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In animals, movement is generated by the activity of motor circuits housed in the vertebrate spinal cord
or the arthropod nerve cord. How motor circuits form is a fundamental question, with wide-ranging
impacts on the fields of development, neurobiology, medicine, evolution, and beyond. Until recently,
studying circuit assembly had been experimentally difficult, with a paucity of suitable models. Due
to the introduction of novel neuroscience tools (calcium imaging, optogenetics, connectomics),
Drosophila embryos and larvae can be used as models to study motor circuit assembly. Here, we
briefly review the knowledge relevant to motor circuit assembly in Drosophila larvae. We discuss the
larval body and its movements, larval neurons and circuits in the motor system, and how the gener-
ation of neural diversity starting from stem cells relates to circuit formation. The long-term goal of
Drosophila research in this field is to identify developmental rules, determine when the rules apply,
generate an integrated understanding of motor circuit development, and uncover molecular mecha-
nisms driving the assembly process. Motor circuits are an ancient part of the nervous system, and so
far, the developmental programs guiding motor circuit assembly appear to be largely conserved across
phyla. Thus, as methods improve in other systems, findings in Drosophila will provide foundational
concepts that will inspire hypotheses in those systems.

INTRODUCTION

Movement must be precise and robust, tuned specifically to the environment, and yet, the most
complex movements often appear effortless. In animals, the nervous system generates movements
using the activity of motor circuits that are housed in the arthropod nerve cord or the vertebrate spinal
cord. Because motor circuits are the only circuits to contain motor neurons, they are also the only
circuits that can directly generate movement. In addition to generating movement, motor circuits also
process somatosensory stimuli in parallel (e.g., pain, touch, vibration, temperature, and self-
movement). Motor circuits are composed of similar but nonidentical segments arrayed along the
rostrocaudal (anterior–posterior) axis.

Inmost organisms, the peripheral parts of themotor system (sensory neurons, motor neurons, and
muscles) are far better understood than central circuits. Below, we review some of the general prin-
ciples underlying motor circuits. Fundamentally, motor circuits are layered structures, with layers
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from input to output being somatosensory neurons of the periphery and within the central nervous
system (CNS), sensory processing neurons, pattern-generating premotor neurons, and motor
neurons (Meng and Heckscher 2020). Neurons in different layers are connected to each other in
specific patterns called circuit motifs (e.g., feed-forward, lateral inhibition, etc.), each of which
performs a specific computation (Marcus et al. 2014; Braganza and Beck 2018; Luo 2021). For
example, feed-forward motifs consist of one neuron type providing direct and indirect input to a
second neuron type. Feed-forward circuit motifs are abundant, found in many animals (e.g., nem-
atodes, insects, mice) and in many brain regions (e.g., somatosensory, olfactory, neocortex) where
they can act as signal-onset detectors (Anton and Homberg 1999; Harris and Shepherd 2015; Schafer
2016;Wang et al. 2022). The major determinant of nervous system function is how sets of neurons are
assembled into circuit motifs.

The motor circuit assembly process must be rapid, precise, and robust. Assembly starts during
gastrulation, as a small pool of progenitor cells are specified. Progenitors divide tens to hundreds of
times to produce a large number of many diverse neurons. Neurons are sparsely connected by
synapses to form specific circuit motifs. Progenitors cannot make all neurons simultaneously, and
yet, for optimal survival, the animal needs functional circuits as soon as possible. Additionally, the
animal must be able to add and refine circuits over time. These challenges lead to several fundamental
questions about motor circuit assembly: How many and what types of neurons does the organism
make? In what order? How are neurons mapped into circuit motifs? How does an embryo robustly
generate circuits, given its limited resources? What makes the process energy-efficient? What are the
failure modes and recovery mechanisms?

Drosophila melanogaster as a Model to Study Motor Circuit Assembly

Until recently, studying circuit assembly had been experimentally difficult. Generally, systems with
large cells (e.g., leech, lamprey) are accessible with electrodes and can be used for studies of circuit
function. However, these organisms have long generation times and lack the molecular genetic tools
needed to trace and manipulate stem cells and neurons. Conversely, genetic models (e.g., mice, flies)
have short generation times and are amenable to genetic studies at the cell and molecular level.
Electrode-based studies of circuit function in these systems, however, are challenging. Models are
thus needed that permit researchers to implement circuit-level approaches while also allowing
for developmental longitudinal studies. Several recent technical advances now enable the study of
circuit assembly in developmental genetic model organisms. Here, we focus on one of those systems,
the Drosophila larvae, which features a sizeable molecular toolkit and considerable available
knowledge.

The goal of this review is to highlight current knowledge relevant to circuit assembly inDrosophila
larvae, including (1) the larval body and its movements, (2) larval neurons and circuits of the motor
system, and (3) how generation of neural diversity relates to circuit architecture. Separately, and as
part of this collection, we also provide step-by-step protocols useful for the study of motor circuits and
their assembly in Drosophila larvae (see Protocol: Imaging Neural Activity in Intact, Semirestrained
Drosophila Larvae (Vasudevan et al. 2024), Protocol: Fluorescent In Situ Hybridization Chain
Reaction for RNA in the Drosophila Embryonic and Larval Central Nervous System (Henderson
et al. 2024), Protocol: Studying Drosophila Larval Behavior in Agarose Channels (Greaney and
Heckscher 2024), and Protocol: Single-Neuron Labeling in Drosophila Using Multicolor FLP-Out
(Marshall et al. 2024).

THE DROSOPHILA LARVAL BODY AND MOVEMENT

Any study of motor circuit assembly is anchored in the biology of the organism, focusing on what
needs to be assembled and why. Anatomically, the Drosophila larval body is a left–right symmetrical,
segmented, limbless “tube” (Fig. 1A; Hartenstein 1993). The anterior tip of the body is the first
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thoracic segment (i.e., Th1). It contains dark, H-shaped mouth hooks, the evolutionary remnants of
the head capsule (Grimaldi and Engel 2005). In addition to segment Th1, in the anterior, there are two
additional segments (Th2 and Th3). Together, Th1–Th3 compose the larval thorax, essentially its
head. Adjacent to the thorax, there are seven abdominal segments (A1–A7), which can be considered
the mid-body. The posterior-most region of the larval body is termed the terminus (or tail) and is
composed of a few highly reduced segments (Te1–Te2). In the context of motor circuits, this seg-
mented tube is moved during locomotion.

The larval body is flexible and easily deformed. There is no hard internal or external skeleton that
limits its movements. In theory, the type of movements this animal can generate is vast. However,
most of the time, a larva’s primary movement is peristaltic forward crawling. A more detailed look at
locomotion reveals that the different regions of the larval body produce various movements. The
thoracic region can perform “head sweeps” or left–right asymmetrical turns that underlie navigational
decision-making (Lahiri et al. 2011; Berni 2015). The abdominal region generates peristaltic waves of
movement that move the body forward or backward. The waves start from the posterior and prop-
agate to the anterior during forward crawling, and during reverse crawling, the wave reverses direction
(Heckscher et al. 2012). The terminal region initiates forward crawling in a movement sometimes
called a “piston” (Heckscher et al. 2012).

Not only is the larval body important for locomotion, it also contains all of the somatosensory
neurons of the peripheral nervous system (Fig. 1C). Drosophila larvae, like most animals, process a
wide variety of somatosensory stimuli including self-movement, vibration, light touch, noxious
temperature, and mechanical stimuli (Tracey et al. 2003; Yan et al. 2013; Wreden et al. 2017).
Somatosensory stimuli are used to refine movement and for action selection (e.g., initiating an
escape roll, triggering, and avoidance hunch) (Hwang et al. 2007; Jovanic et al. 2016).
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FIGURE 1. The organization of the Drosophila larval body. Illustrations of the Drosophila larval body are shown in
the side view with anterior to the left and dorsal up. The body is left–right symmetrical and segmentally repeated.
Segments are grouped into regions, and each segment within a region is numbered. Here, regions are Th (thorax),
A (abdomen), and Te (terminus). (A) Organization ofDrosophilamuscles, with each gray box representing a muscle
cell. Muscles are grouped into dorsal, lateral, and ventral sets, which repeat along the body axis. Not all muscles are
shown. (B) The illustration shows the position of the larval central nervous system (CNS in gray), with brain lobes
(left, circular) and nerve cord (right, elongated circle). (C ) The illustration shows the larval peripheral nervous system
(PNS) with different classes of primary somatosensory neurons displayed as symbols. Chordotonal neurons (vibra-
tion sensors) are shown as blue triangles. Red diamonds represent multidendritic class four neurons (nociceptors).
Dorsal bipolar dendrite neurons (stretch receptors) are shown in black. The distribution of primary somatosensory
neurons is identical in abdominal segments but diverges in the thorax and terminus. Not all sensory neuron types
are shown.
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DROSOPHILA LARVAL NEURONS AND CIRCUITS

Also important for the study of motor circuit assembly is an understanding of the “parts list”; i.e., the
components that comprise circuits. Like the larval body, the Drosophila larval CNS (Fig. 1B) is left–
right symmetrical and segmented (Fig. 2A,B). Generally, there is good correspondence between the
body and CNS regions (e.g., the neurons found in the A1 segment of the CNSmonitor and control the
A1 segment of the body). Each side (left or right) of a body segment is termed a “hemisegment.” Each
side of the CNS segment is called a “hemineuromere.” The A1 body segment has been considered
representative of other abdominal segments, but notable differences exist between the thorax and
terminus (Rickert et al. 2011; Heckscher et al. 2014). In an A1 hemisegment, 30 muscles are grouped
into three major sets: dorsal, lateral, and ventral (Fig. 1A; Bate 1990). The recruitment of muscles
during some behaviors has been characterized (Heckscher et al. 2012; Zarin et al. 2019; Liu et al.
2023). The 35 motor neurons of each hemisegment have been mapped to their corresponding muscle
at single-cell resolution (Landgraf et al. 1997). Per A1 hemineuromere, in addition to the 35 motor
neurons are approximately 270 distinct interneurons. Here, interneuron refers to any neuron that is
not amotor neuron. Each left–right pair of interneurons in the A1 neuromere has uniquemorphology
(Bossing and Technau 1994; Bossing et al. 1996; Schmidt et al. 1997; Schmid et al. 1999; Rickert et al.
2011). Additionally, there are 43 different sensory neurons in each abdominal hemisegment (Fig. 1C;
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FIGURE 2. The anatomy of the Drosophila larval central nervous system (CNS). (A) An illustration of the Drosophila
larval CNS is shown in a side view, anterior to the left and dorsal to the top. The dashed line represents the border of the
neuropile. Each black line projecting from the CNS represents a nerve root. There is one nerve root per segment. The
three major CNS regions are labeled (central brain, SEZ [subesophageal zone], VNC [ventral nerve cord]). Motor
circuits are housed in the ventral nerve cord. (B) A diagram of a cross-section of the VNC is shown, anterior to the left.
The neuropile is an axon-, dendrite-, and synapse-rich region. Cell bodies are peripheral to the neuropile. Each black
line projecting from the CNS represents a nerve root.
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Bodmer and Jan 1987; Grueber et al. 2003), some of whose recruitment patterns and role in behavior
have been characterized (e.g., He et al. 2019; Vaadia et al. 2019).

ADrosophila larval connectome (Ohyama et al. 2015) provides detailed anatomical access to larval
circuitry. The nerve cord comprises more than 10,000 neurons joined by millions of synapses, each of
which can be visualized in this data set. Although the connectome is an image of only one larval time
point, as the larvae grow, it is believed that additional neurons are not added to the larval network.
Instead, neurons and muscles grow and add synapses between already established partners (Gerhard
et al. 2017). Thus, this connectome is an excellent resource for circuit description. Many circuits have
been described using connectomics and other tools, and we refer the reader to comprehensive recent
reviews on the topic (Kohsaka et al. 2012; Clark et al. 2018; Eschbach et al. 2020). A major question,
however, is to what extent neural cell fate specification also dictates morphology and connectivity and
therefore circuit motif topology.

DROSOPHILA NEURAL STEM CELLS AND THE GENERATION OF NEURAL DIVERSITY

Fundamentally, the study of circuit development aims to determine how networks form. One useful
way to parse the problem is to consider that circuit networks are composed of nodes (neuronal
somata) and edges (connections between nodes formed by axons, dendrites, and synapses). Generally,
in developmental neurobiology, there is a solid understanding of the origins of neural diversity, which
is important because it tells us about how many nodes and of what type are available to the network.

Briefly, four major processes account for generating the diversity of neural somata in the Drosophila
nerve cord (Fig. 3). In Drosophila, neuronal stem cells are called “neuroblasts.” Nerve cord neuroblasts
are among the most intensely studied and best-characterized neuronal stem cells (Goodman and Doe
1993; Broadus et al. 1995; Birkholz et al. 2013, 2015) in part due to their stereotyped morphology. All
neurons that will generate larval CNS circuits are born during embryogenesis from nerve cord neuro-
blasts. Neuroblasts in different regions along the anterior–posterior axis are genetically nonidentical,
partially due to the activity of Hox transcription factors (Fig. 3A; Estacio-Gómez and Díaz-Benjumea
2014). In each segment, there are left–right pairs of neuroblasts that comprise 30 different classes
(Fig. 3B). One set of 30 neuroblasts generates approximately 300 neurons (Bossing et al. 1996;
Schmidt et al. 1997; Heckscher et al. 2014). In embryos, each neuroblast is named for its position
within a row–column array (e.g., NB3-3 is in the third row, third column) (shown in red in Fig. 3A,
B; Doe 1992; Broadus et al. 1995). We describe NB3-3 lineage in more detail below. When these same
neuroblasts are found at larval stages, they are given different names (see Lacin and Truman 2016 for
details). In embryos, each neuroblast attains a unique identity based on spatial patterning. Spatial
patterning relies on the combinatorial code of “row” and “column” transcription factors (Fig. 3B;
Skeath 1999; Skeath and Thor 2003). The set of progeny produced by a single stem cell is unique and
stereotyped and is termed a lineage. Neural lineages comprise groups of nonidentical neurons (Fig. 4A;
Hartenstein and Stollewerk 2015). Over time, each neuroblast generates different neurons (e.g., first-
born, second-born) in a process called temporal patterning. Temporal patterning is implemented by the
activity of temporal transcription factors (Fig. 3C; Isshiki et al. 2001; Pearson and Doe 2003; Grosskor-
tenhaus et al. 2006; Tran and Doe 2008). An additional layer of diversity is achieved at the level of
neuroblast daughter cells. Typically, in a “type 1” division, a neuroblast generates a ganglion mother cell
(GCM), which divides to give rise to a Notch-On daughter and a Notch-Off daughter (Fig. 3C).
Daughters take on different binary cell fates (Skeath and Doe 1998; Truman et al. 2010). Thus, one
neuroblast can give rise to two hemilineages—one comprised of Notch-On daughters and the other
comprised of Notch-Off daughters. Neurotransmitter phenotypes are well correlated with hemilineages
(Lacin and Truman 2016). Thus, in theDrosophilamotor system, we currently have a good understand-
ing of how nodes are formed. In contrast, we know much less about how edges are formed.

In the past decade, there have been major advances in our understanding of circuit formation.
Fundamentally, three stem cell-to-circuit patterns have been described in the Drosophila system and
others. The first pattern is “temporal matching” (Fig. 4C), where early-born neurons from one lineage
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wire together with early-born neurons from a second lineage (McLean et al. 2007; Fetcho andMcLean
2010; Pujol-Martí et al. 2012; Bagnall and McLean 2014; Pujala and Koyama 2019; Mark et al. 2021;
Goldblatt et al. 2023). The second pattern is “sibling matching” (Fig. 4C′), where sister neurons from
one lineage wire together (Yu et al. 2009; Wang et al. 2022). The third pattern is “sequential assembly”
(Fig. 4C′′), where output neurons of a circuit are born before their input neurons (Wang et al. 2022).
In these cases, one shared aspect of wiring is that circuits are assembled from small sets (approximately
five to six) of neurons born from a single stem cell within a tight time window (Wang et al. 2022).
These sets of neurons are developmental units called “temporal cohorts” (Wreden et al. 2017).

The discovery of temporal cohorts was seeded by an observation from an enhancer expression
screen (Manning et al. 2012). “11F02-GAL4” is a 3-kb DNA fragment that drives the expression of
GAL4. Using 11F02-GAL4 to drive aUAS-GFP reporter, we found GFP expression in half of the neural
progeny made by the NB3-3 stem cell. In segment A1, NB3-3 stem cell lineage produces 11 Even-
skipped (Eve)-expressing lateral (EL) neurons (Fig. 4B, magenta; Schmidt et al. 1997; Schmid et al.
1999). Curiously, halfway through development “11F02” is expressed in the NB3-3 stem cell and all
late-born EL neurons (and a handful of other neurons) (Fig. 4B, green). Thus, 11F02 expression
subdivides neurons of the NB3-3 lineage into early-born and late-born sets. Our laboratory used the
11F02 enhancer fragment to build genetic tools to probe the function of early-born and late-born EL
neurons separately. Early-born EL neurons contribute to a circuit that processes mechanical stimuli
and triggers escape rolling. In contrast, late-born EL neurons contribute to a circuit that processes
proprioceptive stimuli and regulates body posture (Wreden et al. 2017). We also reconstructed all
synaptic inputs onto early-born and late-born EL neurons in a single segment (A1) of the nerve cord
using connectomics. There were statistically significant similarities in connectivity for early-born EL
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FIGURE 3. The generation of neural diversity inDrosophila nerve cord. (A) Neuroblasts are arrayed along the anterior–
posterior axis. Each circle represents one neuroblast. The midline is represented by a dashed line. A representative
neuroblast, NB3-3, is shown in red to highlight the left–right symmetrical and serially homologous organization of the
nerve cord. An example of a nonrepeating unit, a hemineuromere, is shown in the box at the bottom left and is
enlarged in B. Above the nerve cord, colored bars show approximate zones of Hox gene expression. Regions of the
nerve cord are labeled below. (B) A single hemineuromere (box in A) is shown. Each neuroblast is distinct due to row
and column gene expressions, which are represented by blue and green stripes. (C ) The illustration shows neuroblast
lineage progression. Each circle represents one cell, and each arrow represents a cell division. The top row contains
neuroblasts that divide to self-renew and generate a ganglion motor cell (center row). (Bottom row) Ganglion mother
cells (GMCs) divide asymmetrically to generate two neurons. Neurons become different from each other based on
Notch signaling, with cells labeled with “+” representing Notch-On neurons and the others representing Notch-Off
neurons. Temporal transcription factor expression in neuroblasts is dynamic, changing on each division, with each
color representing a different temporal transcription factor. However, temporal transcription factors are maintained in
the progeny generated at specific birth times (they keep their color).
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neurons and separately for late-born EL neurons, and statistically significant differences between
early-born and late-born EL neurons (Wang et al. 2022). Thus, circuit membership of neurons in
the NB3-3 lineage is similar over time, until it changes dramatically within one cell division. These
changes in wiring correspond to the developmental unit called a temporal cohort.

Since the initial description of temporal cohorts in the NB3-3 lineage, other examples have been
discovered in the A1 segment of the Drosophila nerve cord (Meng et al. 2019, 2020; Mark et al. 2021;
Wang et al. 2022). Temporal cohorts are important developmental units relevant to circuit wiring
(Meng and Heckscher 2020). Furthermore, temporal cohorts are found in the adult Drosophila nerve
cord (Baek and Mann 2009), and likely in other parts of the Drosophila CNS (e.g., mushroom body,
central complex) and vertebrate spinal cord (Stam et al. 2012). This demonstrates that temporal
cohorts are abundant. One consistent theme is that circuit motifs are assembled from a limited
number of temporal cohorts from different stem cell lineages (Meng and Heckscher 2020).

CONCLUDING REMARKS

Motor circuits are an ancient part of the nervous system that perform fundamentally similar com-
putations in all animals. Research has uncovered striking parallels in motor circuit development
between the vertebrate spinal cord and the Drosophila nerve cord (Wreden et al. 2017; Jay and
McLean 2019; Catela and Kratsios 2021). These observations suggest that the development of
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FIGURE 4. Stem cell lineages are organized into temporal cohorts inDrosophila. (A) In this illustration, stem cell A (red)
and stem cell B (blue) generate two distinct lineages (ovals) of neurons. Both lineages are subdivided into temporal
cohorts (boxes). Each circle represents a cell, with arrows representing cell division. (B) An image shows early-born
and late-born Even-skipped (Eve)-expressing lateral (EL) neurons (small circles, each�3 µm in diameter) from theNB3-
3 stem cell (large dashed circle at left). This late-stage embryo was stained with an anti-Even-skipped antibody
(magenta) to label all EL neurons (small circles) and costained with anti-GFP (green). In this embryo, GFP expression
is being driven by an enhancer, “11F02” (genotype: 11F02-GAL4 >UAS-nls-GFP). (C ) Lineages can be connected to
each other in different patterns. Symbols are as in A and, additionally, the line with a dot on the end represents
synapses between neurons of one temporal cohort and another temporal cohort. In temporal matching, early-born
neurons and late-born neurons from different lineages synapse with each other. (C′) In sibling matching, neurons from
the same lineage synapse with each other. (C′′) In sequential assembly, neurons from a late-born temporal cohort in
one lineage synapse with neurons from an early-born temporal cohort in a second lineage. Because neurons make
multiple connections, these models are not mutually exclusive.
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motor circuit assembly could be conserved across phyla, and they motivate continued research in
Drosophila.

Although progress in understanding motor circuit assembly in Drosophila larvae has been made
recently, many questions remain. We understand only a fraction of the relationships between stem cell
lineage and circuits. Outstanding questions include the following:What other stem cell relationships will
be found? How do stem cell–circuit relationships vary, along the anterior–posterior axis, with life stage,
and among closely related organisms? On the molecular and cellular levels, how are relationships
constructed? What are the roles of stem cell cues (e.g., inherited chromatin state, transcription factor
expression), neural cues (e.g., cell surface molecules), and environmental cues (e.g., signaling gradients,
physical interactions)? In terms of perturbative analyses, what perturbations is the system robust to?
When the system is disrupted, where and how does it break? Are there synergistic interactions among
perturbations? Are there specific repair mechanisms, or are normal developmental programs reused?
These and related questions will keep investigators in the field occupied for the coming decade.

REFERENCES

Anton S, Homberg U. 1999. Antennal lobe structure. In Insect olfaction (ed.
Hansson BS), pp. 97–124. Springer, Berlin, Germany.

Baek M, Mann RS. 2009. Lineage and birth date specify motor neuron
targeting and dendritic architecture in adult Drosophila. J Neurosci
29: 6904–6916. doi:10.1523/JNEUROSCI.1585-09.2009

Bagnall MW, McLean DL. 2014. Modular organization of axial
microcircuits in zebrafish. Science 343: 197–200. doi:10.1126/science
.1245629

Bate M. 1990. The embryonic development of larval muscles in Drosophila.
Development 110: 791–804. doi:10.1242/dev.110.3.791

Berni J. 2015. Genetic dissection of a regionally differentiated network for
exploratory behavior in Drosophila larvae. Curr Biol 25: 1319–1326.
doi:10.1016/j.cub.2015.03.023

Birkholz O, Rickert C, Berger C, Urbach R, Technau GM. 2013. Neuroblast
pattern and identity in the Drosophila tail region and role of doublesex
in the survival of sex-specific precursors. Development 140: 1830–1842.
doi:10.1242/dev.090043

Birkholz O, Rickert C, Nowak J, Coban IC, Technau GM. 2015. Bridging the
gap between postembryonic cell lineages and identified embryonic neu-
roblasts in the ventral nerve cord of Drosophila melanogaster. Biol Open
4: 420–434. doi:10.1242/bio.201411072

Bodmer R, Jan YN. 1987. Morphological differentiation of the embryonic
peripheral neurons in Drosophila. Rouxs Arch Dev Biol 196: 69–77.
doi:10.1007/BF00402027

Bossing T, Technau GM. 1994. The fate of the CNS midline progenitors in
Drosophila as revealed by a new method for single cell labelling. Devel-
opment 120: 1895–1906. doi:10.1242/dev.120.7.1895

Bossing T, Udolph G, Doe CQ, Technau GM. 1996. The embryonic central
nervous system lineages of Drosophila melanogaster. I. Neuroblast lin-
eages derived from the ventral half of the neuroectoderm. Dev Biol 179:
41–64. doi:10.1006/dbio.1996.0240

Braganza O, Beck H. 2018. The circuit motif as a conceptual tool for mul-
tilevel neuroscience. Trends Neurosci 41: 128–136. doi:10.1016/j.tins
.2018.01.002

Broadus J, Skeath JB, Spana EP, Bossing T, Technau G, Doe CQ. 1995. New
neuroblast markers and the origin of the aCC/pCC neurons in the
Drosophila central nervous system. Mech Dev 53: 393–402. doi:10
.1016/0925-4773(95)00454-8

Catela C, Kratsios P. 2021. Transcriptional mechanisms of motor neuron
development in vertebrates and invertebrates. Dev Biol 475: 193–204.
doi:10.1016/j.ydbio.2019.08.022

Clark MQ, Zarin AA, Carreira-Rosario A, Doe CQ. 2018. Neural circuits
driving larval locomotion in Drosophila. Neural Dev 13: 6. doi:10.1186/
s13064-018-0103-z

Doe CQ. 1992. Molecular markers for identified neuroblasts and ganglion
mother cells in theDrosophila central nervous system.Development 116:
855–863. doi:10.1242/dev.116.4.855

Eschbach C, Fushiki A, Winding M, Schneider-Mizell CM, Shao M, Arruda
R, Eichler K, Valdes-Aleman J, Ohyama T, Thum AS, et al. 2020. Re-

current architecture for adaptive regulation of learning in the insect
brain. Nat Neurosci 23: 544–555. doi:10.1038/s41593-020-0607-9

Estacio-Gómez A, Díaz-Benjumea FJ. 2014. Roles of Hox genes in the pat-
terning of the central nervous system of Drosophila. Fly (Austin) 8:
26–32. doi:10.4161/fly.27424

Fetcho JR, McLean DL. 2010. Some principles of organization of spinal
neurons underlying locomotion in zebrafish and their implications.
Ann NY Acad Sci 1198: 94–104. doi:10.1111/j.1749-6632.2010.05539.x

Gerhard S, Andrade I, Fetter RD, Cardona A, Schneider-Mizell CM. 2017.
Conserved neural circuit structure across Drosophila larval develop-
ment revealed by comparative connectomics. eLife 6: e29089. doi:10
.7554/eLife.29089

Goldblatt D, Huang S, Greaney MR, Hamling KR, Voleti V, Perez-Campos
C, Patel KB, Li W, Hillman EMC, Bagnall MW, et al. 2023. Neuronal
birthdate reveals topography in a vestibular brainstem circuit for gaze
stabilization. Curr Biol 33: 1265–1281.e7. doi:10.1016/j.cub.2023.02
.048

Goodman CS, Doe CQ. 1993. Embryonic development of the Drosophila
central nervous system. In Development of Drosophila melanogaster
(ed. Bate M, Arias M), Vol. 1, pp. 1131–1206. Cold Spring Harbor
Press, Cold Spring Harbor, NY.

Greaney MR, Heckscher ES. 2024. Studying Drosophila larval behavior in
agarose channels. Cold Spring Harb Protoc doi:10.1101/pdb.prot108420

Grimaldi D, Engel MS. 2005. Evolution of the insects. Cambridge University
Press, New York.

Grosskortenhaus R, Robinson KJ, Doe CQ. 2006. Pdm and Castor specify
late-born motor neuron identity in the NB7-1 lineage. Genes Dev 20:
2618–2627. doi:10.1101/gad.1445306

Grueber WB, Ye B, Moore AW, Jan LY, Jan YN. 2003. Dendrites of distinct
classes of Drosophila sensory neurons show different capacities for
homotypic repulsion. Curr Biol 13: 618–626. doi:10.1016/S0960-9822
(03)00207-0

Harris KD, Shepherd GMG. 2015. The neocortical circuit: themes and var-
iations. Nat Neurosci 18: 170–181. doi:10.1038/nn.3917

Hartenstein V. 1993. Atlas of Drosophila development. Vol. 328. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.

Hartenstein V, Stollewerk A. 2015. The evolution of early neurogenesis. Dev
Cell 32: 390–407. doi:10.1016/j.devcel.2015.02.004

He L, Gulyanon S, Mihovilovic Skanata M, Karagyozov D, Heckscher ES,
Krieg M, Tsechpenakis G, Gershow M, Tracey WD Jr. 2019. Direction
selectivity in Drosophila proprioceptors requires the mechanosensory
channel Tmc. Curr Biol 29: 945–956.e3. doi:10.1016/j.cub.2019.02.025

Heckscher ES, Lockery SR, Doe CQ. 2012. Characterization of Drosophila
larval crawling at the level of organism, segment, and somatic body wall
musculature. J Neurosci 32: 12460–12471. doi:10.1523/JNEUROSCI
.0222-12.2012

Heckscher ES, Long F, Layden MJ, Chuang CH, Manning L, Richart J,
Pearson JC, Crews ST, Peng H, Myers E, et al. 2014. Atlas-builder
software and the eNeuro atlas: resources for developmental biology

8 Cite this introduction as Cold Spring Harb Protoc; doi:10.1101/pdb.top108395

C.C. Wreden and E.S. Heckscher

 Cold Spring Harbor Laboratory Press
 on March 3, 2026 - Published by http://cshprotocols.cshlp.org/Downloaded from 

http://cshprotocols.cshlp.org/
http://www.cshlpress.com


and neuroscience. Development 141: 2524–2532. doi:10.1242/dev
.108720

Henderson JE, Wreden CC, Heckscher ES. 2024. Fluorescent in situ hydrid-
ization chain reaction for RNA in the Drosophila embryonic and larval
central nervous system. Cold Spring Harb Protoc doi:10.1101/pdb
.prot108423

Hwang RY, Zhong L, Xu Y, Johnson T, Zhang F, Deisseroth K, Tracey WD.
2007. Nociceptive neurons protect Drosophila larvae from parasitoid
wasps. Curr Biol 17: 2105–2116. doi:10.1016/j.cub.2007.11.029

Isshiki T, Pearson B, Holbrook S, Doe CQ. 2001. Drosophila neuroblasts
sequentially express transcription factors which specify the temporal
identity of their neuronal progeny. Cell 106: 511–521. doi:10.1016/
S0092-8674(01)00465-2

Jay M, McLean DL. 2019. Reconciling the functions of even-skipped inter-
neurons during crawling, swimming, and walking. Curr Opin Physiol 8:
188–192. doi:10.1016/j.cophys.2019.02.003

Jovanic T, Schneider-Mizell CM, ShaoM,Masson JB, Denisov G, Fetter RD,
Mensh BD, Truman JW, Cardona A, Zlatic M. 2016. Competitive dis-
inhibition mediates behavioral choice and sequences inDrosophila. Cell
167: 858–870.e19. doi:10.1016/j.cell.2016.09.009

Kohsaka H, Okusawa S, Itakura Y, Fushiki A, Nose A. 2012. Development of
larval motor circuits in Drosophila. Dev Growth Differ 54: 408–419.
doi:10.1111/j.1440-169X.2012.01347.x

Lacin H, Truman JW. 2016. Lineage mapping identifies molecular and ar-
chitectural similarities between the larval and adult Drosophila central
nervous system. eLife 5: e13399. doi:10.7554/eLife.13399

Lahiri S, Shen K, Klein M, Tang A, Kane E, Gershow M, Garrity P, Samuel
AD. 2011. Two alternating motor programs drive navigation in Dro-
sophila larva. PLoS ONE 6: e23180. doi: 10.1371/journal.pone.0023180

Landgraf M, Bossing T, Technau GM, Bate M. 1997. The origin, location,
and projections of the embryonic abdominal motorneurons of Dro-
sophila. J Neurosci 17: 9642–9655. doi:10.1523/JNEUROSCI.17-24-
09642.1997

Liu Y, Hasega E, Nose A, Zwart MF, Kohsaka H. 2023. Synchronous multi-
segmental activity between metachronal waves controls locomotion
speed in Drosophila larvae. eLife 12: e83328. doi:10.7554/eLife.83328

Luo L. 2021. Architectures of neuronal circuits. Science 373: eabg7285. doi:10
.1126/science.abg7285

Manning L, Heckscher ES, Purice MD, Roberts J, Bennett AL, Kroll JR,
Pollard JL, Strader ME, Lupton JR, Dyukareva AV, et al. 2012. A re-
source for manipulating gene expression and analyzing cis- regulatory
modules in the Drosophila CNS. Cell Rep 2: 1002–1013. doi:10.1016/j
.celrep.2012.09.009

Marcus G, Marblestone A, Dean T. 2014. The atoms of neural computation.
Science 346: 551–552. doi:10.1126/science.1261661

Mark B, Lai SL, Zarin AA, Manning L, Pollington HQ, Litwin-Kumar A,
Cardona A, Truman JW, Doe CQ. 2021. A developmental framework
linking neurogenesis and circuit formation in theDrosophila CNS. eLife
10: e67510. doi:10.7554/eLife.67510

Marshall ZD, Wreden CC, Heckscher ES. 2024. Single-neuron labeling in
Drosophila using multicolor FLP-out. Cold Spring Harb Protoc doi:10
.1101/pdb.prot108422

McLean D, Fan J, Higashijima S, Hale M, Fetcho J. 2007. A topographic map
of recruitment in spinal cord. Nature 446: 71–75. doi:10.1038/
nature05588

Meng JL, Heckscher ES. 2020. Development of motor circuits: from neuro-
nal stem cells and neuronal diversity to motor circuit assembly. Curr
Top Dev Biol 142: 409–442. doi:10.1016/bs.ctdb.2020.11.010

Meng JL, Marshall ZD, Lobb-Rabe M, Heckscher ES. 2019. How prolonged
expression of Hunchback, a temporal transcription factor, re-wires
locomotor circuits. eLife 8: 505. doi:10.7554/eLife.46089.023

Meng JL, Wang Y, Carrillo RA, Heckscher ES. 2020. Temporal transcription
factors determine circuit membership by permanently altering motor
neuron-to-muscle synaptic partnerships. eLife 9: e56898. doi:10.7554/
eLife.56898

Ohyama T, Schneider-Mizell CM, Fetter RD, Aleman JV, Franconville
R, Rivera-Alba M, Mensh BD, Branson KM, Simpson JH, Truman
JW, et al. 2015. A multilevel multimodal circuit enhances action selec-
tion in Drosophila. Nature 520: 633–639. doi:10.1038/nature14297

Pearson BJ, Doe CQ. 2003. Regulation of neuroblast competence in Dro-
sophila. Nature 425: 624–628. doi:10.1038/nature01910

Pujala A, Koyama M. 2019. Chronology-based architecture of descending
circuits that underlie the development of locomotor repertoire after
birth. eLife 8: e42135. doi:10.7554/eLife.42135

Pujol-Martí J, Zecca A, Baudoin JP, Faucherre A, Asakawa K, Kawakami K,
López-Schier H. 2012. Neuronal birth order identifies a dimorphic
sensorineural map. J Neurosci 32: 2976–2987. doi:10.1523/JNEURO
SCI.5157-11.2012

Rickert C, Kunz T, Harris KL, Whitington PM, Technau GM. 2011. Mor-
phological characterization of the entire interneuron population reveals
principles of neuromere organization in the ventral nerve cord of Dro-
sophila. J Neurosci 31: 15870–15883. doi:10.1523/JNEUROSCI.4009-11
.2011

Schafer W. 2016. Nematode nervous systems. Curr Biol 26: R955–R959.
doi:10.1016/j.cub.2016.07.044

Schmid A, Chiba A, Doe CQ. 1999. Clonal analysis ofDrosophila embryonic
neuroblasts: neural cell types, axon projections and muscle targets.
Development 126: 4653–4689. doi:10.1242/dev.126.21.4653

Schmidt H, Rickert C, Bossing T, Vef O, Urban J, Technau GM. 1997. The
embryonic central nervous system lineages of Drosophila melanogaster.
II. Neuroblast lineages derived from the dorsal part of the neuroecto-
derm. Dev Biol 189: 186–204. doi:10.1006/dbio.1997.8660

Skeath JB. 1999. At the nexus between pattern formation and cell-type
specification: the generation of individual neuroblast fates in the
Drosophila embryonic central nervous system. Bioessays 21: 922–931.
doi:10.1002/(SICI)1521-1878(199911)21:11<922::AID-BIES4>3.0.CO
;2-T

Skeath JB, Doe CQ. 1998. Sanpodo and Notch act in opposition to Numb to
distinguish sibling neuron fates in the Drosophila CNS. Development
125: 1857–1865. doi:10.1242/dev.125.10.1857

Skeath JB, Thor S. 2003. Genetic control of Drosophila nerve cord develop-
ment. Curr Opin Neurobiol 13: 8–15. doi:10.1016/S0959-4388(03)
00007-2

Stam FJ, Hendricks TJ, Zhang J, Geiman EJ, Francius C, Labosky PA,
Clotman F, Goulding M. 2012. Renshaw cell interneuron specialization
is controlled by a temporally restricted transcription factor program.
Development 139: 179–190. doi:10.1242/dev.071134

Tracey WD Jr, Wilson RI, Laurent G, Benzer S. 2003. painless, a Drosophila
gene essential for nociception. Cell 113: 261–273. doi:10.1016/S0092-
8674(03)00272-1

Tran KD, Doe CQ. 2008. Pdm and Castor close successive temporal identity
windows in the NB3-1 lineage. Development 135: 3491–3499. doi:10
.1242/dev.024349

Truman JW, Moats W, Altman J, Marin EC, Williams DW. 2010. Role of
Notch signaling in establishing the hemilineages of secondary neurons
in Drosophila melanogaster. Development 137: 53–61. doi:10.1242/dev
.041749

Vaadia RD, Li W, Voleti V, Singhania A, Hillman EMC, Grueber WB. 2019.
Characterization of proprioceptive system dynamics in behaving Dro-
sophila larvae using high-speed volumetric microscopy. Curr Biol 29:
935–944.e4. doi:10.1016/j.cub.2019.01.060

Vasudevan D, Wreden CC, Heckscher ES. 2024. Imaging neural activity in
intact, semirestrained Drosophila larvae. Cold Spring Harb Protoc doi:10
.1101/pdb.prot108421

Wang Y,Wreden CC, LevyM,Meng JL, Marshall ZD,MacLean J, Heckscher
E. 2022. Sequential addition of neuronal stem cell temporal cohorts
generates a feed-forward circuit in the Drosophila larval nerve cord.
eLife 11: e79276. doi:10.7554/eLife.79276

Wreden CC, Meng JL, Feng W, Chi W, Marshall ZD, Heckscher ES. 2017.
Temporal cohorts of lineage-related neurons perform analogous func-
tions in distinct sensorimotor circuits. Curr Biol 27: 1521–1528.e4.
doi:10.1016/j.cub.2017.04.024

Yan Z, Zhang W, He Y, Gorczyca D, Xiang Y, Cheng LE, Meltzer S, Jan LY,
Jan YN. 2013. Drosophila NOMPC is a mechanotransduction channel
subunit for gentle-touch sensation. Nature 493: 221–225. doi:10.1038/
nature11685

Yu YC, Bultje RS, Wang X, Shi SH. 2009. Specific synapses develop prefer-
entially among sister excitatory neurons in the neocortex. Nature 458:
501–504. doi:10.1038/nature07722

Zarin AA,Mark B, Cardona A, Litwin-Kumar A, Doe CQ. 2019. Amultilayer
circuit architecture for the generation of distinct locomotor behaviors
in Drosophila. eLife 8: e51781. doi:10.7554/eLife.51781

Cite this introduction as Cold Spring Harb Protoc; doi:10.1101/pdb.top108395 9

Sensorimotor Circuit Assembly in Drosophila

 Cold Spring Harbor Laboratory Press
 on March 3, 2026 - Published by http://cshprotocols.cshlp.org/Downloaded from 

http://cshprotocols.cshlp.org/
http://www.cshlpress.com


doi: 10.1101/pdb.top108395 originally published online September 16, 2024Cold Spring Harb Protoc; 
 
Chris C. Wreden and Ellie S. Heckscher
 
Embryos and Larvae

Drosophila melanogasterThe Study of Sensorimotor Circuit Assembly in 

Service
Email Alerting  click here.Receive free email alerts when new articles cite this article - 

Categories
Subject Cold Spring Harbor Protocols.Browse articles on similar topics from 

 (426 articles)Neuroscience, general
 (102 articles)Drosophila Neurobiology (2e): A Laboratory Manual

 (93 articles)Drosophila Neurobiology

http://cshprotocols.cshlp.org/subscriptions 
go to: Cold Spring Harbor Protocols To subscribe to 

© 2025 Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press
 on March 3, 2026 - Published by http://cshprotocols.cshlp.org/Downloaded from 

http://cshprotocols.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/pdb.top108395&return_type=article&return_url=http://cshprotocols.cshlp.org/content/10.1101/pdb.top108395.full.pdf
http://cshprotocols.cshlp.org/cgi/collection/dros_neuro
http://cshprotocols.cshlp.org/cgi/collection/drosneuro2
http://cshprotocols.cshlp.org/cgi/collection/neuroscience_general
http://cshprotocols.cshlp.org/cgi/subscriptions
http://cshprotocols.cshlp.org/
http://www.cshlpress.com


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


