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Development of Segment Specificity in ldentified Lineages of the

Grasshopper CNS
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The purpose of this study was to determine the factors un-
derlying differences in population size and composition be-
tween segmentally homologous neuronal lineages. The seg-
mental 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 pro-
files 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 (A1), only about 60
survive. In T3, the MNB arises at 29% of embryogenesis and
dies at 78%, whereas in A1 the MNB arises at 30% and dies
at 73%. In T3, the number of MNB progeny initially increases
at a steady rate, 10 cells being added per 5% of embryo-
genesis. Between 70% and 78 % growth tapers off; although
the T3 MNB continues to divide, cells die at the same time,
specifically removing last-born progeny. By contrast, in A1
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
A1 progeny is stable. The A1 MNB continues to divide, but
cells die at the same time, specifically removing earlier-born
progeny. The episodes of cell death in A1 and T3 coincide
with embryonic molts, and thus may be hormonally triggered.
Cell death is greater in A1 than T3, accounting for most of
the difference in population size. The difference in MNB lon-
gevity makes a lesser contribution. The present data, to-
gether with corollary anatomical data (Thompson and Sieg-
ler, 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 A1.

[Key words: cell death, embryonic development, grass-
hopper, insect, neuroblast, segmental homology]

Studies addressing the issue of diversity in neuronal lineages
have confirmed that numerous cell types can be produced by a
single stem cell in lineages that may be variable or deterministic,
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and that intrinsic and extrinsic mechanisms may play roles in
either case (see McConnell, 1991, for review). Much still remains
to be learned about how developmental processes control neu-
ronal number and the acquisition of neuronal phenotype.

In the present study we have taken advantage of attributes of
the grasshopper to examine the production of specific lineages
by identified neuroblasts. The grasshopper is one of very few
animals with both identifiable neural stem cells and identifiable
adult neurons. Individual neuroblasts and neurons have the
same location and properties from embryo to embryo or adult
to adult, Neuroblasts and their progeny are large and accessible
for study with cellular precision. Previous work has established
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 inves-
tigation has resulted in extensive documentation of the prop-
erties of numerous identified adult neurons. Thus, neurodevel-
opmental studies in grasshoppers can directly examine the
production of known neurons by identified stem cells.

Insects that undergo a complete metamorphosis, such as flies
and moths (e.g., Drosophila and Manduca), show substantial
postembryonic neurogenesis associated with the remodeling of
the animal from larva to pupa to adult. This contrasts with the
grasshopper and other hemimetabolous insects, which do not
undergo complete metamorphosis. In grasshoppers the cells of
the ventral nerve cord are generated embryonically, such that
upon hatching the neuroblasts have 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 grasshopper embryos, neuroblasts undergo repeated asym-
metrical 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 undergoes a terminal symmetrical division to pro-
duce two ganglion cells, which differentiate to become neurons.
The segmental ganglia of the ventral nerve cord are thus com-
posed of groups or families of lineally related neurons, each
resulting from the divisions of a single neuroblast.

The median neuroblast (MNB) is identifiable by its size, shape,
and position in each segment of grasshopper embryos. The prog-
eny of the MNB remain closely clustered around it during de-
velopment (Goodman and Spitzer, 1979; Goodman and Bate,
1981). The clustering of these midline progeny persists after the
death of the neuroblast and throughout the life of the insect. In
addition, the midline neurons are physically separate from the
other groups of developing neurons during embryogenesis and
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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 neu-
ron: efferent, local, or intersegmental. Evidence to date suggests
that the lineage of the MNB in T3 is determinate, but the ques-
tion of the relative contributions of intrinsic or extrinsic mech-
anisms in formation of the lineage is not settled (Goodman and
Bate, 1981; Taghert and Goodman, 1984; Doe et al., 1985;
Thompson and Siegler, 1991).

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 approx-
imately 2000 nerve cells, while small abdominal ganglia in seg-
ments that do not bear legs or wings have only about 400 neu-
rons.

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 neu-
roblasts. Furthermore, it appears that the timing of cell death
is correlated with two of the four embryonic molts.

Methods

Staging of embryos. The embryonic development of Schistocerca amer-
icana, the grasshoppers used in our studies, takes 20 d at 33°C. Embryos
were staged according to percentage of embryogenesis (Bentley et al.,
1979). The time at which eggs are laid is 0% (eggs are fertilized as they
pass down the oviduct), and 100% is the time of hatching. Therefore,
a 50% embryo is halfway through embryonic time. Embryos were either
assigned to one of the 5% incremental stages of Bentley et 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
Kdl, 2 Ca(l,, 1 MgSO,, and 5 TES (N-tris[hydroxymethy]-methyl-2-
aminoethane-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 1-5 min, dehydrated with
2 min steps in 90%, 95%, and twice in 100% ethanol, cleared 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 min, 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 IL: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
945-1500x and adult preparations at 600 x . Drawings were made using
a drawing tube attached to a compound microscope. Cells were counted
from drawings of whole-mounts of toluidine blue-stained material. Pyk-
notic nuclei were counted directly from whole-mounts, at 1500x with
DIC optics.

Feulgen staining for whole-mounts and sections. Embryos were sep-
arated from the yolk and gut and fixed in nonalcoholic Bouin’s fluid.
They were treated with 5 N HCI for 30 min, and stained in Schiff reagent
(Sigma) for 2 hr in the dark. They were then bleached with sulfrous acid
solution (0.05 N HCl, 0.4% Na,S,0;) and dehydrated through a graded
series of alcohols to methyl salicylate for viewing in whole-mount or
embedding in Epon.

GABA immunohistochemistry and sulfide silver staining. Whole meta-
thoracic ganglia were stained for GABA-like immunoreactivity follow-
ing the protocol of Witten and Truman (1991). The antiserum was
obtained from Chemicon, Inc. Ganglia were stained for heavy metals
toreveal octopamine-containing neurons, following the protocol of Sieg-
ler et al. (1991).

Epon sections. Selected embryos were taken from methyl salicylate
to Epon for sectioning at a thickness of 4-8 um, 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

Properties of the adult MNB lineage groups

The segmented nature of the adult metathoracic ganglion is
evinced by the separate clusters of DUM neurons belonging to
segments T3, A1, A2, and A3 (Fig. 1a). The MNB lineage group
in T3 contains approximately 93 neurons (92.5, SD 3.8, N =
21), while the MNB lineage group in A1 contains approximately
60 neurons (58.8, SD 2.3, N = 39) (Fig. 1b,¢). Among the prog-
eny of the MNB in T3 are some 20 efferent DUM neurons. In
adult grasshoppers these neurons have large cell bodies (50-80
pm in diameter), a single primary neurite that bifurcates at the
midline, roughly symmetrical branches, and bilateral axons that
exit in the lateral nerves to supply peripheral targets (Figs. 15,
2a). In segment A, there are only three efferent DUM neurons.
These are similar in shape to those in T3, but are located more
posteriorly, in the Al region of the metathoracic ganglionic mass
(Figs. lc, 2a).

Our recent studies have shown that in addition to the efferent
DUM neurons, in T3 the MNB lineage group comprises two
types of spiking interneurons, local and intersegmental (Fig.
2b,c; Thompson and Siegler, 1991). They have cell bodies that
are much smaller than those of the efferent DUM neurons; most
are 15-20 um in diameter. The interneurons have single primary
neurites with bifurcations at the midline and roughly symmet-
rical fine branches. The local DUM interneurons 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 intersegmental DUM inter-
neurons have thin paired axons extending at least to the me-
sothoracic (T2) ganglion in the anterior connectives (Fig. 2¢)
and numerous fine branches in the dorsal neuropil (not shown).
These neurons respond to sensory stimuli and motor activity
associated with flight. The A1 lineage group also contains local
and intersegmental interneurons. The local interneurons are



similar to the auditory type of T3 (Fig. 2b). The intersegmental
interneurons in A1 are also similar to those in T3 (Fig. 2¢). The
neurites of the Al 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 ten-
sion in skeletal or visceral muscles (Evans and O’Shea, 1977,
1978; Evans and Siegler, 1982; Lange and Orchard, 1984; Mor-
ton and Evans, 1984; Malamud et al., 1988; Whim and Evans,
1988, 1989). Sulfide silver staining labels octopamine-contain-
ing neurons in insects (Siegler et al., 1991). 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. 3¢,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; Steven-
son 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. 7a). The progeny of the MNBs
remain tightly clustered and in close association with the neu-
roblast. The MNB in T3 of Schistocerca americana is first ap-
parent just prior to 30%, at a stage estimated to be 29%. The
MNB in A1 appears very close to 30%, thus slightly later than
the MNB in T3.

Once the MNBs appear, they begin proliferation. The MNB
lineages are apparent as groups of cells on the posterior neu-
romere midline throughout embryogenesis (development of the
T3 lineage is shown in Fig. 4). In the early stages of proliferation,
the primary neurites of the differentiating DUM neurons extend
anteriorly from the group (Fig. 4, 35%, 40%), but, as neurogene-
sis proceeds, the group expands to cover the neurites (Fig. 4,
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Figure 1. Neuronal cell bodies of the
dorsal and dorsolateral surfaces of the
adult metathoracic ganglion (@), 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 metatho-
racic 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 cells are added, the lineage group assumes
a rounded or triangular shape that may cover the MNB (Fig. 4,
60%, 70%). The members of the lineage group are piled on top
of each other until approximately 55-60%, when they appear
as a monolayer of tightly packed cells whose profiles fit together
with little extracellular space. As cells continue to be added to
the lineage a second or third partial layer sometimes is present.
When the complete MNB lineage group in T3 has been pro-
duced, five or six of the cell bodies are 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 post-
embryonic development shows that selective enlargement of
many efferent DUM neurons occurs in larval stages (Thompson
and Siegler, unpublished observations). By approximately 78%
of embryogenesis the MNB is no longer present in T3, but the
MNB of Al degenerates approximately 5% earlier, at 73%. In
some preparations the dying MNB was manifest as an aggre-
gation of small, dense droplets (see Fig. 7¢).

There is minor variation among animals in the location of
the MNB of T3 relative to its progeny, in the overall shape of
the group of cells, and in the group’s position relative to the
other groups of cells in the developing ganglion at a given stage.

Efferent Local Intersegmental

a b c

Figure 2. Neuronal cell types in the lineages of the T3 and A1 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 (@), 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,
A1 neurons are lower in each part.
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Figure 3. Differential staining of DUM interneurons and efferent DUM neurons. DUM interneurons 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 interneurons 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 stages of development, MNB groups
always have close to the same number of cells (see below), have
a posteriorly located MNB, and are separated from other groups
of developing neurons in the ganglion.

Similar to the T3 group of developing neurons, the Al group
is a tight cluster of cells (examples are 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 stages of embryogenesis, after the MNBs have
disappeared in T3 and A1, the MNB lineage groups on the dorsal
surface temporarily become less spatially isolated from each
other and from lateral cells (Fig. 5, 85%, 95%, 1=). By the second
or third postembryonic larval stage, the separation of groups is
again very clear, similar to the adult (not shown). Because of
ganglionic fusion (see below), in some preparations it was dif-
ficult to ascertain the boundaries of the midline groups, es-

pecially of A1, after 80%. For many, however, despite the close
apposition a clear fine boundary delineated the groups. The
unstained space in toluidine blue-stained preparations is oc-
cupied by glial cytoplasm, which wraps groups of developing
neural progeny during embryonic development (Doe and Good-
man, 1985). A similar sheet surrounds neuronal cell body groups
in adult grasshopper ganglia (Siegler and Pousman, 1990a,b;
Thompson and Siegler, 1991).

During embryonic development of the metathoracic ganglion,
the four component neuromeres fuse (A1 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 groups on the dorsal surface changes
(Fig. 5). These changes are associated with addition of more
neurons due to proliferation, loss of neurons due to cell death,
expansion of neuropil, and enlargement of neuronal cell bodies.



Population profiles differ 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 A1 lineage groups (Fig. 6a,b). Plots
of the number of cells versus embryonic stage revealed pro-
nounced 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 devel-
opment 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 re-
mained 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 A1, the population profile did not convey a continual in-
crease (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 A1 midline group enlarged at a rate very
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Figure 4. Embryonic proliferation of
neural progeny by the MNB in the T3
segment. Camera lucida drawings show
the appearance of the group at each 5%
from 35% to 80% of development in
fixed preparations stained with tolui-
dine blue. The cell bodies of neural
progeny are outlined (nuclei are not in-
dicated), and the posterior MNB is stip-
pled. The MNB is no longer present at
80%; anterior is up.

similar to that of the T3 group, at 9.8 cells per 5% of embryo-
genesis. This value was obtained by calculating the slope of the
linear regression lines for the phases from 30% to 45% and from
60% to 75%. Had growth of the population in Al instead oc-
curred 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 A1, the population
size was stable. The size of the population in A1 was determined
in 80-100% embryos, larvae, and adults.

Thus, two temporally and segmentally distinct embryonic pe-
riods were identified during which the population increase in
the MNB lineages deviated from linear growth. In Al, from
45% to 60% of embryogenesis, population growth ceased. In
T3, from 70% to 78% of embryogenesis, population growth
slowed slightly, to reach the final population size. These effects
could have been due to cessation of 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.

Evidence for cell death in both lineages

Evidence that cell death is responsible for deviations from linear
growth was obtained by counting pyknotic nuclei in the T3 and
Al lineage groups. These condensed nuclei stained substantially
darker than any other component of the embryo, either in sec-
tions or in whole-mounts (Fig. 7a,b). The largest were 7 um in
diameter and circumscribed by a distinct plasma membrane.
As degeneration progressed the profiles appeared as clumps of
many smaller, condensed droplets, and had indistinct mem-
branes. Counts of pyknotic nuclei revealed pronounced differ-
ences in the time course and magnitude of cell death between
the two groups. In the T3 group, scant cell death occurred be-
tween 30% and 60% of embryogenesis (Figs. 6¢, 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% 50%

Figure5. Embryonic formation of the
metathoracic ganglion. During embry-
onic development of the ganglion, the 3
four component neuromeres fuse, the
ganglion expands in volume, and the

relative position of cell body groups A1

changes (dorsal views). Black areas in-

dicate the regions of neuronal cell bod- A2
ies, and the percentage of embryogen-

esis or larval stage is indicated above A3

each drawing. 73, AI, A2, and 43 in-
dicate the neuromeres; some DUM
groups are indicated by arrowheads.

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, consistent with the smaller final pop-
ulation size of the Al group.

The peak of cell death in Al coincided with the plateau in
population growth between 45% 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-f). The A1 MNB continued to divide, apparently adding
progeny at the same rate as they were dying since the population
maintained roughly 29 members. The A1 MNB was observed
in anaphase or 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. 6¢, 8a).

The peak of cell death in T3 coincided with the slowing of
population growth from 70% to 80% of embryogenesis (Fig. 64,
¢). At this time, the T3 group was spatially extended (Fig. 85).

Figure 6. Population and cell death
profiles for the lineages of the T3 and
A1 MNBs during embryogenesis. In a
and b the number of neural progeny
(mean * SD) in the lineage groups of
the T3 (a) and A1l (b) MNB:s is plotted
against embryonic stage. Abscissas, per-
centage of embryonic development; or-
dinates, total number of neuronal prog-
eny. At least four but typically eight
preparations were counted for each
point. Regression lines for the periods

80

40

20 |-

Number of progeny ¢

65%

75% {st

85%

95%

The MNB and its immediate progeny in many preparations
appeared plainly as an elongated strip packed among the earlier-
born differentiating neurons. The pyknotic nuclei were located
consistently at the distal end of this strip, away from the MNB
(Figs. 7b, 8b, 9a—). The cells in the strip that are closest to the
MNB are the ganglion mother cells, next are the ganglion cells,
and most distant are those progeny that have begun to differ-
entiate into neurons. It thus appears that the progeny were dying
near the time when, if they had survived, their cell bodies would
have begun to enlarge; cell body enlargement is one indicator
of neural differentiation. During this time, few or no dying cells
appeared in the A1l group (Fig. 85). The T3 MNB continued to
divide at least until 75%, as evidenced by mitotic profiles of the
MNB. Degeneration of the MNB itself at 78% was associated
with the appearance of a clump of several small condensed
droplets of various sizes (Fig. 7¢).

The relative time courses of T3 and A1 MNB activity and
episodes of cell death in the T3 and Al lineage groups are
summarized in Figure 10. Pyknotic profiles characteristic of cell

of linear growth are superimposed on
the data points in each graph. In q, for 30 40 50
the T3 group, the line plotted is the first-
order linear regression with a slope of
10.0 cells/5% of development from 28%
to 70%. In b, first-order linear regres-
sions 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 cells/5%.
Between those two periods the popu-
lation plateaued. In ¢ and d the number
of pyknotic nuclei (mean + SD; N =4
embryos at each stage) in the lineage
groups of the T3 (¢) and Al (d) MNBs
is plotted against embryonic stage
(dashed lines). Abscissas, percentage of
embryonic development; ordinates,
number of pyknotic nuclei.
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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 A1 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 ¢ 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 um for a; 18

um for b; 52 um for c.

death appeared at different times during development in the
two segments, but in both the MNBs continued to display mor-
phologies consistent with ongoing neural proliferation. The two
temporally distinct episodes of cell death occurred when the
rates of population increase deviated from linear in the two
lineages (compare Fig. 6). These two periods also corresponded
to the times during embryogenesis when the first and second
embryonic cuticles underwent apolysis (asterisks in Fig. 10), in
conjunction with embryonic molts. Apolysis of the entire first
cuticle was apparent after 45% but by 50%; apolysis of the
second cuticle at 70%/75% was most easily seen by examining
the tips of limbs and cerci in whole-mounts. These times co-
incide with the appearance of molting in embryos (Bentley et
al., 1979; Shankland and Bentley, 1983).

Discussion

In common with many other animals, adult insects have re-
gional or segmental differences of neuronal number and type
within the CNS. Differences are particularly obvious when tho-
racic neuromeres are compared with abdominal neuromeres,
the thoracic neuromeres typically having at least a four- to five-
fold greater number of neurons. In hemimetabolous insects such
as the grasshopper Schistocerca, segmental differences are es-
tablished during embryogenesis. Neuroblasts of the ventral nerve
cord die before larval emergence, and during subsequent larval
development, no new neurons are born, and few are lost through
cell death. In holometabolous insects such as Manduca and
Drosophila, segmental differences are minor at the end of em-
bryogenesis, but are elaborated during larval life. Some neu-
roblasts reenlarge and divide in segment-specific patterns; as
well, there is selective death of progeny segment by segment.

Differential segmental development 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 Schis-
tocerca, embryonic thoracic and abdominal neuromeres initially
have similar arrays of neuroblasts (Bate, 1976). Whereas two-
thirds of the thoracic neuroblasts are still present midway through
embryonic development, only one-third of the abdominal neu-
roblasts remain (Shepherd and Bate, 1990). In Manduca and
Drosophila, upward of 23 neuroblasts persist postembryonically
in thoracic hemineuromeres, but only three or four persist in a
typical abdominal hemineuromere (Booker and Truman, 1987;
Truman and Bate, 1988). Moreover, thoracic neuroblasts gen-
erally 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 Schis-
tocerca, embryonic cell death is greater overall in abdominal
than in thoracic neuromeres (Goodman and Bate, 1981); in
Manduca, cell death at the larval to pupal transition is likewise
greater in abdominal lineages than in comparable thoracic lin-
eages (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% dif-
ference 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 (equiv-
alent to five MNB divisions) except during episodes of cell death.
Assuming that the MNBs continue to divide at the same rate
throughout their life-spans, we estimate that about 98 progeny
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Figure 8. MNB lineage groups in segments T3 and Al at 50% (@) and
70% (b) of development showing timing of cell death. In g, from a 50%
embryo, profiles of dying cells (some indicated by arrow) are present in
the A1l group but not in the T3 group. In b, from a 70% embryo, dying
cells (arrow) are observed in T3 but not Al. Nuclei of dying cells ap-
peared as dense spots in toluidine blue-stained whole-mounts (camera
lucida drawings). The MNB is located posteriorly in each group (stip-
pled). The diagonal strip of the newest MNB progeny in the T3 group
of b is indicated by a bold outline. Dying cells occur at its anterior end
(anterior is up).

are produced in the T3 lineage, whereas about 86 progeny (12
fewer) are produced in the Al lineage. This agrees with earlier
estimates (Goodman and Bate, 1981). Furthermore, more neu-
rons die in Al than T3, further contributing to the numerical
difference between the groups. Comparing the estimated number
of progeny born with the number surviving there is a fivefold

Figure 9. Patterns of cell death in the
T3 MNB lineage at 70% (a—) and the
A1 MNB lineage at 50% (d, ) and 55%
(f) of development. The MNB (stip-
pled), adjacent progeny, and the pyk-
notic nuclei in a group are drawn in-
dividually. The boundary of the entire
group is outlined (anterior is up). In T3
at 70% the pyknotic profiles occur im-
mediately adjacent to a strip of 10-12
progeny that are the most recent prog-
eny of the MNB. The strip extends an-
teriorly in g, laterally in b, and curves
ventrally in ¢. In Al, the most recent
progeny are closest to the MNB, but not
as obviously delineated as T3. Pyknotic
profiles occur throughout the group.

difference in 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 heights of the two peaks indicate that cell death is mark-
edly greater in Al than T3. Whether further differences in the
number of progeny result from reduced rates of MNB division
during plateau periods should be determined using a more direct
measure of cell proliferation, for example, labeling with bro-
modeoxyuridine. Previous reports have stressed the role of ei-
ther cell death (Goodman and Bate, 1981) or differential neu-
roblast division rates and life-span (Shepherd and Bate, 1990)
in establishing segmental differences in neuron number. We
suggest that cell death is predominant in shaping differences in
cell number between the T3 and A1 MNB groups.

Our measure of division rates for the T3 MNB lineage com-
pares closely with that of Shepherd and Bate (1990) for lineages
of three other identified thoracic neuroblasts. They found that
in each lineage 11-12 progeny were labeled during a 24 hr pulse
of bromodeoxyuridine (equivalent to 5% of development). The
count overestimates the number of progeny produced during a
given time, because ganglion cells are labeled prior to division.
Shepherd and Bate (1990) accordingly estimated a rate of four
to five neuroblast divisions per 24 hr, the upper number in
agreement with our estimate. By contrast, their measurements
show that unidentified abdominal neuroblasts in more posterior
neuromeres have division rates about half that of thoracic ones
(Shepherd and Bate, 1990). The Al neuromere is suggested to
be transitional between the thoracic neuromeres and the more
posterior abdominal neuromeres (Truman and Bate, 1988;
Shepherd and Bate, 1990). Consistent with this idea are our
findings that the A1 MNB shares the thoracic rate of cell di-
vision, 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 seg-
ments, but different subpopulations of neurons in the MNB
lineages are 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
close to the last ganglion mother cells that arise from the MNB,
suggesting that the dying cells are also among the last born of




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 pro-
duced earlier in the lineage are targeted for death in A1, whereas
those produced later are targeted for death in T3.

The mature T3 and Al midline groups differ in their com-
plement 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 as-
sumes 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 irrespec-
tive of birth order, and where cell death only reduces the pop-
ulation 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 re-
producible sequence from particular ganglion mother cells
(Goodman and Bate, 1981).

The earliest-born progeny in the MNB lineage are efferent
neurons (Goodman and Bate, 1981). 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: effer-
ents, local interneurons, and intersegmental interneurons
(Thompson and Siegler, 1991). 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 A1, 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., 1981; Loeretal., 1983;
Truman, 1984; Weeks et al., 1992).

Cell death is increasingly being seen as an active, differentia-
tive event in the development of the nervous system (Truman,
1987; Schwartz, 1991). Whereas some neurons survive and elab-
orate their unique characteristics of morphology and physiology,
others begin a program of RNA and protein synthesis that ul-
timately 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 sur-
vive (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 in-
vestigated 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 embryogenesis. The T3 MNB is
born at 29% of development and dies at 78%. The A1 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 Al. 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 em-
bryogenesis, efferents normally innervating the limb nonetheless
survive (Whitington et al., 1982). Moreover, as shown in the
present study, cell death in the A1 midline group begins at 45%,
a time when the T3 MNRB efferents are themselves still 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 mechanism would be plau-
sible only if a key central target is postulated. Rather than en-
vironmental interactions being important, particular neurons
might be spared or targeted for cell death as a result of intrinsic
differences that occur segment by segment. Such differences might
be conferred by segmentation or homeotic genes.

Several related observations lead us to suggest that the epi-
sodes of cell death during embryogenesis of Schistocerca are
under hormonal control. Embryonic ecdysteroids, which are
derived maternally, are stored as inactive conjugates associated
with yolk proteins; periodic metabolism of the conjugates is
thought to underlie increases in 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 oc-
currence of apolysis, the separation of epidermis from overlying
cuticle in preparation for the deposition of new cuticle. Studies
of postembryonic molting in several insects indicate that apo-
lysis occurs relatively late in the rising phase of increasing ec-
dysteroid titer, near the peak value (Riddiford, 1985). In Schis-
tocerca, apolysis of the first embryonic cuticle occurs between
45% and 50%; apolysis of the second, between 70% and 75%
(Shankland and Bentley, 1983). The episodes of cell death we
report are closely timed to these events and, we suggest, likewise
triggered by rising ecdysteroid levels, much as ecdysteroids act
in triggering metamorphic cell death in holometabolous insects
(Truman, 1987).

Continued investigations of the elaboration of neural progeny
from identified neuroblasts in the grasshopper can fill an im-
portant gap in our understanding of neural development. Spe-
cifically, studies could consider the mechanisms that control
diversity of phenotype within a neural lineage, and the possible
sources of 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 discov-
ered.
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