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SUMMARY

The median neuroblast lineage of grasshopper has results from differential neuronal death. This yields many
provided a model for the development of differing neuronal interneurons and relatively few efferent neurons. Also
types within the insect central nervous system. According contrary to previous reports, we find no evidence for glial
to the prevailing model, neurons of different types are production by the median neuroblast. We discuss evidence
produced in sequence. Contrary to this, we show that each that neuronal lineages typically produce asymmetric
ganglion mother cell from the median neuroblast produces progeny, an outcome that has important developmental
two neurons of asymmetric type: one is Engrailed positive and evolutionary implications.

(of interneuronal fate); and one is Engrailed negative (of

efferent fate). The mature neuronal population, however, Key words: Engrailed, MP, MNB, Lineage, Cell death, Asymmetry

INTRODUCTION behavioral studies of the adult. The present study focuses on
the mechanisms by which the MNB gives rise to different
Homeodomain proteins function in the development andheuronal types across the lineage.
maintenance of neuronal phenotype, in addition to their many The prevailing lineage model is a ‘sequential’ one, whereby
other roles in the determination of body pattern. In adulthe ganglion mother cell (GMC) divisions produce sibling pairs
grasshopper, the homeodomain protein Engrailed (En) irst of efferent neurons, then pairs of interneurons, either local
expressed in the interneurons but not the efferent neuromsterneurons or intersegmental interneurons (Goodman et al.,
within the dorsal unpaired median (DUM) groups of neurons]1980) (for reviews, see Burrows, 1996; Truman et al., 1993).
which arise embryonically from the median neuroblastsThe morphology of neurons in the MNB (or DUM) groups
(MNBSs) (Siegler and Pankhaniya, 1997). The interneurons andlring embryogenesis and in adulthood is consistent with this
the efferents of the DUM group have somata in one tighinodel (Thompson and Siegler, 1991; Thompson and Siegler,
cluster, but their primary neurites and axonal branches follok993). However, En-positive neurons are produced from the
very different pathways within the CNS (Thompson andMNB early in the lineage (Condron and Zinn, 1994; Condron
Siegler, 1991; Thompson and Siegler, 1993). Together, these¢ al., 1994). Engrailed expression is specific to interneurons
observations prompted our hypothesis that En regulate@iegler and Pankhaniya, 1997), and we were thus led to
aspects of neuronal pathfinding and neuronal morphologguestion the validity of the sequential model. We traced MNB
Indeed, inDrosophilaembryos, the En-positive CNS neurons and midline precursor (MP) lineages across embryogenesis in
are interneurons, whereas efferent neurons are En negatgesshopper, with the aim of discovering the order in which
(Siegler and Jia, 1999). Moreover, genetic manipulation ofieurons of different types were produced, and what role En
engrailed expression altered the expression of neuronal cehight have in this process.
adhesion molecules, and at the same time resulted in profoundOur results confirm some earlier findings, but at the same
disruptions of normal neuronal morphology in the CNStime lead to a significant revision in understanding of the MNB
Studies in cockroach also implicate En in pathfinding choicebneage and its progeny. We show that, a®iasophila the
made by sensory neurons (Marie et al., 2000). MNB in grasshopper does not produce midline glia, contrary
The MNB lineage of grasshopper has provided a longto previous reports (Condron and Zinn, 1994; Condron et al.,
standing model for the development of large NB lineage4994). More importantly, we show that the MNB lineage is
containing differing neuronal types within the insect CNS.asymmetric in its production of neuronal progeny. Throughout
Perhaps more so than within any other NB lineage, individuahe lineage, each GMC generates two nonidentical siblings:
neurons and small neuronal groups of like type have beemne En-positive and one En-negative neuron. A proportion of
broadly investigated, not only from a developmentaleach neuronal type dies during the course of embryogenesis,
perspective, but also in morphological, biochemical andbut death is most pronounced among the En-negative efferent
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neurons. Thus, differential cell death, rather than a timednly same species primaries (mouse monoclonals) were available for
lineage sequence that produces different neuronal typelsp and BrdU detection, and both are nuclear labels. Thus, for
accounts for the significantly smaller number of efferenEn/BrdU/anti-HRP Ab triple-labeling, additional steps were included.
neurons versus interneurons in the final neuronal populationAfter incubation in 1:1 4D9, block and Cy5 secondary incubation,
We argue that the continued production of neurons of twissue was again fixed in 3.6% paraformaldehyde for 1 hour. The next

: . s : steps were: wash and incubate in 2.5 N HCI in saline for 30 minutes
§Z|See(;r':it\l/2”y deﬂfherg?ts;mgsng&tgﬂs aislmneoargr]r?él fgg?c\;\gd inbsyto cleave DNA; wash, block and incubate in anti-BrdU mouse MADb;

: - X . ,e(%ck, wash and incubate in goat anti-mouse FITC secondary; wash
neuronal lineages. This provides a flexible and responsivg,y incubate in anti-HRP-LRSC: wash and mount. The second

mechanism whereby neuronal populations can be tailored txation eliminated cross-reactivity. In all preparations, scored

match segmental diversity across the insect body plan, withottidependently by both investigators, all four of the possible

reconfiguring individual neuroblast lineages. A similarcombinations of BrdU (positive or negative) and En (positive or

mechanism would likewise provide a ready means of matchingegative) were found, indicating that false positives and false

neuronal populations in the CNS with changes in peripherdlegatives had been eliminated in the procedure.

body form across the course of insect evolution, while nof.

. - h -Microscopy

altering the central mechanism of neuronal production. Thi onfocal microscopy used a BioRad 1024 laser scanning confocal

VIEW IS c_oncordant W'th numerous findings across a dNers';%icroscope and Zeiss compound microscope. Over 300 preparations

of organisms, where divisions of precursors yield progeny ere examined. Azseries of images was collected using

asymmetric type, followed by selective cell death. simultaneous or sequential laser line scanning as appropriate for the
fluorophore combination. For triple-labeling with LRSC or PI, FITC
and Cy5, sequential scanning was used to avoid mixing of the LRSC

MATERIALS AND METHODS (or PI) and FITC signal. Additionally in some cases, one channel was
_ set with a transmitted light detector to record a confocal DIC image.
Animals Four sweeps were averaged for each step. Digital files were analyzed

GrasshoppersSchistocerca americanwere reared in a laboratory frame-by-frame, each frame being one step #saries. Scoring of
colony. Females lay eggs in clutches, each containing 100-200 eggells for the presence or absence of a particular marker (e.g. BrdU,
Eggs developed at 33°C, embryonic development thus taking 20 daf, HRP) was done independently for each detection channel.
(100%) and the basis for ‘percent’ staging of embryos (Bentley et al.,

1979). The percentage scale is referenced to the morphology of t%eE

third thoracic (T3) segment. Embryos nearby in a clutch develop i SULTS

synchrony. For bromodeoxyuridine (BrdU) injections, several eggs of ] S ) )

a clutch were dissected for staging, and nearby undissected eggs w&fe CNS comprises individual neuromeres, repeating units
used for injection. Embryos were injected in ovo withl of 10 mM  along the anteroposterior body axis that are each associated
BrdU and allowed to develop a further 5%-15%. For routinewith their respective body segments. The neuronal complement
immunohistochemistry or after BrdU injection and incubation,of each neuromere arises from MPs, which each divide once
embryos were removed from the egg, staged, dissected in salig/ing rise to two neurons, and from neuroblasts (NBs), which
(Slegl_er_ and Pankhaniya, 1997) and fixed in 3.6% paraformaldehy vide as stem cells over extended periods of embryonic
containing 35.5 mM sucrose. development. NB divisions produce a series of GMCs, each of
Antibodies which then divides to yield two ganglion cells (GCs), which
Primary antibodies were obtained from the following sources: antidifferentiate as neurons. The NBs including the MNB
En/lnv. (MAb 4D9) and anti-BrdU (MAb G3G4) from the Ccontribute substantial numbers of neurons to each neuromere,
Developmental Studies Hybridoma Bank; MAb 8B7 (unidentifiedwhereas the fewer MP progeny produce the early scaffold of
cytoplasmic epitope) and anti-Lachesin from M. Bastiani (U. Utah)the CNS. The neuromeres posterior to T3 are delayed
and anti-Annulin (MAb 7H7) from D. Bentley (UC Berkeley). sequentially by 1% development (Doe and Goodman, 1985).
Commercial antibodies were: anti-BrdU (CalTag); rabbit anti-HRP-Thus, in a 28% embryo, the first and second abdominal

fluorescein isothiocyanate (FITC) #323-095-021 or lissamingyeyromeres (A1, A2), are ‘27% neuromeres’ and ‘26%
rhodamine sulfonyl chloride (LRSC) #123-085-021; goat anti-mouseq e romeres’ resi)ectiv,ely.

indodicarbocyanine (Cy5) #115-175-003 or FITC #115-095-003; and
goat anti rabbit-FITC #111-095-003 (Jackson ImmunoResearch). MPs 4-6 and MNB are separate neuronal progenitors

Immunohistochemistry The progression of neuromere development is seen by labeling
Standard protocols were used for immunohistochemistry. Tissue wiéth an anti-HRP antibody (HRP-labeling) (Fig. 1A). The
blocked in 5% normal goat serum (NGS) in saline, incubated i@ntibody recognizes a carbohydrate epitope present in many
primary plus NGS overnight at 4°C, washed and incubated wittmembrane proteins of insects (Snow et al., 1987). Neuronal
secondary antibody preadsorbed against macerated fixed embry@sheling is readily distinguished from non-neuronal (glial)
For triple-labeling with propidium iodide (P1), anti-En (4D9) and HRP |abeling. Neuronal labeling is distinctly punctate, whereas glial
Ab, the steps after fixation were: wash, |ncub_ate g/l Pl_for 2 labeling is diffuse and weakly above background. Scattered,
hours at room temperature (RT), wash, block in NGS and incubate bhnctate HRP-labeling appears on developing neurons shortly

1:1 MAb4D9 in saline plus NGS overnight at 4°C; wash, block in L Iy
NGS and incubate in goat anti-mouse Cy5 secondary for 2 hours EEter MP progeny or GCs are produced by division. Within a

RT; wash, block and incubate in rabbit anti-HRP-FITC overnight a A)_ deVEIOp.mental interval, the label is sufficiently strong to
4°C, wash and mount. For En/anti-HRP Ab double-labeling, Pl wa§l€fine the circumference of neuronal somata. As growth cones,

omitted. Tissue was mounted in SlowFade or ProLong (MoleculaR€urites and axons arise, they also express the HRP label. This
Probes). neuronal labeling persists, making it a robust marker of
One concern with En/BrdU/anti-HRP Ab triple-labeling was thatneuronal phenotype.
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Fig. 1.Midline precursors MP4, MP5 and MP6, and the MNB
originate sequentially from the En-positive midline regions.
Labeling was by anti-En (red) and anti-HRP (green). (A) 28%
embryo shows the pattern of En expression and the progression
of neuronal differentiation across neuromeres. Neuromeres
posterior to T3 are successively younger by about 1%.

(B-G) Sequence of MP and MNB differentiation in 25-29%
neuromeres. Stars indicate MP2 progeny. (B,C) 25%
neuromere with MP4 and incipient MP5. (B) A relatively
dorsal scan; (C) The scan in B together with underlying En-
positive region. MP4 is the largest and most strongly En-
positive cell at the midline. The incipient MP5 (arrow) is just
posterior to MP4. (D) 26% neuromere. MP4 and MP5 express
high levels of En. The incipient MP6 (arrow) lies ventral to
MP5. (E) 27% neuromere. MP4 has divided to form two
progeny (4, 4), anterior to MP5. (F) 28% neuromere. MP4
progeny (4, 4) have strong HRP label, indicating neuronal
differentiation and one of the two siblings (on left) has
decreased En expression. MP5 has divided to give rise to two
progeny (5, 5). MP6 and the MNB with associated cap cell (cc)
are side-by-side and posterior in the cluster. (G) 29%
neuromere. MP6 has divided to give rise to two progeny (6, 6).
One of the two MP4 progeny (4d) is more dorsal than its
sibling and has decreased En expression. MP5 progeny (5, 5)
are beginning neuronal differentiation judged by HRP-
labeling, but MP6 progeny (6, 6) are yet unlabeled. The MNB
is ventral to MP6 progeny. Scale bar: 100 in A; 15um in

B-G.

Embryonic segments have an anterior En-negative regidabeling is yet barely detectable (Fig. 2A,B). Stereotypic
and a posterior En-positive region (Fig. 1A). The MNB, threechanges occur in the relative positions of the MP progeny.
of the MPs (MP4, MP5 and MP6) and NBs of rows 6 and Tnitially, pairs of siblings lie side by side (e.g. Fig. 1E,F and
arise from the En-positive region. By 25% neuromererig. 2A), but as neuronal differentiation proceeds, one of each
development, MP4 is apparent near the posterior of the Epair comes to lie dorsal to the other (Fig. 2A,B,D). In addition
positive region (Fig. 1B,C). MP4 is larger in diameter, moreby 31%, the MNB has produced at least three GMCs, which
dorsal and has more intense En expression than surroundilig in a stack above it, the first born being the most dorsal (Fig.
cells at the midline. At 25%, the incipient MP5 is just posterior2l). Glial nuclei are already in place at the circumference of
to MP4, and by 26% MP5 is equal to MP4 in size and Ethe MNB (Fig. 2C). Sometime after 31%, and occasionally as
expression (Fig. 1B-D). By 27%, MP4 has divided to form twdate as 32%, the first GMC divides to produce the first pair of
progeny, both of which are initially En positive, and by 28%GCs. In the example shown in Fig. 2A,B, division of the first
MP5 has likewise divided (Fig. 1E,F). By 28%, the two MP4GMC is under way, but not complete. The incipient GC
progeny show the strong, punctate HRP-labeling characterist&blings have strong Lachesin surrounds, particularly at the
of neuronal identity, whereas in the two MP5 progeny HRPeentral face between them, and the condensed chromosomes
labeling is barely detectable (Fig. 1F). By 29%, one of the tware positioned at their opposite poles.

MP4 sibling neurons now has a conspicuously reduced level of o ) .

En expression (Fig. 1G). MP6 and the MNB differentiate fromEn expression is regulated during maturation of

26% onwards. At 26% the incipient MP6 is just ventral to MP5MP4-6 progeny and in MNB and its progeny

but by 28% comes to lie posterior to the two MP5 progeny, andfter each MP4-6 division, the two progeny initially have
by 29% has itself divided to form two progeny, both of whichequally strong En expression, but this is maintained in only one
are also initially En-positive (Fig. 1D-G). Differentiation of the sibling. A difference in En expression in the two MP4 progeny,
MNB from the neurectoderm has a time course similar to thdiorn ~27%, is just detectable at 28% (Fig. 1F) and is
of MP6, and at 28% lies next to MP6, but is somewhat morpronounced by 31% (compare 4d, 4v in Fig. 2E,F). By 32%,
ventral and is associated with its glial cap cell (Fig. 1F). one sibling has no detectable level of En, whereas the other

By 31% neuromere development, MP6 has divided teonaintains a high En level (compare 4d, 4v in Fig. 2G,H). The
produce two progeny (Fig. 2A). At this time, the MP5 progenytwo MP4 progeny thus differentiate as one En-positive and one
as well as the earlier-differentiating MP4 progeny, show strondgsn-negative neuron between 27% and 32%, i.e. during a 4-5%
punctate HRP-labeling, whereas in the two MP6 progeny HRRlevelopmental interval. The sibling pairs from MP5 and MP6
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differentiate likewise, over simili
intervals (Fig. 2E-H). This process
completed successively later in

MP5 and the MP6 siblings, reflecti
the later times of MP5 ai
MP6 division (see Fig. 4A
Downregulation of En expression _
one neuron of each pair occurs as - -GMC2
somata shift from a side-by-side, t : : -GMC3
dorsoventral orientation. The sibli
that maintains a high level of |
expression invariably comes to

more ventrally and the sibling tt
downregulates En expression, m
dorsally. A difference in orientation
evident before differentiation of tl
En-positive and En-negative fates
complete (Fig. 2E,F).

The MNB is En-positive initiall
(Fig. 1F). However, En expression 10 g -GMC3
never as strong as it is in MPs 4-6, P
by 29% the MNB has a backgrou ; g
level of En (31% is shown in Fig. 2l g
By contrast, MNB GMCs become |
positive as they mature. The GM
form an ordered stack or column, w
the newest GMC adjacent to the MM
When GMCs first arise from tl
MNB they are En-negative, b
gradually become strongly E
positive, expression being highest
the oldest GMC (e.g. GMCL1 in Fi
2E). En upregulation across
maturing GMCs is seen throught
development, as shown in a 3
neuromere (Fig. 2I-K) and a 5t
neuromere (Fig. 2L).

The MPs 4-6 and the MN
differentiate within a glial surroun
which arises early in midlir
development. At 27.5%, prior
differentiation of the MNB, gli
surround the cluster containing the
MP4 progeny, MP5 and MP6 (F
2M). Slightly later, the MNB and i
earliest progeny are also encompa:
by glial cells (31.5% is shown in Fi
2N; Fig. 3F). En-positive glial nucl
are evident at the circumference of
MNB, for example by the time
produces its first GMCs (shown at 32% and 33% in Fig. 2Ftraced individually to the cell bodies of the two MP4 progeny,
H). The glial surround persists throughout development, asne of which (4v) is more ventral (and remains En positive),

shown, for example, in a 43% neuromere (Fig. 20). and one of which (4d) is more dorsal (and becomes En

S _ negative) (Fig. 3B,C). The neurite of the En-positive sibling
Development of type-specific midline neurite (4v) branches first, at the posterior midline. In 31-32%
bundles neuromeres, HRP-labeled filopodia of the 4v sibling contact

The midline fiber tract comprises two separate bundles, startiggowth cones of lateral neurons that are growing towards the
with the outgrowth of growth cones from the two MP4midline (Fig. 3A,C). This is the first indication of the ventral
progeny. By ~31-32%, only shortly after MP6 divides, both ofregion of the midline fiber tract, and of the incipient posterior
the MP4 neurons have well-established neurites and growttommissure (PC). The ventral region of the midline fiber tract
cones oriented anteriorly (Fig. 3A-C). The two neurites can beventually includes all En-positive neuronal progeny of the
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Fig. 2. Differentiation of the MP4-6 and MNB lineages in the shape, and has the highest level of En of the GMCs (E). The
presence of a glial surround. (A-D) 31% neuromere. MP4-6 younger GMCs (GMC2, GMC3) each have yet lower levels of En.
progeny, MNB progeny, the MNB, and glial nuclei are shown in ~ The MNB is ventral to the GMCs (F). En-positive glia nuclei (g)
dorsal, intermediate and ventral levels of a confocal series (A-C). surround the MNB (F). In a 33% neuromere, the six MP progeny
Labeling is by propidium iodide (blue) to reveal nuclei, anti-HRP have punctate HRP labeling, and En downregulation is evident in
(green) and anti-Lachesin (red). A schematic shows projected the more dorsal neuron of each sibling pair (G,H). The 4d neuron
outlines of midline neuronal progeny and of glial nuclei (D). One has attained its final En-negative state, the 5d neuron has marginal
sibling each (4d, 5d) of the MP4 and MP5 progeny is dorsal and En expression and the 6d neuron has conspicuously lower En
anterior to MP6 progeny (6, 6) (A). The other two (4v, 5v) are expression than does its 6v sibling. The ventral siblings, 4v, 5v and
ventrally adjacent to their sibling partners (B). The four MP4 and 6v, maintain a high level of En expression (G,H). Of the MNB

MPS5 progeny have punctate HRP labeling (A,B). The more ventralprogeny, GMC1 has divided to produce two En-positive GCs (star),
siblings will remain En positive, and mature slightly before their  and the younger GMCs (GMC2, GMC3) are also En-positive (G).
more dorsal siblings, and have more conspicuous HRP labeling. Glia nuclei (g) surround the MNB (H). (I-L) En is upregulated as
MP6 progeny (6, 6) are apposed with Lachesin label between, andGMCs mature during early (I-K) and late (L) embryogenesis.

have the first signs of HRP labeling (A). The MNB (C) has Labeling is by anti-En (red) and propidium iodide (blue) or anti-
produced three GMCs (A,B). The first GMC has produced two HRP (green). In a 36% neuromere, the dorsal siblings (4d, 5d, 6d)
GCs, which are apposed and surrounded by Lachesin label (stars,are En negative (I,J) but the ventral siblings (4v, 5v, 6v) continue to
A,B). The second and third GMCs (GMC2, GMC3) are more express En (J,K). Of the MNB progeny, two GCs more dorsal are
ventral (B), but dorsal to the MNB (C). The MNB is surrounded by En-negative (star, 1), whereas their more ventral sibling GCs are En
glia (g), including the cap cell (cc) (C). Relative positions of cells positive (star, J). Six GMCs (two marked with white dots) show

of A-C are shown outlined (D). (E-H) 32% (E,F) and 33% variable levels of En expression (1,J) with the oldest and most
neuromeres (G,H). En is downregulated in one sibling each of the dorsal GMCs having the highest En expression (I). MNB is ventral
MP4, MP5 and MP6 progeny, whereas En is upregulated in GMCsto its GMC progeny and is En negative, whereas surrounding glial
from the MNB. Labeling was by anti-En (red) and anti-HRP nuclei (g) are En-positive (K). In a 55% neuromere, upregulation of
(green). In a 32% neuromere, one sibling each (4d, 5d) of the MPZn is evident in GMCs (white dots) in the MNB lineage (L). The
and MP5 progeny is dorsal, and anterior to MP6 progeny (6, 6) (EMMNB, which is more ventral to the GMCs, is En negative.

The other two (4v, 5v) are ventrally adjacent to their sibling (M-0O) Glia surround the MP lineages and the MNB lineages.
neurons (F). The more dorsal neurons (4d, 5d) have lowered En Labeling was by anti-Annulin (red), anti-HRP (green) and
expression (E) but the more ventral siblings (4v, 5v) maintain high propidium iodide (blue). In a 27.5% neuromere, Annulin, a glial
levels (F). MP4 and MP5 progeny have punctate HRP labeling marker, surrounds the MP4 neurons (4, 4), MP5 and MP6 (M). In a
(E,F), and growth cones of the MP4 progeny (4d, 4v) are evident a81.5% neuromere, Annulin labeling is extensive, and surrounds the
the anterior of the group (arrow, E). MP6 progeny (6, 6) show the dividing MNB (N). Other NBs and their associated GMCs are also
first signs of HRP-labeling and have slight differences in En, with surrounded by Annulin, only a few of which are seen at this

one (right) having the lower level (E). The first three GMCs of the dorsoventral level [e.g. NB 1-1 clusters; MP3 neurons (3, 3)]. In a
MNB lineage are posterior to MP6 progeny and also relatively 43% neuromere, the Annulin surround includes the MNB group as
dorsal (E). GMC1 is about to divide, evinced by chromosomal well as its mature neuronal progeny (O). Scale bargimi0

MPs 4-6, and of the MNB. Thus, the En-positive MP4 siblingcontrast, HRP-label is apparent throughout these neurons (Fig.
pioneers the PC, as well as a distinct midline bundle. A fe\8E, upper panel).
percent later, the 4d sibling is the first midline neuron to reach The restricted nature of the 8B7-label was useful in tracing
the anterior commissure (AC) and then to branch bilaterally. further development at the midline (Fig. 3G-N). By 35-36%
thus pioneers the dorsal region of the midline tract, whiclthe six MP 4-6 progeny have mature levels of En expression.
eventually includes all En-negative progeny of the MPs 4-6The three En-negative somata have assumed relatively dorsal
and of the MNB. The incipient AC is already delineated at thg@ositions and the MP4 sibling (4d), at least, has bilateral
midline (Fig. 3A), so the 4d sibling does not pioneer the AC.branches at the AC (Fig. 3G). The three En-positive somata
We found that anti-HRP and MAb 8B7 labeling revealremain relatively ventral, and two or three siblings typically
different neuronal features. MAb 8B7 was used extensively ihave bilateral branches at the PC (Fig. 3H). The bundle
earlier descriptions of the MNB group (Condron and Zinncontaining the En-negative neurons is separate from that
1994; Condron et al., 1994), and thus provides important pointontaining the En-positive neurons, and typically is
of reference. The 8B7-label reveals the core of individualmmediately dorsal to it. Occasionally, however, the bundles
neurites, but strong, well-delineated 8B7-label is transient oare offset laterally, making their separate identities clear (as
somata. Labeling of somata by 8B7 is faint in the first stageshown in a 38% neuromere, Fig. 31,J). By 38%, all six MP
of neuronal differentiation, at the time when punctate HRPreurons have branched in their respective commissures, and
label first appears, and is highest during the early stages adflditional midline neuronal progeny have been contributed
neurite extension. For example, 8B7-label is stronger on thieom the MNB lineage.
somata of MP progeny that have neurites (4d, 4v) than on At later stages, the axons of the MP neurons could be traced
younger progeny (e.g. 5d) (Fig. 3A,B), and is pronounced opast the edges of their respective commissures (data not
the soma of a lateral neuron that also has strong 8B7-labelispown). Two of the En-negative efferent neurons had bilateral
of its relatively undeveloped neurite (Fig. 3D). Neurons withbranches that grow into a small anterior tract that exits nerve
longer primary neurites or axons, i.e. having extended & (N1). They appear to be equivalent to the two DUM1 efferent
distance at least two to three times the measure of the somaturons in the adult (Campbell et al., 1995). The third En-
diameter, have only faint 8B7-label on their somata, but sustaimegative efferent neuron had bilateral branches that grew
the label on neurites and axons (Fig. 3E, lower panel). Biowards lateral nerves 3-5, and thus might be equivalent to any
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one of several adult DUM neurons. The three En-positiv®UM interneurons (Siegler and Pankhaniya, 1997; Thompson
interneurons had bilateral branches that join an ascendirapd Siegler, 1991). The six MP4-6 neurons remained closely
longitudinal tract. They thus prefigure the morphology of adulassociated with the MNB progeny (Fig. 2G-K, Fig. 3G-K).

Fig. 3. Development of midline bundles.
(A-E) 32% neuromere. Labeling is by
propidium iodide (blue), anti-HRP (green)
and anti-8B7 (red). Two midline growth
cones extend anteriorly between two glia
(9), one growth cone from 4v (left) and one
from 4d (right) (A-C). Continuous and
strong 8B7 label occurs at the core of the
growth cones and around cell bodies,
whereas HRP-label also marks the entirety
of the growth cones from the 4d and 4v
neurons (A,B). 8B7 label is faint and
discontinuous on neuron 5d and HRP label
is only weakly developed (A,B), as is also
true for sibling neuron 5v (ventral to plane
of scan). 8B7 labeling of 4d and 4v
neurons was traced through all sections as
shown on the schematic (C). 8B7 labeling
of the 4v neurite is traced in white (left)
and labeling of the 4d neurite is traced in
magenta (right). The MNB and the MNB-
associated glia are ventral to the plane of
section. A lateral neuron has strong 8B7
label around its cell body (vertical arrow)
and at the core of its relatively short growth
cone (horizontal arrow) (D). HRP label
(not shown) was comparable to that of the
4d neuron in A. Another and older lateral
neuron has a well developed primary
neurite (arrows), shown in both upper and
lower panels (E). Upper panel shows all
three labels used; lower panel shows
confocal channels for anti-8B7 and PI
labels only. 8B7 label is strong within the
core of the neurite, but barely evident
around the cell body (upward arrows).
HRP label is strongly maintained on both
the cell body and the primary neurite.

(F) 31.5% neuromere. The midline fiber
tract is just forming. The 4v neuron has an
i N1 anteriorly extended growth cone (gc), with
y broad lamellipodium and filopodia. Its
‘Kf‘c“ trajectory is towards other growth cones
— (upward oblique arrow) from lateral
neurons that pioneer the posterior
commissure (PC). HRP-label also shows part of the incipient anterior commissure (AC) and progeny of MP3 (3, 3). Annglireledzddinhe
glial surround; some glial nuclei (g) are indicated. Labeling is by propidium iodide (blue), anti-HRP (green) and anti¢@siehulin

(G-K) Neurites of MP4-6 progeny comprise two bundles, one dorsal, which branches at the AC, and one ventral, which bnanees at t
Panels show dorsal neurons (G,l), ventral neurons (H,J) or both (K). In a 35.5% neuromere (G,H), the three dorsal MR feureEyRtve,
and have midline neurites that cross the PC and extend anteriorly to branch bilaterally (oblique arrows) at the AC (€& vEheahMP
neurons are En positive, and have midline neurites that branch bilaterally (oblique arrows) at the PC (H). Labeling8B bygaedn) and
anti-En (red). In a 38% neuromere (I-K), the dorsal and ventral bundles also have different mediolateral positions. Téle8&olah by
turquoise in the more dorsal panel (1) and by magenta in the more ventral panel (J), or combined (K). In the more d@)sakpiaites
(horizontal arrows) of the dorsal neurons (4d, 5d, 6d) extend to the AC, where they branch bilaterally (oblique arrows)rénvéreral panel
(J), neurites of the ventral neurons (4v, 5v, 6v) extend only to the PC, where they branch bilaterally (oblique arrolvgarelbpthe more
posterior cells are MNB progeny. (L-N) The median nerve develops separately. Labeling was by anti-8B7. All panels shawgassarngo
neuronal framework in flat gray; each panel also shows in black the 8B7 labeling at only one dorsoventral level. In a 38%,rtberorast
dorsal panel shows the developing median nerve (L). The Y-shaped figure at the anterior (oblique arrows) is formed biyspinadtes o
motoneurons. The neurites meet at the midline just posterior to the PC and travel posteriorly in a bundle that is dbssgldoatarfrom, the
midline fiber tract. The horizontal neurites at the posterior (upward vertical arrows) comprise the peripheral portionsigétiteriedian
nerve. The neurites have reached the midline, and in later stages will grow anteriorly to meet the neurites of the spimaensand form
the median nerve. Two successively more ventral panels show the dorsal bundle of the midline fiber tract (horizontal amodshéventral
bundle of the midline fiber tract with bilateral branches in the PC (downward vertical arrows) (N). Scalgibam 20K, 20pum in L-N.
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Thus, what is commonly referred to as the ‘DUM group’ or themedian nerve is quite separate in development, however. By
‘MNB group’ of the adult also includes the MP4-6 progeny. 43% the proximal and distal portion of the median nerve have
The median nerve, which has a portion of its path along theined, and a portion of the median nerve traverses the cluster
midline, is developing at the same time. At 38%, the peripheralf neuronal somata produced by the MNB (data not shown).
and central portions of the incipient median nerve have not ydthis morphology is evident also in adulthood (Thompson and
joined. The neurons that form the distal portion of the nerv&iegler, 1991).
grow inwards from the periphery, but have not yet met at the The two midline bundles were traced to their mature form
midline (vertical arrows, Fig. 3L). The central region arisegdata not shown). The bundle pioneered by 4v ultimately
from paired neurons of bilateral origin, including the spiracledbecomes the posterior DUM tract (PDT) of the mature
motoneurons. Their axons have grown to the midline, dorsal [ganglion, whereas the bundle pioneered by 4d ultimately
the PC, and are extending posteriorly (oblique arrows, Fig. 3Lpecomes the superficial DUM tract (SDT) and/or deep
A 'Y’ shape is thus formed just posterior to the PC, whichDUM tract (DDT). The PDT comprises En-positive DUM
superficially resembles the bilateral PC branching ofnterneurons, and the SDT/DDT comprises the En-negative
interneurons from MP4-6s and the MNB (Fig. 3M,N). TheDUM efferents (Thompson and Siegler, 1991).
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Fig. 4. Midline precursors and GMCs each
produce one En-positive and one En-
negative neuron. (A) En expression in
neurons from MP4, MP5 and MP6, in 28%
to 35% neuromeres£36). Vertical bars
show the number of neurons (lgfaxis) in
individual neuromeres as the sum of neurons
with no detectable En (white) and at least
some En expression (gray). Downward
arrows indicate neuromeres having one
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number through 45% embryogenesis. After
45%, the number of En-positive neurons
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negative neurons remains steady or
decreases. (D,E) Embryos injected with
BrdU at 35% (D) or 55% (E) were allowed
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containing many more En-positive

neurons than En-negative neurons. By
55% development, the populations have
the mature number of En-negative
efferent neurons. The first embryonic
molt, from 45% to 55% embryogenesis,
yields  substantial cell  death,

particularly in abdominal neuromeres

(Thompson and Siegler, 1993). Counts
after 45% therefore do not measure the
absolute numbers of the two neuronal
types produced. However, taken
together with the BrdU data (below),

these data allow a minimal estimate for
the extent of cell death among the
neurons of efferent fate.

Evidence from BrdU labeling

To test our hypothesis directly that each
GMC division gives rise to one sibling
with an En-negative efferent fate and

_ _ . _ _ one sibling with an En-positive
Fig. 5.Birth and death of En-positive and En-negative neurons. (A,B) Birth of neurons. The jnterneuronal  fate embryos were

embryo was injected with BrdU at 35% and dissected after a further 48 hours (~45% . : A
embryogenesis). Labeling was by anti-HRP (green), anti-BrdU (blue) and anti-En (red). Th Injtected Vg'th BrdU. Fc;r.tylellghbt Todurts
MNB, GMCs, GCs and the neurons born during the injection period are BrdU positive. In A,aoler' embryos were triple-labeled 1o
T3 neuromere, examples of BrdU-positive neurons that have downregulated En (En-negati&}S€SS BrdU incorporation, neuronal
are marked by single stars; those that have some level of En are marked by double stars. T@iferentiation, and En expression (Fig.
neurons born prior to BrdU injection are also marked: one En negative (En-) and the other BA,B). We sampled injection times
positive (En+). The horizontal arrow indicates a dividing GMC. In B, an A1 neuromere, sibli@gross embryogenesis, but focused on
BrdU-positive neurons are marked: one is En negative (single arrow, left); the other is En two: 35% and 55%. By about 35%, the
positive (double arrow, right). (C,D) Death of neurons. Pyknotic profiles shown in DIC imagditst GCs are produced. By 55%, the
with superimposed labeling from anti-HRP (green) and anti-En (red). (C) Pyknotic profiles %roups contain the mature number of
70% in T3 (En positive, black arrows; En negative, white arrow); (D) pyknotic profiles at 559 n-negative (efferent) neurons, but less

in A1 (En negative, white arrows). Scale barp2Q. than the mature number of En-positive

neurons (Fig. 4B,C). By the sequential

] o ) model, 55% would be well past the time
The MNB lineage: each GMC division yields one En- that efferent neurons are produced. Embryos injected at 35%
positive and one En-negative neuron matured to 43-44%, thus prior to the onset of neuronal cell
During the early development of the MNB lineages, up to 50%leath. Embryos injected at 55% matured to 63-65%, at or
in T3 and 45% in Al and posterior, newly differentiatedshortly before the time the MNB dies. For early and late
neurons included both En-positive neurons (interneuronal fatétervals alike, we tallied En-positive and En-negative neurons
and En-negative neurons (efferent fate) in about equfHRP labeled) that were born after BrdU injection (BrdU
numbers. This outcome was not expected: by the sequentjgbsitive).
model, the early part of the lineages should be composed of En-positive neurons and En-negative neurons labeled with
En-negative neurons alone. We therefore hypothesized that, BedlU were essentially identical in number, during both
in the MP4-6 lineages, neurons of two types arise from eadhtervals, irrespective of the total number of neurons labeled.
GMC division. We tested this hypothesis, first, by counting EnFor injection at 35%, the number of BrdU-labeled neurons
positive and En-negative neurons throughout development an@neants.d.) was 7.5+2.4 (En positive) versus 7.6+2.3 (En
second, by labeling with BrdU to trace the birth of siblingnegative) (Fig. 4D). For injection at 55%, the number of BrdU-

neurons. labeled neurons was 7.1+2.9 (En positive) versus 6.7+2.7 (En
_ _ negative) (Fig. 4E). Counts made from a sampling of other time
Evidence from population counts points, and including other neuromeres (e.g. T2 and A2),

En-positive and En-negative neurons increased in alikewise showed that equal numbers of En-positive and En-
essentially 1:1 fashion, through 45% embryogenesis. At 40%egative neurons were born from the MNB lineages.

neuronal counts (meants.d.) were 9.0+1.3 (En-positive) versus The numbers of BrdU-labeled En-negative versus En-

8.2+1.1 (En-negative) in T3, and 6.8+3.7 (En-positive) versugositive neurons in individual preparations were strongly

6.6x1.3 (En-negative) in Al. At 45%, counts were 3.0  correlated. The coefficient of correlation was 0.99 for T3 and

(En-positive) versus 1542.0 (En-negative) in T3, and Al together, and 0.99 and 0.98, respectively, for T3 and Al
12.3t1.9 (En-positive) versus 1®2.3 (En-negative) in separately, for injections at 35% (Fig. 4D). The coefficient of

Al (Fig. 4B,C). From 50% onwards, however, the numbergorrelation was 0.88 for T3 and Al together, and 0.93 and 0.90,
diverged conspicuously, to yield midline populationsrespectively, for T3 and Al separately, for injections at 55%
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’

. En-positive interneuron .
f

En-negative efferent neuron ®

!— Neuronal death- interneuronal fate

Neuronal death- efferent fate

Fig. 6. Summary of MP4,
MP5, MP6 and MNB
lineages.

(Fig. 4E). All labeled T3 and Al neuromeres were included irembryogenesis show about 65 En-positive versus 19 En-
these data, and confirmed the prediction that equal numbersrmggative neurons, or roughly 45 fewer En-negative neurons. In
the two neuronal types would be labeled irrespective of th&l, counts at 85% embryogenesis show about 52 En-positive
total number of BrdU-labeled neurons. The average number gersus three En-negative neurons, or roughly 50 fewer En-
BrdU-labeled neurons in total (En-positive plus En-negativehegative neurons. From the disparity of numbers it is clear that
was similar for the two intervals, 15.5+4.6 and 13.8+5.4 (35%sell death is crucial in shaping the mature populations. It can
and 55% injections, respectively). The range in number dbe inferred that the total number of progeny produced in the
BrdU-labeled neurons was eight to 24 neurons and five tineages are at least twice the number of surviving En-positive
24 neurons (35% and 55% injections, respectively). Somprogeny. Thus, in T3 at least 35% (45/130) of the neurons, and
neuromeres counted had complete labeling of the lineage (tireAl about 50% (50/104) of the neurons produced in the MNB
MNB and all GMCs and GCs having BrdU labeling), whereagpopulation die across embryonic development. This is an
others had less complete labeling (some GCs and/or GMCs dithderestimate to the extent that En-positive neurons also die
not have BrdU labeling). Incomplete labeling would haveduring these times.
occurred if BrdU was diluted away from the injection site, for From 50% onwards, pyknotic profiles had dense HRP-label,
example. indicating neuronal differentiation prior to death. Some profiles

For injections at 35% embryogenesis, we also countedlere En-negative at the core, whereas others were En positive,
midline neurons that were BrdU-negative after the 48 houconfirming that neurons of both fates are removed from the
interval. The numbers of each type were (meanzs.d.) 4.3t0population (Fig. 5C,D). It was previously assumed that all
(En-positive) versus 4.3+0.7 (En-negative), or a total ofyknotic profiles late in the lineage were cells of an
8.6+1.4 neurons. The sample comprised 24 neuromeres, liferneuronal fate, in accordance with the sequential lineage
from T3, and 12 from Al. In 22 of the neuromeres, the countsodel (Thompson and Siegler, 1993). In light of present data,
of En-positive neurons/En-negative neurons respectively wethis appears to be incorrect. These events are further
3/3, 4/4 or 5/5. In two cases, these in Al, values were 4/8locumented in a related study (M. V. S. S. and X. X. J,,
possibly reflecting the slightly later onset of HRP-label in theunpublished). No evidence was found for cell death among
En-positive neurons. Three of the neuronal pairs could b&MCs or GCs, as identified by a lack of HRP labeling,
identified from position and soma diameters as the MP4-finforcing the view that some degree of neuronal
progeny, whereas the additional one or two pairs are neurodgfferentiation precedes cell death.
produced by the MNB lineage.

Although each GMC division produces two neuronal
progeny that are of unlike type, near the end of embryogeneddSCUSSION
the midline groups contain greatly more En-positive neurons
than En-negative neurons (Fig. 4B,C). These counts allow P4, MP 5 and MP6 and the MNB are separate
minimal estimate of the extent of cell death, at least among Efeuronal progenitors
negative progeny of efferent fate. In T3, counts at 85% he midline precursors MP4, MP5 and MP6, and then the
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MNB, arise in close temporal succession from 24-28% o€ontained the injected label, this consistent with an injection
neuromere development. In the sequence of origin, the thred the MNB and with the lineal development that we report.
MPs each divide once, and the two progeny of each )
differentiate as neurons. Punctate HRP-label, a reliable markBo the MNBs produce glia?
of neuronal differentiation, appears in MP4 progeny by 28%The timing of midline glial development is also important in
and in MP6 progeny by 31%. The MNB arises at the same timassessing our results relative to prior studies. We find that the
that MP6 enlarges (28%), and then divides in stem cell fashiddNB is surrounded by glia by (at least) 28%, and the glial
typical of other NBs. The MNB produces its first GMC at 29%,sheath is intimately associated with the MNB by (at least) 34%.
but it is not until 36% that the two progeny of this firstBy an earlier view, the glia are produced from 33-40%, and a
GMC begin neuronal differentiation. Thus, a 5% gap in theglial sheath surrounds the MNB after 35% (Condron and Zinn,
production of midline neurons occurs between 31% (neurondl994). In support of these observations, injection of the MNB
differentiation of MP6 progeny) and 36% (neuronalat 34% labels the midline glial sheath only (or the sheath and
differentiation of first MNB progeny). neurons, depending on length of the subsequent period of
Our results are consistent with the first description of theulture). We suggest the possibility that tracer entered the
four separate progenitors (Bate and Grunewald, 1981). Thaready present glial sheath, which would necessarily be
contrasts with the view that the MP5 and MP6 progeny, andenetrated by an injection microelectrode before it reached the
probably also the MP4 progeny, are the earliest neurofdNB. This would label glial cells directly, rather than via
produced by the MNB (Condron and Zinn, 1994). It has alstineal conveyance from the MNB. Inadvertent introduction of
been reported that the MNB produces neurons from 28-33%acers into the glial surround, instead of or in addition to
and after 40%, and that during the intervening 7% gap, thiejection of the MNB, might well be difficult to avoid, given
MNB produces midline glia (Condron and Zinn, 1994;their intimate association.
Condron et al., 1994). The 5% gap in differentiation that we Our data do not support the idea that En is involved in
observe is roughly similar to this in timing and extent, but weswitching MNB progeny from a neuronal fate to a glial fate.
find a different cause: timing of neuronal differentiation amongNhen En-antisense nucleotides were injected into the MNB,
progeny of the different precursors. the results were taken as evidence that, by blocking En
To understand how our own findings might be reconcileegxpression, the MNB was caused to produce extra neuronal
with earlier reports, we ultimately focused on methodologicaprogeny at the expense of glial progeny (Condron et al., 1994).
issues. One point is readily resolved. The slight difference iA key methodological point is that neuronal somata were
the timing of the ‘gap’ in neuronal production can be ascribedounted by using 8B7-label. Such counts would underestimate
to differences in the antibodies used to label neurons. Thbe normal population, however, because strong 8B7-label is
anti-HRP Ab detects new neurons at an earlier stage a@fansient in neuronal somata, as discussed in the Results.
differentiation than does MAb 8B7, the latter having been usebhdeed, by using the more robust HRP-label we counted about
in prior studies. A second point, that of the neuronal or gliatwice the number of neurons than were found by using the 8B7-
identity of MNB progeny, can also be resolved by considerindabel in normal embryos at the same stages (Condron and Zinn,
methodology, but requires more discussion. In an earlier stud$994; Condron et al., 1994). Moreover, our neuronal counts in
midline lineages were assessed by injecting the putative MNBormals were virtually identical to those reported for the
with tracer at 28-29% neuromere development, and theantisense-injected preparations. This suggests that neuronal
inspecting labeled progeny after a culture period of 72 hounsumber was not altered by the antisense manipulation, rather
(Condron and Zinn, 1994). While it might seem that such #hat the number of 8B7-labeled somata was increased. Midline
direct approach would give a more accurate picture than thaeurons in the injected preparations also had truncated
afforded from the close study of labeled, fixed preparationsjeurites, and it is plausible that, absent normal neurite
two concerns are key. One is the identity of the injecteé&longation, the 8B7 epitope accumulated at the somata.
progenitor. The other is the timing of glial development. Normally, 8B7-label on somata wanes as neurites extend, as
The 28% time point is important because the MNB and MP8hown in the present study. En-antisense nucleotides,
are then adjacent, and of similar size. In fixed, antibody-labeledtroduced into the neuronal lineage via injection of the MNB,
embryos, the two can be readily distinguished from each othenight well disturb development of the En-positive GMCs and
by their intensities of En expression and by their positionseuronal progeny. A direct effect on En levels in the MNB is
relative to differentiating MP4 and MP5 progeny, but use ofinlikely, however, because (as we show) En expression in the
live embryos does not afford such markings. Thus, it is entirel[NB is negligible by the time it is generating progeny. En-
plausible that in the prior lineage studies, the MNB wasantisense injections also resulted in a failure of normal glial
injected with tracer in some 28-29% embryos, whereas MP@evelopment, this interpreted as the result of switching the
was injected in others. Indeed, these earlier data show tWwdNB fate to favor neuronal production. If En-antisense
outcomes of injection. In one outcome, a single pair of neuronsucleotides were inadvertently introduced into the already
of unlike type contained the injected label. Both neurongresent glial surround, this might well yield abnormal glial
bifurcated at the midline, but at separate anteroposteriatevelopment as the glia themselves are En-positive.
positions, this being consistent with the morphological We find no evidence that the MNB produces glial progeny,
differences we see between the sibling MP6 progenyput the possibility cannot be formally excluded that at an initial
Unintended injection of MP6, instead of the MNB, thus coulddivision, a precursor of the MNB gives rises to the MNB and
have lead to the conclusion that these siblings arose early fraim a glioblast. InDrosophila this pattern is seen in a limited
the MNB, prior to a purported period of glial production. Innumber of NBs (or neuroglioblasts) (Bossing et al., 1996;
the other outcome, a small group of GMCs or neuronal progerfychmid et al., 1999; Schmidt et al., 1997). However, there is
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no evidence fronDrosophilathat the MNB produces glia. similarity that may be important in understanding the
Instead, the midline glia arise from separate glial progenitorsontrasting modes of asymmetric division between
(Jacobs and Goodman, 1989; Klambt et al., 1991; Klambt eteuroblasts, which act as stem cells, and other CNS neuronal
al., 1996). Our evidence from grasshopper is consistent witbrecursors, which undergo terminal divisions.

this scheme, reinforcing the view that grasshopper and Differential En expression would be critical for the
Drosophila share essential features of embryonic CNSdifferentiation of asymmetric neuronal types in the MP4-6 and

development. MNB lineages. The gradual loss of En in one member of a
sibling pair coincides with the beginning of neuronal

En expression and asymmetric fate in MP and MNB differentiation, and is evident well before growth cone

lineages formation. Differential En expression could then contribute to

Progeny of the MPs4-6 are of asymmetric type. This pattern the different pathway choices made by the neurons (Marie et
again consistent with what we know of midline developmenal., 2000). InDrosophila En regulates the expression of
in Drosophila Three so-called VUM neurons in each neuronal cell adhesion molecules, and misexpression of En in
embryonic segment are En-negative efferent neurons, wheregasstmitotic neurons grossly alters neuronal morphology
three presumed siblings are En-positive, and of interneuronébiegler and Jia, 1999). As in grasshopper, En expression
fate (Siegler and Jia, 1999). occurs in interneurons, but not in efferent neurons, further
The two types in grasshopper come to occupy respectiveividence for a role of En in the differentiation of neuronal type
more dorsal, or more ventral somata positions, trace separdtiegler and Pankhaniya, 1997; Siegler and Jia, 1999; Siegler
midline bundles, and branch bilaterally at separatetal., 2001). The question remains unanswered as to the means
anteroposterior locations. The three En-positive interneurortsy which local or intersegmental interneuronal fate is
pioneer the ventral region of the midline fiber tract, andletermined. En expression differs considerably among the
bifurcate at the PC. The three En-negative efferents pioneer theature interneurons, and may contribute to pathway choice
dorsal region of the midline fiber tract, and grow anteriorly pastSiegler and Pankhaniya, 1997). A successive expression of
the PC to bifurcate at the AC. It was earlier reported that theeveral transcription factors could confer a more specific
two MP4 progeny were of like morphology, and pioneered therdering of phenotype (Isshiki et al., 2001).
dorsal region of the median fiber tract, branching at the AC, o o
whereas the two MP6 progeny (also of like morphology)A revision of midline lineages — developmental and
pioneered the ventral region of the median fiber tract, an@volutionary implications
branched at the PC (Goodman et al., 1981), but this appedrse MNB is one of the longest-lived NBs in grasshopper and
not to be the case. Sibling progeny of the MNB lineaggroduces one of the largest neuronal lineages. The MNB
likewise are of asymmetric type. This pattern of sibling pairdineage was among the first of the NB lineages to be studied
does not, however, reflect the final composition of the MNBn detail, and in sum the morphological, electrophysiological
group. Substantial cell death ultimately removes neurons @nd biochemical properties of its embryonic and adult neurons
both types, though predominantly those of En-negative fate. lare more thoroughly known than for other lineage groups in
abdominal neuromeres, the three surviving efferent neurornssects. The MNB lineage of grasshopper has served as a basis
(so-called DUM neurons) are almost certainly the thredor understanding how neuronal types are produced broadly
efferent progeny of MPs4-6, and given this, it appears that adicross lineages of the insect CNS (Burrows, 1996; Truman et
efferent progeny generated by MNB abdominal lineagesl., 1993).
ultimately die. Pyknotic profiles were surrounded by robust The sequential model had seemed plausible, given that
HRP-label, indicating that death occurred only after neuronaibling neurons were assumed to remain in proximity
differentiation had begun. The timing of these events suggest§&oodman and Spitzer, 1979; Goodman et al., 1980). However,
that neuronal cell death occurs in some En-negative neuroitsis now clear that asymmetric neuronal siblings from GMC
before their axons exit the CNS. and MP divisions are not positioned according to birth order
En expression levels change predictably during midlines previously thought, rather their somata come to occupy
development. The MPs4-6 have the highest level of Erelatively dorsal or ventral locations according to neuronal
expression just before division. A high level of En expressionype. Their primary neurites are wholly separated by neuronal
is maintained in one MP sibling, while in the other MPtype, tracing different midline tracts and different
sibling En is reduced to undetectable levels after 1-2% ofommissures. Thus, neuronal morphology and position are not
development. The MNB expresses En at its earliest stage, lgood indicators of birth order within a lineage.
never at the levels seen in the MPs. En expression wanes toOur findings lead to a revised account of the MPs4-6 and
background levels by the time the MNB is producing GMCsMNB lineages (Fig. 6). Evidence has long been available from
The GMCs are En-negative as they arise from the MNB bugrasshopper, and then frddmosophilg that sibling neurons of
gradually develop En expression, which is strongest just befoapparently unlike, or asymmetric type are produced from
a particular GMC divides to produce two GCs. En expressioMPs1-3 and from the first GMCs of some NB lineages (Doe
could regulate the expression of cell adhesion molecules in tlet al., 1988a; Doe et al., 1988b; Goodman et al., 1981; Kuwada
GMCs as it does in neurons (Siegler and Jia, 1999), perhapsand Goodman, 1985). And, at least one postembryonic lineage
allow the most mature GMC to separate from the GMC columim Manduca produces siblings of two types (Witten and
and undergo division. Regulation of En expression in GMCIruman, 1991). These findings have not been incorporated into
sibling progeny is similar to that in the MP4-6 progeny.a more general model of neuronal lineages, however; possibly
Although MPs are sometimes referred to as neuroblasts, ofar two reasons. In contrast to other MPs, MPs4-6 were thought
findings emphasize the similarity between MPs and GMCs, e@ach to produce progeny of like type (Goodman et al., 1981).
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