergic receptors on locomotion.

Consistent with the idea that Dop1R1 expressed in CNS neurons affects motor programs, pan-

neuronal expression of an RNAi directed to this receptor results in increased motor output.

No effect was observed in mutants or animals expressing RNAi for the other DA receptors.

Thus, our data suggest that DA neural systems acting on Dop1R1 inhibit the execution of

motor programs. Further experiments demonstrate that at least one of the brain regions where

this receptor is acting to modulate locomotion is the larval MB, particularly the γ lobe

neurons.

Previous reports have shown the expression of Dop1R1 receptor in both the adult and larval

MB [22] and its relevance to olfactory learning and memory in adult flies [49, 50]. Likewise, it

has been reported an association between this receptor and different behaviors including sleep

homeostasis and short and long lasting memories in adult flies [51–53]. Interestingly, it has

been also suggested that the Dop1R1 expressed in MB is involved in motor-related behaviors

in adult flies, in particular, the arousing effects of caffeine and amphetamine [54]. Overall,

these data support the idea that Dop1R1 expressed in MB would be essential in the modulation

of behaviors both in adult flies and larvae.

It has been previously shown the expression of the other type 1 DA receptor, Dop1R2, in

Drosophila larval MB [21]. The fact that our results suggest this receptor is not involved in the

execution of larval motor programs is rather intriguing. However, immunohistochemistry

studies have shown Dop1R2 is expressed mostly in the α’/β’ MB lobes [21] while the Dop1R1

is found in the γ lobe [22]. Therefore, the differential effects of these two D1-type DA receptors

would be explained by their differential expression in the MB region.

The other DA receptor of interest, the type 2 Dop2R, has been associated to the control of

locomotion in adult flies. However, this receptor is not expressed in MB neurons, either in

larvae or in adult flies [20]. Thus, the effect of Dop2R on locomotion seems to be explained by

actions of this receptor in regions different from the MB. Remarkably, the Dop2R is proposed

to be localized in axon terminals, acting as a presynaptic receptor to modulate the release of

DA, as in mammals [55, 56]. Thus, it seems plausible to propose that a modification in the

release of amines (dopamine) in the MB region could indirectly modulate the execution of

motor programs in adult flies and/or in larvae. Some of the new tools recently generated by

different research groups [29, 30, 55] would be useful to evaluate this idea.

Overall, our data suggest that dopaminergic systems acting specifically on the γ lobe neu-

rons activate the type-1 dopamine receptor Dop1R1, to modulate the execution of motor pro-

grams in Drosophila larvae. All the ideas and findings here presented and discussed have been

summarized in a working model (Fig 6).

In vertebrates the Striatum is one of the key brain structures involved in the control of

motor behavior [57]. Several evidences show the importance of dopamine D1-type receptors

in modulating the activity of striatal neurons, a phenomenon that underlies the control of

motor output in vertebrates (reviewed in [58, 59]). Our data further support the proposition

that at least part of the mechanism regulating behaviors in vertebrates and invertebrates,

including motor control, are conserved throughout evolution.

Dop1R1 in MB modulates larval locomotion
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