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Short Communication

Ventral nerve cord remodeling in a stingless bee (Melipona
quadrifasciata anthidioides, Hymenoptera, Apidae) depends
on ecdysteroid fluctuation and programmed cell death
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ABSTRACT The reorganization of the ventral nerve cord (VNC) during metamorphosis of M.
quadrifasciata was observed to be characterized by shortening of connectives and subsequent
fusion of the 2"dand 3"¥ thoracic and the 15tabdominal ganglia. Also, the 5t to 7t abdominal ganglia
came into very close contact. These changes were accompanied by increasing levels of endogenous
ecdysteroids, as determined by a radioimmunoassay. Incubation of VNC in the presence of 5 ug 20-
hydroxyecdysone, caused significant shortening of connectives in the thoracic region, but notin the
abdomen, evidencing a segment-specific response to this hormone. Cell death in the ventral ganglia
was revealed by transmission electron microscopy and TUNEL-reaction. Detection of labeled cells
in the region where contiguous ganglia come into close contact suggests that programmed cell

death is involved in ganglionic fusion.
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During metamorphosis of holometabolous insects, the larval
nervous system is remodeled in accordance with the adult body
pattern and the different functions required in adult life. The most
evident changes consistin the anatomical reorganization of the VNC,
which occurs by shortening of connectives and consequent fusion of
some ventral ganglia (Pipa, 1967; Amos and Mesce, 1994; Cantera
et al, 1995). At the cellular level, most of the larval neurons are
remodeled or inevitably die, whilst new imaginal neurons are gener-
ated (Truman and Reiss, 1976; Levine and Truman, 1982; Booker
and Truman, 1987; Levine e a/, 1995). These neurodevelopmental
events, observed in Lepidoptera and Diptera, have been associated
with changes in the circulating levels of ecdysteroid hormones (Pipa,
1969; Robertson and Pipa, 1973; Truman, 1988; Levine, 1989;
Truman et a/, 1993; Amos ef al,, 1996).

Although VNC reorganization is a striking characteristic of the
larval-pupal transition, this process in eusocial insects has re-
mained undescribed. In the present study, we examined in detalil
the gradual changes in VNC occurring during metamorphosis in a
stingless bee, M. quaarifasciata. The observed changes were
correlated with the variation in hemolymph ecdysteroid level,
determined by a radioimmuoassay. The role of this hormone was
further assayed in an /7 vifro incubation system established to
monitor the response of isolated VNC to 20E. For a cellular level
understanding of ganglia fusion, programmed cell death was
investigated by electron microscopy and TUNEL labeling.

In defecating M. quadrifasciata larvae (5™ instar larvae in
preparation to metamorphosis), the VNC consists of 3 thoracic
(T1-T3) and 7 abdominal (Ab1-Ab7) ganglia linked by paired
connective nerves. During larval-pupal transition, the VNC shrinks
mainly due to the shortening of the connectives linking the ganglia
T2, T3 and Ab1, forming a single ganglion, and of those linking
ganglia Ab4, Ab5, Ab6 and Ab7 that, in consequence, come into
close proximity (Fig. 1A). This VNC remodeling correlates with a
gradualincrease in the hemolymph ecdysteroid titer (Fig. 1B). We
could evidence a significant shortening in the connectives linking
all the thoracic and Ab1 ganglia, and also in the connectives
linking the ganglia Ab4 to Ab6, 48h as soon as the ecdysteroid titer
startedto increase (Fig. 2A). This developmental period (48h from
the beginning of defecation process, identified as “time 0”) was
chosen to set up a series of VNC /77 vifro incubations in the
presence (or absence) of 20E. These experiments showed a
significant (p<0.05) shortening of the connectives linking the
thoracic and Ab1 ganglia, in presence of 5 ug 20E (Fig. 2B),
indicating that 20E alone is sufficient to cause their shortening.
This response was dose-dependent since shrinking was not

Abbreviations used in this paper: 20-E, 20-hydroxyecdysone; VNG, ventral nerve
cord.
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Fig. 1. Relationship between
VNC remodeling and
ecdysteroid titer fluctuation
during M. quadrifasciatalarval-
pupal transition. (A) (DL) Def-
ecating and (pDL) post-defecat-
ing larvae, (PP) prepupae, (Pw)
newly ecdysed white-eyed pupae,
and the subsequent pupal stage,
(Pp) pink-eyed pupae. (SOG)
suboesophageal, (T) thoracic and
(Ab) abdominal ganglia. (B) The
graph shows the fluctuation in
hemolymph ecdysteroids. Values
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observed when a lower 20E dose (1 pg) was used (data not
shown). In contrast, the connectives linking ganglia Ab4 to Ab6,
did not significantly shorten /7 vitro, in the presence of 20E (1 or
5 ug) as they did /7 vivo (Figs. 2 A,B).

Post-embryonic changesinthe CNS of M. guadrifasciata were
studied by Cruz-Landim and Hofling (1972) that also referred to
the modifications in VNC. In the present work, the metamorphic
modifications in VNC were positively correlated with the endog-
enous ecdysteroid titer, and the direct effect of 20E on VNC
remodeling was demonstrated /7 vitro. To our knowledge, Pipa
(1969) was the first to show the function of ecdysteroids on
interganglionic connective shortening by injecting a-ecdysone in
Galleria meflonefla pupae. Later, Robertson and Pipa (1973),
demonstrated shortening of connectives incubated /7 vitro, in the
presence of 20E or analogues. Different from our incubations,
where entire larval VNCs were used, they used only the T2-T3 and
the Ab4-Ab5 pupal segments. As observed here in M.
guadrifasciata, the thoracic and abdominal segments of G.
mellonella also responded differentially to the ecdysteroid doses
used.

It is not known how some connectives shorten while others
maintain their size, or even enlarge, when exposed to the same
hormonal signal. Obviously, steroid hormones typically have
accessto all cells bathed in insect hemolymph, yet the responses
of individual cells can be remarkably different. Neurons and other
ecdysonetargettissues show qualitative and quantitative changes

pDL
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represent means and standard er-
rors of 15 samples for each stage.

in ecdysone receptor (EcR) expression, which in turn are corre-
lated with distinct patterns of ecdysteroid response (Talbot ez a/,
1993; Truman ef a/, 1994). The differential expression of ECR
isoforms in the cells could account for regulating different genes
when the hormone-receptor complex binds to upstream recogni-
tion sites. Furthermore, the pattern of ecdysteroid binding sites in
the nervous system of M. sexiawas shown to be dependent on
developmental stage (Fahrbach, 1992). This could make the
response spatially and developmentally restricted, and could ex-
plain why, in an anterior-posterior series of ganglia, as those forming
the VNC, some are responsive to 20E whereas others are not.

Signs of cell death, such as condensed chromatin in the
periphery of the nuclear envelope, presence of autophagic vacu-
oles, nucleolar fragmentation and cytoplasm vacuolization were
frequently observed in ganglionic cells of metamorphosing M.
quaarifasciata (Fig. 3). TUNEL labeled cells (apoptotic cells)
were characteristically detected in the regions of ganglionic fusion
(Fig. 4A). In non-fusing ganglia, apoptotic cells were observed
only in the periphery of the ganglionic mass (Fig. 4B), showing
that although apoptosis is a general phenomenon in all ganglia
examined, its spatial distribution differs between fusing and non-
fusing ganglia. Recently, Usui-Aoki ez a/.,, (2002) observed failure
in shortening of the abdominal nervous system in Drosgphila
pupae where apoptosis had been inhibited by mutations, sug-
gesting strongly that programmed cell death is part of the nervous
system remodeling program.

Fig. 2. Connective length in A B
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Fig. 3. Ultrathin sections of degenerating VNC cells from metamorphosing M.
quadrifasciata. (A) Condensed chromatin (arrow) in the periphery of the nuclear
envelope, and autophagic vacuole (AV) in defecating larvae. (B) Advanced cell death
(arrows), and fragmented nucleolus (Nu) in prepupae. (C) Condensed chromatin (arrow)
in the nuclear (N) periphery and large cytoplasm vesicles (V) in white-eyed pupae. Bars,

A, 2uM; B,C, 4 um.

It is well known that programmed cell death in a variety of
metamorphosing tissues is under ecdysteroid control (Truman
and Schwartz, 1984; Weeks efa/, 1992; Jiang et a/, 1997; Kinch
et al, 2003). Specifically in the honey bee brain, the onset of
apoptosis in neuronal precursors of mushroom bodies coincides
with elevated levels of pupal ecdysteroids (Ganeshina et al,
2000). Apparently, apoptosis involved in connective shortening
and ganglionic fusion constitutes a cell response to increasing
ecdysteroid levels that ultimately results in M. guadrifasciataVNC
remodeling.

The fact that in our /n vitro assays of M. quaadritasciata VNC,
abdominal connectives did not responded to 20E suggests that
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additional factors are necessary for their shortening. A
signal transmitted from the pterothoracic ganglion
was showed to be necessary to regulate post-eclosion
death of abdominal motoneurons in adult M. sexta
(Choi and Fahrbach, 1995), showing for the first time
that in addition to the ecdysteroidal signal, a neural
peptide is implicated in remodeling the insect nervous
system. This finding reinforces that certain aspects of
the VNC reorganization could also depend on other
factor(s) besides the endocrine signal.

In conclusion, the connective shortening and gan-
glionic fusion in metamorphosing M. quadritasciala,
was correlated with endogenous ecdysteroid titer
modulation. Specifically, the shortening of thoracic
connectives turned out to be caused by 20E. Also, the
occurrence of apoptotic cells in the fusing region of
adjacent ganglia strongly suggests that programmed
cell death may drive ganglionic fusion.

Experimental Procedures

VNCs from metamorphosing M. quadrifasciata were
prefixed /7 s/fu in 2% paraformaldehyde, 2% glutaraldehyde
and 4% sucrose in sodium cacodylate buffer 0.05M, pH 7.2
before being dissected, fixed in fresh fixative, and washed in
the same buffer for stereomicroscope analysis of the time
course of VNC remodeling.

To establish the effect of 20E on connective length, VNCs
from 5 instar larvae that just started to defecate were
dissected and incubated in culture medium (Rachinsky and
Hartfelder, 1998) during 48 h at 28°C, under shaking, in the
presence or absence of 20E (1 or 5 ug/ml medium). After
incubation, the VNCs were fixed and washed as described
above, for connective measurements under stereomicro-
scope using an ocular micrometer. To establish the shortening szafus of
the connectives before /7 vifro incubations, measurements were taken
from larvae that just started to defecate. To compare the /77 vifro results
with connective shortening occurring /7 vivo, measurements were also
taken from a batch of larvae of corresponding age.

VNCs ultrathin sections were obtained as previously described for fat
body cells (Pinto efa/, 2000). The sections were analyzed using a Philips
EM208 transmission electron microscope. To visualize cells undergoing
apoptosis, VNC whole mounts were TUNEL-labeled using the TdT-
FragEL™ kit (Calbiochem), and analyzed using a Zeiss Axioskop II.

Ecdysteroid titers in hemolymph were quantified by radioimmunoas-
say as previously described (Feldlaufer and Hartfelder, 1997; Pinto efa/.,
2002).

Fig. 4. TUNEL-labeled cells
in VNC ganglia of M.
quadrifasciata. (A) Apoptotic
cells in the fusion region (ar-
- row) of ganglia T3 and Ab1 in

prepupae. (B) Apoptotic cells
_._:x labeled in the periphery of non-

fusing ganglion (arrows) from
defecating larvae.

4014.%



388 L.Z. Pinto et al.

Acknowledgements
Financial support was provided by FAPESP (99/00719-6), CAPES
scholarship to L.Z.P. and CAPES/DAAD grant to K.H.

References

AMOS, T.M. and MESCE, K.A. (1994). Reorganization of the ventral nerve cord in
the moth Manauca sexta (L.) (Lepidoptera:Sphingidae). /nt. J. /Insect Morphol.
Embryol. 23:21-37.

AMOS, T.M., GELMAN, D.B. and MESCE, K.A. (1996). Steroid hormone fluctua-
tions regulate ganglionic fusion during metamorphosis of the moth Manaduca
sexia. J. Insect Physiol. 42:579-591.

BOOKER, R. and TRUMAN, J.W. (1987). Postembryonic neurogenesis in the CNS
of the tobacco hornworm, Manduca sexta. 1. Neuroblast arrays and the fate of
their progeny during metamorphosis. J. Cormp. Neurol. 255:548-559.

CANTERA, R., THOMPSON, K.S.J., HALLBERG, E., NASSEL, D.R. and BACON,
J.P. (1995). Migration of neurons between ganglia in the metamorphosing
insect nervous-system. Roux’s Arch. Dev. Biol. 205:10-20.

CHOI, M.K. and FAHRBACH, S.E. (1995). Evidence for an endogenous neurocidin
in the Manduca sexta ventral nerve cord. Arch. Insect Biochem. Physiol.
28:273-289.

CRUZ-LANDIM, C. and HOFLING, J.F. (1972). The post-embryonic changes in
Meljpona quaadrifasciata anthidioidesLep. (Hym., Apoidea). V. Development of
the nervous system. Papéis Avulsos de Zoologia 26:137-147.

FAHRBACH, S.E. (1992). Developmental regulation of ecdysteroid receptors in the
nervous system of Manaduca sexta. J. Exp. Zool. 261:245-253.

FELDLAUFER, M.F. and HARTFELDER, K. (1997). Relationship of the neutral
sterols and ecdysteroids of the parasite mite, Varroa jacobsonito those of the
honey bee, Apis mellifera. J. Insect Physiol. 43:541-545.

GANESHINA, O., SCHAFER, S. and MALUN, D. (2000). Proliferation and pro-
grammed cell death of neuronal precursors in the mushroom bodies of the
honeybee. J. Comp. Neurol. 417:349-365.

JIANG, C., BAEHRECKE, E.H. and THUMMEL, C.S. (1997). Steroid regulated
programmed cell death during Drosophi/la metamorphosis. Development
124:4673-4683.

KINCH, G., HOFFMAN, K.L., RODRIGUES, E.M., ZEE, M.C. and WEEKS J.C.
(2003). Steroid-triggered programmed cell death of a motoneuron is autophagic
and involves structural changes in mitochondria. J. Comp. Neurol. 457:384-
403.

LEVINE, R.B. (1989). Expansion of the central arborizations of persistent sensory
neurons during insect metamorphosis: the role of the steroid hormone, 20-
hydroxyecdysone. J. NMeurosci. 9:1045-1054.

LEVINE, R.B. and TRUMAN, J.W. (1982). Metamorphosis of the insect nervous
system: changes in the morphology and synaptic interactions of identified
neurons. Nature 299:250-252.

LEVINE, R.B., MORTON, D.B.and RESTIFO, L.L. (1995). Remodeling of the insect
nervous system. Curr. Opin. Neurobiol. 5:28-35.

PINTO, L.Z., BITONDI, M.M.G. and SIMOES, Z.L.P. (2000). Inhibition of vitellogenin
synthesisin Aois mellifera workers by ajuvenile hormone analogue, pyriproxyfen.
J. Insect Physiol. 46:153-160.

PINTO, L.Z., HARTFELDER, K., BITONDI, M.M.G. and SIMOES, Z.L.P. (2002).
Ecdysteroid titers in pupae of highly social bees relate to distinct modes of caste
development. J. /nsect Physiol. 48:783-790.

PIPA, R.L. (1967). Studies of the hexapod nervous system. VI. Ventral nerve cord
shortening; a metamorphic process in Galleria mellonelia (L.) (Lepidoptera,
Pyralidae). Biol. Bull. 124:293-302.

PIPA, R.L. (1969). Insect neurometamorphosis. IV. Effects of the brain and
synthetic a-ecdysone upon interganglionic connective shortening in Galleria
mellonella (L.) (Lepidoptera). J. Exp. Zoo/ 170:181-192.

RACHINSKY, A. and HARTFELDER, K. (1998). /n vitro biosynthesis of juvenile
hormone in larval honey bees: comparison of six media. /77 vitro Cell Dev. Biol.
Anim. 34:646-648.

ROBERTSON, J. and PIPA, R. (1973). Metamorphic shortening of interganglionic
connectives of Galleria mellonella (Lepidoptera) /n vitro. stimulation by ecdys-
one analogues. J. /nsect Physiol. 19:673-679.

TALBOT, W.S., SWYRYD, E.A. and HOGNESS, D.S. (1993). Drosophila tissues
with different metamorphosis response to ecdysone express different ecdysone
receptor isoforms. Ce//73:1323-1337.

TRUMAN, J.W. (1988). Hormonal approaches for studying nervous system devel-
opment in insects. AaVv. /nsect Physiol. 21:1-34

TRUMAN, J.W. and REISS, S.E. (1976). Dendritic reorganization of an identified
motoneuron during metamorphosis of the tobacco hornworm moth. Science
192:477-479.

TRUMAN, J.W. and SCHWARTZ, L.M. (1984). Steroid regulation of neuronal death
in the moth nervous system. J. Meurosci. 4:274-280.

TRUMAN, J.W., TALBOT, W.S., FAHRBACH, S.E. and HOGNESS, D.S. (1994).
Ecdysone receptor expression in the CNS correlates with age-specific re-
sponses to ecdysteroids during Drosophilaand Manducadevelopment. Deve/-
opment120:219-234.

TRUMAN, J.W., TAYLOR, B.J. and AWAD, T.A. (1993). Formation of the adult
nervous system. In: Bate M, Martinez Arias A, ed. The development of Droso-
phila melanogaster. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory
Press. p.1245-1275.

USUI-AOKI, K., NAKANO, Y. and YAMAMOTO, D. (2002). Pathology of the adult
central nervous system induced by genetic inhibition of programmed cell death
in Drosophila pupae. Arch. Insect Biochem. Physiol. 49:94-101.

WEEKS, J.C., ROBERTS, W.M. and TRIMBLE, D.L. (1992). Hormonal regulation
and segmental specificity of motoneuron phenotype during metamorphosis of
the tobacco hornworm, Manduca sexta. Dev. Biol. 149:185-196.

Received: October 2002
Reviewed by Referees: February 2003
Modified by Authors and Accepted for Publication: April 2003



