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The legs of Drosophila are covered with mechanosensory 
bristles, innervated by sensory neurons that project to the 
CNS in a very orderly manner. We examined this afferent 
projection by staining the sensory neurons associated with 
identified bristles in wild-type, engrailedand scufeflies. We 
observe that anterior neurons project to an anterior region 
of the ventral neuropil, while posterior neurons project to a 
more posterior region. We rule out that this difference de- 
pends on the compartment of origin of the receptors. Our 
results also argue against explanations based on other fac- 
tors that might correlate to anterior/posterior position: pe- 
ripheral organization of the leg nerve, competitive interac- 
tions, or differences in times of birth. We suggest that position 
itself is the primary determinant of this projection. 

The sensory neurons of insects form an orderly afferent projec- 
tion from their peripherally located somata to the ganglion of 
their segment of origin. A number of mechanisms have been 
implicated in the spatial ordering of the axonal terminals in the 
CNS, such as the position of the cell body (Ghysen, 1980; Mur- 
phey et al., 1980) its time of appearance (Palka et al., 1986) 
its developmental history (Anderson and Bacon, 1979), its seg- 
mental determination (Ghysen et al., 1983), and competitive 
interactions with other neurons (Murphey, 1986). We investi- 
gated the weight of these factors in the case of a large and 
morphologically near-homogeneous population of sense organs: 
the mechanosensory bristles on the legs of Drosophila. Presum- 
ably, the postsynaptic cells play an important role in this process 
because their dendrites are the scaffold upon which the sensory 
neurons elaborate their arbors. However, the role of the post- 
synaptic cells will not be discussed here. Modality is also a very 
important correlate of afferent projection (Murphey et al., 1985) 
but by concentrating only on the singly innervated mechano- 
receptor bristles, we have eliminated this issue from consider- 
ation. 

The neurons underlying the mechanosensory bristles of a leg 
all project to a large nucleus within the corresponding ganglion, 
called the leg neuromere by Power (1948) (Murphey et al., in 
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press). They terminate in different regions of the neuromere 
according to the position of the bristle they innervate: anterior 
bristles project to the anterior side of the neuromere, while 
posterior bristles give rise to a more posterior projection (Teu- 
gels and Ghysen, 1983). A difference also exists between anterior 
and posterior cells in the epidermis; a clonal boundary divides 
the leg into an anterior and a posterior compartment (Steiner, 
1976). This subdivision into 2 compartments (Garcia-Bellido 
et al., 1973, 1979) results from the differential expression of the 
gene engrailed (en), which is expressed in posterior but not in 
anterior epidermal cells (Morata and Lawrence, 1975; Kornberg, 
198 1; Morata et al., 1983). Since the sensory neurons of insects 
are closely related to the epidermal cells (Lawrence, 1966) it 
might be that posterior neurons are similarly distinguished from 
anterior neurons by the en gene, and the choice of the site of 
axonal projection depends on this difference. 

The idea that compartment identity might control the de- 
velopment of sensory neurons (Lawrence, 1978) is not new. 
Vandervorst and Ghysen (1980) demonstrated a strong corre- 
lation between the compartment to which a neuron belongs and 
the behavior it elicits, consistent with the idea that compartment 
identity might control axonal arborization and ultimately syn- 
aptogenesis. Palka and colleagues (1981) on the other hand, 
have shown that sensory neurons growing in the wing can cross 
compartment boundaries, suggesting that compartments have 
no major effect on axonogenesis in the periphery. 

In order to determine whether compartment identity is in- 
volved in the control of the axonal projection of leg afferents, 
one needs to examine the projection of sensory neurons one by 
one, with special reference to cells near the compartment bound- 
ary. If the behavior of a sensory neuron is not strictly correlated 
with the compartment it originates from, then the former cannot 
be determined exclusively by the latter. 

In this paper, we determine the afferent projection of indi- 
vidual leg bristles in Drosophila. We find that the mechanosen- 
sory neurons can be assigned to 2 categories based on their 
location in the leg and on their axon trajectories in the ganglion. 
In general, axons from anterior neurons arborize in the anterior 
region of the leg neuromere, while posterior neurons arborize 
in the posterior region, as previously suggested by Teugels and 
Ghysen (1983). However, the line that separates neurons with 
an anterior trajectory from neurons with a posterior trajectory 
does not coincide with the compartment boundary, suggesting 
that compartments do not control this aspect of afferent orga- 
nization. Alternative explanations, such as differential affinity 
of anterior and posterior neurons for anterior and posterior 
pioneer neurons or competition between anterior and posterior 



3210 Murphey et al. - Compartments and Afferent Projections in Flies 

T2 wing neuromere 

Figure 1. Diagrammatic summary of the organization of the meso- 
thoracic neuromere of Drosophila. The neuromere is viewed from the 
left rear. The main regions of neuropil are shown on the right half of 
the ganglion. The left hemiganglion shows a cutaway view of the ventral 
neuropil. This ventral neuropil consists of an inner region receiving the 
gustatory afferents and the tactile afferents arborize in a ring around the 
gustatory neuropil (Details are provided in Possidente and Murphey, 
1989; and Murphey et al., in press). 

axons, are not supported by our results. We are left with the 
suggestion that the crucial factor that organizes this projection 
is the position of the neuron around the leg circumference. 

Materials and Methods 
Fly strains. Two wild-type strains were used in these experiments: Cobalt 
staining was carried out on the Dover strain obtained from D. Mohler 
of the University of Iowa; HRP staining was done on the Canton S wild 
type. The en mutations were provided by T. Komberg of UCSF. The 
Minute131 strain was obtained from A. Sheam at Johns Honkins Uni- 
versity.‘The s&O-’ mutation and the unstable ring X Zn(l)wcwere from 
Ed Lewis of the California Institute of Technology. Stocks were kept at 
temperatures ranging from 2 1 to 25°C. 

Staining. Individual neurons were stained with cobalt by breaking 
the hair in half with forceps and slipping a broken pipette filled with 
100 or 200 mM cobalt over the stub of the hair. The pipette was held 
in place with dental wax, and the animal was kept in a humid chamber 
at 5°C for 12-20 hr. The thoracic nervous system was then exposed by 
removing the legs and ventral thoracic cuticle, and the specimen was 
processed using the Timms method of whole-mount intensification 
(Johnson and Murphey, 1985). The success rate for this method was 
aonroximatelv 50% (ranaina from 20 to 75% in different batches). The 
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wild-type results reported here are based on 74 successful preparations 
summarized in Figure 2. 

In a second method, the neurons innervating single leg bristles were 
stained with HRP by pulling the bristle in the presence of the HRP 
solution as described by Ghysen (1980). The CNS was then processed 
as described previously (Ghysen, 1978) and examined as a whole-mount, 
and the legs were examined to determine the identity of the bristles that 
had been removed. In a preliminary analysis we pulled out 2-4 adjacent 
bristles; this resulted in 2-4 labeled axons projecting to the CNS. For 
the 2 rows of bristles anterior to the compartment boundary, where 
adjacent bristles may follow different trajectories, we pulled individual 
bristles. The wild-type results presented here and summarized in Figure 
2 are based on 69 successful preparations, 36 involving several bristles 
in the same row and 33 backfills of individual bristles. 

Scanning electron microscopy. Specimens used for SEM were air- 
dried, mounted on studs with silver paste, and sputter-coated with a 
gold-palladium mixture. They were viewed on an International Sci- 
entific Instruments Super MINI-SEM and photographed with Polaroid 
Type 55 positive/negative film. 

Clonal analysis. Clonal analysis of the mesothoracic distal femur was 
done by the Minute technique (Morata and Ripoll, 1975; Steiner, 1976; 
Held, 1979; Lawrence et al., 1979). Clones of yellow, ndn-Minute tissue 
were generated on both Minute(l)oQ and Minute(3)is5 backgrounds. 
Two crosses were made as diagrammed below (females are on the left, 
males on the right): 

M(I)oWFM6 x y 
y/y x y;Dp(l;3)sP,y+sPM(3)iss/TMI Me’ mwh 

The complete genotype of the yellow stock that we happened to use 
was y;bw;e;ci eyRI Mi&te(l)dp was introduced through the female be- 
cause it is male lethal. Dp(l;3)sP,y+sPM(3)is5 must be introduced 
through the male (Held, 1979). 

Eggs were collected from these crosses at 5-24 and 24-48 hr after egg 
laying and irradiated with 500 and 1000 rad, respectively, with an 
Isomedix Gammator Model 38-1 containing 13Cs to obtain clones re- 
specting the anterior-posterior compartment boundary in the leg. Lines 
of clonal restriction indicating anterior-posterior compartment bound- 
aries can be detected in legs by irradiating as early as 3 hr after egg 
laying (Steiner, 1976). 

Non-Minute progeny eclosed about 2 d earlier than Minute and were 
easily culled because of their dominant genetic markers, Bar or Moire. 
Female Minute(l) and all Minute(3)P progeny were screened for 
yellow, non-Minute clones. All progeny were heterozygous for bw, e, ci, 
and ey”. 

About 50% of the Minute progeny showed some yellow tissue, IO- 
20% had a clone on a leg, and less than 1% could be used to establish 
the anterior-posterior compartment boundary between bristles 15 and 
16 on the mesothoracic distal femur. 

Leg clones were diagrammed from live animals; these diagrams were 
then checked after preserving the legs as follows. Animals with clones 
were heated to 80°C for lo-20 min in 10% KOH and dehydrated in 
ethanol; femurs were then detached and mounted on slides in Canada 
balsam. Femurs were placed in the groove between 2 coverslips and 
covered by a third so they could be rolled from side to side for obser- 
vation. 

en crosses. Severely transformed legs can be obtained by making trans- 
heterozygotes of some lethal en alleles and en’. These trans-heterozy- 
gotes are viable, but their legs are so deformed that they must be un- 
tangled from the pupal case at eclosion (T. Komberg, personal com- 
munication). The cross we used is diagramed below: 

stw cn en’lCy0 x cn enc2VSM5 (parents) 

stw cn &lcn enczL (offspring) 

Scute mosaics. Males that carry the scute’@’ mutation emerge as weak 
uncoordinated adults that are unable to walk, feed, or mate. Therefore, 
we generated mosaic flies by crossing heterozygous females, SC’~-‘/Y ZZw 
with males carrying the unstable ring X chromosome, Zn(l)wvc. This 
has the disadvantage that, in addition to the semilethality of Zn(l)wvc, 
the frequency of the ring X loss drops from 3wO% when the chro- 
mosome is provided by the mother to i 1% when provided by the father. 

Results 
Leg receptors in Drosophila 
Three types of hair-like sensilla can be found on the legs of 
Drosophila: singly innervated tactile bristles, multiply inner- 
vated gustatory bristles, and singly innervated hairs found in 
clusters near leg joints that are called “hair plates” (Dethier, 
1976; Possidente and Murphey, 1989; Murphey et al., in press). 
Here, we focus on the tactile bristles. There are approximately 
400 tactile bristles arranged in rows running parallel to the long 
axis of the leg. Many of these bristles can be identified in every 
specimen because oftheir unique external structure, their unique 
position or a combination of attributes (Hollingsworth, 1964; 
Hannah-Alava, 1958; Steiner, 1976; Held, 1979). 
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Topography of the leg afferent projection 

The organization of the mesothoracic neuromere is summarized 
in Figure 1. Each sensory neuron on the leg projects an axon to 
the neuromere associated with that segment. The ventral two- 
thirds of the ganglion receives afferent input from the leg sensory 
neurons and is known as the “leg neuromere.” The neuron 
associated with each tactile bristle projects an axon through the 
main leg nerve to the ventral region of the leg neuromere. 

The axonal projections from tactile receptors at a variety of 
locations on the mesothoracic leg are illustrated in Figure 2. 
Each neuron exhibits an axonal arborization characteristic for 
that particular neuron. Most neurons exhibit a very consistent 
morphology, as illustrated in Figure 2, where identified neurons 
have been superimposed on a single ganglion to illustrate the 
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Figure 2. The afferent projection from 
identified bristles on the mesothoracic 
leg. A, The axonal arborizations of the 
bristles labeled in B. Neurons belonging 
to the anterior compartment are shown 
in the left half of the ganglia, neurons 
in the posterior compartment are shown 
in the right half of the ganglia (with the 
exception of neuron 15). This figure is 
based on 74 successful preparations in 
which individual neurons were filled 
using the cobalt method. Note that all 
of the neurons derived from the pos- 
terior compartment have axon trajec- 
tories and arborizations located poster- 
io-medially. The neurons from the 
anterior compartment are more vari- 
able; note especially the edge bristle of 
the trochanter (EB) and the apical bris- 
tle of the tibia (AP) whose arbors are 
of intermediate type. The number of 
examples for each identified neuron in 
our data set is shown below each ex- 
ample. Most panels contain 2-3 cells to 
provide some indication of the vari- 
ability and reliability. When the sample 
size is large a maximum of 3 cells are 
shown. The trajectory and arborization 
of each cell studied, except neuron 15, 
had verv hish reliabilitv. Neuron 15 is 
of special interest because it exhibits 2 
distinct morphologies (each type is 
shown separately with the respective 
proportions in the population indicat- 
ed). B, The map produced by Steiner 
(1976) showing the location of bristles 
and the compartment boundaries of the 
mesothoracic leg. The dashed line rep- 
resents the dorsal compartment bound- 
ary. The receptors are identified by 
numbers unless they have previously 
been given names, in such cases the pre- 
vious name is retained. Anterior is to 
the left and proximal is at the top. c, 
coxa, tr, trochanter,J femur, ti, tibia. 

conservation from animal to animal, as well as the extent of the 
variability. For example, neuron 1 arborizes anteriomedially in 
all 3 of the axons shown, but each varies slightly in the extent 
to which it crosses the midline. In cases where we have many 
examples such as neuron 10 (n = 10) or the AP neuron (n = 8), 
the structure of the axonal arborization associated with the iden- 
tified hair is illustrated with a few examples, but all neurons in 
the sample are similar to the type shown. In other words there 
is a great deal of consistency in the projections, just as we have 
come to expect of identified neurons in insects. 

The neurons that innervate most leg bristles establish one of 
2 basic projections, one that we call “anterior” and one that we 
call “posterior” (Figs. 1, 2). Neurons 5 and 8 illustrate this 
feature (Fig. 2): The axon of neuron 5 follows an anterolateral 
trajectory and that of neuron 8 a posteriomedial trajectory. In 
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Figure 3. Overview of the adult thoracic and abdominal nervous sys- 
tem illustrating the axonal arborizations of leg sensory neurons in each 
of the thoracic segments. An anteriorly (left) and a posteriorly (right) 
located neuron is shown for each segment. Note the shift in axon tra- 
jectories that is correlated with the site of entry of the main leg nerves 
in each segment. 

preparations where the leg nerve is clear or in those with more 
than one stained axon, the nerve appears to contain 2 main 
bundles projecting to these 2 regions. Axons do cross from one 
bundle to another at the entrance to the CNS, and thus the 
axonal trajectory within the ganglion is not obligatorily tied to 
the bundling in the nerve. 

This dichotomous characterization relies heavily on the axon 
trajectory. However, if the locations of the varicosities or branch 
points in the arbor are considered, then a more gradual variation 
is observed, and there appears to be an orderly map of the leg 
surface in the leg neuromere. Evidence for a correlation with 
location is provided by the location of axonal branches within 
the ganglion. As one examines neurons at successive positions 
around the leg, the axonal arborizations are found at different 
locations around the leg neuromere. For example, neurons 10, 
14, 15, 16, and 19 are located around the distal end of the femur, 
and their arbors are located at different positions around the 
neuromere. Thus, although the axonal trajectories can be de- 
scribed as “anterior” or “posterior,” the arborizations vary 
more gradually. In addition, some neurons exhibit axonal ar- 
borizations that defy classification as anterior or posterior. For 
example, neurons 15, AP and EB, have components of both 
anterior and posterior arborizations (Figs. 2 and 4). In Dro- 
sophila our resolution is limited by the small size of the CNS. 
However, the similarity to the projection patterns observed in 
the leg of the cricket (Johnson and Murphey, 1985) and moth 

(Kent and Levine, 1988) where the larger size makes it easier 
to establish the topographic order, suggests that the projection 
pattern represents a “map” of the leg surface. 

This pattern of arborization is conserved in the pro- and 
metathoracic neuromere ganglia. However, in the prothorax the 
whole pattern is rotated anteriorly to accommodate the anterior 
entry of the prothoracic leg nerve, and in the metathorax it is 
rotated more posteriorly (Figs. 3, 4). 

Compartments and axon topography 

The boundary dividing the leg into 2 compartments, one an- 
terior and one posterior, has been localized with respect to the 
tactile bristle rows (Fig. 2B; see Steiner, 1976). In order to assess 
the relation between the afferent projection of a sensory neuron 
and the compartment of origin of the bristle it innervates, we 
stained individual bristle neurons on the different segments of 
the mesothoracic leg (Fig. 2) and also surveyed the femoral 
bristles of all 3 legs (Fig. 5). In general, neurons that innervate 
bristles in the anterior compartment have anterior projections, 
while those from the posterior compartment exhibit posterior 
projections, as documented earlier by Teugels and Ghysen (1983). 
However, Figures 2 and 5 show that the change of axon trajec- 
tory, from anterior to posterior, does not coincide with the 
published compartment boundary (Steiner, 1976). Specifically, 
neurons just anterior to the compartment boundary often have 
posterior axon trajectories and arborize like their posterior 
neighbors (e.g., Fig. 2, neuron 15; Fig. 5, double arrowheads). 

Since this lack of coincidence is crucial in assessing the role 
of compartments in the topography of the axonal projections, 
we examined more closely the 10 bristles that are located at the 
distal end of the femur, encompassing all but the ventral rim 
of the femur (Fig. 2B). Neurons 16-19 are located in the pos- 
terior compartment, and each sends an axon to the posterior- 
medial region of neuropil. Neurons IO-14 are located in the 
anterior compartment, and their axons terminate anteriorme- 
dially. One axon is not correlated with its compartment of origin: 
neuron 15 is located in the anterior compartment according to 
Steiner’s map (1976) but exhibits a posterior morphology most 
of the time (10 of 13) and an intermediate morphology in the 
remaining cases (3 of 13). It is noteworthy that this bristle is 
located just posterior to the dorsal rim of the leg and faces 
posteriorly. Thus, the axon trajectory of this bristle, and of the 
others at this circumferential location (Fig. 5) appears to be 
correlated with its location but not its compartment of origin. 

Other examples of neurons that do not fit the anterior-pos- 
terior rule can be seen in Figure 2. The axon from the large 
bristle on the trochanter called the edge bristle (EB), which is 
derived from the anterior compartment and located near the 
dorsal compartment border, has both anterior and posterior 
branches, with the majority of the arbor located posteriome- 
dially. The axon from the apical bristle (AP) of the tibia, which 
is derived from the anterior compartment and located near the 
ventral compartment border, has a similar shape and does not 
fit easily into an anterior-posterior classification. 

Compartment of origin of bristle 15 

One possible explanation for the discrepancy between com- 
partment of origin and afferent projection is that individual 
bristles along the border may originate from either compart- 
ment, as has been demonstrated in the tarsus (Lawrence et al., 
1979). For example, bristle 15 might be formed by anterior cells 
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Figure 4. Examples of the axonal arbotizations of selected tactile afferents. A, Neuron located on the anterior coxa of the prothoracic leg. B, 
Axonal arborization of a neuron located on the posterior coxa of the prothoracic leg. C, Apical neuron of the mesothoracic leg. D, Neuron 19 from 
the mesothoracic leg. E, Axon associated with the edge bristle (EB) of the mesothoracic trochanter. Each photo shows both leg neuromeres for that 
segment. As diagramed in Figure 2, the midline is dotted and anterior is at the top. The arrowheads indicate where the axon enters the leg neuromere. 
The specimens were examined with the aid of an image analysis system described by Tieman et al., 1986. 

in some flies and by posterior cells in others. We determined low phenotype, it was derived from a clone belonging to the 
the compartment of origin of this bristle by standard clonal anterior compartment (n = 5). Posteriorly derived clones that 
analysis. We induced yellow, non-Minute clones on a Minute included receptor 16 never (n = 5) included receptor 15; thus, 
background and then searched for clones affecting one or the the compartment boundary always ran between bristles 15 and 
other compartments at the distal end of the femur (see Materials 16 as first demonstrated by Steiner (1976). As a control, we 
and Methods). Whenever receptor 15 was marked with the yel- stained axons 14-19 in the Minute stocks and confirmed that 
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Figure 5. The position of the axon trajectory for sensory neurons on 
the 3 legs. The diagram shows the positions of the bristles (dots) and 
dorsal compartment boundaries (dashed lines) of pro-, meso- and meta- 
thoracic femurs, according to Steiner (1976). The anterior compartment 
is to the left. The results are based on 69 successful HRP backfills, 33 
of which involve single bristles and the other 36 a few adjacent bristles 
in a given row. For each bristle that was filled, an arrowhead shows the 
type of trajectory that was observed (anterior trajectory: arrowhead to 
the left, posterior trajectory: arrowhead to the right). Note that near the 
dorsal compartment border, the same identified sensory neuron can 
have one or the other trajectory in different specimens (double-headed 
arrows). This variability was never observed for the anterior bristles 
further from the compartment border, nor for any posterior bristle. 

they arborize in the same pattern as wild type (not shown). Based 
on this evidence, as well as the previously published location 
of the compartment boundary (Steiner, 1976; Held, 1979), we 
conclude that receptor 15 is always derived from the anterior 
compartment. The fact that the axonal arbor of neuron 15 is 
variable but the compartment of origin is constant implies that 
axonal termination is independent of compartment identity. 

The afferent projection in en flies 
In order to provide an independent test of the influence of 
compartments on the organization of the leg projection, we 
examined flies mutant for the en gene. In such mutants, the 
posterior part of each leg is to some extent “anteriorized” (Bras- 
ted, 1941; Tokunaga, 1961). In some combinations of mutant 
alleles, such as enz/en2, the posterior to anterior transformation 
is quite extreme; the transformation often leads to the formation 
of a posterior duplicate of the large, anterior bristle called the 
preapical (Fig. 6, arrows; also labeled PA in Fig. 2). 

The normal preapical neuron exhibits an anterior trajectory 
(n = 3, Fig. 7). When we stain the neuron innervating the du- 
plicate preapical bristle, we observe that the axon trajectory is 
posterior and the axonal arborization is located in a posterior 
region appropriate to normal neurons at this location (n = 6). 
In fact, in en animals the afferent projection was completely 
normal (n = 13 successful fills of other leg afferents). These 
results mean that axonal projections are correlated with their 
position but not their compartment identity. Thus, we have 
separated the external appearance of the receptor, which de- 
pends on en expression, from the behavior of the neuron, which 
does not. 

The aferent projection in scute mosaics 
We considered the possibility that fibers might compete for 
targets (Murphey, 1986) or pathways (Gao and Macagno, 1987). 
For example, if anterior cells were in some way at an advantage 
over their posterior neighbors, they might take the prime syn- 
aptic space and relegate their neighbors to less attractive space. 
In order to test this possibility, we deleted large numbers of 
receptors in either the anterior or the posterior compartment 
and analyzed the projection of the remaining neurons. This was 
achieved by taking advantage of the mutation scutelo-l, which 
prevents the formation of sensory neurons in the differentiating 
leg (Jan et al., 1985). This mutation is located on the X chro- 
mosome, making it possible to generate XX/X0 gynanders where 
the male parts are void of bristles. The boundary between nor- 

Figure 6. Scanning electron micro- 
graphs of normal and en legs. A, Distal 
end of the tibia of a normal leg. Arrow 
indicates the preapical bristle. B, Tibia 
of an &/en2 animal. Arrows indicate 
preapical bristles. The tarsal segments 
are transformed into a knob by this ge- 
notype. 
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Figure 7. The axonal arborizations of the sensory neurons associated 
with preapical bristles in en flies. On the left 3 axonal arbors of anterior 
preapicals are superimposed on 1 ganglion outline. On the right side of 
the same outline 3 arbors from duplicated preapical bristles in en flies 
are shown. Note that the duplicate preapical arborizes in the same 
manner as all other sensory neurons from the posterior compartment; 
it has a posterior axon trajectory and a posteriomedial axonal arbori- 
zation. 

ma1 and scute territory may occasionally run through a leg, 
resulting in a mosaic appendage. In all cases, the neurons that 
were backfilled established a projection appropriate to their lo- 
cation, irrespective of the presence or absence of the other leg 
bristles. One remarkable case is illustrated in Figure 8, where 
all 3 legs of a single gynander were mosaic. The open symbols 
show the bristles that were pulled out in order to stain the 
underlying sensory neuron; the resulting projection was typical 
of posterior bristles in all 3 cases. We conclude from these 
experiments that the segregation of axon terminals to the an- 
terior and posterior target areas is not under the control of 
competitive interactions. 

Discussion 

The axonal projections from leg sensory neurons 
A striking characteristic of the leg projection in flies is that most 
individual neurons establish either an anterior or a posterior 
axon trajectory in the leg neuromere. However, examination of 
the arborizations, as opposed to the axon trajectories, suggests 
that the target area for leg bristle afferents is not strictly divided 
into 2 nonoverlapping regions but rather forms a “map” of the 
leg surface. The resolution of this map is relatively low because 
of the small size of the fly. However, the data are sufficient to 
show strong similarities with larger insects. In the cricket Acheta 
and the moth Manduca, a highly ordered afferent projection 
exists. Like topographic maps in the vertebrate nervous system, 
the relationship between sensory surface and central projection 
is often contorted, but there can be no doubt that there is a 
topographic relationship between the sensory surface (the leg) 
and the afferent projection (Johnson and Murphey, 1985; Kent 
and Levine, 1988). The similarity between the leg afferent pro- 
jections seen in flies and other insects supports the idea that the 
projection is a highly ordered one, and it can legitimately be 
called a topographic projection. 
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Figure 8. The axon trajectories of sensory neurons of legs mosaic for 
the ScUte’@’ mutation. In this genotype many of the receptors are miss- 
ing. The conventions and symbols are as in Figure 5. Circles represent 
the bristles that were present; open circles mark the bristles that were 
backfilled with HRP. For each lea. 5-7 bristles were milled. In all 3 
cases the projection was purely posterior, showing that even in the 
absence of all bristles on the anterior femur the posterior neurons con- 
tinue to exhibit the appropriate posterior axon trajectory. 

Compartments do not control the organization of the leg 
projection 
Our results show that the projections of sensory neurons are 
correlated with but not obligatorily tied to their compartment 
of origin. All axons from the posterior compartment have pos- 
terior trajectories, and most axons in the anterior compartment 
have anterior trajectories. However, receptors in the row just 
anterior to the compartment boundary usually project as their 
posterior neighbors; they have posterior axon trajectories and 
posteriormedial arborizations. For example, bristle 15, which 
is always derived from the anterior compartment and is located 
next to the compartment boundary, usually (77% of the time) 
arborizes like its posterior neighbors (Fig. 2). This has the effect 
of dividing the leg projection along topographic rather than 
compartment lines, the anterior face projecting anteriorly in the 
CNS and the posterior face, including some cells of anterior 
compartmental origin, projecting more posteriorly. The fact that 
compartment identity and axon projection can be uncoupled in 
wild-type flies suggests that the segregation of anterior and pos- 
terior afferents is not under compartmental control. 

This conclusion is strengthened by the fact that the afferent 
projection in en flies is essentially normal. More specifically, 
posterior bristles in eyt legs may exhibit the external morphology 
characteristic of anterior bristles and yet retain a projection 
typical of normal posterior bristles. Thus, the data on wild-type 
and en flies provides strong evidence against a role for com- 
partments in the organization of the leg afferent projection. 

Alternative mechanisms 
Role of pioneer fibers. A number of other mechanisms appear 
to be eliminated by our data. One possible explanation for the 
rough correspondence between trajectory and compartmental 
origin is based on the existence in the differentiating leg of 2 
pioneer bundles, one anterior and one posterior (Jan et al., 1985). 
In the leg, neurons choosing to follow the nearest pioneer bundle 
would naturally run in 2 tracts, one anterior and one posterior 
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(Bate, 1976; Bentley and Keshishian, 1982). We have not di- 
rectly tested this possibility; however, this explanation appears 
unlikely for the following reasons. First, we have observed that 
the axons of anterior and posterior bristles do, in fact, travel as 
2 distinct bundles in the leg nerve; however, this peripheral 
organization breaks down when the axons enter the CNS, as 
some fibers clearly leave the tract they follow peripherally and 
shift to the other side of the neuromere where they arborize. 
Second, we observed that the leg projection is always normal 
in en’/erP flies, though the posterior pioneer bundle is absent 
in more than 90% of the differentiating legs in early pupae of 
this genotype (Jan et al., 1985). Because this mutant combi- 
nation has a low viability, we cannot rule out that the few adults 
that hatch might come from exceptional larvae in which the 2 
pioneers were present. Thus, none of the available evidence 
supports the view that the presence of 2 pioneer bundles in the 
differentiating leg determines the behavior of sensory axons in 
the CNS, although we cannot completely rule out the possibility. 

Time of birth of leg neurons. In the wing of the fly, where the 
distal sensilla give rise to a dual projection in the CNS, the 
choice between the 2 alternative pathways depends on the time 
of birth of the neurons (Palka et al., 1986). A similar explanation 
is excluded in the case of the leg projection since the first anterior 
and posterior neurons differentiate and begin axonogenesis at 
the same time (Jan et al., 1985). 

Competition. We considered the possibility that some mech- 
anism would split the afferent axon bundle in 2 halves when it 
enters the CNS. Competition for pathways might accomplish 
this. For example, in the leech it has been demonstrated that 
axons can compete for pathways; there appears to be a hierarchy 
of choices such that when the preferred neuron is not occupying 
a particular pathway a homolog in another ganglion will do so 
(Gao and Macagno, 1987). Our observations on scute mosaics 
argue strongly against this hypothesis, as they show that the 
remaining neurons will project as expected from their position 
on the leg, even if most of the neighbors projecting on the other 
pathway have been deleted. 

Competitive interactions within the axonal arborizations have 
been revealed recently in the cricket cereal sensory system (Mur- 
phey, 1986; Shepherd and Murphey, 1986). A priori a similar 
mechanism might be responsible for the subdivision of the leg 
projection in 2 components. The results for the scute mutation 
appear to eliminate this possibility as well. Genetically removing 
large numbers of receptors and assessing the afferent projection 
of some of the remaining receptors had no obvious effect: the 
patterns of projections were always as expected from the posi- 
tion of the stained neurons. This conclusion must be viewed 
with caution until the arbors have been studied quantitatively 
at both light microscopic and ultrastructural levels. A similar 
result had been obtained in the case of the notum bristles, which 
also retain a normal projection even if most of the surrounding 
bristles are removed (Ghysen, 1980). Thus, there is no indica- 
tion so far that competitive interactions play a role in the or- 
ganization of afferent projections in the fly, contrary to what 
has been found in the cricket (Murphey, 1986; Shepherd and 
Murphey, 1986). 

Does positional information organize the leg afferent 
oroiection? 

gration, or differentiation. This has led to the double hypothesis 
that the position of a cell at the time of its terminal division 
can specify its differentiation and that cells can measure their 
position by reference to some system of “positional informa- 
tion” (Wolpert, 1969; French et al., 1976). For example, in the 
case of sense organs, epidermal tissue transplanted to an ectopic 
site can be induced to produce receptors that it would not nor- 
mally make, proving that something about the new position can 
determine the ultimate fate of the ectopic tissue (Walthall and 
Murphey, 1984, 1986). 

We have shown that the leg projection in flies is correlated 
with the peripheral position of the receptor. Further, we found 
no evidence to support other factors such as compartment of 
origin or competitive advantage. It has been proposed in the fly 
(Ghysen, 1980) and cricket (Murphey et al., 1980; Walthall and 
Murphey, 1986) that the topography of the afferent projection 
depends directly on the position of the neuron (or of the ecto- 
dermal cell that will generate the neuron and the other elements 
of the receptor). In the cricket, strong evidence in support of 
the idea has been developed using surgery to alter the positions 
of the neurons (Walthall and Murphey, 1986; Kamper and Mur- 
phey, 1987). The present results suggest that this is a reasonable 
hypothesis for the leg afferent projection in flies as well. 
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