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In vitro analysis of prothoracicotropic hormone specificity and prothoracic gland sensitivity in
Lepidoptera!

N. Agui, W.E. Bollenbacher and L.I. Gilbert

Department of Medical Entomology, The National Institute of Health, Kamiosaki, Shinagawa-ku, Tokyo 141
(Japan), and Department of Biology, Wilson Hall 0464, University of North Carolina, Chapel Hill, (North
Carolina 27514, USA), March 29, 1983

Summary. The kinetics of prothoracicotropic hormone (PTTH) activation of pupal prothoracic glands (PG) of
the cabbage army worm, Mamestra brassicae, and silkworm, Bombyx mori, were determined in vitro. Activation
was assessed by comparing the increase in the rate of ecdysone synthesis by one member of a PG pair incubat-
ed with a PTTH preparation from pupal brains with the basal rate of synthesis of the other PG incubated
without PTTH. A time course of ecdysone synthesis revealed that Bombyx PTTH extract activated Bombyx PG,
and Mamestra PTTH extract activated Mamestra PG. Dose responses of activation of Bombyx and Mamestra
PG by their respective PTTH were saturable and were indicative of neurohormonal activation. The Bombyx
PG were half-maximally activated (Asg) by far less PTTH than Mamestra PG, 0.34 and 0.91 brain equivalents,
respectively. Heterologous dose response of activation studies, in which PTTH and PG from Mamestra,
Bombyx and the tobacco hornworm, Manduca sexta, were assayed for interspecific PG sensitivity and PTTH
specificity, revealed cross-reactivity among the three PTTH-PG axes, with Manduca PG being more sensitive to
the PTTH of the other species and Bombyx PTTH being the most effective in activating the PG of the other two

species.

The prothoracicotropic hormone (PTTH) is a peptide
neurohormone®!® synthesized by specific neuro-
secretory cells in the insect brain®!> and released
from its neurohemal organ, the corpus allatum* in
Manduca sexta, into the hemolymph at specific times
during insect development’. Once released, PTTH
activates the prothoracic glands (PG) to synthesize
and release ecdysone which is converted to 20-
hydroxyecdysone by tissues other than the PG!1%,
It is 20-hydroxyecdysone, or possibly a combination
of ecdysone and 20-hydroxyecdysone, that elicits the
molting process. Juvenile hormone acts in conjunction
with the ecdysteroids as a modulator of cellular events
in target tissues'®,

The ecdysteroids and juvenile hormones from a vari-
ety of insects have been characterized and these
hormones appear to be ubiquitous, exhibiting only
subtle molecular heterogeneity!'®. Although the chem-
ical characterization of PTTH has been a matter of
intensive study, the structure of this elusive peptide
has not yet been elucidated®® !5, Therefore, the only
available information pertaining to the degree of
structural conservation of PTTH among insect species
comes from classical brain transplantation studies and

in vivo bioassays, which suggest that this neurohor-
mone may be far less conserved structurally than are
the ecdysteroids and juvenile hormones!,

With the development of a sensitive and specific in
vitro assay for PTTH that quantifies activation of the
PG by the neurohormone, it is now possible to
investigate the cross-reactivity of PTTH among dif-
ferent insect species without purifying the PTTH of
each species. This study was conducted to compare
PTTH specificity, as well as PG sensitivity to PTTH,
among Bombyx mori, Mamestra brassicae and Man-
duca sexta, representatives of 3 superfamilies of Lepi-
doptera; Bombycoidea, Noctuoidea and Sphingoidea.

Materials and methods

Animals. Larvae of the cabbage army worm, Mames-
tra brassicae (Noctuidae), and the tobacco hornworm,
Manduca sexta (Sphingidae), were reared on artificial
diets at 25°C under a long-day photoperiod
(LD 16:8)%%0, Larvae of the silkworm, Bombyx mori
(Bombycidae), a F, hybrid strain resulting from a
cross between strains J.124 and C.124, were reared on
fresh mulberry leaves at 25 °C under constant light.
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Gland selection and PTTH assay. Day-O pupal brains
were selected as the source of PTTH since for Mandu-
ca this stage yielded a considerable quantity of
PTTH*®. The PG used in this study were also from
day-O pupae, thus facilitating accurate stage selection
for the comparative study. As described previously!l,
brains were homogenized in Grace’s medium, heat
treated at 100°C and centrifuged at 8000x g for
5 min. The supernatant, denoted PTTH extract, was
not contaminated by ecdysteroids as shown by an
ecdysteroid radioimmunoassay (RIA)!!. The PTTH
concentration of an extract was expressed in brain
equivalents, i.e. fraction of a brain or number of
brains in a given in vitro assay.

Prothoracic glands (PG) were from 0-6-h-old pupae,
a time before the initiation of pharate-adult develop-
ment in these lepidopterans. Bombyx, Mamestra and
Manduca PG were dissected out in lepidopteran Rin-
gers'!, rinsed for 10-30 min in Grace’s medium, and
then incubated individually in a 0.025 ml standing
drop of Grace’s medium in a well of a plastic multi-
well tissue culture plate (Falcon 3008). One pupal PG
of a pair was incubated with PTTH extract (ex-
perimental gland), while the contralateral PG was
incubated in Grace’s medium alone (control gland).
PG were incubated for varying times depending upon
experimental design, but always at 25 °C, under high
humidity, and in the dark.

To quantify ecdysone synthesis by the PG in vitro,
0.01-ml aliquots of the 0.025-ml incubate were ex-
tracted with 0.3 ml methanol and the ecdysone con-
tent determined by RIA as described previously> !l
RIA activity is expressed as ng ecdysone synthesized
by a PG or as an activation ratio (A,), which is the
quantity of ecdysone synthesized by an experimen-
tal PG (+PTTH) divided by that synthesized by the
contralateral control PG (—PTTH)!!. For the time
course of synthesis studies, an aliquot of medium
(0.01 ml) was removed from an incubate at selected
times and an equal volume of comparable medium

Prothoracic gland (PG) sensitivity to homologous and heterologous
extracts of prothoracicotropic hormone (PTTH)

Source PTTH activity

of day-0 M. sexta M. brassicae B. mori

pupal PG EDsg2 Relative EDsg2 Relative EDsg? Relative
activityd activity® activityb

M. sexta 016 1.0 035 046 0.17 094

M. brassicae 062 026 091 0.15 041  0.39

B.mori 094 0.17 121 0.13 034 047

PTTH was extracted from day-O pupal brains. 2 The EDsq is
derived from dose-response kinetics and is the number of brain
equivalents necessary to elicit half maximal stimulation of the PG.
The reciprocal of the EDsy denotes the number of assays that could
be conducted with 1 brain equivalent and is, therefore, a relative
measure of PTTH content. ® The relative activity was obtained
by arbitrarily setting the highest reciprocal of the EDsy at 1.0
(M.sexta PTTH on M.sexta PG) and converting all other reci-
procal of EDsg values relative to that of M. sexta.
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was immediately added back to maintain a constant
incubation volume.

Expression of data. An assessment of PG sensitivity
and PTTH specificity among the three species of
Lepidoptera was made by comparing reciprocals of
the EDsy values. The EDs, (effective dose) value is
derived from a dese response curve of PG activation
and represents the number of brain equivalents neces-
sary to half-maximally activate a PG!!. Alternatively,
the reciprocal of the EDs, denotes the number of
assays that can be conducted with one brain equi-
valent of PTTH extract, a value that can be used to
quantify the PTTH content of a brain extract. By
setting the highest value obtained (reciprocal of the
EDsy) in the comparative studies (table) at 1.0, and
converting all other values relative to it, a ‘relative
activity’ value is obtained. An analysis of relative
activities depends upon the assumption that the three
species examined have chemically identical PTTH.

Results

Time course of ecdysone synthesis. The time course
kinetics of ecdysone synthesis by day-O pupal PG of
Mamestra (fig.1) and Bombyx (fig.2) were deter-
mined and compared to data obtained previously for
Manduca''. PG incubated without PTTH extract
(control glands) synthesized low (basal) levels of
ecdysone during an 8-h incubation period totalling 0.3
and 4.0 ng ecdysone/gland for Mamestra and Bom-
byx, respectively, while Manduca PG under the same
in vitro conditions synthesized 5.6 ng ecdysone/
gland!l. PG of each insect incubated with 1.0 brain
equivalent of PTTH extract from the same species
(experimental glands) exhibited increased rates of
ecdysone synthesis which indicated that the PG were
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Figure 1. Time course of ecdysone synthesis by Mamestra protho-
racic glands incubated in the absence of PTTH extract (O) and
incubated in the presence of 1 brain equivalent of Mamestra PTTH

extract(®). Each point represents the mean (SEM) of 4 separate
determinations.
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being activated. After 4 h of incubation, PTTH acti-
vated Mamestra and Bombyx PG synthesized 0.8 and
30 ng ecdysone/gland, respectively, compared to
22 ng/gland for Manduca. The activation ratios (A,)
observed for experimental vs control glands during
this incubation time were ~ 6 for Mamestra, ~ 12 for
Bombyx and ~ 4 for Manduca (fig.3). The high A,
obtained for Mamestra and Bombyx PG in these time
course studies established a kinetics basis for demon-
strating saturable dose-dependent activation of the
PG by PTTH extracts.

Dose response of PG activation by PTTH: Intraspe-
cific. When PG from each species were incubated with
the intraspecific PTTH extract, the glands were acti-
vated in a dose-dependent manner indicative of hor-
monal activation (fig.3). Maximum activation (A.5)
was obtained with 1.8 brain equivalents of PTTH for
Mamestra (Apa. ~13), 0.8 brain equivalent for Bom-
byx (Apmax ~ 9) and 0.25 brain equivalents for Mandu-
ca (Apax ~4). The EDs, for each dose response of
activation was 0.91, 0.34 and 0.16 brain equivalents of
PTTH for Mamestra, Bombyx and Manduca, respec-
tively (table). The EDs, values suggest that the Man-
duca PTTH-PG system is the most sensitive, followed
by that of Bombyx and then Mamestra. This greater
responsiveness of the Manduca system could be a
result of the following: 1) the Manduca PG are more
sensitive to PTTH; 2) the Manduca brain contains a
greater amount of PTTH; 3) the Manduca PTTH is
the most potent; and/or 4) the in vitro conditions are
more favorable for the Manduca system.

Dose response of PG activation by PTTH.: Interspecific.
To obtain some insight into which of the above
possibilities may account for the different in vitro
behavior of the 3 PTTH-PG systems, interspecific
studies were conducted in which dose responses of PG
activation were generated using PG from one species
and PTTH extracted from another. An EDs; analysis
of the cross-reactivity between the PTTH extract of

30
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Figure 2. Time course of ecdysone synthesis by Bombyx prothorac-
ic glands incubated in the absence of PTTH extract (O) and
incubated in the presence of 1 brain equivalent of Bombyx PTTH
extract (@). Each point represents the mean (SEM) of 4 separate
determinations.
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one species and the PG of another indicated that
cross-reactivity occurred, but to varying degrees
(table). PG of Manduca were activated equally by
PTTH extracts from Manduca and Bombyx, while
Mamestra PTTH extract was much less effective in
activating these PG. In fact, the Manduca and Bom-
byx PTTH extracts were more effective in activating
Mamestra PG than was Mamestra PTTH extract.
Overall, Bombyx PTTH appeared to be the most
potent. With Bombyx PG, Bombyx PTTH extract was
most effective and the Mamestra PTTH extract the
least effective.

In summary, these interspecific dose response studies
conducted under conditions that do not account for
possible variations in the molar concentration of
PTTH in the different brains or the potential differ-
ences in sensitivity of the PG to PTTH, reveal that
Manduca PG are more sensitive to PTTH extracts and
that Bombyx PTTH extract is the most potent in terms
of activating the PG.

Discussion

This study has established the efficacy of the in vitro
PTTH assay developed for Manduca'! in analyzing
PTTH-PG relationships in other Lepidoptera. Indeed,
the assay should be useful for insects representing
other orders as well, since it has recently been utilized
successfully with the brain-ring gland system of the
fly, Sarcophaga bullata'®. In addition, the data from
the present study have also demonstrated varying
degrees of cross-reactivity between the PTTH-PG
systems of the 3 lepidopterans examined.

The hemolymph ecdysteroid titer of the newly pupat-
ed animals used in this study are remarkably similar,
if not identical, i.e. ~300—350 ng/ml for Bombyx'3,
Manduca'? and Mamestra®. However, the volume of
hemolymph in each of the insects is quite different;
0.18 ml, 0.6 ml and 1.4 ml for Mamestra's, Bombyx>

Brain equivalents

Figure 3. Dose responses of activation of prothoracic glands by
Bombyx (O), Mamestra (®) and Manduca (---) intraspecific
PTTH extracts. A; denotes the activation ratio (see Materials and
methods) and each point represents the mean (SEM) A, from
3 separate assays.
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and Manduca’, respectively. For each species the
hemolymph volume is proportional to the size of the
animal: ~ 36% of the 0.5 g Mamestra pupa; ~ 30% of
the 2.0 g Bombyx pupa; and ~ 35% of the 4 g Mandu-
ca pupa. As might be predicted, the data have shown
that the in vitro rate of ecdysone synthesis by the PG
of each species reflected this volume difference, i.e.
the larger the hemolymph volume the greater the
basal rate of ecdysone synthesis. It should also be
noted that the Mamestra PG are the smallest of the
3 species studied.

Although the basal activity of the PG correlated with
animal size (hemolymph volume), the in vitro kinetics
data of gland activation by PTTH extract indicated
that activated PG did not behave in a comparable
manner. For example, the smaller and less active
Mamestra PG required substantially greater amounts
of Mamestra PTTH extract for activation than did the
Manduca and Bombyx systems. In addition, once
activated the A .. for Mamestra PG was comparable
to that of Bombyx glands, values much greater than
the A, for Manduca PG. The reason(s) for these
inconsistent kinetics data is not clear, but it is possible
that the single incubation protocol employed to study
PG activation for 3 different insects gave rise to these
unexpected, apparent differences in the A,,. In this
light, the kinetics data must be interpreted cautiously,
particularly the A, which can fluctuate dramatically
for a given PTTH-PG system, as seen for Bombyx.
Similar variations in Ap,, occur with the Manduca
system; the values can vary from 3 to 8. The EDs
value, however, is reproducible irrespective of the
changing A,,,!% thus making this a useful value for
quantifying PTTH activity and for determining PG
sensitivity.

Overall, the interspecific specificity and sensitivity
analyses for Manduca, Bombyx and Mamestra PTTH
and PG suggested the possibility of different gland
sensitivities and PTTH specificities. Since the primary
structure of PTTH is unknown, and no information is
available regarding PTTH receptors in the PG, the
interpretation of these data must be somewhat specu-
lative. If it is assumed that the PTTH of the 3 species
are chemically similar, or identical, then one must
conclude that the Manduca PG are the most sensitive
to PTTH stimulation and the Mamestra PG the least
sensitive. Possible explanations for this apparent dif-
ferential sensitivity of the PG include: 1) the size of
endogenous ecdysone precursor pools; 2) the size of
the glands; and 3) differences in PTTH receptors in
the target glands, e.g. Manduca PG could possess
more receptors and/or receptors having a greater
affinity for PTTH. Conversely, the data could be due
to considerable structural heterogeneity between the
PTTH of the three species and nominal differences
between the sensitivities of their PG.

Except for the case of Manduca PG sensitivity to
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Bombyx PTTH, there is no overlap in the order of
PTTH specificity and PG sensitivity among the spe-
cies investigated, suggesting that the neurohormones
are similar in structure but not identical, and PG
sensitivity to PTTH is species-specific. The actual
quantity of PTTH in the brain of each pupa probably
did not contribute significantly to the results of the
interspecific studies since different PTTH extracts did
not elicit comparable relative responses from the PG
of the 3 species.

Irrespective of the degree and molecular basis of the
cross-reactivity observed, the important finding from
this study is that PTTH extract from one insect is
capable of activating the PG of another. This observa-
tion indicates that the PTTH of these 3 lepidopterans
are not species-specific, which in turn implies some
degree of structural homology. The extent of this
homology must await the purification and chemical
characterization of the PTTH from each species. One
PTTH present in the day-1 pupal brain of Manduca
has now been purified!® and its primary structure
should be known in the near future. If antibodies are
generated to this PTTH, one could probe the immu-
nological similarities of this neurchormone among
different insects without purifying and characterizing
each PTTH.
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Potential toxins of acute liver failure and their effects on blood-brain barrier permeability
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Summary. The effects of potential toxins of hepatic coma on the blood-brain barrier (BBB) permeability of the
rat have been examined using the Oldendorf technique. Classical toxins of hepatic failure such as ammonia,
methyl octanoate, mercaptans, and phenol caused significant increases in BBB permeability. A slight increase
in permeability occcurred following infusion of peroxidized linoleic acid and unconjugated bilirubin but no
increase after infusion of bile acids. E. coli endotoxin infused into rats following partial hepatectomy also

increased the BBB permeability.

Livingstone et al.!* in 1977 demonstrated an increase
in BBB permeability in hepatectomized rats as they
passed into a coma which was followed by cerebral
oedema and death. No single toxin is likely to account
for all the features of hepatic encephalopathy but
raised plasma levels of water soluble toxins, such as
ammonia and amino acids, as well as lipophilic toxins
such as phenols?, fatty acids!!, mercaptans, bile acids!
and bilirubin have all been reported in liver failure.
Recently there has been great interest in the disturbed
balance of cerebral neurotransmitters secondary to
changes in the brain and plasma amino acid profiles.
Systemic endotoxemia may play a contributory role
during liver failure since the function of Kupffer cells,
which normally remove endotoxin, appears to be
impaired in these patients’. The effects of toxins on
BBB permeability have received little attention. In
this paper we report changes in permeability of the
BBB demonstrated using the Oldendorf technique'
in normal rats following administration of a number
of these toxins.

Method

Male Wistar rats weighing 250-300 g (King’s College
Hospital Medical School) were used for all studies.

The rats were anesthetized with ether and i.p. sodium
pentobarbitone (30 mg/kg) prior to administration of
the toxins.

Administration of toxins. Phenol, endotoxin (E. coli
0111), unconjugated bilirubin, glycocholic, taurochol-
ic, arachidonic and peroxidized linoleic acid were
each infused into the femoral vein for 20 min prior to
the measurement of the brain uptake index. Ammo-
nium acetate and methyloctanoate were given as
single i.p. doses. Ethanethiol was administered by
inhalation to fully conscious rats in a fume chamber
over a period of 5 min. The quantity of each toxin
injected was based on the blood volume of the rat and
was calculated to give a plasma concentration which
would approximate to the pathologically raised levels
seen in patients with fulminant hepatic failure. The
bile acids were dissolved in 3 ml buffered albumin
while the remaining toxins were dissolved in 3 ml of
phosphate buffered saline prior to infusion by syringe
pump over 20 min (Scientifica and Cook Electronics
Ltd, London, UK). Infusion of phosphate buffered
saline alone did not alter the brain uptake index in
control rats. The estimated plasma concentrations of
potential toxins, their routes of administration and the
resultant brain uptake indices are shown in table 1.



