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The purpose of this study was to determine
the factors underlying differences
in population
size and composition
between segmentally
homologous
neuronal lineages. The segmental median
neuroblasts
(MNBs) of grasshoppers
are
identified
stem cells that each produce
a midline group of
neurons. We traced the embryonic development
of the group
in two disparate
segments,
counting MNB progeny and profiles of dying cells in fixed and stained preparations
of staged
embryos.
In the metathoracic
segment (T3), about 95 MNB
progeny survive embryonic development,
whereas in the next
posterior
segment,
the first abdominal
(Al), only about 60
survive. In T3, the MNB arises at 29% of embryogenesis
and
dies at 76%, whereas
in Al the MNB arises at 30% and dies
at 73%. In T3, the number of MN6 progeny initially increases
at a steady rate, 10 cells being added per 5% of embryogenesis. Between 70% and 76% growth tapers off; although
the T3 MNB continues
to divide, cells die at the same time,
specifically
removing last-born
progeny. By contrast, in Al
the MNB progeny increase in two phases, one from 30% to
45% and the other from 60% to 73%, again at the rate of
10 cells per 5%. Between
the two phases, the number of
Al progeny is stable. The Al MNB continues
to divide, but
cells die at the same time, specifically
removing earlier-born
progeny. The episodes
of cell death in Al and T3 coincide
with embryonic
molts, and thus may be hormonally
triggered.
Cell death is greater in Al than T3, accounting
for most of
the difference
in population
size. The difference
in MNB longevity makes a lesser contribution.
The present data, together with corollary anatomical
data (Thompson
and Siegler, 1991), support
the hypothesis
that progeny
fated to
become certain neuronal types are selectively
removed from
the two MNB lineages:
intersegmental
interneurons
from T3
and efferent neurons and local interneurons
from Al.
[Key words: cell death, embryonic
development,
grasshopper, insect, neuroblast,
segmental
homology]

Studies addressingthe issue of diversity in neuronal lineages
have confirmed that numerouscell types can be produced by a
singlestemcell in lineagesthat may be variable or deterministic,
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and that intrinsic and extrinsic mechanismsmay play roles in
either case(seeMcConnell, 1991,for review). Much still remains
to be learned about how developmental processescontrol neuronal number and the acquisition of neuronal phenotype.
In the presentstudy we have taken advantage of attributes of
the grasshopperto examine the production of specific lineages
by identified neuroblasts.The grasshopperis one of very few
animalswith both identifiable neural stem cellsand identifiable
adult neurons. Individual neuroblasts and neurons have the
samelocation and properties from embryo to embryo or adult
to adult. Neuroblastsand their progeny are large and accessible
for study with cellular precision. Previous work hasestablished
the composition of the neuroblast arrays in embryos and the
pattern of divisions that they undergo (Wheeler, 1893; Bate,
1976; Bate and Grunewald, 1981; Doe and Goodman, 1985).
In addition, a tradition of intracellular neuroethological investigation has resulted in extensive documentation of the properties of numerousidentified adult neurons.Thus, neurodevelopmental studies in grasshopperscan directly examine the
production of known neurons by identified stem cells.
Insectsthat undergo a complete metamorphosis,suchas flies
and moths (e.g., Drosophila and Manduca), show substantial
postembryonic neurogenesisassociatedwith the remodeling of
the animal from larva to pupa to adult. This contrastswith the
grasshopperand other hemimetabolous insects,which do not
undergo complete metamorphosis.In grasshoppersthe cells of
the ventral nerve cord are generatedembryonically, such that
upon hatching the neuroblastshave all died, the nervous system
is postmitotic, and there is no evidence that more neurons are
born (Bate, 1976; Bate and Grunewald, 1981; Shepherd and
Bate, 1990).
In grasshopperembryos, neuroblastsundergo repeatedasymmetrical divisions to produce from a few to more than 100
neural progeny (Bate, 1976). A neuroblast divides to produce a
neuroblast and a smaller ganglion mother cell. The ganglion
mother cell undergoesa terminal symmetrical division to produce two ganglioncells,which differentiate to becomeneurons.
The segmentalganglia of the ventral nerve cord are thus composed of groups or families of lineally related neurons, each
resulting from the divisions of a single neuroblast.
The medianneuroblast(MNB) is identifiable by its size, shape,
and position in eachsegmentofgrasshopperembryos. The progeny of the MNB remain closely clustered around it during development (Goodman and Spitzer, 1979; Goodman and Bate,
1981). The clusteringof thesemidline progeny persistsafter the
death of the neuroblastand throughout the life of the insect. In
addition, the midline neurons are physically separatefrom the
other groups of developing neuronsduring embryogenesisand
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from other neurons in the adult CNS. Thus, the MNB and its
offspring are readily located with no need for a cell-specific
marker.
In adult grasshoppers these midline neurons have been well
studied and are known as the dorsal unpaired median, or DUM,
neurons. Many of the more than 90 neurons in the metathoracic
segment (T3) have been identified with respect to morphology,
physiology, role in behavior, and neurotransmitter type (Evans
and O’Shea, 1978; Hoyle, 1978; Watson, 1984; Siegler et al.,
1991; Thompson and Siegler, 1991; Stevenson et al., 1992).
Their properties separate them into one of three classes of neuron: efferent, local, or intersegmental. Evidence to date suggests
that the lineage of the MNB in T3 is determinate, but the question of the relative contributions of intrinsic or extrinsic mechanisms in formation of the lineage is not settled (Goodman and
Bate, 1981; Taghert and Goodman, 1984; Doe et al., 1985;
Thompson and Siegler, 199 1).
The grasshopper embryo has segmentally reiterated arrays of
neuroblasts in a pattern that is essentially the same in every
thoracic or abdominal segment (Bate, 1976): 30 bilateral pairs,
in seven rows of two to six neuroblasts, and the single posterior
MNB studied here. This segmental uniformity is in marked
contrast to the regional specializations of segments in the adult.
For example, the segmental ganglion in the thorax that controls
the jumping legs and hindwings (metathoracic, T3) has approximately 2000 nerve cells, while small abdominal ganglia in segments that do not bear legs or wings have only about 400 neurons.
Of relevance for the present study is the observation that the
composition of the lineages produced by the MNBs varies among
segments. This variation allows us to ask how homologous MNBs
can produce different lineages. Here we show that temporally
and segmentally distinct episodes of cell death appear to be the
major mechanisms accounting for differences in the number and
complement of surviving progeny of serially homologous neuroblasts. Furthermore, it appears that the timing of cell death
is correlated with two of the four embryonic molts.

Methods
Staging of embryos. The embryonicdevelopment
of Schistocerca americana, thegrasshoppers
usedin our studies,takes20 d at 33°C.Embryos

werestagedaccordingto percentage
of embryogenesis
(Bentleyet al.,
1979).The time at whicheggsarelaid is 0%(eggsarefertilizedasthey
passdown the oviduct), and 100%is the time of hatching.Therefore,
a 50%embryois halfwaythroughembryonictime. Embryoswereeither
assigned
to oneof the 5%incrementalstages
of Bentleyet al. (1979)or,
if clearly between stages, assigned to the midpoint between them. For
the quantitative analyses in this study, embryos were grouped together
in 5% stages. Our estimated error in staging is + 1%.
Toluidine blue staining. Neuroblasts and neuronal cell bodies were
stained with toluidine blue dye (Altman and Bell, 1973). Different times
and protocols were found to be appropriate for embryos and adults.
Briefly, embryos of 25-65% were dissected to expose the dorsal surface
of the developing nerve cord in saline containing (in mM) 150 NaCl, 3
KCl, 2 CaCl,, 1 MgSO,, and 5 TES (N-tris[hydroxymethy]-methyl-2aminoethane-sulfonic acid), and adjusted to pH 7.2. They were stained
in situ with toluidine blue dye for- 15 min at room temperature, and
then destained with Bodian’s II fixative for l-5 min. dehvdrated with
2 min steps in 90%, 95%, and twice in 100% ethanol,‘clearkd in methyl
salicylate, and mounted in Canada balsam. The treatment of embryos
older than 65% involved dissecting embryos as above except sometimes
the developing nerve cords were removed from the embryos before
staining 20-30 min at room temperature, and then dehydrating, clearing,
and mounting as above. For adults the ganglia were removed from the
animals and stained for 30-45 min at room temperature, or 15 min at
room temperature and 15 min at 50°C. Preparations were destained in
Bodian’s II fixative for 15-30 mitt, dehydrated in 5-10 min steps, cleared,

and mounted as above. These procedures produced ganglia containing
neurons with dark nuclei and an outer rim of dark cytoplasm. Glial and
sheath nuclei were only lightly stained. The dark staining of neuronal
nuclei was an advantage because it helped to reveal deep neurons in
whole-mounts. Other preparations were treated with a 2 min prefix in
Bodian’s 1I:saline (1: 1) for 2-5 min before staining. With this treatment
the nuclei of the neurons were unstained, but the neuronal cytoplasm
was stained. Glial and sheath cell nuclei were completely unstained.
Embryonic preparations were examined in bright-field or DIC optics at
945-l 500 x and adult preparations at 600 x . Drawings were made using
a drawing tube attached to a compound microscope. Cells were counted
from drawings ofwhole-mounts of toluidine blue-stained material. Pyknotic nuclei were counted directly from whole-mounts, at 1500 x with
DIC optics.
Feulgen staining for whole-mounts and sections. Embryos were separatedfrom the yolk and gut and fixed in nonalcoholic Bouin’s fluid.

Theyweretreatedwith 5N HCl for 30min,andstainedin Schiffreagent

(Sigma) for 2 hr in the dark. They were then bleached with sulfrous acid
solution (0.05 N HCl, 0.4% Na&OJ and dehydrated through a graded
series of alcohols to methyl salicylate for viewing in whole-mount or
embedding in Epon.
GABA immunohistochemistry and suljide silver staining. Whole metathoracic ganglia were stained for GABA-like immunoreactivity following the protocol of Witten and Truman (199 1). The antiserum was
obtained from Chemicon, Inc. Ganglia were stained for heavy metals
to reveal octopamine-containing neurons,
following the protocol of Siegler et al. (1991).
Epon sections. Selected embryos were taken from methyl salicylate
to Epon for sectioning at a thickness of 4-8 pm. and stained with a
mixture of methylene blue and toluidine blue. Some ganglia had been
fixed in Bouin’s fixative and dehydrated. Others had been stained with
the Feulgen method. See Thompson and Siegler (1991) for details of
sectioning.

Results
Propertiesof the adult MNB lineagegroups
The segmentednature of the adult metathoracic ganglion is
evinced by the separateclustersof DUM neuronsbelonging to
segmentsT3, Al, A2, and A3 (Fig. la). The MNB lineagegroup
in T3 contains approximately 93 neurons (92.5, SD 3.8, N =
2 l), while the MNB lineagegroup in A 1contains approximately
60 neurons(58.8, SD 2.3, N = 39) (Fig. lb,c). Among the progeny of the MNB in T3 are some20 efferent DUM neurons. In
adult grasshopperstheseneurons have large cell bodies (50-80
pm in diameter), a singleprimary neurite that bifurcates at the
midline, roughly symmetrical branches,and bilateral axons that
exit in the lateral nerves to supply peripheral targets (Figs. 1b,
2a). In segmentA 1, there are only three efferent DUM neurons.
These are similar in shapeto thosein T3, but are located more
posteriorly, in the Al region ofthe metathoracic ganglionicmass
(Figs. lc, 2a).
Our recent studieshave shownthat in addition to the efferent
DUM neurons, in T3 the MNB lineage group comprisestwo
types of spiking intemeurons, local and intersegmental (Fig.
2b,c; Thompson and Siegler, 1991). They have cell bodies that
are much smallerthan thoseof the efferent DUM neurons;most
are 15-20 pm in diameter. The intemeuronshave singleprimary
neurites with bifurcations at the midline and roughly symmetrical fine branches.The local DUM intemeurons have branches
that curve anteriorward bilaterally in the neuropil to terminate
in the primary auditory neuropil (Fig. 2b). These neurons are
excited by sound. By contrast, the intersegmentalDUM interneurons have thin paired axons extending at least to the mesothoracic (T2) ganglion in the anterior connectives (Fig. 2c)
and numerousfine branchesin the dorsal neuropil (not shown).
These neurons respond to sensorystimuli and motor activity
associatedwith flight. The A 1 lineagegroup also contains local
and intersegmental interneurons. The local intemeurons are
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similar to the auditory type of T3 (Fig. 2b). The intersegmental
interneurons in Al are also similar to those in T3 (Fig. 2~). The
neurites of the A 1 intersegmental interneurons travel along with
those of T3 for some distance and they likewise send paired
axons to the mesothoracic ganglion (K. J. Thompson and M.
V. S. Siegler, unpublished observations).
Efferent DUM neurons in thoracic and abdominal segments
have been shown to contain octopamine and to modulate tension in skeletal or visceral muscles (Evans and O’Shea, 1977,
1978; Evans and Siegler, 1982; Lange and Orchard, 1984; Morton and Evans, 1984; Malamud et al., 1988; Whim and Evans,
1988, 1989). Sulfide silver staining labels octopamine-containing neurons in insects (Siegler et al., 199 1). With this technique,
about 20 cell bodies are stained in T3 and three are stained in
each of the abdominal neuromeres (T3 and Al in Fig. 3c,d).
The stained neurons correspond to the efferent DUM neurons
with large cell bodies. The DUM interneurons do not stain for
octopamine but instead show GABA-like immunoreactivity (Fig.
3a,b; Thompson and Siegler, 1989; Siegler et al., 1991; Stevenson et al., 1992).
Embryonic production of MNB progeny
In embryos the segmental MNBs are readily identifiable in all
thoracic and abdominal segments. The MNBs and their progeny
are located on the midline, posteriorly in the segments; usually
the MNB is found slightly posterior to the ventral ectodermal
infolding at the back of its segment. For the greater part of
embryogenesis, the MNBs and their progeny are also dorsally
separated from the bilateral sheets of ventral neuroblasts and
their groups of progeny (see Fig. 7~). The progeny of the MNBs
remain tightly clustered and in close association with the neuroblast. The MNB in T3 of Schistocerca americana is first apparent just prior to 30%, at a stageestimated to be 29%. The
MNB in Al appearsvery closeto 30%, thus slightly later than
the MNB in T3.
Once the MNBs appear, they begin proliferation. The MNB
lineagesare apparent as groups of cells on the posterior neuromere midline throughout embryogenesis(development of the
T3 lineageis shownin Fig. 4). In the early stagesof proliferation,
the primary neurites of the differentiating DUM neuronsextend
anteriorly from the group (Fig. 4,35%, 40%) but, asneurogenesis proceeds, the group expands to cover the neurites (Fig. 4,

Figure 1. Neuronal cell bodies of the
dorsal and dorsolateral surfaces of the
adult metathoracic ganglion (a), and
groups of DUM neuron cell bodies in
T3 (b) and Al (c). The groups of DUM
neurons are located in the ganglionic
cortex on the dorsal midline and are
separate from the cell bodies of more
lateral neurons in the fused metathoracic ganglionic mass (a). The groups
of DUM neurons contain 20 large cell
bodies and 70-80 small cell bodies in
segment T3, but only 3 large cell bodies
and 55-60 small cell bodies in segment
Al. The illustrations are camera lucida
drawings from toluidine blue-stained
whole-mounts of three different adult
metathoracic ganglia (nuclei were not
drawn in a).

50%). Then, as more cellsare added, the lineagegroup assumes
a rounded or triangular shapethat may cover the MNB (Fig. 4,
60%, 70%). The membersof the lineagegroup are piled on top
of each other until approximately 55-60%, when they appear
asa monolayer of tightly packedcellswhoseprofiles fit together
with little extracellular space.As cells continue to be added to
the lineagea secondor third partial layer sometimesis present.
When the complete MNB lineage group in T3 has been produced, five or six of the cell bodiesare larger than the rest, and
these are usually anterior in the group (e.g., Fig. 4, 70-80%).
This contrasts to the composition of the group in adults where
20 cell bodies are clearly of larger diameter. Analysis of postembryonic development shows that selective enlargement of
many efferent DUM neuronsoccursin larval stages(Thompson
and Siegler, unpublishedobservations). By approximately 78%
of embryogenesisthe MNB is no longer present in T3, but the
MNB of Al degeneratesapproximately 5% earlier, at 73%. In
some preparations the dying MNB was manifest as an aggregation of small, densedroplets (seeFig. 7~).
There is minor variation among animals in the location of
the MNB of T3 relative to its progeny, in the overall shapeof
the group of cells, and in the group’s position relative to the
other groupsof cellsin the developing ganglion at a given stage.

Efferent

Local

intersegmental

Figure 2. Neuronal cell types in the lineages of the T3 and Al MNBs.
The primary structure of each neuronal type is diagrammed within the
adult metathoracic ganglion, dorsal view (anterior is up). Efferent DUM
neurons with large cell bodies (a), local DUM interneurons with small
cell bodies (b), and intersegmental DUM interneurons with small cell
bodies and paired ascending axons (c). T3 segmental neurons are upper,
Al neurons are lower in each part.
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Figure 3. Differential staining of DUM interneurons and efferent DUM neurons. DUM intemeurons label with antibodies to GABA in T3 (a)
and in Al (b); efferent neurons stain positive for octopamine with sulfide silver in T3 (c) and Al (d). The intemeurons have small cell bodies while
the efferent neurons have large cell bodies. Unstained neurons with large cell bodies are evident in the groups photographed in a and b. Scale bar,
50 pm.

However, at comparable stagesof development, MNB groups
always have closeto the samenumber of cells(seebelow), have
a posteriorly located MNB, and are separatedfrom other groups
of developing neurons in the ganglion.
Similar to the T3 group of developing neurons, the A 1 group
is a tight cluster of cells (examplesare Figs. 8, 9). Its segmental
location is between the group of MNB progeny in T3 and the
group of MNB progeny in A2 (e.g., Fig. 5, 45-75%). However,
during the later stagesof embryogenesis,after the MNBs have
disappearedin T3 and A 1, the MNB lineagegroupson the dorsal
surface temporarily become less spatially isolated from each
other and from lateral cells(Fig. 5,85%, 95%, 11’).By the second
or third postembryonic larval stage,the separation of groups is
again very clear, similar to the adult (not shown). Becauseof
ganglionic fusion (seebelow), in some preparations it was difficult to ascertain the boundaries of the midline groups, es-

pecially of Al, after 80%. For many, however, despitethe close
apposition a clear fine boundary delineated the groups. The
unstained space in toluidine blue-stained preparations is occupied by glial cytoplasm, which wraps groups of developing
neural progeny during embryonic development (Doe and Goodman, 1985).A similar sheetsurroundsneuronal cell body groups
in adult grasshopperganglia (Siegler and Pousman, 1990a,b;
Thompson and Siegler, 1991).
During embryonic development of the metathoracicganglion,
the four component neuromeresfuse(A 1 to T3 at approximately
45-50%, A2 to Al at approximately 65%, and A3 to A2 at
approximately 70%) the ganglion expands in volume, and the
relative position of cell body groupson the dorsalsurfacechanges
(Fig. 5). These changesare associatedwith addition of more
neuronsdue to proliferation, lossof neurons due to cell death,
expansionof neuropil, and enlargementof neuronal cell bodies.
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4. Embryonicproliferationof
neuralprogenyby the MNB in the T3
segment.
Cameralucidadrawingsshow
theappearance
of the groupat each5%
from 35% to 80%of developmentin
fixed preparationsstainedwith toluidine blue. The cell bodiesof neural
progenyareoutlined (nucleiarenot indicated),andthe posteriorMNB isstippled. The MNB is no longerpresentat
80%;anterioris up.
Figure

u”

Population projles d$er between T3 and Al
The production of neural progeny by the MNBs in T3 and Al
was followed throughout embryogenesis, by determining the
number of developing neurons associated with the MNBs in 70
T3 lineage groups and in 53 Al lineage groups (Fig. 6a,b). Plots
of the number of cells versus embryonic stage revealed pronounced differences in the population profiles between the T3
and Al groups. In T3 (Fig. 6a) the number of progeny increased
steadily after the appearance of the MNB. Toward the end of
the period of proliferative activity, after 70%, the rate of increase
in the number of progeny declined slightly. The slope of a linear
regression line was calculated for the time of steady increase,
from 28% to 70% for T3. In T3, the number of progeny in the
midline group increased at a rate of 10 cells per 5% of development during this time. The slight reduction in rate toward
the end of the life of the MNB caused a deviation from linear,
a phenomenon we have investigated further (see below), but for
the calculation here the last 8% of development was excluded
(Fig. 6a). The deviation at the end of the lineage resulted in
approximately five fewer progeny being added to the T3 group
than would have been predicted if the rate of increase had remained constant until the death of the MNB. After the death
of the MNB at 78%, the number of progeny remained stable,
throughout the rest of embryonic development as well as in first
through fifth stage larvae and adults.
In Al, the population profile did not convey a continual increase (Fig. 6b). The increase in the number of progeny in the
Al lineage group occurred in two phases, one at the beginning
of MNB proliferation and the other at the end. No decline in
rate occurred at the end. In the middle of the production of the
Al lineage, a plateau occurred during which time there was no
increase in the size of the group. The plateau took place from
45% to 60% of development. During the plateau, the cell counts
remained stable at a mean value of 29 cells. During the two
phases of growth the Al midline group enlarged at a rate very

80%

-

similar to that of the T3 group, at 9.8 cells per 5% of embryogenesis.This value wasobtained by calculating the slopeof the
linear regressionlines for the phasesfrom 30%to 45% and from
60% to 75%. Had growth of the population in Al instead occurred at this rate throughout, without an intervening plateau,
some 25 more neurons would have been produced in the Al
lineage.After 73%, when the MNB died in Al, the population
sizewasstable.The size of the population in Al wasdetermined
in 80-100% embryos, larvae, and adults.
Thus, two temporally and segmentallydistinct embryonic periods were identified during which the population increasein
the MNB lineagesdeviated from linear growth. In Al, from
45% to 60% of embryogenesis,population growth ceased.In
T3, from 70% to 78% of embryogenesis,population growth
slowedslightly, to reach the final population size. Theseeffects
could have beendue to cessationof mitotic activity by the MNB
in Al and slowing the rate of divisions of the MNB in T3, or
to cell death accompanying ongoing divisions of the MNBs, or
both.
Evidencefor cell death in both lineages
Evidence that cell death is responsiblefor deviations from linear
growth was obtained by counting pyknotic nuclei in the T3 and
Al lineagegroups.Thesecondensednuclei stainedsubstantially
darker than any other component of the embryo, either in sections or in whole-mounts (Fig. 7a,b). The largestwere 7 pm in
diameter and circumscribed by a distinct plasma membrane.
As degenerationprogressedthe profiles appeared as clumps of
many smaller, condenseddroplets, and had indistinct membranes. Counts of pyknotic nuclei revealed pronounced differencesin the time course and magnitude of cell death between
the two groups. In the T3 group, scant cell death occurred between 30% and 60% of embryogenesis(Figs. 6c, 8a). Cell death
then increased,with the maximum pyknotic nuclei evident at
70%. In the Al group, little cell death occurred between 30%
and 40% or after 60% of embryogenesis(Fig. 6d). Cell death
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45%

Fimre 5. Embryonic formation of the
metathoracic ganglion. During embryonic development of the ganglion, the
four component neuromeres fuse, the
ganglion expands in volume, and the
relative position of cell body groups
changes (dorsal views). Black areas indicate the regions of neuronal cell bodies, and the percentage of embryogenesis or larval stage is indicated above
each drawing. T3, Al, A2, and A3 indicate the neuromeres; some DUM
groups are indicated by arrowheads.

85%

6!

50%

peaked between 45% and 55%, with the maximum pyknotic
nuclei evident at 50%. The peak of cell death was substantially
larger in Al than in T3, consistentwith the smaller final population size of the Al group.
The peak of cell death in Al coincided with the plateau in
population growth between45% and 60% of embryogenesis(Fig.
6b,d). At this time, the Al group was tightly clustered. Dying
cells were usually found superficially at the anterior and lateral
regions of the group, but were also scattered throughout (Figs.
8a, 9d-j’). The Al MNB continued to divide, apparently adding
progeny at the samerate asthey were dying sincethe population
maintained roughly 29 members.The Al MNB was observed
in anaphaseor telophase in several preparations of 45-60%
stages.By contrast, in the T3 group where MNB divisions also
continued, there was scant evidence of cell death during these
stages(Figs. 6c, 8a).
The peak of cell death in T3 coincided with the slowing of
population growth from 70% to 80% of embryogenesis(Fig. 6a,
c). At this time, the T3 group was spatially extended (Fig. 8b).

Figure 6. Population and cell death
profiles for the lineages of the T3 and
Al MNBs during embryogenesis. In a
and b the number of neural progeny
(mean k SD) in the lineage groups of
the T3 (a) and Al (b) MNBs is plotted
against embryonic stage. Abscissas, percentage of embryonic development; ordinates, total number of neuronal progeny. At least four but typically eight
preparations were counted for each
point. Regression lines for the periods
of linear growth are superimposed on
the data points in each graph. In a, for
the T3 group, the line plotted is the firstorder linear regression with a slope of
10.0 tells/5% of development from 28%
to 70%. In b, first-order linear regressions are plotted for the two periods of
embryonic development during which
the Al group enlarged, from 30% to
45% and from 60% to 73%. The slope
of the regression in Al is 9.8 tells/5%.
Between those two periods the population plateaued. In c and d the number
of pyknotic nuclei (mean -t SD; N = 4
embryos at each stage) in the lineage
groups of the T3 (c) and Al (d) MNBs
is plotted against embryonic stage
(dashed lines). Abscissas, percentage of
embryonic development;
ordinates,
number of pyknotic nuclei.

a

The MNB and its immediate progeny in many preparations
appearedplainly asan elongatedstrip packedamongthe earlierborn differentiating neurons.The pyknotic nuclei were located
consistently at the distal end of this strip, away from the MNB
(Figs. 7b, 8b, 9a-c). The cells in the strip that are closestto the
MNB are the ganglion mother cells, next are the ganglion cells,
and most distant are those progeny that have begun to differentiate into neurons.It thus appearsthat the progeny were dying
near the time when, if they had survived, their cell bodieswould
have begun to enlarge;cell body enlargement is one indicator
of neural differentiation. During this time, few or no dying cells
appearedin the Al group (Fig. 8b). The T3 MNB continued to
divide at leastuntil 75%, asevidenced by mitotic profiles of the
MNB. Degeneration of the MNB itself at 78% was associated
with the appearanceof a clump of several small condensed
droplets of various sizes(Fig. 7~).
The relative time coursesof T3 and Al MNB activity and
episodesof cell death in the T3 and Al lineage groups are
summarizedin Figure 10. Pyknotic profiles characteristic of cell
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Figure 7. Histological preparations showing profiles of dying cells in MNB lineage groups. In a a sagittal section of a 50% embryo shows the Al
neuromere, with anterior to the left. The Al MNB (arrow) is dorsal, and is posterior to the profiles of three dying cells (arrowhead). Also seen is
the T3 MNB (asterisk,upper left). Other pyknotic profiles are present in the section outside the MNB lineage group, including in the epidermis.
In b the T3 group of a 70% embryo in whole-mount contains the MNB (arrow) and the strip of immediate progeny with the pyknotic dying cells
(arrowheads) located distally, away from the MNB. In c the degenerating MNB (arrowhead) is seen in a whole-mount of the T3 group in an embryo
at just under 80% of development. The T3 MNB is situated posteriorly in its group of differentiating neural progeny. Scale bar: 50 pm for a; 18
pm for b; 52 pm for c.

death appeared at different times during development in the
two segments,but in both the MNBs continued to display morphologiesconsistentwith ongoing neural proliferation. The two
temporally distinct episodesof cell death occurred when the
rates of population increase deviated from linear in the two
lineages(compare Fig. 6). Thesetwo periods alsocorresponded
to the times during embryogenesiswhen the first and second
embryonic cuticles underwent apolysis (asterisksin Fig. lo), in
conjunction with embryonic molts. Apolysis of the entire first
cuticle was apparent after 45% but by 50%; apolysis of the
secondcuticle at 70%/75% was most easily seenby examining
the tips of limbs and cerci in whole-mounts. These times coincide with the appearanceof molting in embryos (Bentley et
al., 1979; Shankland and Bentley, 1983).

Discussion
In common with many other animals, adult insects have regional or segmentaldifferences of neuronal number and type
within the CNS. Differences are particularly obvious when thoracic neuromeres are compared with abdominal neuromeres,
the thoracic neuromerestypically having at leasta four- to fivefold greater number of neurons.In hemimetabolousinsectssuch
as the grasshopperSchistocerca,segmentaldifferences are established during embryogenesis.Neuroblastsof the ventral nerve
cord die before larval emergence,and during subsequentlarval
development, no new neuronsareborn, and few arelost through
cell death. In holometabolous insects such as Munduca and
Drosophila, segmentaldifferencesare minor at the end of embryogenesis,but are elaborated during larval life. Some neuroblasts reenlarge and divide in segment-specificpatterns; as
well, there is selective death of progeny segmentby segment.

Differential segmentaldevelopment is the combined outcome
of differential neuronal proliferation and differential cell death.
Thoracic neuroblasts typically are longer lived and generate
progeny at a higher rate than abdominal neuroblasts.In S&istocerca,embryonic thoracic and abdominal neuromeresinitially
have similar arrays of neuroblasts(Bate, 1976). Whereas twothirds of the thoracic neuroblastsare still presentmidway through
embryonic development, only one-third of the abdominal neuroblasts remain (Shepherd and Bate, 1990). In Manducu and
Drosophila, upward of 23 neuroblastspersistpostembryonically
in thoracic hemineuromeres,but only three or four persist in a
typical abdominal hemineuromere(Booker and Truman, 1987;
Truman and Bate, 1988). Moreover, thoracic neuroblastsgenerally divide at higher rates than do abdominal neuroblasts
(Booker and Truman, 1987; Truman and Bate, 1988; Shepherd
and Bate, 1990). Cell death contributes further to the disparity
in neuronal number between thorax and abdomen. In Schistocerca, embryonic cell death is greater overall in abdominal
than in thoracic neuromeres (Goodman and Bate, 1981); in
Munducu, cell death at the larval to pupal transition is likewise
greater in abdominal lineagesthan in comparable thoracic lineages(Booker and Truman, 1987).
The mature T3 midline group is shown here to contain on
average 93 neurons, and the Al midline group, on average 59
neurons. The numerical difference is due in part to a 6% difference in MNB life-span: the T3 MNB is present for 49%; the
Al MNB, for 43% of embryonic development. The MNB groups
grow at the rate of 10 neurons per 5% of development (equivalent to five MNB divisions) except during episodesof cell death.
Assuming that the MNBs continue to divide at the samerate
throughout their life-spans,we estimatethat about 98 progeny
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50%

a

T3

Figure 8. MNB lineagegroupsin segments
T3 andAl at 50%(a) and

70%(bl of develoomentshowinatiming of celldeath.In a. from a 50%
embryo,profilesof dyingcells(&me in&ated by arrow) arepresentin
the Al groupbut not in the T3 group.In b, from a 70%embryo,dying
cells(arrow) are observedin T3 but not Al. Nucleiof dying cellsappearedasdense spotsin toluidineblue-stainedwhole-mounts(camera
lucidadrawings).The MNB is locatedposteriorlyin eachgroup(stippled). The diagonalstrip of the newestMNB progenyin the T3 group
of b isindicatedby a bold outline. Dying cells occur at its anterior end
\I

(anterior is up).

are produced in the T3 lineage, whereasabout 86 progeny (12
fewer) are produced in the Al lineage.This agreeswith earlier
estimates(Goodman and Bate, 1981). Furthermore, more neurons die in Al than T3, further contributing to the numerical
difference betweenthe groups.Comparing the estimatednumber
of progeny born with the number surviving there is a fivefold

Figure 9. Patterns of cell death in the
T3 MNB lineage at 70% (u-c) and the
Al MNB lineage at 50% Cd.e) and 55%
v) of development. The ‘MNB (stippled), adjacent progeny, and the pyknotic nuclei in a group are drawn individually. The boundary of the entire
group is outlined (anterior is up). In T3
at 70% the pyknotic profiles occur immediately adjacent to a strip of 10-12
progeny that are the most recent progeny of the MNB. The strip extends anteriorly in a, laterally in b, and curves
ventrally in c. In A 1, the most recent
progeny are closest to the MNB, but not
as obviously delineated as T3. Pyknotic
profiles occur throughout the group.

d

differencein cell death: 5 progeny die in T3 (98 born, 93 survive)
whereas about 27 progeny die in Al (86 born, 59 survive).
Considering the relative numbers of pyknotic nuclei, the Al
peak at 50% is 3.6 times higher than the T3 peak at 70%. The
relative heightsof the two peaksindicate that cell death is markedly greater in Al than T3. Whether further differencesin the
number of progeny result from reduced rates of MNB division
during plateau periodsshouldbe determined usinga more direct
measureof cell proliferation, for example, labeling with bromodeoxyuridine. Previous reports have stressedthe role of either cell death (Goodman and Bate, 1981) or differential neuroblast division rates and life-span (Shepherd and Bate, 1990)
in establishing segmentaldifferences in neuron number. We
suggestthat cell death is predominant in shapingdifferencesin
cell number between the T3 and Al MNB groups.
Our measureof division rates for the T3 MNB lineagecomparesclosely with that of Shepherdand Bate (1990) for lineages
of three other identified thoracic neuroblasts.They found that
in eachlineage 11-l 2 progeny were labeledduring a 24 hr pulse
of bromodeoxyuridine (equivalent to 5% of development). The
count overestimatesthe number of progeny produced during a
given time, becauseganglion cells are labeled prior to division.
Shepherdand Bate (1990) accordingly estimated a rate of four
to five neuroblast divisions per 24 hr, the upper number in
agreementwith our estimate. By contrast, their measurements
showthat unidentified abdominal neuroblastsin more posterior
neuromereshave division rates about half that of thoracic ones
(Shepherdand Bate, 1990). The Al neuromere is suggestedto
be transitional between the thoracic neuromeresand the more
posterior abdominal neuromeres (Truman and Bate, 1988;
Shepherd and Bate, 1990). Consistent with this idea are our
findings that the Al MNB sharesthe thoracic rate of cell division, but that the extent and timing of cell death among its
progeny are clearly different from those of the T3 MNB.
Not only do different numbers of neurons die between segments, but different subpopulations of neurons in the MNB
lineagesare targeted. In T3, cell death occurs between 70% and
78% of embryogenesis,at a time when the last progeny are being
produced in the lineage.The profiles of dying cells are spatially
closeto the last ganglion mother cells that arisefrom the MNB,
suggestingthat the dying cells are also among the last born of
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the lineage. By contrast, in Al cell death occurs between 45%
and 60% of embryogenesis, beginning at a time when the MNB
group contains perhaps 30 neurons, and the MNB is through
only one-third of its life-span. In general, then, neurons produced earlier in the lineage are targeted for death in A 1, whereas
those produced later are targeted for death in T3.
The mature T3 and Al midline groups differ in their complement of neuronal types. For example, the T3 group contains
many more efferent neurons than does the Al group. Our data
are consistent with the hypothesis that this is a further, specific,
outcome of the selective cell death described above. This assumes that the MNB lineages are generally similar between
segments, with the different types of neuron being produced in
a stereotyped order. This would contrast with a situation, say,
where MNB progeny assume their mature phenotypes irrespective of birth order, and where cell death only reduces the population of progeny to be specified. Available evidence is limited
but favors the former model; in the MNB lineage and a few
other lineages the earliest-born neurons, at least, arise in a reproducible sequence from particular ganglion mother cells
(Goodman and Bate, 198 1).
The earliest-born progeny in the MNB lineage are efferent
neurons (Goodman and Bate, 198 1). From a study of the adult
T3 midline group, we have suggested, further, that three types
of neuron are produced sequentially in the MNB lineage: efferents, local interneurons,
and intersegmental
interneurons
(Thompson and Siegler, 199 1). Given this sequence, the episode
of cell death in Al between 45% and 60% of embryogenesis
would be expected to remove efferent and local interneurons.
The midline group in Al has 3 efferent neurons, as compared
with about 20 in T3 (Siegler et al., 1991); cell death in the Al
group would be accounted for if 17 efferent neurons and perhaps
8 local interneurons are removed from the population. The
targeting of local interneurons, which are almost exclusively
auditory in function in T3, is plausible given the greatly reduced
auditory projection in Al as compared with T3 (Halex et al.,
1988; Thompson and Siegler, 1991). By contrast, the episode
of cell death that is between 70% and 78% removes later-born
neurons, suggested to be intersegmental interneurons. Cell death
is limited in T3 compared with Al, and a large population of
intersegmental interneurons remains. There are other examples
in insects where apparently homologous neurons survive or die
in a segment-specific manner (Bate et al., 198 1; Loer et al., 1983;
Truman, 1984; Weeks et al., 1992).
Cell death is increasingly being seen as an active, differentiative event in the development of the nervous system (Truman,
1987; Schwartz, 199 1). Whereas some neurons survive and elaborate their unique characteristics of morphology and physiology,
others begin a program of RNA and protein synthesis that ultimately leads to death. In systems amenable to genetic analysis,
evidence is increasing that the alternative cell fates of survival
or death are mutable. Mutations identified in Caenorhabditis
elegans, for example, prevent the initiation of normal cell death
or result in the inappropriate death of cells that otherwise survive (Ellis and Horvitz, 1986; Ellis et al., 1991; Driscoll and
Chalfie, 1992).
Two questions are of interest relative to our results: what
developmental mechanisms lead to segmental differences, and
what developmental events trigger cell death? A possibility investigated previously to account for segmental differences is that
the lack of appropriate peripheral muscle targets leads to the
death of efferents in abdominal segments. Against this idea is
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Figure 10. Phases of MNB proliferative activity and periods of cell
death in segments T3 and Al during embrvoaenesis. The T3 MNB is
born at 29% of development and dies at 78%.‘The Al MNB is born at
30% of development and dies at 73%. An episode of cell death occurs
between 70% and 78% of development in T3, and between 45% and
60% of development in A 1. Asterisks at 45-50% and 70-75% indicate
apolyses associated with molting of the first and second embryonic
cuticles.
the finding that when the T3 limb bud is ablated early in embryogenesis,efferentsnormally innervating the limb nonetheless
survive (Whitington et al., 1982). Moreover, as shown in the
presentstudy, cell death in the Al midline group beginsat 45%,
a time when the T3 MNB efferentsare themselvesstill within
the CNS and far from their peripheral targets (Myers et al.,
1990). Thus, no differential peripheral cue is available at the
appropriate time. A target-related mechanismwould be plausible only if a key central target is postulated. Rather than environmental interactions being important, particular neurons
might be sparedor targeted for cell death asa result of intrinsic
differencesthat occur segmentby segment.Suchdifferencesmight
be conferred by segmentationor homeotic genes.
Several related observations lead us to suggestthat the episodesof cell death during embryogenesisof Schistocerca are
under hormonal control. Embryonic ecdysteroids, which are
derived maternally, are stored asinactive conjugatesassociated
with yolk proteins; periodic metabolism of the conjugates is
thought to underlie increasesin the level of free ecdysteroids,
and thus embryonic molts (reviewed by Hoffmann and Lagueux,
1985). An indicator of a change in ecdysteroid titer is the occurrence of apolysis,the separationof epidermisfrom overlying
cuticle in preparation for the deposition of new cuticle. Studies
of postembryonic molting in several insectsindicate that apolysis occurs relatively late in the rising phaseof increasingecdysteroid titer, near the peak value (Riddiford, 1985). In Schistocerca, apolysis of the first embryonic cuticle occurs between
45% and 50%; apolysis of the second,between 70% and 75%
(Shankland and Bentley, 1983). The episodesof cell death we
report areclosely timed to theseevents and, we suggest,likewise
triggered by rising ecdysteroid levels, much as ecdysteroidsact
in triggering metamorphic cell death in holometabolousinsects
(Truman, 1987).
Continued investigations of the elaboration of neural progeny
from identified neuroblastsin the grasshoppercan fill an important gap in our understanding of neural development. Specifically, studies could consider the mechanismsthat control
diversity of phenotype within a neural lineage,and the possible
sourcesof flexibility in these events that allow for segmental
and regional diversity within the CNS. By examining identified
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neuroblasts and their progeny, with the precision possible in the
grasshopper, the cellular mechanisms can begin to be discovered.
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