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ABSTRACT 

Fat body tissue was taken from female Manduca larvae 

throughout the fifth instar. The samples were prepared for 

histological study and electron microscopy. Hemolymph 

samples were collected and analyzed for protein profile and 

concentration. The data showed that the fat body underwent 

a series of changes with development. These include an 

increase in cell size, an accumulation of lipid and glycogen 

during the feeding phase of the instar, and the formation of 

protein and urate granules during the wandering stage. Also 

apparent was the cyclic development of a reticular system on 

the cell surfaces. Maximum development of the system 

coincided with the period of highest protein concentration 

in the hemolymph, while its disappearance is coincident with 

a drop in hemolymph protein concentration and formation of 

fat body granules. Thus the fat body plays a synthetic role 

early in the instar and becomes a storage tissue as pupation 

approaches. 
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INTRODUCTION 

Every organism is faced with the task «of gathering 

energy, storing it until it is needed and "them dis-tributing 

it to points of use. Through evolution, systemus have 

developed in which certain tissues and specific molecules 

have become specialized to satisfy this need* Che currency 

of this system includes such groups as carbohy*trat«s, 

proteins, individual sugars and amino acids. Tl*es«& water 

soluble compounds are compatible with an atjuecus 

environment. Often however, the energy economy retires 

that non-aqueous materials move freely, between 

compartments, through an aqueous system. PrincipalLy, these 

are the lipids. Since lipids are the most ef rf iciernt way to 

store energy, being worth about 9 kcal/g, they wus't be 

accommodated. 

The problems presented by lipids have solved in 

fascinating ways. In vertebrates, lipid is us-mally 

sequestered in specialized tissues which have a, Iov rate of 

basal metabolism, and is isolated from the general 

circulation. Getting lipids to the adipose tissue from 

places of production or from the gut is facUi tate<t by 

complexes of lipoproteins, lipid carrying pro!ftins. The 

lipoprotein particles have a three dimensional stantcture 
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which has a hydrophilic surface that is compatible with the 

aqueous circulatory system, but also provides a hydrophobic 

interior in which the lipids can be carried. Again when 

metabolic demands require use of lipid stores, lipoproteins 

carry the molecules to tissues where they are metabolized. 

The research group with which I have been working is 

interested in lipid metabolism, specifically lipoproteins. 

Our experimental animal is the tobacco hornworm, the larval 

form of Manduca sexta. The hornworm is proving to be an 

excellent laboratory animal. It is inexpensive, easy to 

propagate in large numbers in the laboratory and thrives on 

an artificial wheat germ-based diet. The entire life cycle 

from egg to senescent adult occurs in about two months. 

Beyond convenience, Manduca offers us a relatively simple 

system in which to study the dynamics of lipid metabolism. 

Within this system, metabolic demands change considerably 

with development of the insect, allowing us to study first 

sequestration and then use of energy stores, and relevant 

roles of the lipoproteins. This distinct temporal sequence 

of events does not occur in previously studied vertebrate 

systems. 

In Manduca. the source of the lipoproteins is the 

fat body (Prasad et al, 1986). Our lab has been focusing on 

one of the major lipid transport vehicles, lipophorin. The 

larval form of lipophorin is composed of two different 

apoproteins, each of which is coded for and manufactured in 
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the fat body. Current data suggest that the lipophorin 

particle is a reusable shuttle for lipid transport, in at 

least some cases (Ryan, et al, 1986). Within the fat body 

cells, the localization of the assembly of the apoproteins 

into the lipophorin particle is not known. Nor is it known 

when they receive their complement of lipid. In animals fed 

a fat-free diet, the fat body synthesizes a "nascent" 

particle composed of the two apoproteins and phospholipids. 

When given a bolus of triolein, diacylglycerol from the gut 

associates with the complex to create a mature lipophorin 

particle (Prasad, et al, 1986). In addition to lipoprotein 

synthesis, the fat body plays several important roles in the 

metabolism of the insect. In order to begin to answer some 

questions concerning the lipoproteins, and gain a better 

understanding of our experimental system, we wanted to look 

at the fat body. Although Dr. Michael Locke has done a 

considerable amount of work on the fat body of Calpodes 

ethlius. it soon became apparent that knowledge of the 

ultrastructural morphology of insect fat body, including 

that of Manduca. was somewhat limited. Therefore, we 

decided that a study which correlated known biochemical data 

with structural information was needed. This thesis is a 

report of the progress which has been made in the 

developmental survey of the fat body throughout the fifth 

larval instar of Manduca sexta. 



BACKGROUND 

The tobacco hornworm, Manduca sexta. is a 

holometabolic insect. It grows through five larval stages, 

undergoes metamorphosis, and then emerges looking quite 

different in its adult form. The visible alterations in 

anatomy are accompanied by dramatic changes in 

ultrastructural morphology and metabolic demands as well. 

Although considerable study has been directed towards the 

biochemistry of Manduca, there has been very little attempt 

to correlate these data with the structural events taking 

place. 

Life Cvcle 

Manduca sexta begins life as a green ovum 1-2 mm in 

diameter. Th<? female lays her eggs on the leaves of 

solanaceous plants such as tobacco and tomatoes. Manduca 

can tolerate the high levels of nicotine and other alkaloids 

present in the leaves which make the plants unsuitable for 

general insect consumption. Thus, when the larvae hatch, 

they have little competition for food. 

Newly hatched hornworms are only a few millimeters 

long. As the larvae feed and grow, they develop through 

five stages known as instars, each of which last several 

days. Near the end of an instar, the insects stop feeding 
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for a brief period of time and molt. Properly balanced 

titres of two hormones, 20-hydroxy-ecdysone (ECD) which is 

produced in the prothoracic gland, and juvenile hormone (JH) 

from the corpora allata primarily regulate these larval 

molts. By the age of 8-10 days, a fourth instar larva is 

about 4.5 cm long. 

The growth experienced by the larvae during their 

fifth and final larval instar is dramatic. They may 

increase in weight from about 1 g to roughly 10 g and reach 

9 cm in length. This is a very important period 

metabolically for the animal as this is the last major 

feeding period of its life. Adults consume some 

carbohydrates, however reserves of fats, carbohydrates and 

proteins stored in the fat body during this time will be 

called upon throughout metamorphosis and summoned to fuel 

flight and reproduction. 

After four or five days of intense feeding, the 

larvae become "wanderers". This term is descriptive of the 

behavior they display at this time. The animals stop eating 

and search for a suitable place to pupate. In the wild, an 

animal may travel as far as a mile before it burrows into 

the ground to begin metamorphosis. Wandering may serve to 

distribute the species and eventually extend its range. 

At the time of the larval-pupal molt, previous 

levels of JH have declined considerably. As a result, the 

larvae molt to the next developmental stage, or pupal stage. 
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The cuticle of the new, green pupae is very soft and fragile 

at first, but within a couple of hours, it takes on the 

characteristic hardness which distinguishes adult cuticle 

from that seen on the larvae. The new proboscis extends to 

its full length and the exoskeleton becomes sclerotized. 

The cuticle becomes fully melanized within these first few 

hours. Thus protected, the pupae settle in for 18-25 days 

of internal reorganization. The length of time is dependent 

upon temperature and perhaps on day length as well. During 

metamorphosis, much of the internal structure, especially in 

the abdomen, literally dissolves into an opaque semi-liquid. 

It is not yet known how many adult structures are simply 

developmentally matured larval structures or are a result of 

tissue death and imaginal replacement. As the pupal phase 

draws to a close, structures of the pharate adult can be 

seen when the pupae are dissected. 

The emergence of the adult from its pupal 

exoskeleton is termed adult eclosion. This marks the end of 

metamorphosis. The larvae have been transformed into large 

moths having a wingspan of about 8 cm. The adults mate 

immediately, and the females begin oviposition. Sometimes 

the first mating occurs even before females begin to fly. 

Egg development, which began in the late pupal stage, 

continues throughout the female's adult life. The adults 

fly and mate vigorously for about two weeks with the females 

laying up to 200 eggs per night (Bell and Joachim, 1976). 
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All of this activity is sustained by energy stores, 

especially lipids, accumulated during the larval instars 

with some carbohydrate supplementation by plant nectars 

ingested by the adult. Drinking the nectar may serve as 

much to prevent desiccation as to provide nourishment. The 

energy needs of the adults far surpass the nutritional value 

of food they take in. Two to three weeks after eclosion, 

the adults die. From the time an egg is laid to the death 

of an adult, the average lifespan of Manduca in the wild is 

about 65 days. Figure 1 shows the insect at different 

stages throughout its life cycle. 

It is obvious that there must be metabolic changes 

which accompany the development of Manduca. To begin with, 

as shown in Figure 2, the animal goes through a series of 

non-feeding periods at the end of each larval instar. Once 

the insect wanders, it neither eats, nor excretes any waste 

products throughout the entire time of metamorphosis. 

Finally as an adult, it operates in a kind of deficit 

situation, in which it expends more energy on reproduction 

and flight than it takes in. To accommodate these metabolic 

upheavals, the insect needs a tissue, or tissues, which act 

as a general mediator of metabolism, alternately producing 

compounds, storing nutrients, and handling waste products. 

Such a tissue is the fat body. 



Figure 1. The Life Cycle Of Manduca sexta. 

The insects shown here are approximately one third 
times life size. 
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WANDERER 

Figure 1. The Life Cycle of Manduca sexta. 



Figure 2. Feeding Periods During the 
Life Cycle of Manduca sexta. 

Manduca sexta goes through alternate periods of 
feeding and non-feeding throughout its life. Note that each 
molt is preceded by a non-feeding period. The first half of 
the fifth instar is the last major feeding period of its 
life. Adults consume some nectar, thus supplementing their 
carbohydrate stores. [Chart adapted by E. Willott from Bell 
and Joachim, 1976] 
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Figure 2. Feeding Periods During the Life of Manduca sexta. 
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The Fat Body 

The fat body is the major organ of intermediate 

metabolism (Dean, Locke, and Collins, 1985). It has been 

shown to be involved in protein production (Tojo, Kiguchi 

and Shigeru, 1981, Prasad, et al, 1985) and accumulation 

(Locke and Collins, 1965,1968, Tojo, Nagata and Kobayashi, 

1980, Tojo, et al, 1981), lipid production (Prasad, et al, 

1986), and urate production and storage (Buckner and 

Caldwell, 1980). The fat body serves in different 

capacities depending on the developmental stage of the 

insect. 

The gross structure of the larval fat body is that 

of a white, amorphous tissue which essentially fills the 

insect hemocoel. It is primarily found in the abdomen, 

slung between the gut wall and outer integument. It often 

extends up as far as the head region in some insects. 

Because of its close proximity to the gut, it is suspected 

that the fat body has first access to nutrients in the diet. 

The open circulatory system of Manduca allows hemolymph to 

bathe the tissues. 

Ultrastructural morphology of insect fat body has 

not been the subject of much published literature, however 

several investigators have approached the problem of insect 

ultrastructure. The most notable perhaps is Dr. Michael 

Locke. He has done extensive work on the ultrastructure of 

Calpodes ethlius, the skipper, as well as other insects. 



Some of these studies have been directed at insect fat body 

(Locke and Collins, 1965, 1968, Locke and Huie, 1983, Locke, 

1984, Dean, et al, 1985, Locke, 1986). Even with the 

limited amount of work done, it has become apparent that 

there are major differences between species. Therefore, it 

would not be prudent to assume that structural data for the 

fat body of Manduca can be inferred from previous studies on 

different insects. 



METHODS 

In preparing our tissue samples for both light and 

electron microscopy, we employed a number of methods of 

fixation and staining. It soon became apparent that, due to 

the nature of fat body tissue, we were somewhat limited with 

regard to which techniques we could employ. This section 

describes the methods by which we attained our fat body and 

hemolymph samples. It also addresses the compounds which we 

chose to treat them with and some of the underlying 

principles for their effectiveness. 

Dissecting the Tissue 

Manduca eggs were obtained from the U. S. Department 

of Agriculture (USDA) laboratories in Fargo, N.D.. The 

larvae were raised on an artificial wheat germ diet which 

was supplemented with vitamins and antibiotics. They were 

kept in a 27-29 C incubator on a 16 hour light, 8 hour dark 

cycle. Under these conditions, the feeding period of the 

fifth instar lasted about five days and the wandering phase 

lasted about four days. All samples were collected from 

female animals. Using a dissecting microscope, animals were 

sexed by noting the presence of a small dot on the ventral 

part of the second to last abdominal segment, which 

indicated that the larva was a male. 
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As previously mentioned, the fat body is a soft, 

amorphous tissue which basically fills the abdominal 

hemocoel of the larvae. It has loose attachments to the gut 

wall and outer integument, with no constraining structures 

of its own. It is troublesome to remove large pieces of the 

fat body, and once the tissue is taken from the hemocoel, it 

consists of a fragile, mucous-like mass. Depending on our 

final purposes, we performed our dissections in three ways. 

The first best retains the relationship of the fat body to 

other tissues. The larvae were anesthetized using ice or 

C02 gas. Cold fixative was then injected into the abdomen 

and the larvae were chilled. After approximately five 

minutes, the larvae were decapitated, drained of hemolymph 

and gut contents, and sliced into rings. Each slice 

retained its structural integrity due to the encircling ring 

of integument. These slices were then put into cold 
» 

fixative for an appropriate amount of time. The results of 

this method of dissection were satisfactory. It was not 

always necessary to include these tissue types in our 

samples. 

The second method which we employed involved making 

a ventral cut along the long axis of anesthetized larvae, 

thus exposing the abdominal contents. With forceps, tiny 

bits of fat body could be exclusively removed. While this 

technique rendered "clean" samples, it was very tedious. 

The third approach was developed by M. Locke (personal 
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communication). Chilled larvae were decapitated and the 

posterior segments cut off. The resulting tube was gently 

squeezed free of hemolymph and gut contents. Forceps were 

used to reach inside the abdomen and remove the gut through 

the posterior cut. The tissue remaining inside the 

integument at this stage was mainly fat body. The larvae 

were then placed on a glass plate laterally between two 

raised strips of tape. With the anterior portion of the 

carcass held stationary, a glass rod was smoothly rolled 

over the larvae, effectively squeezing the fat body out en 

masse. Malpighian tubules and salivary glands could be 

easily picked from the tissue. This technique was rapid, 

easy, and provided us with large, clean samples of fat body. 

It was not satisfactory for use on small larvae. Except 

when constrained by size, this technique was used almost 

exclusively in the work herein described. 

Based on our preliminary survey, we decided to 

investigate the development of the fat body during the fifth 

instar. We collected a series of fat body samples 

representing each day of the instar. The animals were 

staged from the time of head capsule slippage at the end of 

the fourth stadium. The head capsule is the old, partially 

hardened head cuticle which the larva outgrows. It slips 

forward prior to ecdysis. Dissections were performed at the 

same time each day, within a two hour window, in an attempt 

to keep a reasonable, developmental schedule. 
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Since the fat body and hemolymph are in intimate 

contact, hemolymph samples were also collected from a dozen 

larvae on each day of the instar. The Lowry method 

(Peterson, 1983) was used to spectrophotometrically 

determine the protein concentration of the hemolymph. 

Aliquots of the hemolymph samples were run on SDS-

polyaery1amide gels (Laemmli, 1970) to see if any 

developmental trends were obvious. The gels were stained 

with Coomassie blue and read with a scanning densitometer. 

Changes in the densities of the bands indicated changes in 

the protein profile of the hemolymph. 

Fixation 

When preserving tissue, it is important to bear in 

mind that the fixative chosen will determine what can 

ultimately be learned from any histological preparation. An 

ideal fixative is one which avoids changes in morphology 

such as osmotic distortion while preserving all of the 

cellular components in situ. No one compound is suitable in 

every situation. Therefore it is often necessary to use 

several alternate methods to ensure the most freedom in 

subsequent treatment. We experimented with several 

techniques of fixation. The potentially powerful method of 

quick freezing and sectioning by cryostat was eliminated. 

Because of the high lipid content of fat body, when frozen, 

it splintered and shattered when attempts were made to 



section it. In most cases, we found fixation with buffered 

formalin or glutaraldehyde adequate. 

Formalin Fixation 

Phosphate buffered formalin was used in the 

preservation of some fat body samples. The solution 

consisted of 4.02 g NaH2P04, 6.50 g Na2HP04, 900uL H20 and 

lOOmL 37% formaldehyde. Samples were dissected, washed in 

the same phosphate buffer without formalin, and then placed 

directly in at least 12 volumes of formalin. Since these 

samples were not post-fixed, they remained in the formalin 

until embedding in paraffin. Samples were stored in the 

cold and processed within a month. 

Formaldehyde has long been used in the tanning of 

leather, and it is from this industry that some of the 

technical knowledge of its use has been gained. Buffered 

formalin is now widely used as a fixative in the 

preservation of samples used for histological study. It 

rapidly penetrates tissue, is compatible with a number of 

stains, leaves some enzymes in an operative state for 

histochemical localization, and often does not destroy 

antigenic determinants. 

The active agent in fixation with formaldehyde is 

believed to be the carbonium ion (Pearse,1980) which forms 

upon the mixing of formaldehyde and water. This reactive 

electrophile seeks out electron-rich moieties such as 



nitrogen, oxygen, sulphur, and double bonded regions. Since 

more of the formaldehyde molecules convert to the carbonium 

ion under acidic conditions, some investigators (Jones, 

1973, cited by Pearse,1980) feel that buffering formalin 

actually reduces the fixing power of the solution. 

The reactions of formaldehyde with various tissue 

components are many and varied due to its affinity for 

electronegative functional groups. Perhaps its most 

effective action as a preservative is its ability to form 

bridges between proteins. In his description of the action 

of formaldehyde, Pearse (1980) reviewed several possible 

mechanisms. In the first, it is not the carbonium ion which 

attacks the substrate, but rather the formaldehyde molecule 

which finds an electronegative species with a reactive 

hydrogen and forms a hydroxymethyl compound as shown below. 

RH + CH20 £5 R.CH2(OH) 

The resulting compound is also highly reactive and can 

further condense with another hydrogen to form a methylene 

bridge. 

R.CH2(OH) + HR' R-CH2-R' + H20 

A second possibility suggests that aqueous formaldehyde 

condenses with a primary amine to form a dihydroxymethyl 

compound. This requires the addition of another molecule of 

formaldehyde to the initial hydroxymethyl derivative. 
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R.NH2 + CH2(OH)2 ^=f R.NH.CH2OH + H2O 

and 

R.NH.CH2OH + CH20 R.N(CH2OH)CH2OH 

Formaldehyde probably reacts with different functional 

groups in different ways. Groups involved in the fixation 

of proteins include amino, amido, imino, peptide, guanidyl, 

hydroxyl, carboxyl, SH and aromatic groups (Pearse,1980). 

As the above reactions indicate, many of the bonds formed by 

formaldehyde with proteins should be easily hydrolyzed and 

thus reversed. Since histological preparations go through a 

washing step to eliminate excess fixative, this may account 

for the retention of some active enzymes and antigenic 

determinants in tissues fixed with formaldehyde. 

There are also irreversible reactions between the 

tissue and formaldehyde. It is not known which functional 

groups are responsible for the permanent links, however 

aromatic hydrogens and NH2 groups are suspected. The 

irreversible reactions seem to occur slowly, and fixation 

with formalin is not considered complete until at least 

seven days have elapsed. Unfortunately histologists can not 

make full use of formaldehyde's fixing power. It is 

actually most effective at around pH 1.0 and 100 C, as 

used in the wool and leather industries. 
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Glutaraldehyde Fixation 

The very flexibility which formalin fixation offers 

may be a drawback in some cases. Because a tissue is 

actually less-fixed, there may be proteolysis and poor 

preservation of morphological detail at the ultrastructural 

level. The samples which were prepared primarily for 

structural studies were fixed with glutaraldehyde. This 

included all samples for electron microscopy. 

After dissection, the fat body was washed in buffer 

as before, then placed in at least 12 volumes of a 4% 

glutaraldehyde solution at pH 7.4. The fixative was made up 

in a O.IM phosphate buffer with 4% sucrose added to protect 

the tissue from osmotic shock. The samples were kept in 

cold glutaraldehyde for 2-4 hours, then transferred to cold 

phosphate buffer (O.IM phosphate, 10% sucrose, pH 7.2). It 

is not advisable to leave tissue in glutaraldehyde longer 

than 12 hours due to leaching of some cellular components, 

however it may be kept in buffer for several years with no 

visible degradation of structure (D. Cromey, personal 

communication). The samples were stored in the cold and 

processed within a month. Glutaraldehyde fixed tissue was 

often post-fixed with osmium prior to embedding. This will 

be discussed in the section describing preparation for 

electron microscopy. 
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Glutaraldehyde is a bifunctional molecule having two 

aldehyde groups at either end of the molecule. Its 

structure makes it a very effective cross-linking agent. 

OHC-(CH2)3-CHO 

Like formaldehyde, it was first used for tanning leather 

before becoming a histological, reagent. Since it is an 

aldehyde, it is believed that glutaraldehyde's reactions 

with proteins and other molecules are analogous to those of 

formaldehyde. 

Solutions of glutaraldehyde subjected to ultraviolet 

spectroscopy show that there are two populations of 

molecules responsible for peaks in the spectrum 

(Pearse,1980). The first is composed of oligomers, polymers 

and other impurities while the second is comprised of 

monomeric glutaraldehyde. This is the suspected agent of 

fixation. The proportion of other components increases with 

shelf life, thus glutaraldehyde is most efficient when 

fresh. 

As mentioned previously, it is supposed that 

glutaraldehyde acts in a manner similar to formaldehyde. 

Investigation done by Habeeb and Hiramoto (1968, cited in 

Pearse, 1980) has shown that it reacts very quickly at room 

temperature with terminal amino groups of peptides, alpha 

and epsilon amino groups of some amino acids, and SH groups. 

Formation of glutaraldehyde-protein complexes seems to take 



longer, about two hours in the case of bovine serum albumin 

(BSA). The rate of fixation also seems to be pH dependent. 

Fixation occurs more rapidly at pH 7 than at pH 4. Results 

of immunoprecipitation of fixed BSA indicate that 

glutaraldehyde may mask some of the antigenic determinants, 

thus making it less suitable than formaldehyde for some 

immunocytochemistry. The data on the degree of 

conformational change seen in proteins due to glutaraldehyde 

addition conflict. There is at least a moderate loss of 

helical structure. In general, glutaraldehyde fixes tissue 

much more rapidly, and due to its bifunctional nature, to a 

greater hardness than formaldehyde. 

Embedding 

Once the tissues were fixed, they were embedded in 

either paraffin or plastic. In either case, the samples 

were dehydrated by being put through a graded series of 

alcohol washes (30%, 50%, 70%, 80%, 90%, 95%, and two washes 

at 100%). For paraffin embedding, two additional baths 

consisting of 100% xylene were added because xylene is 

completely miscible with wax. This step essentially 

extracted most of the lipids in our samples. Then the fat 

body samples were incubated in warm paraffin to infiltrate 

the tissue, and finally poured into a block. Dehydration 

and infiltration were automated, and occurred over about 12 

hours. 
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We experimented with the use of both Spurr's plastic 

embedding medium and Araldite. Both seemed to work equally 

well. Since the lab was set up to work with Spurr's, we 

chose it for the majority of our plastic embedded samples. 

Pieces of tissue were dehydrated using 15 minute alcohol 

washes. They were then infiltrated in a 1:1 Ethanol:Spurr's 

mixture for four hours at room temperature. Finally, the 

samples were placed in fresh Spurr's overnight in a 70 C 

oven to form blocks. Generally, samples fixed in formalin 

were embedded in paraffin while glutaraldehyde fixed samples 

were post-fixed in osmium (see preparation for electron 

microscopy) and embedded in Spurr's. 

Histochemical Staining 

Once the tissues were fixed and embedded, the blocks 

were sectioned. Thick sections of 1-3 um were cut with a 

microtome and heat fixed onto glass slides. Thin sections 

of about 900 Angstroms were cut with an ultramicrotome and 

placed on copper grids. In this portion of the text, I 

would like to discuss some of the histochemical stains used 

on the fat body samples for study under the light 

microscope. In the following section, techniques used to 

better visualize our tissue under the electron microscope 

will be considered. 
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Hematoxylin and Eosin 

Our first glimpses of Manduca fat body fine 

structure were provided by samples stained with a 

combination of hematoxylin and eosin (H&E). H&E staining is 

a standard histological procedure used to show chromatin and 

cellular proteins. It is adequate for showing basic, 

cellular organization. 

The first component in H&E staining is hematein, 

with a metal ion serving as the mordant. The name 

hematoxylin is an accepted and widely used misnomer. The 

term mordant refers to an agent which forms an insoluble 

bond between the chromophore and itself, and the tissue. 

The hematoxylin-aluminum (or iron) complexes which comprise 

the dye bind to material in the nuclei. Prior extraction of 

the DNA does not totally eliminate nuclear staining, but 

rather only inhibits it (Kiernan, 1981). Thus, the dye is 

probably reacting with the nucleoproteins as well as the 

chromatin itself. Staining conditions are usually acidic, 

rendering the metal-dye complex anionic in character. The 

nucleoprotein side chains of lysine and argin.ine are 

cationic and may attract the dye. There must also be some 

contribution from van der Waals forces and hydrogen bonding 

based on complementary structure, because other cationic 

components of the cell are not stained by hematoxylin. 

Hematoxylin is often used as a regressive stain. In 

other words, tissue is purposely overstained, then some of 
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the dye-tissue associations are disrupted with an acid 

alcohol wash. This process of differentiation is followed 

by treatment with a slightly basic water rinse. This step 

is known as "bluing" due to the color change hematoxylin-

aluminum complexes undergo around pH 7. Our samples were 

only slightly overstained, thus the acid alcohol was used as 

a quick rinse. 

The second element of H&E staining is the 

counterstain eosin (Kiernan, 1981). It is believed to act 

as an anionic stain, binding principally to cationic side 

chains of proteins. It imparts a pink color to almost all 

cellular components with the exception of negatively charged 

substances such as glycoproteins and neutral molecules 

including glycogen. 

The degree of staining in any histological procedure 

is largely a matter of personal preference. We used 

Harris's hematoxylin which contains aluminum. Other 

preparations employ iron in the metal-dye complex. We 

followed the staining procedure listed in the Manual of 

Histologic Staining Methods of the Armed Forces Institute 

of Pathology (AFIP Manual). 

Toluidine Blue 

H&E staining provided us with a general picture of 

the fat body. Since these samples were formalin fixed and 

embedded in paraffin, all of the lipid had been extracted. 
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To refine our knowledge a bit, some fat body samples were 

fixed in glutaraldehyde, embedded in plastic and stained 

with toluidine blue according to the standard procedure. All 

of these samples had been post-fixed with osmium prior to 

staining, so the lipids remained in situ. Other features of 

the fat body were more apparent as well. 

Toluidine blue is a member of a family of dyes known 

as metachromatic dyes (Kiernan, 1981). There is 

considerable confusion as to what metachromasia really is. 

Molecules of this sort will impart their own color to many 

cellular components. However, when bound to some molecules 

such as mucopolysaccharides, the chromophore reflects light 

at a different wavelength and thus takes on a different 

color. In our samples, we saw little or no evidence of 

metachromasia. This may have something to do with the 

addition of osmium. We don't know how post-fixing may have 

altered the mechanism of dye binding. In general, toluidine 

blue acts as a cationic dye, rendering most cytoplasmic 

components light blue. Nuclei and concentrations of 

proteins such as granules stain a darker blue. It reacts 

with osmicated lipid in such a way as to produce a greenish, 

blue shade. 

Periodic Acid Schiff Staining 

The periodic acid Schiff (PAS) reaction is the basic 

technique used for visualizing carbohydrates in 
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histochemical sections. Certain blocking steps and controls 

are performed to ensure the specificity of the reaction for 

the carbohydrate of choice. Using the AFIP procedure for 

the PAS reaction, we were able to look at glycogen deposits 

in fat body tissue. 

The PAS reaction is accomplished in two steps, 

oxidation and dye binding (Bancroft,1967). Periodic acid 

oxidizes 1,2-glycol groups and 1,2-amino alcohols to form 

adjacent aldehydes. Thus in glucose or glycogen, the bond 

is broken between carbons 4 and 5, and the two hydroxyl 

groups are oxidized to aldehydes. Other acids may be used 

to perform this step, however periodic acid is usually 

preferable as it rarely oxidizes beyond this degree. The 

characteristic fuscia color is achieved when the dye 

molecules of Schiff's reagent bind to the aldehydes. 

Schiff's reagent is composed of basic fuchsin in sulphurous 

acid. The acid disrupts the structure of the fuchsin 

rendering it colorless. When the fuchsin binds with an 

aldehyde, its structure is restored and it regains its 

color. 

Due to the nature of the PAS reaction, it is very 

non-specific. In order to visualize a certain carbohydrate, 

it is necessary to either pretreat the tissue or run 

controls. When looking for glycogen, a control slide is 

treated with amylase prior to staining. This enzymatically 

breaks the glycogen into single glucose molecules and 



subsequent washing steps remove them from the tissue. Thus, 

when comparing an untreated PAS section with the amylase 

control, the lack of staining in the latter is used to show 

what part of the positive reaction is due to glycogen. When 

glutaraldehyde is used as a fixative, an additional blocking 

step is needed to mask any free aldehydes resulting from 

fixation. 

Preparation for Electron Microscopy 

When doing light microscopy, cellular components can 

be localized on the basis of their reactivity with certain 

colored dyes. Electron microscopy uses beams of electrons 

rather than visible light, so color changes are 

undetectable. Heavy metal molecules are added to the 

sections to enhance the electron density of various elements 

in the tissue. On our fat body samples, we used osmium, 

lead and uranium to intensify the images. 

Osmication 

The use of osmium tetroxide (0s04) as a post-

fixative is best suited to electron microscopy. It is 

sometimes used at the light level because it protects the 

lipids in a section from being leached out during the 

dehydration and embedding steps. It is often too effective 

however and limits its own penetration into larger tissue 

pieces. Our fat body samples were first fixed with 

glutaraldehyde and then osmicated. Small pieces of tissue 
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were placed in 1% 0s04 in 0.05M phosphate buffer (diluted 

from 0.1M stock, pH 7.2) for 1.5 hours. This procedure was 

performed under the hood as osmium fumes are toxic. Before 

subsequent treatment, excess OSO4 was washed off with the 

0.5M buffer. 

Although there is considerable disagreement as to 

how post-fixation by 0s04 occurs, the basis seems to be its 

affinity for unsaturated lipids. Pearse (1980) reviews 

several possible mechanisms. OSO4 is reduced upon mixing 

with unsaturated fatty acids to form a black precipitate. 

This could occur as OSO4 joins across a double bond to form 

a monoester as shown below. 

-CH O -CH-0 
II + oso2 ^7 | ^0s02 

-CH 0 ̂  -CH-0 

The monoester would then be able react with a diol to form a 

diester linking two fatty acids together. 

-CH-0. 0-CH-

I '?,< 1 
-CH-0 || 0-CH-

O 

Monoesters form rapidly, however the diester formation is 

considerably slower and may be unimportant in fixation. An 

alternative hypothesis (Wigglesworth, 1957, cited in Pearse, 

1980) suggests that monoester formation occurs between the 

double bonds on adjacent molecules, thus linking them. It 
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is not important to link the lipids to proteins if the 

osmium-lipid complex is insoluble in alcohol. In the case 

of polar lipids, 0s04 seems to interact with the polar heads 

as well. This occurs by some as yet unknown mechanism. 

0s04 plays a role in fixing both lipoproteins and 

proteins (Pearse, 1980). In the case of lipoproteins, 

investigation has shown that the fixative principally 

interacts with unsaturated lipid moieties. As the percent 

of protein in a particle goes up, the molar amount of osmium 

uptake is reduced. OSO4 does fix proteins to a certain 

degree. Proteins such as albumin form a clear gel when 

combined with 0s04. The reactive groups are believed to be 

SH- groups and perhaps some terminal -NH2 groups. It is 

generally held that the electron density of protein 

molecules is not enhanced by osmication. 

Lead Citrate 

Once our samples were post-fixed with osmium, most 

of them were embedded in Spurr's plastic embedding medium, 

cut and placed on grids. The grids were floated on 0.4% 

lead citrate in H2O for two minutes at room temperature. 

Citrate decreases the formation of lead carbonate 

contaminants. In combination with reduced osmium, lead 

salts greatly increase the contrast of the micrographic 

image, however prolonged exposure reduces specificity. The 

actual appearance of some structures changes in response to 
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lead staining depending on previous treatment by buffers and 

fixatives and by pH conditions. In addition to providing 

general contrast, lead citrate enhances membrane visibility. 

It is believed that cationic salts of lead are 

primarily responsible for staining, especially at neutral pH 

(Hayat, 1975). Lead citrate displays an affinity for 

membranes, glycogen and other components as well. Compounds 

containing groups such as sulfhydryls, carboxyls, and 

phosphates are stained presumably because ionic lead is 

attracted to them on the basis of charge. In aqueous 

solution, either the cationic or anionic salts would be well 

hydrated and capable of hydrogen bonding. The formation of 

the characteristic rosettes of glycogen upon staining with 

lead may be the result of a chelation of the ion by adjacent 

hydroxyl groups of the glucose rings, however glycogen is 

not known to form coordination compounds with metal ions. 

The attraction is more likely due to hydrogen bonding. The 

pattern may also result from the extraction of some 

substance associated with glycogen. Lead staining alone is 

not very effective for demonstrating membranes. With prior 

osmication, visualization of membrane structure is improved. 

This indicates that lead is reacting with reduced osmium 

which has been incorporated into unsaturated lipids and 

phospholipids. Finally, lead salts show an affinity to RNA-

containing nucleoproteins which is depressed by prior 

treatment with osmium. 



Uranyl Acetate 

The fat body samples were stained with uranyl 

acetate by either of two procedures. In the first, grids 

that had been stained with lead citrate were then floated on 

5% uranyl acetate in 50:50 MeOHrF^O for 30 minutes at room, 

temperature. The second possibility involved transferring 

the tissue pieces from the osmication solution, through a 

wash and into a half saturated aqueous solution of uranyl 

acetate in a 45 C oven overnight before embedding and 

further processing (Locke, personal communication). The 

purpose of this en bloc treatment was to better preserve 

membranes. 

Of the uranyl salts, uranyl acetate is the most 

effective staining agent (Hayat, 1975). The actual 

mechanism of staining is not really known. Uranyl ions have 

a high affinity for anionic elements such as carboxyl and 

phosphoryl groups. It is suspected that U022+ is 

responsible, but uranyl acetate complexes are formed at 

higher pH levels and concentrations. Uranyl ions stain DNA 

and DNA-containing nucleoproteins very strongly. Pearse 

(1980) discussing the 1977 work of Richards and Da Prada 

suggests that uranyl ions interact with the phosphate groups 

of adenine nucleotides. The degree of specificity is 

dependent on time of exposure. Although uranyl staining is 

preferential to nucleotides, it reacts with proteins as 

well. In Hayat's (1975) discussion of membrane 



preservation, he proposes that uranyl acetate binds to the 

proteins, perhaps to a greater degree than the membrane 

lipids. Prior treatment with uranyl ions reduced the amount 

of proteins extracted from brain preparations by fourfold. 

Uranyl ions do have a stabilizing effect on membrane lipids 

when used prior to dehydration. Unlike osmium, uranyl ions 

react with both saturated and unsaturated phospholipids. 

This implies a different basis of attraction between the 

tissue and the two metals. Complementary use of them both 

greatly preserves the fine structure of tissues. 



RESULTS AND DISCUSSION 

The kinds of information which we obtained from 

light and electron microscopy (EM) were different in nature 

but complementary. The scale and cell-to-cell relationships 

revealed by light microscopy augmented the detail available 

under the electron microscope. We began our developmental 

study on the more gross level with the histological slides. 

In presenting our results, I will begin by discussing what 

we learned from the H&E, toluidine blue and PAS sections. 

With that knowledge, we were able to approach the EM portion 

of the study with some background information. The majority 

of this section will be devoted to analysis of the 

micrographs and correlation of our findings with known 

biochemical data on Manduca fat body throughout the fifth 

instar. 

Light Microscopy 

Our first slides revealed that the fat body of 

Manduca is arranged in papillary structures, each about two 

cells thick. Connections between papillae are not clear. 

Figures 3a-c are all at the same magnification. These H&E 

sections show that the width of each papilla as well as the 

size of each cell increases during the feeding period. The 

extent of this growth is really quite dramatic. It appears 
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Figure 3. Hematoxylin and Eosin Stained 
Sections of Fat Body. 

Gross morphological development shown in fat body, 
a) early fifth instar b) mid-fifth instar c) Late fifth 
instar. Magnification: 60 



Figure 3. Hematoxylin and Eosin Stained 
Sections of Fat Body. 



that individual cells nay increase in apparent diameter as 

much as five times in a period of five days. The dark 

purple, dense areas are nuclei. Due to the employment of 

organic solvents during the paraffin embedding process of 

the H&E samples, lipids dissolve and the lipid droplets 

appear to be empty holes. 

In the toluidine blue slides, the samples were post-

fixed with OSO4, therefore the lipids remained in situ. 

These slides clearly show the large amount of lipid which 

builds up in the fat body with feeding. The series of 

slides shown in figures 4a-c again displays the striking 

growth of the cells from the beginning of the feeding period 

up to the onset of wandering. Also apparent in the 

toluidine blue sections is an increase in the occurrence of 

granules which stain bright blue. As the photographs show, 

the granules begin to appear at the end of the feeding 
* 

period and occupy a significant volume of the cells by the 

time of pupation. These were presumed to be protein 

granules on the basis of their staining, as well as the 

timing of their appearance. Collins and Locke (1968) noted 

the occurrence of protein granules with the beginning of 

wandering in Calpodes fat body. Biochemical analysis of 

analogous fat body granules in Hyalophora cecropia by Tojo's 

group (1978) showed that they were composed of proteins. 

In some of the photographs, there is an outer 

covering which seems to encase the papillae. This is the 



Figure 4. Toluidine Blue Stained Sections of Fat Body. 

Lipids remained in situ in these sections. Also 
apparent in this series is the occurrence of protein 
granules in the mid- and late fifth instar samples, 
a) early fifth instar b) mid-fifth instar c) late fifth 
instar. Magnification: 60 



Figure 4. Toluidine Blue Stained 
Sections of Fat Body. 



basal lamina. According to Dean, et al (1985), the basal 

lamina is a noncellular sheath which lies between the 

hemolymph and all tissues except the hemocytes. They report 

that the basal lamina covers the hemolymph face of the fat 

body cells as well as sending projections between the cells 

in places. It seems to hold the cells in their ribbon-like 

array. 

While the previous staining methods gave some 

information on proteins and lipids, they did not address the 

state of carbohydrates throughout the fifth instar. The PAS 

sections and their controls shown in figures 5a-f indicate 

that a good deal of glycogen is accumulated during the 

feeding period. There appears to be an increase in PAS 

positive material with age with perhaps a slight decrease 

after wandering has begun. This may be because the larvae 

have stopped eating but continue to expend a lot of energy. 

In summary, the data revealed by light microscopy 

show that the fat body is arranged in papillae, about two 

cells wide. The cells undergo striking growth throughout 

the fifth instar by accumulating lipid and glycogen 

stores. During the wandering phase, the fat body begins 

to store protein granules. 

Electron Microscopy 

Keeping the overall orientation of the tissue in 

mind, we began exploring the ultrastructure of Manduca fat 



Figure 5. Periodic Acid Schiff Stained 
Sections of Fat Body. 

PAS Stained sections in conjunction with their 
amylase-treated controls show the accumulation of glycogen 
throughout the fifth instar. a) early fifth instar b)early 
fifth instar control c) mid-fifth instar d) mid-fifth 
instar control e) late fifth instar f) late fifth instar 
control. Magnification: 24 



Figure 5. Periodic Acid Schiff Stained 
Sections of Fat Body. 
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body. The following data will first be presented in a 

developmental series. Then certain elements of particular 

interest will be discussed in further detail. These include 

the storage of urate in the fat body, the accumulation of 

protein granules and the development of the plasma membrane 

reticular system. At times, measurements such as diameters 

will be reported for certain structures. It is important to 

note that any values given are apparent measurements. It is 

impossible to know if this a true dimension because we do 

not know which cutting plane we are in. Also, there could 

be distortion due to fixation. Any numbers cited are either 

calculated averages or those values most commonly seen. 

The Developmental Series 

The Earlv Feeding Stage. At the end of the fourth 

instar and on first day of the fifth, the cells of the fat 

body are relatively small (figures 6-7). Figure 6 shows 

tissue taken from a fourth instar larva at the stage of head 

capsule slippage. The apparent diameter of the cells is 

roughly 25um. The cytoplasm of cells during the 

early feeding period appears to be devoid of organelles. 

There are limited glycogen stores, however the rough 

endoplasmic reticulum (RER) is almost completely absent. 

Smooth endoplasmic reticulum has never been seen in insect 

fat body (Locke,1984). Mitochondria are visible, but not 

abundant. The basal lamina in close apposition to the 



Figure 6. Late Fourth Instar Fat Body. 

The small diameter (25 um) and empty cytoplasm is 
representative of fat body cells at this stage. 
Magnification: 7,341 

Legend for all electron micrographs: 

BL = basal lamina 
G = glycogen 
L = lipid 
N = nucleus 
P = protein 
PMRS = plasma membrane reticular system 
Tr = tracheole 
U = urate 



Figure 6. Late Fourth Instar Fat Body. 



Figure 7. First Day, Fifth Instar Fat Body. 

Fat body cells at this stage do not differ 
considerably from those one day younger. Magnification: 
8,235 



Figure 7. First Day, Fifth Instar Fat Body. 
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plasma membrane is shown clearly in figure 7. Also along 

the outside of the cell, some tracheoles can be seen. 

The tracheoles are the innermost extensions of 

Manduca's respiratory apparatus. The insects "breath" by 

passive diffusion of gases. The tracheoles'begin at 

openings in the cuticle called spiracles. The passageways 

become ever more narrow as they reach far into the interior 

of the insect, essentially bringing the outer environment 

into the animal. This is especially important for a 

metabolically active tissue such as the fat body. The 

tracheoles are lined with cuticle which is at least 

partially shed when the larvae molt. This allows the system 

to grow with the insect. The convoluted tubules of the 

tracheole system are shown in figure 8. Preliminary data 

suggest that in the adult, clumps of fat body cells are 

arranged in rings around the tracheoles. 

The Mid-Feedina Stage. The next several days show 

an increase in protein manufacturing capacity in the cells. 

The amount of RER builds up with a decrease in the number of 

free ribosomes in the cytoplasm (Dean, 1985). It is 

interesting to note that RER seems to accrue in distinct 

regions. This is clearly seen in figure 9a showing fat body 

from the second day of the instar. Glycogen is sequestered 

in parts of the cell which are free of organelles. Also 

seen in this figure are two unique populations of lipid 

droplets. Some have an apparent diameter of 1-3 um while 



Figure 8. The Tracheole System. 

The chitin-lined tubes of the tracheole system are 
shown here. They infiltrate deep into the insect, allowing 
it to use passive diffusion as its means of respiration. 
Magnification: 14,201 





Figure 9. The Development of the Fat Body 
Throughout the Feeding Period. 

More RER and mitochondria are seen as the fat body 
progresses through the feeding period. The PMRS becomes 
more apparent with development, then quickly disappears upon 
wandering. Nuclei appear to condense into elongated 
structures with time. Several types of granules are seen in 
wanderer fat body, concomitant with a scarcity of other 
organelles, a) Second day, fifth instar, magnification: 
11,499 b) Third day, fifth instar, magnification: 3,129 
c) Fourth day, fifth instar, magnification: 6,478 
d) Fifth day, fifth instar, magnification: 8,052 e) Nucleus 
from late fifth instar larva, magnification: 10,102 
f) First day, wanderer, magnification: 6,149 



Figure 9. The Development of the Fat Body 
Throughout the Feeding Period. 
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others measure 6-8 um. The lack of droplets in the 

intermediate range suggests that this may be the result of 

more than a difference in cutting planes. The significance 

of this observation is unclear. Figures 9b and 9c of the 

third and fourth days of the instar show the continuing 

trend towards more organelles. The nuclei in these early 

feeding stage larvae appear fairly round. Also notable is 

the evolution of the plasma membrane reticular system 

(PMRS). This phenomenon will be discussed in some detail in 

a later section. 

The Late Feeding Stage. By the end of the feeding 

period on the fifth day, the fat body cells are at their 

maximum protein production (figure 9d). The proteins are 

getting exported to the hemolymph. The cells are loaded 

with lipids and glycogen from intense feeding. Basically, 

the animal is storing nutrients to sustain it through the 

wandering stage and metamorphosis. As an adult, its diet 

will be supplemented with carbohydrates from nectar, but no 

substantial protein. A higher magnification of the late 

feeding stage (figure 9e) displays an interesting 

feature. The flattened nucleus is representative of a trend 

which occurs throughout the fifth instar. The nuclei 

progress from round structures to flattened ones with 

organelle-rich cytoplasm condensing around them. 

At this point it is useful to consider the degree of 

growth which has occurred in 4 days. By comparing figures 7 
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and 9f, the overall size difference between cells in the 

newly ecdysed fifth instar larvae and in animals just 

beginning to wander is readily evident. It is also clear 

that the fat droplets themselves are larger. An attempt was 

made to quantify some of the changes which the fat body 

undergoes during the fifth instar. At least 10 micrographs 

of each stage, usually representing several grids, were 

measured for the apparent diameters of certain features. 

Table 1 shows a compilation of these data. Pertinent to the 

present discussion are the measurements for lipid droplets 

in second day, fifth instar and wandering larvae. In 

animals just beginning to feed, the average diameter of a 

lipid droplet is 2.2 um. In the newly wandering larvae, the 

average size is 6.0 um. This value may be slightly 

inaccurate because only those structures adequately in the 

field of the micrograph were measured. This would tend to 

discriminate against really large droplets. In some 

micrographs, the approximate area of the pictures covered by 

lipid droplets was measured. This was done using a grid and 

determining what per cent of the boxes on the grid were 

covering a particular structure. The per cent area of lipid 

increases from 45.5% early in the feeding period to 49.1% by 

the onset of wandering. Considering the great increase in 

cell size, this is significant. 

The Wandering Stage. As figure 9f shows, by the 

beginning of wandering, the cells are full of lipid droplets 
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APPARENT DIMENSIONS OF SELECTED 
CELLULAR FEATURES IN FAT BODY 

Second Day Fourth Day First Day 
Fifth Instar Fifth Instar Wanderer 

Average Lipid 
Droplet Diameter 2.2 6.2 5.9 

(um) 

Standard Deviation 1.1 1.9 1.5 

Range of Lipid 
Droplet Diameters 0.5-6.5 1.0-12.5 1.4-10.0 

(um) 

Range of Protein 
Granule Dimensions NP* NP 0.5x0.6-2.0x3.5 

,(um) 

Range of Urate 
Granule Dimensions NP NP 1.0x1.5-3.0x4.0 

(um) 

Table 1. Apparent Dimensions of Selected 
Cellular Features in Fat Body. 

*NP= not present 



48 

and glycogen, and several types of granular structures are 

now apparent. The small,dark granules are composed of 

protein while the white fibrous bodies are urate granules. 

As will be discussed in a later section, Manduca larvae 

cease to excrete their waste products during wandering and 

metamorphosis. 

The cytoplasm of the cells seems to be lacking in 

RER and other organelles. Insect fat body undergoes rounds 

of precisely timed autophagic events as the animals enter 

prepupal metamorphosis. Locke (1984) describes a possible 

mechanism for the process by which some autophagic events 

may occur. The autophagy appears to be a selective 

destruction of organelles. Tiny vesicles become attracted 

to the surface of the doomed organelles which may display 

some specific markers. The vesicles fuse to form the double 

envelope of the isolation membrane, effectively making the 

organelle external to the cytoplasm. These isolation bodies 

fuse with primary lysosomes and with each other. The 

resulting autophagic vacuoles digest their contents and 

shrink to become residual bodies. In Calpodes. the sequence 

of autophagy eliminates mitochondria and peroxisomes first, 

then RER. Autophagy may be involved in the formation of the 

protein granules seen in the fat body of wandering larvae. 

This will be further addressed in a following section. 

As wandering continues, the fat body cells 

accumulate more storage organelles. Figures 10a and 10b 



Figure 10. Fat Body of Wandering and Prepupal Larvae. 

Granules are abundant in the cytoplasm of fat body 
cells during the wandering stage. Also apparent is the lack 
of RER and mitochondria. The trend towards nuclear 
condensation is clearly seen, a) Second day, wanderer, 
magnification: 3,265 b) Third day, wanderer, magnification: 
11,858 c) Last day, wanderer, magnification: 6,545 



49 

Figure 10. Fat Body of Wandering and Prepupal Larvae. 
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show tissue from second and third day wanderers. The build 

up of granules is most notable. There is a great deal of 

heterogeneity among the dark protein granules. This will be 

discussed later. Urate is very abundant and seems to be 

primarily, but not exclusively localized near the nuclei. 

The nuclei themselves look quite different from those seen 

earlier. They are elongated and have what little RER 

remains condensed around them. Lipid droplets seem a little 

less abundant. This may be due to the fact that wanderers 

are using a fair amount of energy without feeding to 

replenish it. Finally, figure 10c shows fat body on the day 

prior to pupation. It basically echoes the trends seen in 

the previous two days. 

In this sequence of micrographs, we have seen the 

progression of the fat body from an actively producing 

tissue unloading proteins into the hemolymph, to a storage 

tissue for glycogen, lipids, proteins and urate. 

Concomitantly, there has been striking growth. In the 

following sections, I would like to discuss some of the more 

obvious developmental changes in more detail. 

The Urate Granules 

The urate granules first appear with the onset of 

wandering and increase during the prepupal stage. 

Preliminary data indicate that urate granules are present 

throughout pupal life. Buckner's group at the USDA in 



Fargo, N.D. has done some work on urate metabolism in 

Manduca. In this section, I will present selected 

micrographs and correlate them with some of Buckner's data. 

Figures lla-c show urate granules. The granules are 

white, or non-electron dense structures. They are usually 

about twice as long as wide, with a long axis in the 1-3 urn 

range. In the close up, the fibrous interior structure of 

the granules is evident. The localization of the granules 

about the nucleus is seen in the figures as well. The 

significance of this observation is unclear, however the 

relationship has been noted in every grid in which urate 

granules are present. 

Buckner and Caldwell (1980) had previously observed 

that Manduca larvae stop excreting uric acid once they start 

to wander. It was presumed that the larvae continued to 

generate waste products as a result of metabolism. The data 

show that the amount of uric acid per larva steadily 

increases throughout the fifth instar. However most larvae 

suffer a weight loss once wandering begins. When 

calculations are done using grams of fresh weight as the 

reference, it becomes obvious that urate levels remain 

fairly constant until the larvae quit excreting, then there 

is a dramatic rise in the total body amount of uric acid. 

They also found that urate in the hemolymph increases 

throughout the feeding period, then drops steeply at about 

the time of wandering. Conversely, urate is accumulating in 



Figure 11. Urate Granules in the Fat Body. 

The white, fibrous-looking urate granules are shown 
in close apposition to the condensed nuclei. They are 
generally twice as long as wide, with a long axis in the 
1-3 um range, a) magnification: 11,639 b) magnification: 
14,945 c) magnification: 9,223 



Figure 11. Urate Granules in the Fat Body. 



the fat body near the end of the feeding period. This is 

when we have seen the granules appear. These data indicate 

that uric acid is no longer being processed by the 

Malpighian tubules and excreted, but rather it is being 

sequestered in the fat body. Other work (unpublished 

results, cited in Buckner, 1980) has shown fat body to be a 

principle producer of uric acid. Thus it appears that at 

wandering, uric acid is no longer released by the fat body 

into the hemolymph but rather is stored in that tissue. It 

may also be taken up from the hemolymph. 

In a subsequent study, Buckner (1982) investigated 

the possible control of uric acid retention by the fat body. 

First of all, removal of cephalic factors by ligation of the 

larvae decreased the levels at which uric acid was stored in 

the fat body. Ligations of older larvae resulted in greater 

build up of uric acid. This indicated that uric acid was no 

longer accumulated once a head factor was removed. Due to 

the timing of the event, he suspected that 20-OH ecdysone 

was responsible. He performed a series of experiments, one 

of which is described here. Larvae were neck-ligated 

between the meso- and meta- thoracic segments to eliminate 

prothoracic tropic hormone, and thus ecdysone secretion. 

Larvae were ligated on the second day of the fifth instar 

and maintained until after the time of the onset of 

wandering. Throughout these two days, the ligated animals 

were injected with a varying number of identical, 
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physiological doses of ecdysone. At the end of the 

experiment, fat bodies were assayed for uric acid content. 

It was found that some injection times appeared to be more 

critical than others, with four injections during the third 

and fourth days being most effective at stimulating uric 

acid accumulation. Other experiments showed that 

methoprene, a juvenile hormone analogue, inhibited urate 

build up in the fat body. Thus Buckner concluded that the 

rise in ecdysone in the absence of juvenile hormone allows 

storage of uric acid in the fat body. 

Protein Granules 

The other granules which accumulate in the fat body 

during wandering are the protein granules. Much less is 

known about their formation and composition. Locke and 

Collins published two papers about 20 years ago on their 

structure and development in Calpodes. but little has been 

published on their structure since. More recently, there 

have been attempts to analyze granules in Hvalophora 

cecropia and Bombvx mori by Tojo et al (1978, 1980). 

Although some work has been done on several other species, 

there was little information on the protein granules of 

Manduca. 

In this section, I would like to present what little 

information we have gained on the granules, along with some 

speculations on their origins suggested by Locke and 
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Collins, and Dean et al. Also, the role of ecdysone in 

their formation will be considered. 

Figure 12a shows the general state of fat body 

tissue in the wandering larva. The nucleus is elongate, 

surrounded by the last vestiges of RER. The cytoplasm is 

full of storage organelles. There appears to be several 

different kinds of protein granules in this micrograph, 

ranging from crystalline structures to multivesicular 

bodies. Higher magnification of some granules in figures 

12b-d clearly reveal this heterogeneity. Examining figure 

12d, inconsistencies of structure are found within granules 

as well. It is not known if the different types of granules 

are inherently different or if they represent distinct 

developmental stages of the same structures. 

The native gels of female Manduca fat body and 

hemolymph proteins shown in figures 13 and 14 (Willot, 1987, 

unpublished data) may shed some light on the identification 

of some of the proteins in the granules. According to the 

gel in figure 14, two storage proteins, lsp 2 and lsp 3 

among others, begin to accumulate in the fat body on the 

first day of wandering. The levels of the proteins seem to 

remain fairly high in the hemolymph (Fig. 13) after their 

appearance in the middle of the feeding period. Previous 

work (Ryan, 1987, unpublished data) indicated that these 

proteins abruptly disappeared from the hemolymph at this 

time. The method of collecting the hemolymph seems to 



Figure 12. Protein Granules in the Fat Body. 

Protein granules display a great deal of 
heterogeneity, both between and within granules. They range 
from crystalline structures to multivesicular bodies. They 
occur in the size range of 1-12 um. a) magnification: 
12,078 b)magnification: 19,642 c) magnification: 10,980 
d) magnification: 9,223 
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Figure 12. Protein Granules in the Fat Body. 



Figure 13. Native Gel of Female Hemolymph 
Throughout the Fifth Instar. 

Hemolymph was collected by inserting a chilled 
needle directly into the hearts of anesthetized larva. It 
was allowed to drip into a chilled microfuge tube containing 
a known amount of bleeding solution (phosphate-buffered 
saline [PBS], ImM DFP, and 10 mg/6.7 mL glutathione). The 
equivalent of 2 uL aliguots were loaded onto the first three 
lanes of the gel, while the remaining lanes received 1 uL 
equivalents. All samples were diluted to 30 uL with PBS and 
loaded with 30 uL of loading buffer (10% sucrose, 0.02% 
bromophenol blue). The gel was poured with a 4-20% 
gradient. Gels were stained with Serva Brilliant blue, and 
destained with acetic acid methanol. All samples were 
collected from the fifth instar. Lane 1) first day 
2) second day 3) third day 4)fourth day 5) fifth day 
6) sixth day 7) first day wanderer 8) second day wanderer 
9) third day wanderer 10) fourth day wanderer 11) fifth 
day wanderer 12) blank 13) molecular weight standards 

[This gel is used with the permission of E. 
Willott, (unpublished data, 1987)]. 
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Figure 13. Native Gel of Female Hemolymph 
Throughout the Fifth Instar. 



Figure 14. Native Gel of Female Fat Body Homogenates 
Throughout the Fifth Instar. 

Fat body samples were dissected from female larvae 
and washed in PBS to remove loosely associated proteins. 
The samples were then blotted to remove excess water, 
freeze-clamped, weighed and stored at -70 C until 
homogenization. Known weights of sample were homogenized in 
ten times (wt/vol) of buffer containing protease inhibitors. 
The supernatants from two spins (10,000 g for 20 minutes) 
were collected and pooled. 30 uL aliquots were combined 
with 30 uL of loading buffer. The procedure for the gel was 
the same as above. All but the first sample was collected 
during the fifth instar. They are listed in AZT hours with 
zero being the time of ecdysis to the fifth instar. 
Lane 1) -2 h 2) 22 h = first day 3) 46 h = second day 
4) 70 h = third day 5) 94 h = fourth day 6) 106 h = fourth 
day 7) 118 h = fifth day 8) 130 h = fifth day 9) 142 h = 
first day wanderer 10) second day wanderer 11) third day 
wanderer 12) 202 h = fourth day wanderer 13) 229 h = fifth 
day wanderer 14) 229 = fifth day wanderer 15) molecular 
weight standards 

[This gel is used with the kind permission of E. 
willott (unpublished data, 1987).] 
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Figure 14. Native Gel of Female Fat Body Honogenates 
Throughout the Fifth Inatar. 
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drastically effect the amount of hemolymph proteins in the 

samples. While Ryan bled from a severed proleg, Willott 

obtained her samples by inserting a chilled needle directly 

into the hearts of anesthetized larvae. Thus, viewing 

Willott's data, we do not see as clear a relationship 

between the hemolymph and fat body proteins. It is clear 

however that the storage proteins do increase in the fat 

body during wandering. This is coincident with the 

appearance of granules. It is interesting to note that high 

levels of arylphorin remain in the hemolymph of Manduca. 

with only slight accumulation in the fat body. This is not 

necessarily the case in all species (Locke and Collins, 

1968). It is possible that some arylphorin may be present 

in the granules. To substantiate the identification of the 

granules, one could isolate and purify them as well as 

perform immunocytochemistry with gold-labeled antibodies to 

confirm their exact localization. 

In their original articles on the subject, Locke and 

Collins (1965 and 1968) proposed several mechanisms for the 

formation of the protein granules. The first of these 

involved the process of autophagy, leading to condensed 

granules of protein and RNA. The second suggestion relied 

on pinocytosis of hemolymph protein which could either be 

used immediately, stored for a short amount of time, or 

sequestered for much later use. The diagram in figure 15 

(Dean, et al, 1985) depicts the updated version of their 



Figure 15. Proposed Mechanisms of the Formation 
of Protein Granules. 

This diagram addresses several events which occur in 
the fat body. The first of these is autophagy which 
eliminates most of the organelles during the wandering 
stage. Protein granules may result from condensation of 
isolation bodies containing RER and membrane bound packets 
of protein. Secondly, the granules may be the result of 
incorporation of pinocytosed proteins from the hemolymph. 

[This diagram is used with the permission .of Dr. M. 
Locke (Dean, et al, 1985).] 
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Figure 16. Development of the PMRS in Fat Body 
During the Fifth Instar. 

The occurrence of the reticular system is cyclic. 
It is first seen on the second day of the fifth instar. It 
continues to grow throughout the feeding period, reaching 
its maximum development on the day prior to wandering. With 
the onset of wandering, the reticular system abruptly 
disappears, leaving the plasma membrane smooth, a) final 
day, fourth instar, magnification: 8,198 b) second day, 
fifth instar, magnification: 10,260 c) third day, fifth 
instar, magnification: 9,906 d) fourth day, fifth instar, 
magnification: 6,478 e) fifth day, fifth instar, 
magnification: 8,052 f) first day, wanderer, magnification: 
3,672 
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PMRS. * 

Figure 16. Development of the PMRS in Fat Body 
During the Fifth Instar. 
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theories. Peroxisomal and mitochondrial autophagy, which 

occur prior to pupation, generally result in the formation 

of residual bodies. Autophagy of the RER could be more 

directly related to protein granule formation. Once the 

isolation bodies fuse, instead of being joined by lysosomes, 

they may condense, ridding themselves of tiny bits of 

membrane. The remaining proteins and RNA would then 

crystallize. Such hybrid granules have been detected 

histochemically. If this mechanism was active in Manduca. 

then the multivesicular bodies we see could be immature 

forms of the crystalline granules. Another possibility is 

presented in the figure. Here the proteins from the 

hemolymph, perhaps first concentrated in the intercellular 

spaces and in the plasma membrane reticular system, are 

pinocytosed. Vesicles pinch off from the surface, possibly 

with specific contents, and fuse in the cytoplasm. Those 

intended to be stored quickly take on a crystalline 

appearance while others destined to be used more immediately 

become part of the multivesicular bodies. These may receive 

other membrane bound packages from the cytoplasm, giving 

them their characteristic appearance. According to this 

proposal, the various granules we see are different in 

composition and purpose. It is possible that a combination 

of mechanisms are involved. To further complicate the 

picture, in Calpodes. multivesicular bodies play a role in 

general membrane turnover throughout the instar, and should 
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not be confused with the protein related, multivesicular 

bodies seen in abundance upon wandering. It is clear that 

this is an area ripe for detailed study. 

To complete our consideration of the protein 

granules, I would like to present some work done by Tojo et 

al. (1981) on the regulation of protein granule accumulation 

in Bombvx mori. During the time when the Bombvx larvae are 

spinning their cocoons, they are undergoing a larval-pupal 

transformation similar to that of wandering Manduca larvae. 

Two storage proteins which were synthesized by the fat body 

earlier in the instar are then taken up by the fat body and 

stored in granules. When larvae were allatectomized early 

in the instar, they rapidly produced and sequestered the 

storage proteins precociously. The juvenile hormone 

analogue methoprene inhibited the synthesis, and with large 

doses, the uptake of the proteins by the fat body. Thus JH 

seemed to have an inhibitory effect at several levels. 

Positive effectors were then investigated. To 

eliminate cephalic factors, larvae were ligated early in the 

instar. They did not synthesize the storage proteins. 

Injections of 20-OH ecdysone did not stimulate protein 

synthesis, so there was little indication that it was a 

causal factor. Animals starved during the last instar did 

not produce the proteins either. When larvae were ligated 

later in the instar, they produced but did not store the 

proteins. In this case, 20-QH ecdysone was effective in 
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stimulating uptake of the proteins by the fat body. These 

data indicate that some unknown factor in the absence of 

juvenile hormone, perhaps related to feeding, stimulates 

production of storage proteins during the feeding period of 

the last instar. Uptake of the proteins to be stored in the 

fat body is induced by the rising titre of ecdysone seen 

late in the instar. The appearance of protein granules in 

Manduca fat body is coincident with the prepupal rise in 

ecdysone. Interestingly, small protein granules are present 

at the time of ecdysis to the fifth instar, but they 

disappear almost immediately after molting. This 

corresponds to the rise in ecdysone which occurs with 

molting. 

Development of the Plasma Membrane Reticular System 

The final element of Manduca development during the 

fifth instar which I would like to discuss is the eye,lie 

occurrence of the plasma membrane reticular system (PMRS). 

To do this I will present our data on the occurrence and 

timing of this event in Manduca fat body. Then I will 

review some work done by Locke on the PMRS in Calpodes using 

scanning electron microscopy. Finally, I will suggest some 

possible roles for the PMRS in fat body metabolism. 

Figures 16a-f represent the fat body from the stage 

of head capsule slippage in the fourth instar through the 

first day of wandering. In the earliest stages (figures 16a 
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and b), the plasma membrane appears smooth and is in close 

apposition to the basal lamina. By the second day of the 

instar, there are some small, pseudopodial projections 

coming up from the plasma membrane. By the third day, the 

PMRS is easily recognizable. The channels formed by the 

projections now invade 4-5 um into the interior of the cell. 

In the previous stage, they reached 1-2 um into the cell. 

During the heavy protein synthesis of the fourth and fifth 

days of the instar, the PMRS continues to develop and 

expand. With the onset of wandering, there is a complete 

and sudden loss of the reticular system shown in figure 16f. 

The cell surfaces look very much like they did early in the 

instar. 

It may be helpful to review the metabolic state of 

the larvae during the middle of the fifth instar. The 

larvae are actively feeding, and the fat body is producing 

large amounts of proteins for export. Table 2 shows data 

which we compiled on protein levels in the hemolymph. 

Between the third and fourth days when a dramatic increase 

occurs in the PMRS, the concentration of protein in the 

hemolymph jumps from about 39 mg/mL to roughly 87 mg/mL. 

Densitometry scans of SDS-polyacrylamide gels of hemolymph 

samples indicate that the bands identified as arylphorin and 

the storage proteins account for much of this increase. In 

other words, the fat body is greatly increasing its 

secretion of proteins coincident with the development of the 



PROTEIN PRQFTTF r>F SFTRTT PPOTETNS IN HEMOLYMPH 
AND HEM3LVMFH PROTEIN OONCEMTRftTION 

AGE roOTEIN BAND HEM3LYMFH FROTEIN 
A B C D E F (mg/mL) 

instar 
Last day, 4th 16.45 12.72 8.54 16.18 12.93 3.85 35.42 
1st day, 5th 5.63 ND 12.02 6.40 6.75 3.95 32.39 
2nd day, 5th 6.04 11.04 6.29 19.98 19.95 8.30 33.56 
3rd day, 5th 3.67 4.16 3.42 15.62 20.98 3.36 38.44 
4th day, 5th 1.03 4.10 2.55 27.19 45.38 1.61 86.92 
5th day, 5th 1.65 2.46 2.94 25.50 41.06 2.48 79.39 
6th day, 5th 2.27 3.04 3.12 23.65 52.46 5.77 105.32 
7th day, 5th ND 1.89 1.28 36.41 53.94 4.52 82.10 

ND = not determined 

Table 2. Profile of Select Proteins in Hemolymph 
and Hemolymph Protein Concentration. 
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PMRS. Possible significance of these results will be 

considered shortly. 

The development of the PMRS is fascinating when 

viewed in three dimensions. Figures 17a-d are scanning 

micrographs taken from a paper by Locke (1986) on PMRS 

development in Calpodes. The basal lamina has been 

stripped off to reveal the cell surface. At stage 1 (Fig. 

17a) early in the feeding period, the cells are covered with 

tiny, hairlike projections. A day later at stage 2 (Fig. 

17b), the projections are beginning to fuse to form 

a waffle-like pattern. This micrograph suggests that the 

PMRS results from outgrowths at the cell surface, not 

invaginations. When Calpodes is involved in massive protein 

synthesis, the fat body is in stage 3 (Fig. 17c). This 

stage is characterized by maturity of the PMRS. The random 

waffle pattern has been replaced by a more laterally 

arranged series of openings. Close examination reveals 

structures similar to ladders running with the long axis of 

the animal, with the rungs being thin membranes. This 

orientation may best accommodate the type of movements the 

larvae make when crawling. Stage 4 (Fig. 17d) shows that 

the cell has again rounded up, losing the PMRS. 

Figure 18 shows a cartoon taken from the same paper. 

In it, the possible structure of a mature fat body cell has 

been diagrammed. Note the extension into the interior of 

the cell. The tremendous increase in surface area could 



Figure 17. Scanning Electron Micrographs 
of the PMRS in Calpodes. 

The three dimensional character of the PMRS is 
revealed in these micrographs. Stage 1, at the beginning of 
the instar, shows only minimal development of projections 
from the cell surfaces. By stage 2, during the feeding 
period, the cells have outgrowths which fuse together to 
form a loose network. Stage 3 represents the mature PMRS. 
The openings into the system have become very organized. 
Finally, at stage 4, the cells have lost the PMRS and are 
again smooth, a) Stage 1 b) Stage 2 c) Stage 3 
d) Stage 4 

[These micrographs are used with the kind 
permission of Dr. M. Locke (1986).] 



Figure 17. Scanning Electron Micrographs 
of the PMRS in Calpodea. 



Figure 18. Semi-diagrammatic Representation 
of a Mature Fat Body Cell. 

The diagram shows the possible state of a fat body 
cell with maximal PMRS development. Note the deep invasion 
of the channels into the cell, making it readily accessible 
to lymph fluids. Also, the lateral projections overlap to 
hold the fat body cells together. 

[This diagram is used with the permission of Dr. M. 
Locke (1986).] 
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Figure 18. Semi-diagrammatic Representation 
of a Mature Fat Body Cell. 
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help offset the distortion of the surface area/volume ratio 

caused by rapid and dramatic growth of the cells. Thus the 

cytoplasm would have easy access to the hemolymph during 

peak times of metabolism. Also, Locke feels that because 

the openings of the PMRS are negatively charged, this may 

create local gradients for some molecules (Locke and Huie, 

1983). Finally, the projections extending from the cells 

overlap those of adjacent cells. When the PMRS disappears, 

these connections are decreased. This may be a necessary 

step in preparing the fat body for metamorphosis. 

I would like to put forth some conjecture on another 

possible function for the PMRS. Its development is 

coincident with a period of extensive protein export by the 

fat body. If all of this protein is carried to the cell 

surface in secretory vesicles, then there would necessarily 

be a large increase in the area of the plasma membrane. 

This could result in the outgrowth of projections from the 

surface, perhaps combined with accelerated membrane 

turnover. At the time of protein granule formation in the 

fat body, that is, when the fat body is taking proteins up 

from the hemolymph, the PMRS rapidly disappears. It may be 

that the PMRS acts as a protein "sponge". It could be built 

up gradually with the addition of secretory vesicles and act 

as a kind of depot for excess membrane. Then when the time 

comes to rapidly drain the hemolymph of proteins, the cells 

would not be faced with huge logistics problems of massive 



membrane turnover. The cells could have clathrin-coated or 

smooth pits waiting to receive the proteins with the onset 

of wandering. We have looked for the presence of secretory 

vesicles in the third and fourth days of the instar and for 

clathrin-coated pits in the membrane surface of fourth and 

fifth day fat body samples. At this point, we have not 

detected clathrin-coated pits in our samples. Since insect 

clathrin is immunologically distinct from mammalian and 

plant clathrins, the use of immunocytochemistry is not 

feasible at this time (Raikhel, 1984). Our lab will 

continue to look for the coated pits using different 

staining techniques which are beyond the scope of this 

thesis. 



CONCLUSIONS 

The purpose of this study was to examine the 

ultrastructure of Manduca fat body during the fifth instar. 

This we accomplished by employing techniques of light and 

electron microscopy. We were able to investigate the 

general occurrence of carbohydrates, lipids, and proteins in 

fat body cells. By staging the animals and collecting a 

series of samples throughout the fifth instar, we 

established a developmental profile of the tissue. As we 

have seen no indication of heterogeneity within the tissue 

at a particular stage, our data suggests that there is only 

one cell type in Manduca fat body. 

We have concluded that the fat body plays several 

diverse roles during the development of the larvae. It 

progresses through stages of growth during which it gathers 

stores of lipids and glycogen, greatly increasing the cell 

size. During the feeding period, the concentration of 

protein in the hemolymph rises dramatically. Data obtained 

from densitometry scans of SDS-polyacrylamide gels of the 

hemolymph indicate that this is due to increased export from 

the fat body. With the onset of wandering and prepupal 

metamorphosis, the fat body changes gears and becomes a 

storage tissue. Native gels of fat body and hemolymph 
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proteins show that there is uptake of hemolymph proteins by 

the fat body. This is coincident with the formation of 

protein granules in the tissue. The exact composition of 

these granules is not yet known. The fat body also begins 

to store urate granules at this stage. Both of these events 

are probably regulated by 20-OH ecdysone. 

The fat body cells display a cycle of major 

structural alteration during the fifth instar, the advent 

and demise of the PMRS. The PMRS begins to form during the 

feeding period, peaks on the fifth day of the instar, and 

abruptly disappears with the onset of wandering. The 

evolution of the reticular system coincides with times of 

greatest protein export from the fat body. Fusion with many 

secretory vesicles could cause a large increase of the area 

of the plasma membrane. Its sudden disappearance occurs 

simultaneously with the formation of protein granules in the 

fat body. We feel it could serve as a kind of "sponge" 

waiting to take up proteins at the appropriate time. By 

having a depot for excess membrane and coated pits, the 

cells could avoid the need to drastically accelerate their 

membrane turnover and synthesize large amounts of clathrin 

within a very short time period. We did not detect the 

presence of clathrin-coated pits in our samples, however, 

research on this hypothesis will continue. 

Finally, we have been able to correlate our findings 

with published data. This has been the case with the 



accumulation of urate and protein granules in the fat body. 

Visual examination of the tissue has revealed membrane 

events such as the cycle of PMRS development which would 

have otherwise remained invisible. The use of structural 

information builds a useful framework on which to hang 

otherwise dissociated facts. With the increasing popularity 

of Manduca sexta as a laboratory animal, we hope that this 

study will contribute to the understanding of many, diverse 

investigations. 
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