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Abstract Fat body cells of insects exhibit a high-affinity lipo- 
protein binding site at their cell surfaces. In the present study, 
the lipoprotein binding site was identified as an endocytotic 
receptor involved in receptor-mediated uptake of its lipopro- 
tein ligand, high density lipophorin. After an initial period of 
high endocytotic uptake of high density lipophorin in the 
adult stage, this process strongly diminished. In the same pe- 
riod, a dramatic increase in cell surface-associated lipopro- 
teins was observed. When animals were staived, however, in- 
ternalization of lipoproteins was maintained. The pathway 
followed by the internalized lipoproteins appears to be differ- 
ent from the endosomal/lysosomal pathway, as the vast major- 
ity of apolipoproteins seemed to escape from lysosomal hydro- 
lysis. In addition, no substantial intracellular accumulation of 
apolipoproteins was observed, suggesting that internalized li- 
poproteins were resecreted. It is unlikely that internalization 
is required for transport of the two major lipid components 
of insect lipoproteins, diacylglycerol and cholesterol, as inhi- 
bition of endocytosis neither affected the exchange of these 
lipids between lipoproteins and fat body cells nor influenced 
the loading of diacylglycerol onto lipoproteins in response to 
adipokinetic horm0ne.a We postulate that the endosomal 
environment may facilitate transport of components which, 
unlike diacylglycerol and cholesterol, cannot be transported 
by simple aqueous diffusion.-Dantuma, N. P., M. A. P. Pij- 
nenburg, J. H. B. Diederen, and D. J. Van der Horst. Develop- 
mental down-regulation of receptor-mediated endocytosis of 
an insect lipoprotein. J. Lipid Res. 1997. 38: 254-265. 
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An important physiological phenomenon is the abil- 
ity of some cells to selectively exchange lipids with lipo- 
proteins bound to the cell surface. Selective lipid trans- 
port has been reported for different cell types and 
appears to be common in nature ( 1  -4). 

The majority of the circulating lipids in insects is 
transported by a selective mechanism, which renders in- 
sects an appropriate model to study selective lipid trans- 
port between lipoproteins and target cells (5). Cata- 
bolic lipids in insects are transported as diacylglycerol 

(DAG) by lipophorin, an abundant lipoprotein in the 
hemolymph. High density lipophorin (HDLp) , which 
contains two non-exchangeable apolipoproteins, apoli- 
pophorin (apoLp)-I and -11 (6), delivers DAG to the re- 
cipient cells, such as the fat body cells, without degrada- 
tion of the lipoprotein matrix (2, 4, 7). As a result, the 
lipoproteins can be discharged and reloaded and in this 
way function as reusable lipid shuttles. This mechanism 
enables insects to transport large amounts of DAG 
within a short time period. Lipid mobilization is perti- 
nent especially during sustained flight activity of migra- 
tory insects (4, 7), when HDLp is loaded at the fat body 
to the larger molecular mass low density lipophorin 
(LDLp) by adding DAG derived from the lipid stores 
in the fat body cells and several molecules of an ex- 
changeable apolipoprotein present in the hemolymph, 
apoLp-111, in response to adipokinetic hormones 
(AKHs) (8). Thus, fat body cells are not only able to 
selectively extract DAG from HDLp but they can also 
load HDLp with DAG cargo. 

Previously, a high-affinity HDLp binding site at the 
fat body of migratory locusts was characterized (9, IO). 
We have recently demonstrated that the number of cell 
surface-localized binding sites increases during the 
adult stage whereas the total number of binding sites 
appears to remain constant (1 1).  Based on these obser- 
vations a model was postulated that implies that a part 
of the HDLp binding sites is present on intracellular 
membranes, whereas afterwards, ca. day 7 after the 
imaginal ecdysis, a redistribution of binding sites occurs 
from an intracellular pool to the plasma membrane. 

The results reported in the present study are coiisis- 
tent with this model. We demonstrate that the HDLp 

Abbreviations: W ,  adipokinetic hot-niorie; apoLp, apolipophc- 
rin; DAG, diarylglycerol; DiI, 1, I’ dioctadecyl-3,3,3’,3’-tetra11~rthylin- 
docarhocyanine perchlorate; HDLp, high density lipophoriri; 1.DI.p. 
low density lipophorin. 
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binding site is an endocytotic lipoprotein receptor and 
that a developmental down-regulation of endocytotic 
uptake of HDLp coincides with an increase of binding 
of HDLp to the cell surface. 

MATERTALS AND METHODS 

Animals 

Locusts, Locusta migratoria, were reared under 
crowded conditions as described previously (12). All ex- 
periments except isolation of unlabeled lipoproteins 
were performed with male locusts. 

Isolation and labeling of lipoproteins 

Hemolymph was collected from adult locusts (15-20 
days after the imaginal ecdysis) and used for the isola- 
tion of HDLp by subjecting pooled samples to density 
gradient ultracentrifugation (1 1). 

The lipoprotein lipid moiety was fluorescently la- 
beled with l,l’dioctadecylJ,3,3’,3’-tetramethylindocar- 
bocyanine perchlorate (DiI) (Molecular Probes) ac- 
cording to Pitas et al. (13) with slight modifications of 
the original method. Labeling incubations were per- 
formed in HEPESbuffered saline (10 mM HEPES, 150 
mM NaCl, 10 mM KC1, pH 7.0) in the presence of 0.02% 
sodium azide. Free DiI was separated from DiI-labeled 
lipoproteins using a PDlO column (Pharmacia). Only 
DiI incorporated in the lipoproteins enters the column 
matrix whereas free DiI sticks at the top of the column. 
Fluorescein-succinimidyl ester (Molecular Probes) was 
used to label the lipoprotein protein moiety. Lipopro- 
teins were incubated with a large molar excess of fluo- 
rescein succinimidyl ester (protein/fluorescein: 1/100) 
in 0.1 M boric acid (pH 8.5) for 1 h at 4°C. After incuba- 
tion, free label was linked to glycine by a subsequent 
incubation for 5 min in the presence of a molar excess 
of glycine (glycine/ fluorescein: 10/1). Labeled lipo- 
proteins and fluorescein linked to glycine were sepa- 
rated by gel filtration. 

Radiolabeling of the lipoproteins in the protein moi- 
ety was performed using N-succinimidyl [ 2,3-’H] propio- 
nate (Amersham International) according to Bolton 
and Hunter ( 14). Lipoproteins containing tritiated 
DAG were isolated by density gradient ultracentrifuga- 
tion of hemolymph collected from adult locusts that 
had been fed 2 pCi [9,10-‘-Hltriolein (DuPont, NEN 
Research Products) 2 h prior to collection. Lipopro- 
teins labeled with tritiated cholesterol were obtained by 
isolation from hemolymph of locusts that had been in- 
jected 10 min prior to collection with 2 pCi [1,2- 
’HI cholesterol (DuPont, NEN Research Products) per 
locust. Radioactivity in the hemolymph was mainly re- 

covered in the lipoprotein fraction with both labeling 
methods. Thin-layer chromatography of the lipid moi- 
ety of the lipoproteins labeled by triolein feeding re- 
vealed that more than 90% was present in the 1,2-DAG 
fraction. 

Fluorescence microscopy 

Fat body tissue from young and older adults, 4 and 
15 days after the imaginal ecdysis, respectively, and from 
starved older adults was dissected and rinsed in medium 
A (HEPESbuffered saline +4 mM CaCI., +2  mM MgCl?). 
The starved adults had been reared without food but 
with water-rinsed cotton-wool from day 8 to day 14 after 
the imaginal ecdysis and then had been fed a normal 
diet on day 15, one day before killing the animals. The 
tissue was incubated with fluorescently labeled HDLp 
in medium A for 90 min at 30°C. After incubation, the 
tissue was rinsed 3 X 10 min in 0.1 M phosphate buffer 
(pH 7.4) at 4°C and fixed in 2% paraformaldehyde and 
0.5% glutaraldehyde in 0.1 M phosphate buffer (pH 
7.4) for 16 h at 4°C. Fixed tissue was embedded in agar 
and 20-pm vibratome slices were cut, which were stud- 
ied using a fluorescence microscope (Axioskop, Zeiss) 
with an appropriate filter setting. Effects of inhibition of 
luminal acidification on endocytosis were investigated 
using 10 mM NH,Cl or 100 p~ chloroquine (Sigma) 
(15). The endocytotic compartment in fat body cells 
was labeled by incubating the tissue with 10 mg/ml of 
the fluid-phase endocytosis marker Cascade Blue hy- 
drazide (Molecular Probes). 

Lipid and apolipoprotein cell association 
and degradation 

DAG, cholesterol, and apolipoprotein uptake were 
measured by incubating fat body tissue in medium A at 
30% with HDLp that was radioactively labeled in the 
DAG, cholesterol, or protein moiety, respectively. Ali- 
quots of the incubation medium were taken at several 
time points and radioactivity was determined. The de- 
crease in the amount of a certain radioactive label in 
the medium was considered to be equal to the amount 
of cell-associated label. Cell association of the different 
labels is expressed as equivalents of HDLp protein, 
which indicates the amount of lipoproteins expressed 
as HDLp protein, that contained the indicated amount 
of label at the start of the incubation. 

Degradation of HDLp was quantified by incubating 
fat body tissue with HDLp tritiated in the protein moiety 
for 6 h at 30°C and rinsing 2 X 5 min in 5 ml medium A. 
After incubation the tissue was homogenized in distilled 
water by sonification. The incubation medium and an 
aliquot of the tissue homogenate were precipitated with 
10% trichloroacetic acid for 30 min at 4°C and centri- 
fuged for 10 min at 14,000 g. The acid-soluble fraction 
present in a control incubation without fat body tissue 
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was subtracted from the amount of acid-soluble label 
present in the incubation medium. Acid-soluble label 
was regarded as degraded apolipoproteins (16). A sec- 
ond aliquot of the tissue homogenate was counted in 
order to determine the total amount of cell-associated 
label. When indicated, experiments were performed in 
the presence of 10 mM NH4Cl or 100 p~ chloroquine. 

The amount of fat body tissue used in the incubations 
was quantified by determining total protein con- 
tent after a chloroform-methanol extraction as de- 
scribed previously (1 l) using the protein determination 
method of Schacterle and Pollack (17). 

In vitro lipid mobilization 

In vitro LDLp formation was accomplished using fat 
bodies of adult locusts, 15 days after the imaginal ecdy- 
sis, as described elsewhere (18). For each experiment 
a pool of 4 fat bodies was used. Each individual fat body 
was incubated with 1 mg HDLp in the presence or ab- 
sence of 10 pmol AKH-I (Peninsula Laboratories). The 
lipoproteins were separated after the incubation by den- 
sity gradient ultracentrifugation (1 1) and A'LxO was moni- 
tored during fractionation. 

Statistical analysis 
Differences between groups were tested with a Stu- 

dent's t-test. Paired Student's t-tests were used when the 
data of the different groups had been obtained with fat 
body tissue samples of the sane  individuals. Otherwise 
unpaired Student's t-tests were applied. 

Data are expressed as mean f standard error of the 
mean (SEM). 

RESULTS 

Endocytotic internalization of HDLp 
In insects, the fat body is surrounded by the hemo- 

lymph from which it recruits the lipoproteins (19). Con- 
sequently, incubation of intact fat body tissue in lipo- 
protein-containing medium as applied in this study 
mimics the in vivo situation. 

Initially, fat body tissue of young adults, 4 days after 
the imaginal ecdysis, was used to study internalization 
of fluorescently labeled HDLp. We expected that if en- 
docytosis of HDLp occurs, this would be optimal at this 
developmental stage in view of the postulated redistri- 
bution of HDLp binding sites around day 7 after the 
imaginal ecdysis. 

Incubation of fat body tissue of young adults with DiI- 
labeled HDLp resulted in a punctated fluorescent stain- 

ing throughout the cytoplasm (Fig. 1A for comparison 
a semi-thin section of control fat body is shown in Fig. 
1F). This punctated staining was observed even at very 
low DiI-HDLp concentrations (0.01 mg/ml). At higher- 
concentrations of DiI-HDLp (0.5-1 .O mg/ml), which 
are still far below the physiological concentrations of' 
HDLp in the hemolymph (8.5 arid 17.7 mg/rnl in 
young and mature adult locusts, respectively (20)),  Dil- 
HDLp was also observed at the superficial plasma mem- 
branes, which directly contact the hemolymph, and in 
the intercellular spaces (not shown). 

As such a punctated intracellular staining is indicative 
of endocytotic uptake, we examined more closely the 
possibility of receptor-mediated uptake of HDLp. Re- 
ceptor-mediated endocytosis of a ligand is known to be 
saturable and, consequently, endocytotic uptake of the 
labeled ligand can be inhibited by adding an excess of 
unlabeled ligand. An excess of unlabeled HDLp 
strongly reduced the punctated intracellular staining of 
DiI-HDLp (Fig. 1B) , implying internalization of HDLp 
to be facilitated by specific receptors. 

Two agents, ammonium chloride and chloroquine, 
that inhibit luminal acidification of the endosomal/ly- 
sosomal compartment ( 15), and which are known to 
affect internalization and trafficking of ligands that are 
subject to receptor-mediated endocytosis (21), were 
tested. Both ammonium chloride (Fig. 1C) and chlo- 
roquine (Fig. ID) reduced the amount of intracellularly 
localized DiI-HDLp at low DiI-HDLp concentrations. 
However, no differences between incubations with arid 
without chloroquine were observed at higher DiI-HDLp 
concentrations (0.2-0.5 mg/ml), whereas ammonium 
chloride reduced the punctated staining also at these 
higher concentrations almost completely (not shown). 

In order to veri9 whether the punctated staining ob- 
served with HDLp labeled with the fluorescent lipid DiI 
corresponds with the localization of lipoprotein parti- 
cles, fat body tissue was incubated with HDLp labeled 
with fluorescein in the protein moiety. This resulted in 
a similar staining pattern in the cytoplasm and intercel- 
lular spaces as observed with Dil-HDLp (Fig. l E) .  With 
fluorescein-HDLp the intracellular punctated staining 
was most clearly visible when  fa^ body tissue was incu- 
bated with 0.1 mg/ml fluorescein-HDLp. However, in- 
cubation with 0.01 mg/ml fluorescein-HDLp also re- 
sulted in a similar fluorescent staining pattern. Thus, 
not only the lipid moiety of the lipoprotein is subject 
to endocytotic uptake, but the entire lipoprotein ap- 
pears to be internalized. 

In addition, we demonstrated that the intracellular 
DiI-HDLp is present in the endocytotic compartment 
of fat body cells. Simultaneous incubation of fiat body 
cells for 90 min with 0.01 mg/ml DiI-HDLp and 10 mg/ 
ml of the fluorescent fluid-phase endocytosis marker 
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Fig. 1. 1ntcrn;ilization of HIl1.p by f i t  hotly tissue of young adults. Fat hotly tissue of  yonng adult, 4 tlavs after imaginal ecdysis, was incuhatctl 
for 90 niin at  30°C with 0.01 mg/inl HD1.p that had hccn I~il~clcd with thc fluorcxcnt lipid IXl, without additives (A), i n  the presence of an 
excess o f  unlabelrd HIl1.p ( 3  nig/nil) (13). i n  the presence o f  10 nihf  NH,CI (C), and in the prcscwcc of 100 p v  chloroquine (D).  Fat hotly 
tissiir ofymng adult was inciihatcd similarly with 0.1 mg/ml HD1.p that had bceii I;ibclcd in the protein nioicty with fluorescein (E). \'ihratoinc 
srctions (20 pin) o f  agar-emhrtltlcd tissnc w r c  c*xainincd with a fluoresccnce microscopc. A nicthylenc hlnc-stained semi-thin section o f  control 
fat hotly tissue o f  young atlult cnihcddetl i n  Epon is shown i n  F. Experiments prcscntctl in A-1) were pcrfornmed with Ikt hotly tissnc o f  the 
same individual. Superficial cell hortlcrs (;u-rowhcads), a nuclciis (N), and sevct-al lipid droplets (1.) arc intlicatctl. 
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Fig. 2. Ctrlocalimtion o f  I~iI-HI~Lp ant1 <:ascatlr Rlur hytlrxzitlr. Far 
body rissiir o f  young adult, 4 days ;ilirr thc imaginal cctlysis, was incu- 
lxttrd for 00 niin at  JO°C siniulr;inrorisly with 0.01 tng/ml DiI-HD1.p 
;inti I O  ntg/nil (hcatlc Rluc hytlrazitlc. Vilwaronir sections (20 pnt) 
o f  ag~irctii1,c~rltlrcl tissue were rxaminrd with a fluorescence niicrtr 
scopr for tlir localization of  Dil-HD1.p (A) and (2isc;idr Blur ( R ) ,  
with appi-opriatr filter scttings for tlir tliKri-ent dyes. Ctrlocalization 
o f  tlir two tlyrs (arro\vs) ant1 thr sriprrficial cell hordcr arc intlicatetl 
(;lrrowllcatls). 

Cascade Blue hydrazide revealed that the two labels co- 
localized in intracellular spots (Fig. 2). This clearly indi- 
cates that the intracellular staining pattern observed 
after incubation with DiI-HDLp is due to lipoproteins 
that are localized within the endocytotic compartment 
of the fat body cells. 

Together these experiments demonstrate that the li- 
poproteins are internalized by fat body cells of young 
adults by means of receptor-mediated endocytosis. 

Endocytosis of HDLp in relation to developmental 
stage and after starvation 

In the light of the previously postulated redistribu- 
tion of HDLp binding sites during development (1 I ) ,  
we compared receptor-mediated uptake of DiI-HDLp 
by Fat bodies from the last two l a n d  stages preceding 
imaginal ecdysis (foorirth and fifth l a n d  instars) as well 
as young and older adults (4  and 15 days after the imagi- 
nal ecdysis). I n  contrast to larvae (not shown) and 
young adults, where labeled spots were more or  less 
cqually distributed i n  the cytoplasm (Fig. 3A), fat body 
cells of  older adults contained only a few labeled intra- 
celldar spots, which were predominantly located at the 
periphcry of the cells (Fig. 38). In addition, a much 
more intensc fluorescent staining was obsenwl at the 
sru-fxe of Fat body cells of older adults compared to 
young adults and lanm,  which indicates that only mi- 
nor amounts o f  HDLp are internalized and that the ma- 
jority o f  the HDLp is located at the cell surface. 

As endocytosis of lipoproteins may he related to the 
process of lipid storage in the fat body cells, we studied 
whether starvation could prolong the intracellular local- 
ization of DiI-HDLp in fat body cells during develop 
ment. Therefore, the endocytotic activity of  fht body tis- 
sile of older adults that had been starved from day 8 to 
day 14 after the imaginal ecdysis and then fed on day 
15, 1 day prior to killing, was also determined and com- 
pared to the endocytotic activity in control animals of 
the same age that had been fed normally. The number 
of fluorescently stained spots in the fat body of starved 
adults (Fig. 4B) was dramatically increased compared 
to control animals (Fig. 4A). A very typical staining pat- 
tern was observed; internalized HDLp was located 
mainly at the periphery of the cells while the centre was 
devoid of fluorescence. 

For both control and starved older adults, it was dem- 
onstrated similarly as described above for young adults, 
that the internalization of HDLp by fat body cells is re- 
ceptor-mediated, sensitive to ammonium chloride, and 
much less sensitive to chloroquine (not shown). 

Uptake of lipid and protein moieties of lipoproteins 

In order to determine whether the fat body cells oh- 
tain lipids from the lipoproteins either by a selective 
lipid transport process or  by the endosomal/Iysosomal 
pathway, the uptake of DAG and apolipoproteins from 
HDLp by Fat body tissue of young adults, 4 days after 
the imaginal ecdysis, was monitored. The fat body a p  
peared to selectively take up ["HIDAG from the lipopro- 
teins without substantial concomitant accumulation of 
the apolipoproteins (Fig. 5). 

Under the experimental conditions used, approxi- 
mately 50% of the ["HIDAG present in lipoproteins was 
transported into the fat body. The density of the lipo- 
proteins in the medium after incubation was deter- 
mined; net transport of lipids into the fat body was ex- 
pected to result in an increase in the density of the 
lipoproteins. However, no such increase in lipoprotein 
density could he detected; in contrast, a small decrease 
in lipoprotein density was found (typical experiment; 
control lipoprotein: 1.14 g/ml, lipoprotein after incu- 
bation: 1.12 g/ml) suggesting that no net transport of 
DAG to the I'at body had taken place (this decrease in 
the density of HDLp is visible i n  the control curve in 
Fig. 7). 

Although no net transport could he established, it  was 
ohvioiis that the lipids were exchanged between fat 
body cells and lipoproteins by  a selective transport 
mechanism, as only thc lipids were taken up whereas 
the apolipoproteins of HDLp did not acciiiniilate in the 
cells. 
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Fig. 3. Down-rcg~il:ition o f  rcceptor-iiic.diatrd endocytosis of HDLp during tlcvclopment. Fat hotly tissue o f  i i  yoiing adult, 4 days after imaginal 
ecdysis (A) ,  antl of an older x l i i l t .  1.5 tlavs after imaginal ecdysis ( R ) ,  was incuhated for 90 min at 30°C with 0.01 nig/niI Dil-HDLp. Vibratome 
sections (20 p m )  of agar-mihctltled tissue were esatiiined for the localization of laheled lipoprotcins using flriorcscence microscopy. Thc 
siipcrlicial ccll borders (arrowhcatls) arc indicated. 

No substantial degradation of lipoproteins by fat 
body cells 

The total amount of cell-associated lipoproteins antl 
the amount of acid-soluble label, representing de- 
graded lipoproteins, in fat body tissue and in the incu- 
bation medium were determined in young and older 
adults, 4 and 15 days after the imaginal ecdysis, after a 
prolonged incubation of 6 h with H D l g  radioactively 
labeled in the protein moiety. 

After this incubation, the amount of acid-soluble la- 
bel in the medium, which accumulated throughout the 
incubation period, equaled 50% of the amount of total 
cell-associated lipoproteins when fat body tissue of 
young adults was used without additives (Table 1 ) .  

Only a very small fraction of the ccll-associated label 

is attributed to degraded apolipoproteins: 3.9% of the 
labeled cell-associated lipoproteins was acid-soluble in 
the Fat body tissue of young adults. Even significantly 
less cell-associated acid-soluble label was observed when 
fat body tissue of older adults was used. In addition, for 
young adults it was shown that the observed minimal 
degradation in the cell-associated label could be sig- 
nificantly inhibited by ammonium chloride. However, 
incubation of fat body tissue from young adults with li- 
poproteins in the presence of chloroquine, which is 
known to inhibit lysosomal degradation of internalized 
ligands (le), did not result in significantly fewer degra- 
dation products in the cell-associated label compared 
to the incubation without additives. 

N o  significant difkrences in the amount of  acid-soh- 
ble label in the medium were obscivcd betwen thc dif- 
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Fig. 4. Effect of  stanmion upon HDLp endocytosis. Fat hody tissue 
o f  a control older adult, 15 days after imaginal ecdysis (A), and an 
older adult that had heen starved from day 7- 14 after imaginal ecdysis 
and fed on day 15 ( R ) ,  was incubated for 90 min at 30°C with 0.01 
nig/ml Dil-H1)I.p. Fat hody tissue of a control older adult that was 
not incubated with Dil-HD1.p is shown in C. Vihratonie sections (20 
pm) o f  agar-embedded tissue were examined for the localiiation of 
labeled lipoproteins using fluorescence microscopy. The superficial 
cell hordcr (arrowheads), intercellular spaces (arrows). nuclei (N)  
are indicated. 
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Fig. 5. Uptake of ['HIDAC and [SH]apolipoproteins from HDLp 
into the fat body. Fat body tissue of young adults, 4 days after the 
imaginal ecdysis, was incubated at 3OoC with 0.1 mg/ml HDLp con- 
taining ['HJDAG (closed circles) or [SH]apolipoprotein (open cir- 
cles). At the time points indicated, aliquots were taken from the incu- 
bation medium and the radioactivity in the aliquots was quantified 
using liquid scintillation counting. The decrease in the radioactivity 
content was regarded as cell-associated label. Data represent means 
? SEM (n = 4). 

ferent conditions and between the two developmental 
stages which may be due to the high variation in this 
parameter. Proteolytic activity originating from the dis- 
sected tissue and present in the incubation medium 
may be responsible for this variation and may in addi- 
tion result in overestimation of the amount of degraded 
lipoproteins. 

Endocytosis is not required for lipid exchange 

Exchange of two lipid components of insect lipopro- 
teins that are transported into the fat body, DAG (22) 

and cholesterol (23), was monitored in the presence 
and absence of ammonium chloride. Inhibition of en- 
docytosis did not significantly affect DAG nor choles- 
terol exchange, implying that endocytosis is not a pre- 
requisite for exchange of these two lipid components 
of HDLp (Fig. 6). The small decrease in lipoprotein 
density described above was shown to be independent 
of endocytotic activity because this shift in density oc- 
curred equally in the absence and presence of ammo- 
nium chloride (not shown). 

Endocytosis is not required for LDLp formation 

During sustained flight activity of insects, AKH-in- 
duced transport of large amounts of DAG from the fat 
body to the flight muscles occurs by conversion of 
HDLp at the fat body into the DAGrich LDLp (4, 7). 
Using an in vitro incubation system, it was shown that 
endocytosis is not required for DAG mobilization after 
AKH stimulation, as ammonium chloride did not re- 
duce the ability of fat body tissue to convert HDLp into 
LDLp in response to AKH (Fig. 7 ) .  In addition, using 
fluorescence microscopy, no changes were observed in 
the limited endocytotic uptake of DiI-HDLp by fat body 
tissue of older adults, 15 days after the imaginal ecdysis, 
during in vitro AKH stimulation (not shown). This dem- 
onstrates that the process of LDLp formation does not 
involve endocytotic processing of lipoproteins. 

DISCUSSION 

Receptor-mediated endocytosis of HDLp 

Tsuchida and Wells (24) demonstrated that the pro- 
tein moiety of insect lipoproteins did not accumulate 

TABLE 1. Cell association and degradation of HDLp 

Acid-Soluble 

Total Cell-Associated Cell-Associated Medium 

ng NDLp potan/pg fat body protein 

Young adult, control 15.3 2 3.3 0.60 ? 0.17 7.7 r+_ 2.1 
Young adult + NH&L 12.6 ? 5.2 0.16 ? 0.OSb 8.1 r+_ 2.7 
Young adult + chloroquine 12.3 ? 5.8 0.32 t 0.17 2.3 2 0.6 

3.8 2 1.0 Older adult, control 0.08 2 0.08'' 9.8 r+_ 2.5" 

Fat body tissue of young adults, 4 days after imaginal ecdysis, and older adults, 15 days after imaginal 
ecdysis, was incubated for 6 h at 30°C with 0.2 mg/ml HDLp radiolabeled in the protein moiety in the absence 
or presence of 10 mM NH,Cl and 100 NM chloroquine. Subsequently, the tissue was homogenized and the 
amounts of total cell-associated label, of acid-soluble cell-associated label (in 10% trichloroacetic acid) and of 
acid-soluble label in the medium were determined. Data represent means ? SEM (n = 5). 

'Significantly different from young adult control incubation (unpaired btest, P < 0.05). 
*Significantly different from young adult control incubation (paired t-test, P < 0.05). 
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Fig. 6. Effect of inhibition ofendocytosis on the uptake of ["HIDAG 
and [9H]cholesteroL Fat body tissue ofyoung adults, 4 days after iniag- 
inal ecdysis, was incubated at 30°C with 0.2 nig/inl HDL.p that had 
been radioactively labeled in the DAG (A) or cholesterol moiety (B). 
For both components their disappearance from the incubation me- 
dium was quantified by determining the radioactivity in aliquots of 
medium using liquid scintillation counting in the absence (closed cir- 
cles) or presence (open circles) of 10 IrIM NH,CI. The radioactivity 
that had disappeared from the medium was regarded as cell-associ- 
ated label. Data represent nieans ? SEM ( t i  = 4). 

cells of young adults, 4 days after the imaginal ecdysis, 
was clearly shown, the vast majority of the lipoproteins 
apparently escaped from lysosomal hydrolysis. After ;I 

prolonged incubation (6 h) of fat body tissue of young 
adults with HDLp labeled in the protein moiety, the. 
amount of degradation products of lipoproteins pres- 
ent in the incubation medium was approximately half 
of the amount of apolipoproteins bound to the fat body 
tissue. If efficient lysosomal degradation would occui-, 
the incubation medium should contain several-fold the 
amount of cell-associated lipoproteins, as endocytotic 
receptors normally are able to carry out several cycles 
of delivery of ligands to the lysosomes during a period 
of 6 h. For example, for human low density lipoprotcin 
it has been found that 5 times the amount of cell-assoc-i- 
ated lipoproteins is present in the medium in an acid- 
soluble form after 6 h (27). Also, the percentage ofacid- 
soluble cell-associated radiolabeled lipoproteins, which 
is almost 4% for young adults, is much lower than the 
16% observed for human low density lipoprotein. The 
low level of lysosomal degradation of lipoproteins did 
not result in a substantial accumulation of intact 
lipoproteins. Moreover, ammonium chloride, which 
strongly inhibits endocytosis of HDLp as discussed be- 
low, did not reduce the amount o f  cell-associated lipo- 
proteins significantly, which confirms that no intracellu- 
lar accumulation of lipoproteins takes place. 

in fat body tissue of a lepidopteran insect, which is in 
good agreement with the model of selective lipid trans- 
port mechanism facilitated by insect lipoproteins. 
Therefore, it seems unlikely that insect lipoproteins de- 
liver their lipid moiety to the fat body by classical recep- 
tor-mediated endocytosis and subsequent trafficking to 
the lysosomes as described for other lipoproteins (25). 
Nevertheless, endocytosis of HDLp by the fat body of 
dragon fly larvae has been reported (26). In the present 
study, we demonstrate that the HDLp binding site at 
the locust fat body functions also as an endocytotic re- 
ceptor and that HDLp is internalized by fat body cells 
by means of receptor-mediated endocytosis. 

Although internalization of lipoproteins by fat body 

- 
X 

0 1  I I I I I I I 

1.14 1.13 1.12 1.11 1.10 1.09 1.08 1.07 
density (g/ml) 

Fig. 7. Effect of inhibition ofHDLp endocytosis on LDLp formation. 
Per experimental condition, 4 fat bodies of older adults, 15 days after 
imaginal ecdysis, were incubated with 1 mg HDLp at 30°C with IO 
pmol AKH-I, as described previously (13), in the absence (dashed 
line) or presence (dotted line) of 10 mM NH&I. Four non-stimulated 
fat bodies were taken as control (solid line). Subsequently, the media 
of the quadruplicate incubations per condition were pooled and s u b  
jected to density gradient ultracentrifugation. The gradients were 
fractionated during which the Asxi) was monitored. The arrows indi- 
cate the location of HDLp and LDLp. (The two HDLp popiilatioris 
indicated refer to the populations mentioned in Uptake of lipid and 
protein nioietics of lipoproteins.) 
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In view of the absence of both substantial degradation 
and accumulation of HDLp in fat body cells, it is most 
likely that the lipoproteins are resecreted after internal- 
ization and intracellular processing. This pathway, 
known as retroendocytosis, has been described for sev- 
eral ligands of which transferrin is the classical example 
(28). A characteristic of ligands that are subject to re- 
troendocytosis is that the ligand does not dissociate in 
response to the drop in pH within the lumen of the 
endosomes that occurs early during endosomal traf- 
ficking (15). In this context, it is noteworthy that the 
affinity of HDLp for its binding site increases when the 
pH decreases (10). 

Ammonium chloride and chloroquine inhibit lumi- 
nal acidification of endocytotic vesicles (15), which is 
a prerequisite for proper trafficking of several ligands. 
Consequently, these agents inhibit receptor-mediated 
endocytosis of many ligands (21), including the mam- 
malian low density lipoprotein (29). In fat body cells, 
both ammonium chloride and chloroquine reduced 
the number of fluorescently stained spots. The inhibi- 
tory effect of ammonium chloride was accomplished at 
an early phase of endocytotic uptake as almost no intra- 
cellular staining was observed, suggesting that HDLp 
does not enter the cells. With chloroquine, however, 
only a diminished staining was observed at low HDLp 
concentrations while at higher concentrations the stain- 
ing appeared to be similar to the pattern observed with 
control fat body tissue incubated without additives. Dif- 
ferences in the inhibitory activities of these two agents 
regarding intracellular sorting have also been reported 
by others (30), although generally they exhibit similar 
effects. 

Down-regulation of endocytosis and coincidental 
increase of cell-surface association of HDLp 

Endocytotic uptake of lipoproteins is strongly down- 
regulated during the adult stage; in older adults, 15 days 
after the imaginal ecdysis, the lipoproteins were located 
nearly exclusively at the superficial cell border of fat 
body cells. The few fluorescently stained spots present 
were, in comparison to young adults, located closer, to 
the superficial border of the cells. In a previous study, 
we observed that the total number of HDLp receptors 
of fat body cells appeared to be constant, whereas the 
number of HDLp receptors located at the plasma mem- 
brane increased during development (1 1). The ob- 
served down-regulation of endocytotic uptake of HDLp 
may provide an explanation for this observation as this 
process may result in a concomitant redistribution of 
receptors from the cell interior to the cell surface. Re- 
distribution of intracellular receptors to the cell surface 
has been found for several membrane proteins ex- 
pressed by mammalian cells. For example, the trans- 

ferrin receptor (31), the glucose transporter (32), and 
type I insulin-like growth factor receptor (33) are redis- 
tributed from intracellular pools to the plasma mem- 
brane in adipocytes after hormonal stimulation. 

The developmental decrease in endocytotic uptake 
of HDLp coincides with a reduction of lipid synthesis 
by fat body cells (34), implying a possible role for lipo- 
protein internalization in this process. The observation 
that fat body cells of starved adult locusts still showed 
substantial endocytotic uptake of HDLp at a develop- 
mental stage at which fat body cells of insects that were 
fed normally demonstrated almost no endocytosis, fa- 
vors this possibility. 

Down-regulation of internalization of HDLp appears 
to be accompanied by an increase in cell-surface associa- 
tion of these lipoproteins. Recent studies suggest that 
this increase in binding to the cell surface may be partly 
due to association of the lipoproteins to the extracellu- 
lar matrix of fat body cells (N. P. Dantuma and M. A. 
P. Pijnenburg, unpublished results). Although binding 
studies with fat body tissue have shown that the cell sur- 
face binding is mainly attributable to binding of HDLp 
to a saturable high-affinity binding site, additional stud- 
ies are required to distinguish between receptor-bound 
lipoproteins and lipoproteins encaptured by or 
attached to the extracellular matrix of adult fat body 
cells. 

Function of receptor-mediated endocytosis of HDLp 

Bauerfeind and Komnick (26) demonstrated endocy- 
tosis of HDLp by larval fat body cells and originally pos- 
tulated that the function of this process could be either 
degradation of defective lipoproteins or lipid transport 
by a retroendocytotic pathway. In the light of the pres- 
ent study, the first hypothesis seems unlikely as we ob- 
served that endocytosis is strongly diminished during 
the adult stage, when the HDLp concentration in the 
hemolymph is considerably elevated (20). With respect 
to the second possibility, our biochemical experiments 
revealed that endocytosis of HDLp is not required for 
exchange of DAG or cholesterol between HDLp and 
fat body cells as this was not reduced by inhibition of 
endocytosis. In addition, endocytosis is not a prerequi- 
site for the mobilization of lipids and their loading onto 
lipoproteins in response to AKH. Therefore, internal- 
ization of lipoproteins may mediate the transport of an- 
other component from or, more likely, to the fat body. 
DAG and cholesterol are lipids which theoretically can 
be exchanged by diffusion through the aqueous phase 
between the bound lipoprotein and the cell membrane 
( 3 5 ) .  However, this is not an universal mechanism by 
which all lipids can be transferred as the efficiency of 
aqueous diffusion highly depends on the water solubil- 
ity of the lipid. One reason for internalization of the 
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lipoproteins, therefore, may be that extraction of some 
minor lipid components, which cannot be transported 
by aqueous diffusion, can only be established after en- 
docytotic uptake. The acidic environment in the endo- 
cytotic vesicles may be essential for this extraction pro- 
cess. Retroendocytosis has also been reported for 
mammalian high density lipoproteins (36-38) that, like 
insect lipoproteins, shuttle their lipid cargo between 
cells (1, 3, 39). Therefore, intracellular extraction dur- 
ing retroendocytotic trafficking of cerhin lipids from 
lipoproteins that deliver the majority of their cargo 
without internalization may be a general pathway in li- 
poprotein metabolism. 

The occurrence of the ability to fly and, in addition, 
to mobilize lipids from the fat body cells in response 
to AKH (18) coincides with an increase in cell-surface 
association of HDLp (1 1). Recruitment of lipoproteins 
from the hemolymph to the surface of fat body cells is 
most likely required for loading of DAG onto the lipo- 
proteins, which results in the formation of flight-spe- 
cific LDLp. If down-regulation of endocytosis indeed re- 
sults in a redistribution of HDLp receptors towards the 
plasma membrane, it might well be that during lipid 
mobilization these receptors may facilitate docking of 
the lipoproteins, thereby enabling efficient and rapid 
DAG transp0rt.M 
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