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Developmental and hormonal regu-
lation of actin and tubulin in the central
nervous system of silkworm, Bombyx
mori during postembryonic
development'
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We investigated changes in the synthesis and content
of the cytoskeletal proteins to understand their role in
ganglionic fusion and nerve-cord shortcning during
metamorphosis in insects. SDS-PAGE and [3‘S]-meth-
ionine incorporation studies revealed high protein syn-
thesis in the central nervous system (CNS) of Bombyx
mori, during the late-last instar larval and late-pupal
stages of development, and actin and tubulin were the
two major proteins synthesized. Western analysis
revealed high B-tubulin in CNS during the larval
stages. It declined at the pupal stage, which might be
due to the resorption of the interganglionic connectives.
A specific B-tubulin protein band was expressed dur-
ing the pupal stages, when endogenous 20-hydroxyec-
dysone (20E) titre was reported to be high. Based on
the similarity to an earlier report on the developmen-
tal expression of tubulin in Drosophila, we speculate
this as a B3 isoform of B-tubulin. The increased accu-
mulation of actin in the CNS during pupal stages sug-
gests an active role for microfilaments in nerve-cord
shortening. Synthesis of actin as well as tubulin was
stimulated by 20E.

HOLOMETABOLOUS insect metamorphosis is accompanied
with neurogenesis, programmed cell death and reorgani-
zation of larval neurons to perform new functions in the
adult central nervous system (CNS). During the trans-
formation of larval CNS to that of adult, drastic reduction
occurs in the length of the nerve cord and in the number
of ganglial‘z. Active participation of the cytoskeletal
components in cellular movements, extension of neurites,
coiling or looping of axons, and resorption of axonic
material in the CNS has been reported™®. However, there
is hardly any information on the role of cytoskeletal ele-
ments in the ganglionic fusion and nerve-cord shortening
process during metamorphosis.

The mechanical explanation for changes in cell shape
and motility during metamorphosis in insects lies in the
assembly and movement of the cytoskeleton component.

*For correspondence. (e-mail: apdgsl@uohyd.ernet.in)
'A.S.,A. A.and A. D. G. dedicate the paper to Ch. R. K. M., who passed
away recently.
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Two major structural elements involved in these func-
tions are tubulin-containing microtubules and actin-con-
taining microfilaments. Tubulin is one of the most wide-
spread classes of multiple family proteins, the polymer
consists of heterodimer of o and B-tubulins and has been
widely characterzied from several species’. In the ner-
vous system, microtubules are abundant and form the
major structural component of axons’. On the other hand,
actin is a highly conserved protein, representing a class of
ubiquitous gene families. In non-muscle cells, it is a major
component of microfilaments, which are implicated in
cytoskeletal morphology, cell motility and phagocytosis’.

The growth of the nervous system and organization of
its synaptic field in insects occur mainly during the post-
embryonic development, which consists of growth punc-
tuated by a series of moults followed by metamolphosisl'8
that are initiated and coordinated by morphogenetic
hormones, ecdysone and juvenile hormones®’. Previous
studies demonstrated the hormonal regulation of gangl-
ionic migration in wax moth Galleria mellonela, and 20E
was more pronounced in its effect on nerve-cord shorten-
ing compared to o-ecdysone'’. 20-Hydroxyecdysone has
also been demonstrated to initiate ganglionic migration,
which resulted in fusion in Manduca sexta''. The present
study focuses on the changes in the content and synthesis
of actin and tubulin in the CNS of Bombyx mori during
postembryonic development. We also studied the hormo-
nal regulation of expression of these proteins.

In the present study, third-instar larvae of silkworm, B.
mori (pure Mysore strain, India) were obtained from local
breeding centre and reared in an insect culture room at
26+ 1°C, 70 £ 5% relative humidity and 14 : 10 h light-
dark period on fresh mulberry leaves. Staging of insects
was based on their age after the fourth ecdysis'’. One to
two-day-old last-instar larvae were designated as early-
last instar (ELI), 5 to 6-day-old as mid-last instar (MLI),
9 to 10-day-old as late-last instar (LLI). Larvae collected
after spinning were designated as prepupa (PP), 1-day-old
prepupa as early-prepupa (EPP), 2-day-old as mid-prepupa
(MPP), 3-day-old as late-prepupa (LPP), 4 to 6-h-old pupa
as white pupa (WP), 1 to 2-day-old pupa as early-pupa
(EP), 4 to 5-day-old as mid-pupa (MP) and 9 to 10-day-old
as late-pupa (LP) and freshly emerged moths (< 12 h old)
as adult (A).

For morphometric studies, to determine the changes in
the length of the nervous system, CNS from insects of
different stages was dissected and placed on a glass
microslide carefully, to prevent the stretching of ventral
nerve cord. The length of CNS was measured under a
binocular macroscope using an ocular micrometer, cali-
brated with a stage micrometer.

The tissue samples were prepared by rapidly dissecting
intact CNS (brain + ventral nerve cord) in ice-cold insect
Ringer (130 mM NaCl, 5 mM KCIl, 0.1 mM CaCl,) con-
taining 1 mM phenylmethylsulphonylfluoride (PMSF) and
frozen in liquid nitrogen. The frozen tissue was homo-
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genized (4 CNS/50 ul) in 10 mM Tris buffer (pH 7.1),
containing 0.1% Triton X-100 and 1 mM PMSF, using
all-glass microhomogeniser (Kontes) and centrifuged at
1000 g for 5 min at 4°C to remove large debris. An aliquot
of the supernatant was used for protein estimation'’. To
resolve CNS proteins, electrophoresis was carried out using
10% Tris-glycine SDS-PAGE'* and proteins were visua-
lized by silver-staining's. For Western blotting, the resol-
ved proteins were transferred to nitrocellulose membrane'®
and immunodetection was carried out using rat mono-
clonal antibody to actin and B-tubulin (Boehringer Mann-
heim). The crossreactivity of these antibodies was detected
using anti-rat alkaline phosphatase conjugated secondary
antibody followed by processing with substrates of alkaline
phosphatase (nitroblue tetrazolium chloride/5-bromo-4-
chloro-3-indolyl phosphate). The mass of polypeptides was
determined by co-electrophoresing protein markers fol-
lowed by analysis on UVP gel documentation system. The
quantitation of immunoblots was done with a compu-
terized laser-scanning densitometer using Image-Quant
software.

For in vitro studies on protein synthesis, intact CNS was
dissected under aseptic conditions from different deve-
lopmental stages of insects. The tissues were cultured in
TC-100 insect culture medium (2 CNS/100 pl) for 12 h in
the presence of 20 UCi of [*°S]-methionine (1000 Ci/mmol
from BRIT, Mumbai) at 25°C under sterile conditions. For
studying the effect of hormones on protein synthesis, the
dissected CNS was incubated in TC-100 culture medium
(JRH Biosciences, Inc., USA) initially for 4 h to deplete
the endogenous hormones'’” and treated either with JH I
(7 x 107 M) or with 20E (5 x 10° M) for four hours'®".
Subsequently, [**S]-methionine (20 uCi) was added and
incubation was carried out for another 4 h. At the end of
the incubation period, tissue was removed, rinsed exten-
sively and homogenized as mentioned earlier. Radio-
activity in the samples was quantified after TCA precipi-
tation, and fluorography®® of the electrophoretically sepa-
rated proteins using 2,5-diphenyloxazole in dimethyl-
suphoxide was carried out for the detection of radio-
labelled polypeptides.

The statistical analysis was performed by one-way
ANOVA followed by comparisons of means by Student-
Newman-Keuls multiple comparison test using the Sigma
Stat software (Jandel Corporation). P < 0.05 was defined
as the criterion for statistical significance. The data are
represented as mean £ SD.

Morphometric studies (Figure 1) revealed that the length
of CNS increased gradually during larval development
and reached to its maximum in the LLI larvae and remai-
ned more or less the same in EP. Thereafter, it declined
gradually through the PP and pupal stages and reached its
minimum in 10-12-h-old adult. However, the process of
shortening was more pronounced during the PP stage.
Protein content of the nervous system was found to be
low in the ELI larvae, it increased gradually through
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MLI, LLI larval, PP and pupal stages and reached a high
value in LP and remained more or less the same in 10—
12-h-old adult (Figure 2). Studies with [**S]-methionine
revealed fairly high protein synthesis in the CNS of MLI
larvae among the larval stages and in LP during the pupal
stage (Figure 3 a). Adult CNS showed the lowest rate of
protein synthesis among all the stages used in the present
study (Figure 3 @). Fluorographic analysis also indicated
high degree of [’S]-methionine incorporation into the CNS
proteins during MLI larval and LP stages (Figure 3 b), espe-
cially into two major polypeptides of 45 kDa and 55 kDa.

SDS-PAGE analysis of the CNS proteins from various
developmental stages revealed a quantitative change in
the 45 kDa actin protein (Figure 4 a). This was further
confirmed with immunoblotting studies using monoclo-
nal actin antibody (Figure 4 b). Quantitative analysis of
the immunoblot revealed that the actin content in CNS
remained more or less the same during the larval stage,
but it significantly increased from EP and reached a peak
value at adult stage (Figure 4 ¢).
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Figure 1. Changes in total length of CNS of B. mori during different

stages of postembryonic development. Values are mean+ SD of 12
independent measurements.
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Figure 2. Changes in total protein content of B. mori CNS during
various stages of postembryonic development. Values are mean + SD
of 10 independent determinations.
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Studies on quantitative as well as qualitative changes
in B-tubulin protein expression (Figure 5 a—c) showed the
presence of large amount of B-tubulin in the CNS of ELI
larvae (Figure 5 b, lane 1), which increased and reached
its maximum in LLI larvae (Figure 5 b, lane 2). There-
after, the content declined during PP (Figure 5 b, lane 3)
and pupal stages of development (Figure 5 b, lanes 4-6).
However, it increased once again and adult CNS showed
a higher tubulin content (Figure 5 b, lane 7). An interest-
ing observation was the expression of a new B-tubulin
protein band migrating just above the major B-tubulin band
in the samples from the pupal stages (Figure 5b). The
expression of this protein begins in the EP CNS (Figure
5 b, lane 4) and reaches a maximum in MP (Figure 5 b,
lane 5) and then decreases in LP (Figure 5 b, lane 6). This
protein was found to be absent in larval and adult stages.

The study to check the effect of morphogenetic hormo-
nes 20-hydroxyecdysone (20E) and juvenile hormone (JH)
revealed the stimulatory role of 20E on the synthesis of
cytoskeletal proteins actin and tubulin (Figure 6, lane 2).
In addition, synthesis of a few other polypeptides was also
stimulated by 20E treatment. Short-term JH treatment (8 h)
in this experiment did not exert any significant effect on
the synthesis of proteins (Figure 6, lane 3).

In the CNS of holometabolous insects, postembryonic
development is characterized by profound increase in the
size of ventral ganglia and length of interganglionic con-
nectives during the larval stages. This corresponds to the
increase in body length of the larvae. During metamor-
phosis, there is a reduction in the body length, which is
accompanied by a reduction of interganglionic connec-
tives followed by fusion of ganglia. Thus, there is reduc-
tion in the number of ganglia and length of the connectives
between the ganglia undergoing fusion. This is well
demonstrated in G. mellonela'’. In M. sexta, ecdysteroid
fluctuations have been demonstrated to regulate the gang-
lionic fusion during metamorphosis“. The present study
also revealed an increase in the length of the nervous
system at larval stage, which remained stable at EP and
thereafter declined gradually through the PP and pupal
stage and was minimal in 10-12-h-old adult. Our study
shows that there is a gradual but continuous increase
in the total protein content of CNS and high rate of
protein synthesis in MLI larvae among the larval stages
and in LP during the pupal period, with high degree of
radiolabel incorporation into two major polypeptides with
masses of 45 and 55 kDa. These polypeptides were
identified as actin (45 kDa) and tubulin (55 kDa) using
monoclonal antibodies. Interestingly, adult CNS showed
the lowest rate of protein synthesis among the stages
studied.

Expression of genes for cytoplasmic actin was shown
to play an active role in cell motility, migration, neuro-
genesis, and axonal sprouting and outgrowth™”'. A precise
developmental regulation of cytoplasmic actin gene ex-
pression in B. mori has been reported’’. The genes are
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Figure 3. Changes in in vitro [**S]-methionine labelled CNS polypeptides at different stages of
insect development. Radiolabelling of intact CNS was done in TC-100 insect culture medium
(2 CNS/100 pl) for 12 h in the presence of 20 uCi [**S]-methionine at 25°C under sterile conditions.
a, Graphical representation as CPM/ug protein. b, Fluorograph of [**S]-methionine-labelled proteins.
Lane 1, ELI; lane 2, MLI; lane 3, LLI; lane 4, PP; lane 5, MP; lane 6, LP and lane 7, A.*P < 0.05.
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Figure 4. Developmental profile of actin (arrow head 45 kDa) in
CNS of B. mori. () SDS-PAGE, (b) immunoblot probed with mouse
monoclonal antibody to actin and (¢) quantitative representation of data
obtained by laser scanning densitometry of immunoblot. Ten pg protein
was loaded in each lane.

principally expressed in embryo, silk gland and gut of larva
and whole body of pupa. In the present study, a marked
increase was observed in the B-actin content of CNS dur-
ing pupal development compared to the larval stages; this
might be due to the addition of microfilaments during the
reorganization and development of the adult nervous system.
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Microtubules are known to play an active role in the
generation and orientation of the growing axons”. Reports
also suggest that microtubule polymerization or extension
alone can drive axonal growth, because neurites continued
to grow in the presence of cytochalasin B, an actin-de-
polymerizing drug”. Further, a direct correlation was
demonstrated between longitudinal growths of axons in
developing neurons and that of high levels of tubulin
expression”®. In the light of these results, increase in f-
tubulin content observed in the CNS of B. mori from ELI
to LLI larval stage, can be correlated to the dramatic
increase in the length of the interganglionic connectives
during the last-instar larval growth. Similarly, decrease in
B-tubulin content during pupation might be due to resorp-
tion of some of the connectives between the ventral gang-
lia undergoing fusion during this period. Based on earlier
reports on the characterization of B-tubulin isoforms f1
and B3 and their pattern of expression in Drosophila, we
suggest that the specific tubulin isoform detected in the
pupal CNS of B. mori is probably a B3 tubulin®*. Expres-
sion of this probable isoform began in the EP stage and
reached a maximum in MP and declined in LP, before
disappearing in the adult. A similar pattern in f3 tubulin
content was earlier observed with the whole-body extract
during pupal development in Drosophila%. Based on the
B 3-tubulin expression in Drosophila, Kimble et al® pro-
posed that this isoform may be important for the assembly
and functioning of cytoplasmic microtubule arrays in cells
undergoing rapid changes in shape and/or tissue organi-
zation. Specific expression of this isoform in the CNS of
B. mori seen in the present study during pupation, a stage
characterized by drastic reorganization and remodelling,
lends support to this proposal.

Studies on Drosophila cell lines and tissues from other
insects demonstrated that actin gene expression is regu-

CURRENT SCIENCE, VOL. 87, NO. 3, 10 AUGUST 2004
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Figure 5. Developmental profile of B-tubulin (arrow head 55 kDa) in
CNS of B. mori. (¢) SDS-PAGE, (b) immunoblot probed with mouse
monoclonal antibody to B-tubulin and (¢) quantitative representation of
data obtained by laser scanning densitometry of the immunoblot. Ten
Hg protein was loaded in each lane. Note the presence (arrow head) of
a new isoform of tubulin in EP, MP and LP stages.
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Figure 6. Effect of hormones on CNS protein synthesis in vitro. a,
SDS-PAGE; b, Fluorograph. Lane 1, Control; lane 2, 20E treated and
lane 3, JH-I treated. Arrowhead T indicates tubulin band and arrowhead A
indicates actin band.
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lated/modulated by the ecdysteroid”>?’. When exposed to

20E, Drosophila cell cultures rapidly undergo cell-shape
changes, acquire motility and aggregate. This 20E-induced
morphological transformation was accompanied by a five-
fold increase in rate of cytoplasmic actin synthesis and a
two-fold increase in actin content”. Our observation of
increased actin synthesis in the cultured CNS of B. mori
in response to 20E treatment as well as the increase in
actin content of CNS during pupal development, which is
induced by the major reported pupal peak'’ of 20E, clearly
suggests that cytoplasmic actin genes are transcriptionally
regulated by ecdysteroids.

Studies on the hormonal regulation of B-tubulin synthe-
sis in Kc cell lines indicated that B3 tubulin gene expres-
sion is regulated26 by 20E. The present study with cul-
tured CNS of B. mori also demonstrated a stimulatory
role for 20E on tubulin synthesis. The developmental expres-
sion of PB-tubulin and also of its probable isoform B3,
observed in the present study, correlates with the reported
high levels of 20E in the haemolymph of B. mori'’. These
observations suggest that the cytoskeletal components,
i.e. tubulin and actin, probably play a role in the reorgani-
zation of CNS during the metamorphosis of insects.
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Gegeneophis nadkarnii — a caecilian
(Amphibia: Gymnophiona: Caeciliidae)
from Bondla Wildlife Sanctuary,
Western Ghats

Gopalakrishna Bhatta"* and P. Prashanth’

"Department of Zoology, Bhandarkars® College, Kundapura 576 201, India
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Gegeneophis nadkarnii is described as a species of
Caeciliidae (Amphibia: Gymnophiona) based on two
specimens collected from Bondla Wildlife Sanctuary,
Goa, India. This species is differentiated from all Gege-
neophis except G. danieli, in having many secondary
annuli that begin on the anterior of the body. G. nad-
karnii differs from G. danieli in having substantially
fewer teeth.

UNTIL 1999, the endemic Indian caeciliids were represen-
ted by five species belonging to two genera, viz. Gegeneo-
phis Peters and Indotyphlus Taylor. These five species
are G. carnosus, G. fulleri, G. krishni, G. ramaswamii and
1. battersbyi'. Recently two more species from India were
added to the genus Gegeneophis. Ravichandran et al’
reported Gegeneophis seshachari from Ratnagiri District,
central western Maharastra and Giri et al.’ reported
Gegeneophis danieli from Sindhudurg District, southern
Maharastra. In September 2001 we had collected two
specimens resembling each other from Goa, India which
fit into the generic diagnosis given by Taylor* and Ravi-
chandran et al?’ for Gegeneophis, but differ from all
known species of the genus according to the recently deve-
loped key to the species of Gegeneophis by Giri et al.’.
Here we describe this form (G. nadkarnii sp. nov.) that
differs from all other species of the genus Gegeneophis
except G. danieli, as having many secondary annuli that
begin on anterior of the body. The species differs from G.
danieli in having substantially fewer teeth.
G. nadkarnii sp. nov. is described as follows:

Holotype: Zoological Survey of India, Calicut, India (ZSI,
CLT. No. V/A-573). A mature male, collected in Bondla
Wildlife Sanctuary, Goa in September 2001, while con-
ducting field-work.

Paratype: Bombay Natural History Society, Mumbai, India
(BNHS) 4234. A mature male. Other data same as holotype.

This is a Gegeneophis differing from all other species
of the genus except G. danieli, in having many secondary
annuli (around 80, of which nearly 70 are complete mid-
dorsally) that appear on anterior part of the body. The
anterior-most primary annuli (around 40) appear incomplete
middorsally.

*For correspondence. (e-mail: gkb@sancharnet.in)
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