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Abstract We have previously shown that stereospecific hy-
drolysis of stored triacylglycerol by a phosphorylatable tria-
cylglycerol-lipase is the pathway for the adipokinetic hor-
mone-stimulated synthesis of sn-1, 2-diacylglycerol in insect
fat body. The current series of experiments were designed
to determine whether cAMP and/or calcium are involved in
the signal transduction pathway for adipokinetic hormone
in the fat body. After adipokinetic hormone treatment,
cAMP-dependent protein kinase activity in the fat body rap-
idly increased and reached a maximum after 20 min, sug-
gesting that adipokinetic hormone causes an increase in
CAMP. Forskolin (0.1 mm), an adenylate cyclase activator,
induced up to a 97% increase in the secretion of diacylglyc-
erol from the fat body. 8Br-cAMP (a membrane-permeable
analog of cAMP) produced a 40% increase in the hemolymph
diacylglycerol content. Treatment with cholera toxin, which
also stimulates adenylate cyclase, induced up to a 145%
increase in diacylglycerol production. Chelation of extra-
cellular calcium produced up to 70% inhibition of the adipo-
kinetic hormone-dependent mobilization of lipids. Calcium-
mobilizing agents, ionomycin and thapsigargin, greatly
stimulated DG production by up to 130%. Finally, adipoki-
netic hormone caused a rapid increase of calcium uptake into
the fat body.Bl Our findings indicate that the action of adipo-
kinetic hormone in mobilizing lipids from the insect fat
body involves both cAMP and calcium as intracellular mes-
sengers.—Arrese, E. L., M. T. Flowers, J. L. Gazard, and
M. A. Wells. Calcium and cAMP are second messengers in
the adipokinetic hormone-induced lipolysis of triacylglycerols
in Manduca sexta fat body. J. Lipid Res. 1999. 40: 556-564.
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The insect fat body, which combines many of the prop-
erties and functions of vertebrate liver and adipose tissue,
is the principal site for the storage of lipid (1). Triacylglyc-
erols (TGs) represent about 90% of the total fat body lipid
(2). In the tobacco hornworm, Manduca sexta, which is
widely used as a model insect, the maximum content of fat
body TG occurs at the end of larval development, as a
consequence of the accumulation of reserves during lar-
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val feeding (3). Afterwards, the stores of TG start to decline
as they are used to sustain energy metabolism during the
subsequent non-feeding pupal and adult periods (3, 4).

Unlike vertebrates, in which the stored TGs are com-
pletely hydrolyzed prior to export of fatty acids into the
plasma, in most insects, fatty acids are released from the fat
body as sn-1, 2-diacylglycerols (DGs). The DGs are loaded
into the hemolymph lipoprotein, lipophorin, causing the
transformation of high density lipophorin (HDLp) into
low density lipophorin (LDLp) (5).

Two factors of cephalic origin have been shown to acti-
vate lipolysis in the fat body: adipokinetic hormone
(AKH) and octopamine. AKH, a nonapeptide that is re-
leased during flight in many insects, greatly stimulates the
secretion of DGs from the fat body (6). Octopamine, a
monohydroxyphenolic analogue of noradrenaline whose
secretion is stimulated by stress, has been shown to stimu-
late lipid mobilization in the locust (7) and in the house
cricket (8). Octopamine also stimulates lipolysis in adult
M. sexta, but shows a much smaller effect than AKH (E. L.
Arrese and M. A. Wells, unpublished results).

In the first step of lipid mobilization, TGs are hydro-
lyzed by the action of a lipase. Previously, we purified and
characterized a TG-lipase from M. sexta fat body (9). Sev-
eral properties of this enzyme were in common with the
vertebrate hormone-sensitive lipase (HSL) which catalyzes
the rate-limiting step in mobilization of adipose tissue
fatty acids. Like HSL, the M. sexta fat body TG-lipase is a
phosphorylatable enzyme (9).

In adult M. sexta, the activation of the fat body TG-
lipase precedes the appearance of DG in the hemolymph,
suggesting that AKH stimulates DG secretion by activating

Abbreviations: AKH, adipokinetic hormone; TG, triacylglycerol;
DG, diacylglycerol; LDLp, low density lipophorin; HDLp, high density
lipophorin; DMSO, dimethylsulfoxide; cAMP, adenosine 3": 5’ cyclic
monophosphate; 8Br-cAMP, 8,bromo-cAMP; A-kinase, cAMP-depen-
dent-protein kinase.
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the fat body TG-lipase (10). Recently, we presented evi-
dence that stored TG is the direct precursor of secreted
sn-1, 2-DG. Therefore, stereospecific hydrolysis of fat body
TG is the pathway for the AKH-stimulated synthesis of sn-
1, 2-DG (11, 12).

The details of the hormonal regulation of the lipolytic
process that takes place in the insect fat body remain to be
elucidated. Previous studies in the locust fat body indi-
cated that cAMP (13) and/or calcium (13-15) are in-
volved in mediating the action of AKH mobilizing lipids.
As part of a study on the mechanism of regulation of lipol-
ysis insects, the present study was designed to determine
whether these two messengers are involved in the signal
transduction of AKH in M. sexta fat body. Our findings in-
dicate that the action of AKH involves both cAMP and cal-
cium as intracellular messengers.

MATERIALS AND METHODS

Animals

Two- or three-day-old male M. sexta adults from a colony main-
tained in the authors’ laboratory were used. This colony was es-
tablished from M. sexta eggs obtained from the USDA, State Uni-
versity Station, Fargo, ND. The colony is maintained according to
the basic rearing techniques of Bell and Joachim (16) with minor
modifications. Adults were kept at 25°C without food. Animals
were decapitated 24 h prior to being used. Before use, the decap-
itated insects were injected with 13 mg of trehalose dissolved in
20 pl of H,O (10). After an additional 2 h, the insects were used
for experiments. In a previous report we showed that decapitated
insects injected with trehalose exhibit a low level of lipolysis, as
judged by the level of fat body TG-lipase activity and the concen-
tration of LDLp in the hemolymph, and that after AKH injection,
these insects showed activation of the lipase and a high level of
DG mobilization from the fat body (10).

Chemicals

M. sexta AKH was purchased from Peninsula Laboratories (Bel-
mont, CA). lonomycin, thapsigargin, cholera toxin, 8-Br-cAMP, for-
skolin, 1,9-dideoxyforskolin, and Bapta [1,2-bis(c-aminophenoxy)
ethane-N,N,N’,N’-tetraacetic acid tetra(acetoxymethyl)ester]
were obtained from Calbiochem (San Francisco, CA). IBMX (3
isobutyl-1-methylxanthine), dibutyryl-cAMP, cAMP, ATP, PKI (CAMP-
dependent protein kinase inhibitor), verapamil, nifedipine, and
Grace’s insect medium were obtained from Sigma (St. Louis, MO).
[y-32PO,4]-ATP was purchased from New England Nuclear Corp.
(Boston, MA) and #5CaCl, was from ICN Biomedicals, Inc (Irvine,
CA). All other chemicals were of analytical grade.

Injections of chemicals

The water-insoluble compounds, forskolin, 1,9-dideoxiforsko-
lin, IBMX, thapsigargin, ionomycin, nifedipine, were dissolved in
dimethylsulfoxide (DMSO). Twenty min after injecting 5 wl of
the appropriate solution, the hemolymph was collected, as de-
scribed previously (10) and used for determination of the rela-
tive masses of LDLp and HDLp. The equivalent volume of DMSO
or water was injected into the control animals. The final concen-
tration of each compound reached in the hemolymph was calcu-
lated considering a total hemolymph volume of 265 wl (4) plus
the volume of each compound injected. For each condition,
hemolymph from at least three insects was pooled and analyzed
for LDLp content.

Measurement of LDLp content

As a measure of the hemolymph DG content, the relative
masses of LDLp and HDLp were determined (10). Values for
LDLp are expressed as percentage of total lipoprotein (LDLp +
HDLp). Changes in [LDLp] percentage were calculated as fol-
lows: (LDLp — LDLp control) X 100/LDLp control. For each
condition, hemolymph from at least three insects was pooled and
analyzed for LDLp content. Four different pools were analyzed
with each of the chemicals tested at every concentration. Results
are the mean = SEM (n = 4).

Assay of A-kinase activity

Fat body tissue from three insects was dissected, pooled, and
homogenized in 50 mm Tris-HCI, pH 7.4, containing 0.25 m su-
crose and 0.1% (v/w) 2-mercaptoethanol. The tissue was homo-
genized at a ratio of 2 ml of solution per fat body using a Potter
Elvehjem homogenizer with a Teflon pestle. The homogenate
was centrifuged at 20,000 g for 20 min. The proteins kinase activ-
ity was determined in the infranatant. For the time course study,
fat body and hemolymph were taken at various periods of time af-
ter the injection of 100 pmol AKH/insect. Fat body homogenates
were assayed for A-kinase activity and the LDLp and HDLp con-
tent in the hemolymph were determined. Material from three in-
sects was pooled for each time point.

A-kinase activity was measured by the incorporation of 32PQO,
into histone. An amount of extract containing 150 g of protein
was added to a reaction mixture which contained 50 mm MOPS
(pH 7.0), 2.5 mm MgCl,, 30 mg/ml histone, and 0.2 mm [y-32P]
ATP (5 X 10* cpm/nmol). Incubations were done under three
separate conditions according to Honnors, Dhillon, and Londos
(17): a) with no additions; b) in the presence of 20 wm cAMP; ¢)
in the presence of 0.7 wm PKI, a specific A-kinase inhibitor. The
final volume of the mixture was 0.1 ml. After incubation at room
temperature for 10 min, the reaction was terminated by adding 5
wrl of 12 N HCI. Seventy wl of the reaction mixture was spotted
onto a disc of phosphocellulose paper. Filter papers were washed
for 20 min in 50 mm NacCl four times. The dried paper discs were
analyzed for protein-bound 2P by liquid scintillation counting.
A-kinase activity was proportional to the amount of protein
added up to 200 p.g and with time up to 10 min when 100 pg
of protein was used. Corrections were made for non-A-kinase
activities. Results are expressed as corrected A-kinase activity
ratios, r = [(a — ¢)/(b — ¢)]. Results represent mean = SEM of
three experiments.

Measurement of 4°Ca2* uptake

Unidirectional calcium influx was measured according to the
method of Mauger et al. (18) with minor modifications. Fat bod-
ies were washed with incubation medium [1:10 dilution of
Grace’s insect medium supplemented with (in g/1): sucrose, 25;
KCIl, 4.0; MgCl,-6H,0, 2.0; MgSO,-7H,0, 3.0; NaH,PO,, 1.0;
pH 6.5]. Before removing the fat body, the tissue was excised lon-
gitudinally into two pieces that were used as test and control, re-
spectively. Each piece was pre-incubated in 1.6 ml of incubation
medium for 2 min at room temperature. Afterwards, the medium
was removed and the experiment was started by adding 0.8 ml of
incubation medium containing 4°CaCl, (10 n.Ci /7 ml), with and
without 0.4 wm AKH, respectively. Incubations were terminated
by addition of 2 ml of ice-cold Grace’s solution. The mixture was
filtered and washed three times with 2 ml of the ice-cold Grace’s
solution. The radioactivity associated with the tissue on the filter
was then counted in a liquid scintillation counter. Incubation pe-
riods of 15, 45, 75, 105, and 135 sec were assayed. Blank values
for each time point were estimated by incubating the filters in
the absence of tissue. Two independent experiments using four
different fat bodies per each time point were performed. Results
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were expressed as “% of basal 4°Ca2* uptake”, which was esti-
mated as (cpm test — cpm blank) X 100/(cpm control — cpm
blank). Given that an independent experiment gave similar re-
sults, the experimental data were combined to obtain the mean
and SEM values.

Other procedures

Protein concentration was determined by the Bradford dye-
binding assay using bovine serum albumin as a standard (19).

Statistics

Results are presented as the mean + SEM. Statistical compari-
sons were made by the Student’s t-test; P < 0.05 was considered
to be significant.

RESULTS

Time course of A-kinase activation by AKH

To evaluate the messenger role of cAMP, the time
course of changes in A-kinase activity induced by the injec-
tion of AKH was determined (Fig. 1). To ensure maximal
response to the hormone, 100 pmol of AKH was injected
into each insect. Previous work showed that this dose in-
duces the maximum response 30 min after the injection
(10).

Homogenates from non-stimulated fat bodies show A-
kinase activity ratios of 0.049 + 0.011. When insects were
treated with AKH, the A-kinase activity ratio rapidly in-
creased (Fig. 1). A 4-fold increase that turned statistically
significant (P = 0.023) 5 min after the injection was ob-
served. Afterwards, the A-kinase activity ratio persisted 3-
to 4-fold above basal level (P < 0.047). The differences in

A-kinase activity ratio observed between 5 to 60 min were
not statistically significant. As shown in Fig. 1, the onset of
the lipid mobilization measured by the increase in the
concentration of hemolymph LDLp began between 5 and
10 min after the injection of AKH. Moreover, the A-kinase
activation also preceded the TG-lipase activation in which
maximal values were found at ca. 10 min (Fig. 1, inset). To
allow an easy comparison, the results of lipase activation
previously published (10) are included in the figure as an
inset. According to Honnors et al. (17), the ratio between
the A-kinase activity in the absence and in the presence of
an excess of exogenous cCAMP represents an indirect mea-
surement of the cellular cAMP concentration. Because
histones are a non-specific substrate for A-kinase, the activi-
ties were corrected for non-A-kinase reactions by measur-
ing the activity in the presence of the specific A-kinase
inhibitor PKI. Therefore, under these conditions the A-
kinase activity ratio is a measure of the intracellular con-
centration of cAMP.

Effect of agents that raise intracellular cAMP on lipolysis

To further verify the role of cAMP in the lipolytic re-
sponse, fat bodies were treated either with the diterpene
forskolin, which is known to increase intracellular cAMP
by directly activating adenylate cyclase (20), or with the
membrane-permeable cAMP analogue, 8Br-cAMP. These
compounds were injected in conjunction with 150 pm
IBMX, which is a phosphodiesterase inhibitor (21). When
IBMX was given alone, no modification in the level of
LDLp was observed (data not shown).

Concentrations as low as 0.1 um forskolin produced a
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Fig. 1. Time course of the effect of AKH on A-kinase activity ratio and lipid mobilization. Fat body and

hemolymph were taken at various periods of time after the injection of 100 pmol AKH/insect. Fat body
homogenates were assayed for A-kinase activity and the LDLp and HDLp content in the hemolymph were
determined. Material from three insects was pooled for each time point. Results are expressed as corrected
A-kinase activity ratios (see Methods) whereas values for LDLp are expressed as percentage of total lipopro-
tein (LDLp + HDLp). Data represent mean = SEM of three experiments (n = 3). The inset shows the time
course of the TG-lipase activation and the change of LDLp induced by AKH that were previously published

(10).
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significant (P = 0.038) activation of the synthesis of DG,
whereas the inactive analog of forskolin, 1,9-dideoxy-
forskolin, failed to stimulate lipid mobilization (Fig. 2A).
Up to a 97% increase in the lipolytic response was achieved
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Fig. 2. Effect of agents that raise intracellular cAMP on DG pro-
duction. Insects were injected with varying concentrations of the
following chemicals: A) forskolin and 1,9-dideoxyforskolin, respec-
tively; B) 8Br-cAMP; and C) cholera toxin. After 20 min, hemolymph
was collected, pooled and analyzed for LDLp content. The final
concentration of each compound reached in the hemolymph was
calculated considering a total hemolymph volume of 265 wl (4)
plus the volume of each compound injected. For each condition,
hemolymph from at least three insects was pooled and analyzed for
LDLp content. Four pools were analyzed with each of the chemical
tested at every concentration. Results are the mean = SEM (n = 4).

in the presence of 0.1 wm forskolin. Moreover, a stimula-
tory effect was also observed in the case of 8Br-cAMP (Fig.
2B). However, at low concentrations of the cAMP ana-
logue, the increases of LDLp content were not statistically
significant. Concentrations as high as 150 um 8Br-cAMP
were required to produce a significant change (40%,
P = 0.041) in the LDLp content. Another cell-permeable
CAMP analog, dibutyryl-cAMP, was even less effective than
8Br-cAMP mobilizing DG into the hemolymph (data not
shown).

Further evidence that implicates CAMP as a relevant
message for increased lipolysis was obtained by using chol-
era toxin, which stimulates adenylate cyclase by perma-
nently activating a G protein (22). Fig. 2C shows the con-
centration-response curve for the activation of lipolysis
induced by cholera toxin. A marked increase, up to 145%
(P = 0.024), in lipid mobilization was observed at the
maximal concentration of cholera toxin that was assayed.

Effect of a calcium chelator and calcium channel
antagonists on the adipokinetic response

To examine the possible involvement of calcium in the
activation of lipolysis by AKH, we studied the effect of ex-
tracellular calcium chelation on the AKH action. Decapi-
tated insects pretreated with various concentrations of the
calcium-chelating agent Bapta were stimulated with AKH
(Fig. 3A). Increasing concentrations of Bapta in the
hemolymph produced an increased inhibition of the re-
sponse to AKH. Inhibitions of 45% (P = 0.003) and 70%
(P < 0.001) were reached at Bapta concentrations of 10
mm and 20 mm, respectively. In order to investigate
whether Bapta affected the viability of the insects, insects
were treated with 20 mm Bapta for 10 min followed by 80
mm CaCl, and AKH. The magnitude of the adipokinetic
response of these insects was the same as that of control
insects. Therefore, this result proved that the effect of
Bapta on AKH action was due to the chelation of calcium
rather than an effect on the viability of the insects.

The effect of two different calcium channel blockers, a
1,4-dihydropyridine-type, nifedipine, and the phenylalkyl-
amine, verapamil, on the adipokinetic action was also in-
vestigated. As shown in Fig. 3B, at the highest concentra-
tion tested, lipolysis was moderately but significantly
inhibited in both cases. However, nifedipine proved to be
a better antagonist than verapamil. Up to a 30% (P =
0.038) inhibition in the secretion of DG was achieved in
insects that were injected with 1.0 mm of nifedipine com-
pared to 15% (P = 0.016) in the case of the maximal con-
centration of verapamil.

Effect of Ca2* mobilizing agents on lipolysis

To further explore the role of calcium in the stimula-
tion of lipid mobilization, the effect of two different
agents that increase intracellular calcium concentration
were studied. The sesquiterpene thapsigargin raises intra-
cellular calcium by inhibiting the Ca2*-ATPase pump of
the endoplasmic recticulum without affecting the action
of the plasma membrane ATPase (23) or the levels of inos-
itol phosphates. The calcium ionophore ionomycin re-
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Fig. 3. A) Effect of Bapta on AKH action. Insects were injected
with varying concentrations of Bapta. After 20 min, insects were
treated with 100 pmol AKH. Thirty min after the AKH injection,
hemolymph was collected, pooled, and analyzed for LDLp content.
B) Effect of calcium channel blocker nifedipine and verapamil on
AKH action. Insects were injected with varying concentrations of
nifedipine and verapamil, respectively. After 20 min, insects were
treated with 100 pmol AKH. Thirty min later, hemolymph was col-
lected, pooled, and analyzed for LDLp content. C) Time depen-
dence of effects of ionomycin and thapsigargin on DG production.
Five wl of 2.7 mm ionomycin, 0.6 mm thapsigargin, and DMSO were
injected, respectively, into different groups of insects. At the indi-
cated times after the injection, the hemolymph was collected,
pooled, and analyzed for LDLp content. For each condition,
hemolymph from at least three insects was pooled and analyzed for
LDLp content. Four pools were analyzed with each of the chemical
tested at every concentration. Results are the mean = SEM (n = 4).

leases calcium from cellular stores bypassing the normal
physiological process (24, 25).

The effects of 45 wm ionomycin, 10 wm thapsigargin
and 1.7% v/v DMSO (control) on the time-courses of the
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levels of hemolymph DG are shown in Fig. 3C. These
Ca2*-mobilizing agents as well as all the water-insoluble
drugs used in this work were dissolved in DMSO, a solvent
that is highly membrane permeable and is also known to
have diverse effects on cells (26, 27). In our case, long-
term exposure (120 min) of the fat body to high concen-
tration of DMSO (6.0% v/V) resulted in significant lipid
mobilization (data not shown). However, as it can be seen
in Fig. 3C, this nonspecific effect was controlled by dimin-
ishing the final concentration of DMSO in the hemolymph
to 1.7% v/v (5 pl injection) and using a short-term treat-
ment, which in all cases was 20 min. All the water-insoluble
compounds were injected under these conditions and con-
trols were always carried out. Consequently, the change be-
tween a certain concentration of compound and control re-
flects solely the effect of that particular compound because
in both conditions the same amount of DMSO was injected.

lonomycin rapidly stimulated the release of DG and
large changes in the LDLp concentration were observed.
As Fig. 3C shows, a 115% increase in LDLp was already in-
duced 5 min after the treatment whereas a very significant
change in LDLp, 130% (P = 0.007), compared to con-
trol insects was induced at 20 min. If the stimulation of
lipid mobilization by ionomycin occurs via a calcium-
mediated pathway, a similar response should be elicit by
another calcium-mobilizing agent. As with ionomycin, the
secretion of DG induced by thapsigargin reached a peak
within 5 min (110% activation) and turned very signifi-
cant, 113% (P = 0.018), after 20 min as well. Moreover,
pretreatment of the insects with 20 mm Bapta, which che-
lates hemolymph calcium, proved to inhibit almost com-
pletely the lipid mobilization induced by 10 um thapsigar-
gin (data not shown). This confirmed the dependence of
the effect of thapsigargin upon calcium.

Effect of AKH on calcium influx

The results from the preceding experiments suggest
that a rise in intracellular calcium is associated with the ef-
fect of AKH on lipolysis activation. In order to confirm
this possibility, unidirectional calcium influx was mea-
sured (17) using in vitro fat body incubations. The uptake
of calcium by the fat body was measured after the addition
of trace amounts of “5Ca into the medium containing 1
mm of calcium. Measurement of 4°Ca uptake was done
within 135 sec after the addition of the tracer. This period
is short enough to prevent significant labeling of intracel-
lular Ca2*, therefore the efflux of radioactive calcium can
be ignored (17). Figure 4 shows the effect of AKH on the
time courses of calcium uptake by the fat body. The hor-
mone caused stimulation in calcium influx that was evi-
dent as early as 45 sec after the addition. An increase of
calcium influx, which nearly doubled the basal rate, was
observed at 135 sec (P = 0.011).

Effect of agents that activate lipolysis
on A-kinase activity ratio

The effect of some of the compounds that elicited an
increase in lipid mobilization on A-kinase activity was in-
vestigated. As shown in Table 1, treatment with cholera
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Fig. 4. Effect of AKH on uptake of 45Ca?* into fat body as a func-
tion of time. Half-fat bodies were incubated in Grace’s medium
containing 1 mm Ca2*, as indicated described under Materials and
Methods. Trace amounts of 4°Ca2* were added into one piece of tis-
sue, whereas #5Ca2* plus 0.4 um AKH were added into the second
half of fat body at zero time. At the indicated time, incubations
were terminated and radioactivity associated to the tissue was
counted. Results are presented as percent of basal °Ca2* uptake.
Each point is the mean = SEM. (n = 6-8). The line drawn was de-
termined by linear-regression analysis. The correlation coefficient
was 0.986.

toxin led to the expected increase in A-kinase activity
ratio. A 140% (P = 0.019) increase was detected 20 min
after cholera toxin treatment. Likewise, both calcium-mobi-
lizing agents induced A-kinase activation. A 72% (P =
0.048) and 97% (P = 0.009) increase in the A-kinase acti-
vation were obtained 20 min after treatment with 10 pm
thapsigargin or 45 pwm ionomycin, respectively (Table 1).
In order to examine the relationship between the A-
kinase activity ratio and the stimulation of lipid mobiliza-
tion, the data on hemolymph LDLp content and fat body
A-kinase activity ratio that were compiled from the differ-
ent experiments shown in Table 1 were plotted in Fig. 5.
The line in the figure shows a computer fit of the data to a

general sigmoidal equation in which the correlation coef-
ficient, r2 was 0.8020. As shown in Fig. 5, a sharp transi-
tion between the DG production and the activation of A-
kinase was obtained. The LDLp level varied from 20% to
50% as the A-kinase activity ratio changed from a value of
0.03 to 0.12, representing about a 300% increase in A-
kinase activity.

DISCUSSION

The present results confirm and extend the evidence in
support of a dual second messenger system in AKH activa-
tion of lipid mobilization in the insect fat body. The re-
sults shown in Fig. 1 demonstrate for the first time that
AKH induces a rapid and sustained increase in the A-ki-
nase activity of fat body cells, strongly suggesting that AKH
produces an increase in the intracellular concentration of
CAMP. Further support for a second messenger role of
CAMP in lipolysis activation is provided by the data shown
in Fig. 2 and Table 1. Forskolin, 8Br-cAMP, and cholera
toxin, agents which raise intracellular cAMP, stimulated
lipid mobilization, whereas the non-active form of forsko-
lin, 1,9-dideoxyforskolin, did not induce any change in
the lipolytic response.

However, a comparison between the lipid mobilization
effect produced by agents that raise the intracellular cAMP
with the lipolytic effect of AKH showed differences in the
magnitude of the responses. After 20 min, lower values of
LDLp (32% to 44%) were achieved after treatment with
these agents than produced by a maximal dose of AKH
(56%). At least two different reasons could explain this re-
sult. First, the intracellular concentration of the agent was
not sufficient to induce a maximal response. Agents were
injected into the hemolymph but the intracellular concen-
trations are not known. Because the hemolymph is a com-
plex medium with a very high protein concentration, a
much lower intracellular concentration than expected could
be attained if the agent binds to any of the hemolymph com-

TABLE 1. Effect of agents that stimulate lipid mobilization on A-kinase activity ratio
PKA Activity Ratio X 102 LDLp (%)
Treatment? 0 min 20 min 0 min 20 min
AKH (0.3 um) 48=0.2 17.1 = 0.6¢ 16.7+21 56.2 = 13.2
Cholera toxin (0.25 ng/pl) 5.1+ 1.5d 124 +1.2¢ 19.0 = 2.6 40.8 £ 6.5
5 min 20 min 5 min 20 min
DMSO (1.7% w/v) 1.0£05 3.6 = 0.7 11.7 £ 27 227 *14
Thapsigargin (10 pm) 21+05 6.2 = 0.69 248 8.7 484+ 6.5
lonomycin (45 pum) 10.9 £ 0.4 7.1+0.2h 38.0=x14 523 +57

Fat bodies and hemolymph were taken from each insect at the indicated period of time after the treatment. A-
kinase activity and LDLp content were determined in fat body homogenates and hemolymph, respectively. Mate-
rial from three insects was pooled for each measurement. Results represent mean *+ SEM (n = 3).

a2Concentration values in parentheses represent the final concentrations reached in the insect hemolymph

that was calculated as indicated in Materials and Methods.

bep < 0.025.
dep < 0.025.
fhp < 0.025.
fsp < 0.05.
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Fig. 5. Relationship between A-kinase activity ratios and produc-
tion of DG. The data were compiled from the different experi-
ments shown in Table 1. The line in the figure shows a computer fit
of the data to a general sigmoidal equation in which the correlation
coefficient, r2 was 0.8020.

ponents. This possibility could account for the effect of
8Br-cAMP in which the lipid mobilization increased in a
concentration-response manner. Perhaps, injecting even
higher concentrations of this agent, a maximal effect
could have been reached. Alternatively, with the use of in
vitro fat body culture, we might overcome this potential
problem. However, for reasons that remain unclear, the
mobilization of DG in vitro occurs with a very low effi-
ciency compared to that occurring in vivo.

The second reason why agents that raise intracellular
CAMP did not induce a maximal lipid mobilization re-
sponse could be related to the existence of an additional
second messenger in the action of AKH. In the case of for-
skolin, the highest response was achieved at the lowest
concentration injected. Therefore, at least in this case, it
seems more likely that the maximal response was not at-
tained because this agent by itself is not a sufficient stimu-
lus, rather than because the intracellular concentration
was too low. A similar result was observed in locust fat
body in which in vitro incubation with forskolin induced
release of DG but did not achieve the maximal response.
Two-fold increase in the synthesis of DG was induced by
10 pm forskolin whereas the maximal response attained by
0.1 um AKH implicated a 8-fold increase in DG (14).

The effect of AKH in mobilizing lipids was markedly di-
minished in the presence of a calcium chelator that shows
calcium is essential for the lipid mobilization induced by
AKH. Further evidence for a second messenger role of
Ca?* in AKH action was provided by the experiments with
ionomycin and thapsigargin. The effects of these two sep-
arate calcium-mobilizing agents proved that an increase in
intracellular calcium in the insect fat body leads the stimu-
lation of lipid mobilization. Unlike the response to agents
that raise intracellular cAMP, the magnitude of the lipoly-
tic response induced by these agents was similar to the
AKH response. These results showed a direct causative ef-
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fect of Ca?* on stimulation of the lipid mobilization. In
keeping with this conclusion is the demonstration that
AKH causes a rapid increase in the calcium influx rate
into the fat body (Fig. 4). A similar activation of Ca2* in-
flux was reported in isolated rat liver cells by the action of
the calcium-mobilizing hormones noradrenaline, vaso-
pressin, and angiotensin and in glomerulosa cells induced
by adrenocorticotropin (ACTH) (18, 28). In both reports,
the increase of calcium uptake was observed in the same
time frame as reported here (18, 28). At this time, it is not
possible to distinguish whether the increase in Ca2* influx
was due to a direct stimulation of AKH on calcium entry
or a secondary consequence resulting from the depletion
of the internal stores initiated by AKH. In any event, this
experiment confirmed the dependence of AKH action on
external calcium, which strongly indicates the involve-
ment of Ca2* as a second messenger in the activation of
the lipolytic pathway in the insect fat body. The fact that
ionomycin mobilized lipids into the hemolymph is in
agreement with previous results in which the calcium ion-
ophore A23187 exhibited a similar effect in the locust fat
body. Also, no lipid mobilization was obtained by a mas-
sive dose of AKH after the removal of calcium from the in-
cubation medium (13-15).

In common with AKH, the secretion of DG into the
hemolymph stimulated by cholera toxin, DMSO, thapsi-
gargin and ionomycin was also accompanied by an increase
in the A-kinase activity (Table 1). In addition, a relationship
between the production of DG and the rate of A-kinase ac-
tivity was observed (Fig. 5). These facts strongly indicate
that the regulation of the production of DG is through re-
versible phosphorylation/dephosphorylation, and that ac-
tivation of the mechanism is associated with protein phos-
phorylation, as has been shown to occur in the hormonal
regulation of HSL (29). Interestingly, a very similar rela-
tionship between the A-kinase activity ratio and lipolysis was
observed in adipocytes, where glycerol production varies
from nil to maximal values as the A-kinase activity ratios var-
ied from 0.05 to 0.35 (17). This type of dependency was
interpreted as the amplification of the response, which
means that one molecule of A-kinase will phosphorylate
more than one molecule of the substrate (17).

Adipokinetic hormones together with the red pigment-
concentrating hormone from crustacea and the hypertre-
halosemic hormones of insects are a very large family of
8-10 amino acid peptides. In general, the most widely rec-
ognized action by these peptides is their stimulation of the
fat body to convert stored TG or glycogen into hemolymph
DG or trehalose, respectively, which serve for use as sources
of energy. In the case of M. sexta, AKH stimulates mostly
glycogenolysis in the feeding larval stage and lipid mobili-
zation in the non-feeding adult stage (30, 31).

In vertebrates, the cAMP system is of major importance
for the regulation of lipolysis in fat cells where catechola-
mines play a central role in promoting lipolysis. This
effect is mediated by B-adrenergic receptor-adenylate cy-
clase complex without affecting cytosolic calcium concen-
tration. The receptor-controlled increase in intracellular
CAMP concentrations promotes activation of A-kinase,



which phosphorylates a serine residue (Ser-563 for the rat
and Ser-551 for the human) in HSL and promotes its acti-
vation and its translocation towards the lipid droplet (32).
On the other hand, catecholamines, via an «;-adrenore-
ceptor, initiate phosphoinositide hydrolysis in white fat
cells and elevate cytosolic calcium concentration without
raising cCAMP. This mechanism results in the stimulation
of glycogenolysis (32).

In addition to the evidence in favor of cAMP and Ca2*
as second messengers in the action of AKH in mobilizing
lipids that are presented in this study and in previous in-
vestigations, recent reports showed that AKH increases
levels of inositol (1,4,5)-triphosphate (InP3) in the fat
body of two locusts, Schistocerca gregaria (33) and Locusta
migratoria (34). Interestingly, the report on Schistocerca gre-
garia showed a difference in sensitivity between the cCAMP
and the InsP; response. The latter exhibited ECsq values
for AKH that are 100-fold higher than the respective val-
ues for the cCAMP response.

The sequence of events leading to the stimulation of li-
polysis induced by AKH is unknown. The present data
support a model in which the binding of AKH to its re-
ceptor initiates two events, a rapid and sustained increase
in Ca?* influx and an activation of adenylate cyclase, giv-
ing rise to two intracellular messenger, Ca2* and cAMP.
Given the fact that calcium-mobilizing agents fully mimic
the action of AKH in regard to the magnitude of the DG
production and the activation of A-kinase, it is reasonable
to propose that calcium potentiates the action of cAMP.
At present, the substrates for the fat body A-kinase are
under investigation. A-kinase purified from the insect fat
body phosphorylates the fat body TG-lipase as well as
other proteins associated with the fat droplets (E. L. Ar-
rese and M. A. Wells, unpublished results). Likely, the
activation of A-kinase induced by AKH results in the phos-
phorylation of TG-lipase, which might lead to its activa-
tion and/or translocation to the substrate stores in the fat
droplets.

In vertebrate adipose tissue, the intracellular concentra-
tions of calcium and cAMP are controlled by separate re-
ceptors. Little is known about the AKH receptor. In Mand-
uca sexta, the main target tissue for AKH is the fat body
and Scatchard analysis of specific binding suggested only
one type of receptor (35). If this is the case, then the ap-
pearance of one of these two messengers should precede
the other. In mammalian tissues, different patterns of
cross-talk between the Ca2* and cAMP signal transduction
systems have been established. For example, intracellular
free calcium can affect cCAMP level by modulation of aden-
ylate cyclase activity or phosphodiesterase activities (36,
37). On the other hand, A-kinase or cAMP can affect Ca2*
by regulating Ca2* ion channel activity (38). Given the
fact that the magnitude of the lipolytic response induced
by Ca2*-mobilizing agents was similar to the AKH re-
sponse, we suggest a model in which AKH first raises the
intracellular calcium concentration, which in turn acti-
vates adenylate cyclase. However, a new form of cross-talk
between these two regulatory systems could also occur in
the insect fat body.

In conclusion, unlike the vertebrate system in which
lipolysis is regulated solely by the cAMP system, in the in-
sect fat body, both cAMP and calcium are relevant messen-
gers in the stimulation of sn-1,2-DG production. Although
the results seem to indicate that calcium plays a primary
role in the signal pathway of AKH, further experiments
are required in order to dissect the cross-talk between
these two second messengers. Finally, the activation of A-
kinase could be involved in the phosphorylation of the
TG-lipase, the enzyme that catalyzes the conversion of TG
into sn-1, 2-DG.AR
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