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Abstract. A polyclonal antibody against the allatostatin BLAST-3

(AGSDGRLYSFGL-NH2) of the cockroach Blattella germanica (L.) (Dictyoptera,

Blattellidae) has been raised and characterized, and an ELISA (enzyme-linked

immunosorbent assay) for allatostatin quanti®cation has been developed.

Allatostatin contents in brain, midgut and haemolymph have been measured in

females of B. germanica during the ®rst gonadotropic cycle. Brain allatostatin

content increases steadily from adult emergence to the formation of the ®rst

ootheca. The values range from 2 ng/brain on the day of adult emergence to 25 ng/

brain when the insect forms the ootheca 8 days later. In the midgut, the pattern is

similar but the values are about half those of the brain. Allatostatin concentrations

in the haemolymph after HPLC separation are in the nanomolar range. The

occurrence of allatostatins in the haemolymph suggests that these peptides can act

through a humoral pathway, as well as via nerves. The allatostatin content of both

brain and midgut are high while the female is transporting the ootheca, which

suggests that these peptides could be related to the low metabolic status

characterising the period of oothecal transport.

Key words. Allatostatin, Blattella germanica, brain, ELISA, haemolymph,

midgut.

Introduction

Pleiotropy is a common feature in complex endocrine systems.

Allatostatins, for example, are insect peptides showing a

typical YXFGL-NH2 C-terminal sequence, that were identi®ed

initially by their inhibitory activity on Juvenile Hormone (JH)

production in cockroaches (Pratt et al., 1989; Woodhead et al.,

1989), although they also elicit antimyotropic activity in the

gut (see for example Duve et al., 1995a; Lange et al., 1995)

and inhibitory properties over vitellogenin release by the fat

body (MartõÂn et al., 1996). Peptides belonging to the

allatostatin family have been identi®ed in cockroaches (Pratt

et al., 1989, 1991; Woodhead et al., 1989, 1994; BelleÂs et al.,

1994; Weaver et al., 1994), ¯ies (Duve et al., 1993, 1994,

1995b, 1996), mosquitoes (Veenstra et al., 1997), crickets

(Lorenz et al., 1995), locusts (Veelaert et al., 1996a,b), moths

(Davis et al., 1997; Duve et al., 1997a,b) and in a crab (Duve et

al., 1997c). In addition to peptide identi®cation, cDNAs

(Donly et al., 1993; Ding et al., 1995; Vanden Broeck et al.,

1996; Bendena et al., 1997; Veenstra et al., 1997; BelleÂs et al.,

1999) or genes (East et al., 1996) encoding for allatostatins

have been cloned and sequenced.

In the cockroach Blattella germanica (L.) (Dictyoptera,

Blattellidae), four allatostatins have been identi®ed up to now

(BelleÂs et al., 1994), and up to thirteen have been deduced

from the cDNA codifying for the corresponding prohormone

(BelleÂs et al., 1999). The occurrence of allatostatin immunor-

eactive material detected by immunocytochemical techniques

in different areas of the central nervous system, stomatogastric

nervous system and gut of B. germanica (Maestro et al., 1998),

suggests that there must be undescribed functions for

allatostatins in this cockroach. An approach that may provide

clues to unveil these possible new functions would be to
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quantify allatostatin levels in different tissues and in key

physiological situations. With this aim, we have raised an

antibody against one of the B. germanica allatostatins and, on

the basis of this antibody, we have developed an enzyme-

linked immunosorbent assay (ELISA) to measure allatostatin

levels in brain, midgut and haemolymph of B. germanica

females on selected days within the ®rst gonadotropic cycle

and the period of oothecal transport.

Materials and Methods

Insects

Adult females of B. germanica were obtained from a colony

fed on dog chow and water, and reared in the dark at 30 6 1°C

and 60±70% relative humidity. Freshly moulted virgin females

were isolated and used at the appropriate physiological ages,

which were assessed by measuring the basal oocyte length

(BelleÂs et al., 1987). In general, virgin specimens were used,

but the experiments with females in the period of oothecal

transport were carried out with mated specimens, because they

retain the ootheca during the whole embryogenesis. In these

females, the presence of spermatozoa in the spermathecae was

assessed, thus indicating that mating had occurred.

Bioactive compounds and preparation of conjugates

Allatostatins used in the present study were those identi®ed

up to now in B. germanica, BLAST-1: LYDFGL-NH2,

BLAST-2: DRLYSFGL-NH2, BLAST-3: AGSDGRLYSFGL-

NH2, and BLAST-4: APSSAQRLYGFGL-NH2 (BelleÂs et al.,

1994). The peptides were synthesized in an Abimed AMS 422

multiple synthesiser (Abimed, Analysentechnik, Langenfeld,

Germany) using Fmoc chemistry. To raise an antibody against

BLAST-3, the peptide was conjugated to keyhole-limpet

haemocyanin (KLH) (Sigma, Madrid, Spain) according to

Sambrook et al. (1989). BLAST-3 was also conjugated to

chicken ovalbumin (Sigma) for coating the ELISA plates for

the ®rst step in ELISA development. Optimal concentration of

BLAST-3-ovalbumin, determined according to MunÄoz et al.

(1986), was found to be 0.45 mg/ml.

Antibody production and titre test

The antibody against BLAST-3 was raised in three male

New Zealand white rabbits. The rabbits were injected

subcutaneously on days 0, 7 and 14 with 75 mg of peptide (in

the conjugated form) diluted in 500 ml of phosphate-buffered

saline (PBS) (0.2 M, pH 7.2) and emulsi®ed with an equal

volume of Freund's complete adjuvant (Sigma) on day 0, or

incomplete adjuvant on days 7 and 14. Blood samples were

obtained on day 21. Then, rabbits were boosted again once a

month for 7 months, using the same dose and incomplete

adjuvant, and serum was obtained one week after each booster

injection. A titre curve using dilutions of anti-BLAST-3 serum

from 1 : 2000 to 1 : 64,000, was tested against a constant

concentration of BLAST-3-ovalbumin conjugate, determined

as described above. Half-maximum antiallatostatin binding

was obtained at a dilution of 1 : 9000, this value being

considered the antibody titre.

ELISA development

BLAST-3 conjugated to chicken ovalbumin (Sigma) was

coated on wells of 96-well ELISA plates (NUNC-Immuno

Plate Maxisorp 96F, Roskilde, Denmark) in carbonate buffer

(0.05 M, pH 9.6, 100 ml/well) and incubated for 2 h at room

temperature. BLAST-3-ovalbumin conjugate was not added to

blank control wells. Then the solution was discarded and the

wells were washed in PBS-0.05% Tween three times, and in

PBS twice more. The plate was then blocked with 3% bovine

serum albumin (Sigma), in carbonate buffer (100 ml/well) and

incubated overnight at 4°C. After washing, 50 ml of the sample

were added to wells and 11 dilutions of synthetic BLAST-3

(from 9.77 pg to 10 ng) were used for a standard curve.

Immediately afterwards, 50 ml of the anti-BLAST-3 serum

(1 : 4500 diluted in PBS), was added to each well. Plates were

incubated for 2 h at room temperature, with gentle shaking.

After washing, 100 ml of the secondary antiserum goat anti-

rabbit IgG conjugated to peroxidase (Sigma, diluted in PBS at

1 : 10 000) was added to the wells, which were then incubated

for 2 h at room temperature. Finally, wells were washed again

and substrate solution was added (100 ml/well) and incubated

for 8 min in the dark with gentle shaking. Substrate solution

was prepared with 12.5 ml of citrate buffer (pH 5), 200 ml of

0.6% 3,3¢,5,5¢-tetramethylbenzidine in dimethyl sulfoxide and

50 ml of 1% H2O2. The colour reaction was stopped by adding

75 ml of 2 N H2SO4 to each well. Absorbance was read to

450 nm with a Titertek Multiscan Plus MKII spectrophot-

ometer (Labsystems, Helsinki, Finland).

Sample preparation

Brains and midguts were dissected under Ringer solution

and homogenized in PBS. Haemolymph samples were

obtained by cutting off one leg of the animal and applying

gentle pressure to the abdomen. The haemolymph was

collected using a micropipette and diluted in PBS. Then all

three tissues were processed in the same way. Samples were

boiled for 5 min and centrifuged at 16 000 g for 10 min.

Supernatants were collected and the pellets were re-extracted,

centrifuged again and the supernatants were pooled with the

previous ones and stored at ± 20°C.

In a ®rst series of measurements, samples were subjected to

solid phase extraction. They were diluted in water with 0.1%

tri¯uoroacetic acid (TFA), loaded onto C18 Isolute (IST, U.K.)

cartridges and eluted with 17%, 40% and 100% CH3CN with

0.1% TFA. Brain, midgut and haemolymph extracts of females

at different ages, and different concentrations of synthetic

BLAST-3 were fractionated and assayed by ELISA. Results

corresponding to the extract of one brain equivalent from 4-
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day-old females were 0.68 6 0.06 ng, 4.81 6 0.65 ng and

0.93 6 0.06 ng (mean 6 SEM, n = 4) for the fractions corre-

sponding to 0±17%, 17±40% and 40±10% CH3CN/TFA,

respectively. Those corresponding to midgut and haemolymph

extracts gave similar results, that is, the bulk (70±80%) of

BLAST-3 immunoreactivity appeared in the 17±40% fraction,

as expected according to our previous analytical data (BelleÂs et

al., 1994). This, and the fact that recovery of synthetic peptide

after solid phase extraction was lower than 50% (the

processing of 1.25 ng BLAST-3 gave 0.58 6 0.09 ng, mean

6 SEM, n = 3, in the 17±40% fraction), led us to use crude

extracts for current determination of BLAST-3 immunoreac-

tivity in tissues.

HPLC studies

For HPLC studies, haemolymph samples were extracted,

pooled together, diluted in water with 0.1% TFA and processed

in a Merck±Hitachi low-pressure system with automatic

gradient controller (L-6200A) and UV-VIS detector (L-

4200). The column was a C18 LiChrospher (Merck, Darmstadt,

Germany) (4 3 125 mm, 5 mm particle size), supplied with a

guard column using the same material. The separations were

performed as described previously (BelleÂs et al., 1994), using a

gradient of H2O/CH3CN, both solvents having 0.1% TFA, and

at a ¯ow rate of 1 ml/min. The gradient used was 0±8% of

CH3CN in 6 min and then 40% in 64 min. Using synthetic

BLAST-3 as standard, the recovery was higher than 95%.

Two-minute fractions were collected and assayed in the

ELISA. In the above conditions, synthetic peptides BLAST-

1, -2, -3 and -4, eluted between 42 and 46 min.

Results

ELISA characterization

A typical sensitivity curve (Fig. 1) was obtained with the

immunoreactivities elicited by different concentrations of

synthetic BLAST-3 (9.77 pg±10 ng) using the anti-BLAST-3

serum at a dilution of 1 : 9000. The sigmoidal curve was

subjected to a logit transformation (Fig. 1, inset) using the ratio

B-T/B0-T, where B0 is the maximal optical density corre-

sponding to the absence of competition, B is the optical density

corresponding to the samples, and T is the optical density of

nonspeci®c binding. This transformation showed that values

from 150 pg to 5 ng of peptide ®tted well into a linear

regression (r = ± 0.98). The point y = 0 of this curve corre-

sponds to a value of x = 850 pg of BLAST-3, which is the

amount of antigen at the half-maximal binding (B-T/B0-

T = 0.5), that is the optimal sensitivity of the method.

In order to study the selectivity of the antibody, cross-

reactivity assays of anti-BLAST-3 serum with synthetic

BLAST-1, -2 and -4 were carried out. Series of different

concentrations of BLAST-1, -2 and -4 were compared with the

results obtained when BLAST-3 was used, and an ED50 (ng of

peptide required for 50% displacement of binding to

conjugate) was calculated. The reactivity, corresponding to

the ED50 3 100 for each allatostatin relative to BLAST-3, was

8.17% for BLAST-1, 6.26% for BLAST-2 and 1.18% for

BLAST-4.

Levels of allatostatin estimated from crude extracts of brain,

midgut and haemolymph

BLAST-3 levels were quanti®ed by ELISA in extracts of

individual brains and midguts and in haemolymph of virgin

females during the ®rst gonadotropic cycle. The pro®le of

BLAST-3 immunoreactivity levels in brain (Fig. 2) shows that

they are low until day 2, then increase from day 2±5, and

remain stabilized from day 5±7, giving values between 20 and

25 ng/brain. The formation of the ootheca occurs on day 8, and

24 h after the ootheca formation, BLAST-3 immunoreactivity

still increases. However, if the ootheca is arti®cially removed

24 h after its formation, and allatostatin levels are determined

4 days later, when the female starts vitellogenesis and the

length of their basal oocytes is 0.90 6 0.07 mm (mean 6 SEM,

n = 11), then a signi®cant (t-test, P = 0.01) decrease in brain

BLAST-3 levels is observed.

Levels of BLAST-3 in the midgut (Fig. 2) start to rise from

day 1 and maintain a steady increase throughout the

gonadotropic cycle until day 7, and later during the ®rst and

second day of the oothecal transport period. The pro®le

obtained almost parallels that of the levels in the brain,

although values for the midgut are about a half of those of the

brain. Again, if allatostatin levels in the midgut are measured

4 days after removal of the ootheca, they show a signi®cant (t-

test, P = 0.04) decrease.

BLAST-3 immunoreactivity in crude haemolymph was also

estimated using the same extraction procedure and assay. The

pro®le obtained during the gonadotropic cycle was also

approximately parallel to that corresponding to brain and

midgut. However, the values measured in the haemolymph

were within the micromolar range, concentrations that were

considered too high for what might be expected for a

circulating hormone, thus prompting the studies described

under the next heading.

Allatostatin levels estimated from extracts puri®ed by HPLC

To clarify whether the high levels of allatostatins measured

in the haemolymph were due to a certain proportion of non-

speci®c immunoreactivity, we decided to perform an HPLC

separation of haemolymph pooled from 3- and 6-day-old

females. Using the system described in the Material and

Methods, the synthetic Blattella allatostatins eluted between 42

and 46 min. For each run, a volume between 500 and 940 ml of

pooled haemolymph was used, and immunoreactivity mea-

sured in fractions between 42±46 min was 4.62 6 1.09 pg/ml

(mean 6 SEM, n = 2) in samples from 3-day-old females, and

7.98 6 2.85 pg/ml (mean 6 SEM, n = 3) in 6-day-old females.

We also detected signi®cant levels of immunoreactivity in
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fractions between 48±50 min (1.93 6 0.42 pg/ml, mean 6 SEM,

n = 2, for 3-day-old females; 5.19 6 1.52 pg/ml, mean 6 SEM,

n = 3, for 6-day-old females) and 52±56 (2.61 6 0.68 pg/ml,

mean 6 SEM, n = 2, for 3-day-old females; 6.78 6 2.62 pg/ml,

mean 6 SEM, n = 3, for 6-day-old females), which are clearly

out of the retention time range of these peptides in our HPLC

conditions. This apparently non-speci®c immunoreactivity

accounts partly for the high values obtained from crude or

solid phase extracted haemolymph samples.

In the light of these results, we also carried out an HPLC

separation of a pool of ®fty brains from 5-day-old females. In

this case, immunoreactivity appeared in fractions from 42±

46 min, as expected, whereas no immunoreactivity was

observed between 48±56 min. The estimated amount of

BLAST-3 equivalents was 6.86 ng/brain, a value which is

within the same order of magnitude of those measured in crude

extracts of brain (Fig. 2).

Brain and midgut allatostatin levels during oothecal

transport

To study whether the high levels of BLAST-3 immunor-

eactivity observed after oviposition are maintained while

the female is transporting the ootheca, brain and midgut

extracts were tested from mated females on different days

within the period of oothecal transport. ELISA measure-

ments were carried out 0, 4, 8 and 12 days after the

ootheca formation. Allatostatin levels were also tested in

females between 10 and 48 h after the ootheca was

dropped, that is, 16 days after the ootheca formation. These

females had started a second gonadotropic cycle, having a

basal oocyte measuring 1.13 6 0.06 mm (mean 6 SEM,

n = 7). Allatostatin levels in the brain (Fig. 3) on the day

of ootheca formation were high, around 25 ng/brain, and

remained at this level on days 4, 8 and 12 within the

period of oothecal transport, and also on day 16, when the

ootheca had been just dropped. The comparison of levels

between different days (0, 4, 8, 12 and 16) did not show

statistically signi®cant differences.

Levels of BLAST-3 in midgut (Fig. 3) followed a similar

pattern, the results showing sustained high values (around

12 ng/midgut) during the period of oothecal transport. Also in

this case the levels found on different days were not

statistically different from each other.

L

Fig. 1. Sensitivity curve of Blattella germanica anti-BLAST-3

serum (diluted 1: 9000) obtained with increasing amounts of

synthetic BLAST-3 from 9.77 pg to 10 ng. The inset shows the logit

transformation of this curve. The point y = 0 represents the optimal

sensitivity value that corresponds to a x = 850 pg of BLAST-3, which

is the amount of antigen at the half-maximal binding (B-T/B0-

T = 0.5).

Fig. 2. Content of BLAST-3 equivalents in brain and midgut from

Blattella germanica females throughout the ®rst gonadotropic cycle.

(oot): females transporting the ootheca. ±oot 4d: females 4 days after

removal of the ootheca. Results expressed as the mean 6 SEM

(n = 9±11).

Fig. 3. Content of BLAST-3 equivalents in brain and midgut from

Blattella germanica females in selected days of the oothecal

transport period. The ootheca was dropped between days 14 and 16,

when (or just before) the young emerged. Results expressed as the

mean 6 SEM (n = 7±10).
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Discussion

An ELISA using an antibody raised against the allatostatin

BLAST-3 of B. germanica has been developed and character-

ized. The range of detection has allowed the detection of

BLAST-3 immunoreactivity levels in crude extracts of

individual brains or midguts. Previous reports (Yu et al.,

1993; Reichwald et al., 1994) had described ELISA methods to

quantify allatostatins in the cockroach Diploptera punctata. In

comparison with ours, the ELISAs described by these two

groups show better sensitivity levels, which could be explained

by the use of different detection systems: the biotin/

streptavidin reaction by Yu et al. (1993), and the enzyme

alkaline phosphatase by Reichwald et al. (1994). However, the

tetramethylbenzydine±peroxidase method used by us is

simpler and cheaper than that of biotin/streptavidin, and faster

than that of alkaline phosphatase, and the sensitivity is

suf®cient to measure levels in individual brains or midguts

of our model species. The low cross-reactivity of the BLAST-3

antibody when tested against the other three known allatosta-

tins of B. germanica, BLAST-1, -2 and -4, suggests that the

immunoreactivity detected in a given tissue is mainly due to

the peptide BLAST-3.

BLAST-3 immunoreactivity in brain and midgut show

similar qualitative patterns during the ®rst gonadotropic cycle.

In both cases, allatostatin levels increase steadily from days 0

to 7 (Fig. 2). In the cockroach D. punctata, Yu et al. (1993)

reported that the minimum content of allatostatin in the female

brain coincides with the highest level of JH production, while a

subsequent decrease in JH production corresponds with an

increase in brain allatostatins. In B. germanica the pro®le of

allatostatin in the female brain does not show this inverse

correlation with JH production. Indeed, the moment of

maximal activity of the corpora allata (CA) is on day 6

(Maestro et al., 1994), when brain allatostatin content is high

(Fig. 2). Nevertheless, in both cockroaches, B. germanica and

D. punctata, allatostatin contents in brain are high around the

time of oviposition, when JH levels are remarkably low (Fig. 2,

and Yu et al., 1993).

The allatostatin content of the midgut throughout the ®rst

gonadotropic cycle follows a pro®le similar to that found in the

brain, although the amounts measured in the midgut are about

a half those of the brain. This is also the case in D. punctata, as

estimated by Reichwald et al. (1994) with biological assays. In

B. germanica, immunocytochemical techniques revealed the

occurrence of allatostatin-like material in axons innervating

the midgut coming from perikarya located in the brain and in

the last abdominal ganglion, as well as in endocrine cells of the

midgut epithelium (Maestro et al., 1998). The function of these

cells may be related to the detection of the nutrient content in

the gut for modulating enzyme secretion or gut motility (Duve

& Thorpe, 1994; Duve et al., 1995a; Maestro et al., 1998). In

insects belonging to different orders, it has been reported that

allatostatins inhibit the contraction of different areas of the gut

(Duve & Thorpe, 1994; Duve et al., 1995a, 1996; Lange et al.,

1995, 1997a).

BLAST-3 immunoreactivity in the haemolymph was also

tested during the ®rst gonadotropic cycle. Both crude and solid

phase extracts of haemolymph showed very high values, much

higher than could be expected for a peptide hormone. For

example, in D. punctata, haemolymph concentration of

Diploptera allatostatin 7 assayed by ELISA after solid phase

extraction was never higher than 2.5 nM (Yu et al., 1993). The

high values measured in haemolymph extracts, either crude or

subjected to solid phase extraction, led us to further separate

the samples by HPLC. Fractions from HPLC were assayed

with the ELISA, but immunoreactivity was found not only at

the retention times corresponding to BLAST-1, -2, -3 and -4,

but also in fractions eluting later, out of the typical retention

time corresponding to allatostatins. Conversely, when the same

HPLC±ELISA procedure was applied to brain extracts,

immunoreactivity was detected only in the fractions corre-

sponding to allatostatins. The results suggest that ELISA

applied to crude haemolymph reveals signi®cant levels of

apparently non-speci®c immunoreactivity. In any case,

BLAST-3 immunoreactivity values obtained after HPLC

separation of haemolymph extracts from 3- and 6-day-old

females suggest that the allatostatin concentration is in the

nanomolar range, and increases during the vitellogenic period

also in that tissue, which is in agreement with the patterns

found in brain and midgut (Fig. 2).

Allatostatin levels were also tested in relation to the

formation of the ootheca. They were high, in both brain and

midgut, at the time of oviposition and even increased one day

later (Fig. 2). When the ootheca was removed, thus prompting

a new gonadotropic cycle (Osorio et al., 1998), allatostatin

levels had signi®cantly decreased 4 days later, although they

were still higher than those observed in females in the ®rst

gonadotropic cycle having the same length of basal oocyte (3±

4-day-old females) (Fig. 2). Measurements carried out every

4 days during the period of oothecal transport suggested that

high concentrations of allatostatin are maintained until the end

of this period (Fig. 3). In the viviparous species D. punctata,

Yu et al. (1993) reported that concentration of brain

allatostatins is high at the beginning of the period of embryo

transport, but decreases gradually towards the end of that

period. This difference can be due to the more modi®ed

reproductive strategy of D. punctata.

In B. germanica Osorio et al. (1998) have reported that the

presence of the ootheca in the genital atrium inhibits feeding

directly, and CA development and JH production indirectly.

They also proposed the hypothesis that allatostatins could be

the factor that inhibits CA development under conditions of

low food consumption (Osorio et al., 1998). The high levels of

allatostatins measured during the period of oothecal transport,

which is also characterized by a low food consumption (see

below), seems to reinforce the above hypothesis. Indeed,

during the period of oothecal transport, B. germanica shows a

peculiar physiological status, characterized by low rates of JH

production (Gadot et al., 1989; Maestro et al., 1994), low

locomotory activities (Lee & Wu, 1994) or low food

consumption (Lee & Wu, 1994; Osorio et al., 1998). The

activity of allatostatins inhibiting JH production by the CA

(BelleÂs et al., 1994), or vitellogenin release by the fat body

(MartõÂn et al., 1996), or, in other cockroaches, as antimyo-

tropic agents acting in different areas of the digestive system
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(D. punctata: Lange et al., 1995; Leucophaea maderae: Duve

et al., 1995a), seems related to this status of low metabolism

and low general activity characterising the period of oothecal

transport.

Our results suggest that B. germanica must produce high

levels of allatostatin during the period of oothecal transport to

maintain this status quo that arrests gonadotropic activities and

allows the retention of the ootheca in the genital atrium. It

seems that the development of a sustained `depressing' action

of allatostatins during a period functionally equivalent to

pregnancy may have been a key step in the evolution towards

viviparity in cockroaches.
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