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PREFACE

"It seems to me we're all in the same boat with Colum
bus. He didn't know where he was going when he started. When
he got there he didn't know where he was, and when he
returned he didn't know where he'd been."

Mark Twain (paraphrased)

Many times through the course of this work I experienced
frustration in realizing that with each discovery there is a
greater awareness of ones ignorance. Indeed the nature of
scientific investigation may be the quest to supplant that
frustration with the discoveries of physical truth. This
quest is associated with a great degree of anxiety and for
myself, cannot be made alone.

I therefore dedicate this work to my parents, family and
friends, for their support (emotional, spiritual, physical
and intellectual) and bearing during the challenges of this
experience.
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ABSTRACT

It has been reported that acute glucose stimulation of

islets results in the preferential release of newly synthes

ized insulin. This suggests that the large islet hormone

reservoir may represent a heterogeneous pool. In these

investigation, we characterized the nature of the islet hor

mone reservoir and evaluated possible mechanisms responsible

for its regulation.

Our studies demonstrated that under stimulated secretory

conditions normal pancreatic islets secreted newly synthes

ized insulin in preference to their large stored hormone con

tent. The preferential release pattern was observed with

all secretogogues tested and was not restricted to a specific

subset of islets. Aided by computer model analysis, we pro

posed that the islet insulin reservoir represented a heter

ogeneous pool composed of at least two hypothetical compart

ments - labile and stable. Evaluation of the islet hormone

reservoir under different in vivo and in vitro conditions

demonstrated that in response to prolonged stimulation, the

hypothetical labile compartment apparently decreased in size.

This augmentation in the compartmental character was associ

ated with 1) decreased amount of insulin secreted, 2)

increased proportion of newly synthesized insulin secreted

and 3) an increased rate of prohormone conversion with no

alteration in the rate of hormone synthesis. Thus parame

ters which defined the islet hormone reservoir represented a

dynamic system that responded to the islets milieu.

Preferential release of newly synthesized insulin was



not an intrinsic property of insulin secreting cells. Fur

thermore, the mechanism responsible for the compartmentaliza

tion of the insulin reservoir did not discriminate between
the two non-allelic murine insulins. Our studies indicated

that differences in the amino acid structure of the two pro

hormones apparently resulted in proinsulin I being trans

ported to the conversion compartment faster than proinsulin

II. However, glucose regulation of the synthesis and secre

tion of insulins I, II (new and stored) was the same.

Although we cannot exclude the possible contribution of

intra-cellular secretory granule segregation, our investiga

tions support the hypothesis that the basis for islet insulin

reservoir compartmentalization and the dynamic kinetics of

the secretory response are a consequence of complex inter

cellular interactions involving recruitment of heterogeneous
5

B-cell population within the islet.
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SUMMARY

Rat islets of Langerhans, like other regulated secretory

tissues, contain a large hormone reservoir. In the absence

of additional hormone synthesis this reservoir is theoreti
cally capable of sustaining maximal glucose stimulated insu

lin secretion for >10 hrs. Interestingly, however, islets

cultured overnight exhibit a diminished glucose stimulated

insulin secretory response, with relatively little change in

their insulin content. This suggests that a portion of the

islets insulin content is not available for secretion. Pulse

labeling experiments, demonstrating an apparent preferential

release of newly synthesized insulin in response to glucose

stimulation, further support the hypothesis that the islet

insulin reservoir (content) may represent a heterogeneous

pool. In these studies we investigated the nature of the

insulin reservoir in islets and insulin secreting tumors,

characterized the parameters which define it (hormone synthe

sis, processing, storage and secretion) and evaluated pos

sible mechanisms responsible for its regulation.

Pulse-labeling experiments demonstrated that, in freshly

isolated islets, hormone synthesis reached a maximum rate by

45 min of glucose exposure and was sustained at that level

for over 3 hrs. This allowed us to characterize the insulin

reservoir in freshly isolated islets and evaluate hormone

processing, storage and secretion under conditions of steady

state hormone synthesis.

Following a 45 min preincubation with 20 mM glucose,

proinsulin to insulin conversion proceeded with a *1/2= 50 -
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60 min and was not effected by alterations in the islets

secretory state. Furthermore, under all stimulated secretory

conditions (irrespective of secretogouge) islets secreted

radioactive insulin at a greater fractional rate than immu

noreactive insulin, evidenced by secreted insulin having a

higher specific activity (cpm/ng) than cellular insulin

resulting in a secreted/cellular specific activity ratio of

greater than unity. This confirmed that the islet insulin

reservoir represented a heterogeneous pool which we proposed

to be comprised of at least two compartments - labile and

stable. With the aid of a computer model, we estimated that

the size of the hypothetical labile compartment in freshly

isolated islets represented approximately 33% of the islet

insulin content. However, this configuration did not remain

constant.

Prolonged hyperstimulation of islets, in vivo (3 days

of tolbutamide treatment, orally) and in vitro (225 min

preexposure to 20 mM glucose, in culture), resulted in a dra

matic increase in the fractional secretory rate of newly syn

thesized insulin which was interpreted as a decrease in the

relative size of the hypothetical labile compartment. This

augmentation in the hormone storage properties of islets was

associated with: 1) decreased amount of immuno reactive insu

lin secreted and 2) an increased rate of prohormone conver

Sion. Thus under conditions of steady state hormone synthe

sis the parameters which define the compartmental nature of

the islet insulin reservoir (hormone processing, storage and

secretion) represented a dynamic system that responded to the

A
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islets milieu.

Although heterogeneity in the hormone reservoir was not

restricted to a select subset of islets, preferential release

of newly synthesized insulin was not observed in the absence

of extra-cellular calcium or following tolbutamide treatment

in vivo. Furthermore, insulin secreting tumors, which have

a high rate of constitutive insulin release, secreted newly

synthesized and stored insulin at the same fractional rates.

This demonstrated that preferential release of newly synthes

ized insulin was not an intrinsic property of insulin secret

ing cells. Rather, it was restricted to those cells which

utilized a "regulated" exocytotic mechanism and secretory

tissue which contained a large amount of stored hormone.

We further demonstrated that the mechanism responsible

for the compartmentalization of the insulin reservoir (con

tent) was not dependent on maintaining the integrity of the

microtubule network and did not discriminate between the two

murine insulins. Unlike most mammals rats and mice synthes

ize two distinct insulins (I, II) that are products of non

allelic genes. Our studies indicated that differences in the

amino acid structure of the prohormones apparently resulted

in pro insulin I being transported to the conversion compart

ment faster than proinsulin II with a concomitant faster rate

of proinsulin I to insulin I conversion. However, glucose

regulation of the synthesis and secretion of insulins I, II

(newly synthesized and stored) was the same.

Although we cannot exclude the possible contribution of

intra-cellular secretory granule segregation, our investiga
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tions, and those of other laboratories, support the hypothe

sis that the dynamic hormone storage and secretory properties

observed in islets are a consequence of complex inter

cellular interactions involving recruitment of heterogeneous

B-cell populations within the islet.
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Insulin synthesis, in pancreatic B-cells, follows the

classic intra-cellular pathway originally described by Jameson

and Palade for secretory proteins in pancreatic acini cells

[reviewed in Palade 1975]. Temporal assessment of the morpho

logic distribution of radioactive (pro) insulin has demon

strated an analogous vectorial compartmental transfer in

B-cells during this process (Orci l974] . Translation of

insulin mRNA results in the synthesis and translocation of

prepro insulin across the RER membrane. Following removal of º
the signal sequence proinsulin is transported from the ER

through the Golgi apparatus and sequestered into secretory

granules. In secretory granules and possibly the trans Golgi

compartment proinsulin is converted to insulin. Once pro

cessed, the mature insulin remains in the secretory granules

and undergoes a characteristic hexameric condensation while

awaiting its ultimate fate (secretion or degradation). Each of

these events consists of multiple steps that are potential

regulatory sites for production and release of this hormone.

TRANSLATION OF INSULIN mRNA

Synthesis of insulin, as with other proteins begins with

mRNA translation. In the cytoplasm, insulin mRNA translation

appears to conform to the mechanism outlined in the "signal

hypothesis" of cotranslational translocation of secretory pro

teins across the RER membrane [Blobel l975, 1980]. This pro

cess which involes a translational arrest mechanism, has been

reviewed in great detail [Sabatini 1982, Walter 1984]. The



elongation arrest is due to a complex interaction between the

ribosome, the translated amino terminus portion of the hormone

precursor and the signal recognition particle (SRP, I Walter

1981] ) which is believed to specifically recognize the trans

lationally active complex and prevent further synthesis by

binding to the active ribosome [Walter 1984]. Binding of the

SRP arrested complex to the docking protein (SRP receptor) on

RER derived membranes [Meyer 1982, Gilmore 1982] , dissociates

the SRP from the complex and allows translation to proceed

[Walter 1979, Myer 1980, Gilmore 1982, J .

Through a yet undetermined mechanism [Wickner lo 85, Saba

tini 1982, Engelman l981, Blobel l880] , interaction of the ER

membrane with the emerging signal sequence facilitates the

transfer of the nascent polypeptide across the membrane.

Removal of the signal sequence is believed to be a cotransla

tional event mediated by a peptidase located on the luminal

surface of the ER membrane [Jackson l977, Walter lo'79, Saba

tini 1982]. Physical restriction in this process indicate

that a polypeptide must attain a minimal length of 70-90 amino

acids [30-40 within the ribosome + 20 to cross the membrane +

18-30 residues of the signal] to become accessible to the pep

tidase [Blobel l975, Palmiter l977] . Amino acid sequence ana

lysis of many secretory and membrane protein signal regions

has not demonstrated any obvious primary structural homolo

gies. Sequence orientation or specific position within the

amino terminus do not appear critical for function and recent

reports suggest that non signal related translocation mecha

nisms do exist [Kaiser l'987] . However, a general trend in
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accumulation of hydrophobic amino acids in the signal region

of many translocated proteins has been reported [von Heijne

l985] and in the case of insulin, signal sequence mediated

translational arrest appears to be a requisite for directing

translocation of preproinsulin across the ER membrane [Shields

1977] .

In Isolated rat islets preproinsulin has been identified

and its processing demonstrated to be very rapid [Patzelt

1978]. Half life for cleavage of the pre sequence is approxi

mately five minutes and results in the presence of soluble

proinsulin within the ER lumen. It is believed that the disul

fide bonds within the proinsulin are formed coincident with

prepro insulin translocation and signal cleavage. Evidence

implicating the SRP-arrest mechanism in regulating insulin

mRNA stability [Welsh l985], translational active - inactive

pool distribution [Welsh l986] and translational efficiency

[Cordell 1982] have been reported for insulin and other "sig

nal" containing proteins. Thus this mechanism may not only

serve to segregate cytosolic proteins from those requiring

membrane translocation but also provides a multitude of poten

tial regulatory sites.

ROINSULIN N N E

Following removal of the signal peptide and release of the

proinsulin within the ER lumen, further proinsulin to insulin

processing can be thought of occurring in two general steps:

l) transport of proinsulin from the ER to the conversion com

partment and 2) enzymatic modification. Both these steps

-3-



imply a degree of selectivity which in turn is a potential

regulatory site.

Intra-cellular Transport

Protein sorting and targeting: Three molecular mecha

nisms have been proposed for sorting and selectively targeting

secretory proteins to their specific destinations [Kelly

19851. The first suggests that every secretory protein con

tains a "sorting domain" which is recognized by a "carrier"

that transports (or retains) the protein to its correct desti

nation [Blobel, 1975, 1980]. Another proposal is that soluble

proteins in the lumen of the ER or Golgi are not sorted but

their probability of going by one pathway or the other is pro

portional to the volume of the transport vesicles and the num

ber of vesicles that leave the compartment per unit time.

According to this model if the vesicles in different pathways

have different surface to volume ratios, the ratio of membrane

to secretory proteins in the two pathways can differ. A third

possibility is a combination of "carrier-mediated" and bulk

flow process (analogous to fluid-phase endocytosis which

accompanies receptor-mediated endocytosis; [Steinman l983]).

By this model, in addition to carrier specific exocytosis the

bulk phase flow would externalize any protein that was present

within the transport vesicle, unless there was an exclusion

mechanism. At present none of the models can be conclusively

established or disproved, however, the mechanism predicted by

the third model appears more plausible.

Most investigations have supported the contention that

-4-



externalization of all proteins, membrane and secretory pro

teins follows the same intra-cellular pathway (RER to Golgi to

surface; [Strous l980, Novick l980, 1981, Bergmann l983, Green

1981] ) with no apparent regional specialization [Roth l880,

Slot l983, Bergmann l984]. Although similar intra-cellular

compartments appear to be involved, the actual mechanism for

transport may differ for different classes of proteins and

cell types. At least two classes of protein externalization

mechanisms have so far been demonstrated: constitutive and

regulated [Gumbiner l982] .

The main features of the constitutive mechanism include:

l) lack of an intra-cellular storage pool - thus making secre

tory rate directly dependent on the rate of protein synthesis,

2) transport vesicles which have a "short half-life" and do

not contain the characteristic "dense core" found in electron

micrographs of classical secretory granules, 3) insensitivity

to external stimuli; exocytosis does not require the presence

of calcium in the external media. This mechanism is believed

to regulate common homeostatic function and thus should be

present in all cells, the most common include hepatocytes,

fibroblasts, lymphocytes, muscle cells and yeast.

The regulated mechanism is present in specialized secre

tory cells (including B-cells) which exocytose large amounts

of protein in response to external stimuli. These cells have

the ability to externalize proteins at rates greater than

their synthesis. This is achieved by maintaining these pro

teins in recruitable intra-cellular storage reservoirs. The

proteins are concentrated and stored in vesicles (secretory

-5-



granules) which provide one of the characteristic morphologi

cal features of secretory cells - the "dense core" granules

observed in electron micrographs.

The demonstration of both these classes of exocytosis in

the same cell type [Gumbiner l982] has led to an intensive

effort to identify the mechanisms by which determination to

each of these pathways is made. With the cloning of many

secretory protein genes and their transfection into different

cell types an overall picture of the process is emerging.

Introducing DNA encoding rat or human proinsulin into COS

cells (a fibroblast derived cell line), resulted in high lev

els of transient proinsulin expression and secretion [Laub

l983, Lomedico 1982] . In this cell system, proinsulin was not

processed to insulin and prohormone externalization appeared

only dependent on the rate of protein synthesis. Thus as

predicted by the model, COS cells appear to lack a regulated

pathway so that externalization must occur via the constitu

tive mechanism. Conversely, stable transfection of human pro

insulin into At'T-20 cells (a cell line of endocrine origin

capable of synthesizing and secreting ACTH) resulted in syn

thesis of human proinsulin and its copackaging with endogenous

ACTH containing secretory vesicles [Moore 1983]. In addition,

unlike COS cells, proinsulin was apparently proteolytically

processed to insulin and released along with mature ACTH when

the cells were stimulated to secrete. Similar studies using

other secretory proteins [Moore 1986] and cell systems [Hel

lerman l984] have reported in all cases that the foreign pro

hormone is packaged into secretory vesicles and released upon

-6-



stimulation. Furthermore, transgenic mouse experiments in

which human growth hormone was being expressed in pancreatic

islets demonstrated that, synthesis and secretion of exoge

nously introduced human growth hormone was under the same glu

cose regulated control mechanism as endogenous mouse insulin

[Welsh l986] . It appears then that all hormone precursors can

be targeted to the regulated secretory pathway and packaged

into secretory granules of any endocrine cell, irrespective of

their tissue or species of origin, indicating the permissive

nature of the targeting mechanism. Furthermore, evidence is
º:-

accumulating which is incompatible with the existence of only

a bulk flow model for protein externalization [Moore 1983b,

l986, Burgess 1984, 1985]. Some of the most compelling evi

dence is the ability of chloroquine to divert ACTH precursor

in At'T-20 cells from the regulated to constitutive pathway

[Moore l883c] . This indicates that hormone precursors must

contain "sorting domains" which are responsible for their

selective targeting [Blobel l980]. The nature of these

domains, their mechanism of recognition and the level within

the secretory pathway at which they function (ER, Golgi or

other) remain to be determined. Discussion of the possible

regulatory sites in these mechanisms and their relation to

(pro) insulin transport, processing and secretion is addressed

below.

Transport to the Golgi Apparatus i The first step in trans

port involves export of proinsulin from the RER to the cis

Golgi face. This is an energy dependent process and is

believed to be mediated by small smooth surfaced vesicles,

-7-



called transitional vesicles [Howell l969, Palade 1975, Roth

man 1980, Lodish l987] . Depletion of cellular ATP blocks this

transport and results in the accumulation of the newly syn

thesized protein within the "transitional elements" of the ER

[Jamieson 1968]. Cell fractionation and electron microscopic

auto radiography during pulse chase experiments have demon

strated that, in islets, the RER to Golgi transit time for

proinsulin occurs with a half life of approximately 10–15 min

I reviewed in Orci lo'74, Steiner 1983]. Until recently, export

of proteins from the ER was viewed as nonspecific and protein

sorting usually considered the function of the Golgi apparatus

[Farquhar l981, Rothman 1981, Orci lo 82] . However, recent

studies indicate that protein sorting may already be affected

at the level of the ER.

Studies with hepatocytes [Fries 1984], hepatoma cells

[Lodish 1983, Ledford 1983] and exocrine pancreas [Scheele

l985, Rohr l984] , demonstrated that endogenous secretory pro

teins are externalized at different rates. These differences

resulted from their different rates of intra-cellular trans

port which were determined by their rate of export from the

ER. Similar observation were reported with closely related

membrane bound histocompatibility antigens [Williams l985]

indicating that regulation of both secreted and membrane pro

teins transport already exists at the level of the ER. In

addition, defined alterations — either single amino acid sub

stitutions or small deletions - in proteins such as vesicular

stomatitis virus glycoprotein [Ros 1983, Machamer 1985], the

rous sarcoma virus [Wills 1984] or immunoglobulin light chains

º
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[Wu l'983] block their export from the ER. The recent demon

stration that addition of a specific tetra-peptide sequence

(Lys-Asp-Glu-Leu) to the carboxy terminal end of a lysosomal

protein results in its permanent retention in the ER [Munro

l987] indicates the existence of a highly selective recogni

tion mechanism. Furthermore, the fact that the protein was

not retained in the ER when the tetra-peptide was present in

the center of the protein suggests that the mechanism involved A

not only depends on the presence of the tetra-peptide sequence

but also the context in which it is presented. Thus it

appears that ER to Golgi transport, which was thought to be a

bulk-phase movement process, may be a critical step in protein

sorting. Note however, ER selectivity has only been demon

strated for constitutively secreted proteins the sorting of

which should logically take place at a site nearest to their

synthesis.

Golgi transport and function: The Golgi apparatus is a

multilamellar structure having a specific vectorial organiza

tion, designated cis to trans, which can be distinguished by

both morphologic and biochemical criteria [reviewed in Orci

1984, Dunphy 1985a]. Freeze fracture electron microscopic

imaging has demonstrated the existence of a cholesterol gra

dient within the Golgi cisternae in which there is a low con

centration of cholesterol at the cis face membrane with

increasing amounts toward the trans face [Orci l981, l982] .

In addition, a membrane protein gradient orientated in the

reverse direction has been demonstrated in the same Golgi cis

ternal membranes. Individual Golgi cisternae are also immu
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nohistochemically and biochemically distinguishable. Various

processing enzymes including galactosyltransferases, mannosi

dase II, N-acetylglucosamine phosphotransferase, phosphoglyco

sidase and sialyltransferase, have been localized to specific

areas of the Golgi stack [Roth 1982, Goldberg l'983, Dunphy

1985]. High speed centrifugation has separated at least two

Golgi membrane fractions on the basis of their differential

density [Fries 1980]. Furthermore, clathrin (a protein known

to be important in secretory granule formation) appears local

ized at the trans Golgi face (Orci l984a, b, 1985, Griffiths

l983, 1985]. Thus, the Golgi apparatus is often thought of as a

cellular distillation apparatus whose function is to modify,

purify and target the various proteins to their correct desti

nation [Orci 1984, Dunphy 1985, Farquhar 1981] . Although the

processes by which this is accomplished remain unclear, the

best characterized protein sorting mechanism is that described

for targeting hydoxylase enzymes to the lysosomal compartment,

which has served as a model for investigating similar mecha

nisms in other systems.

Sorting and targeting of lysosomal enzymes was shown to

involve receptor recognition of a mannose-6-phosphate carbohy

drate moiety attached to the peptide [Tabas 1980, Sly 1982] .

Lysosomal hydroxylases contain asparagine residues that are

cotranslationally glycosylated within the ER by the en bloc

transfer of a preformed high -mannose oligosaccharide from a

lipid-linked intermediate to the nascent polypeptide [reviewed

in Hubbard 1981, Kornfeld l985) . While still in the ER l

mannose and 3 glucose units are removed, following which the
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newly synthesized lysosomal enzymes transit from the ER to the

trans face of the Golgi apparatus, where further oligosaccha

ride modification and phosphorylation of specific I■ lannose

residues takes place [Reitman l981, Waheed 1981a,b] . Recep

tors for the mannnose-6-phosphate group in the Golgi cisternae

-

bind the newly synthesized enzymes and are then translocated

to the lysosomal compartment [Geuze l984 a,b, Brown l984a).

Within lysosomes the low pH environment causes the dissocia

tion of the enzymes from the receptor and thus completes the

delivery process [Gonzalez-Noriega l980]. However, manno

se-6-phosphate recognition cannot be the only mechanism

involved.

Cells deficient in the mannose-6-phosphate receptor [Gabel

1983, 1984] , or the transferase that specifically phosphory

lates lysosomal enzymes I Waheed l982, Owada l982] continue to

sort lysosomal enzymes to their correct destination, albeit

somewhat less efficiently. Furthermore, in yeast, sorting of

carboxypeptidases to the vacuole - a structure in many ways

analogous to mammalian lysosomes - is directed by information

residing in the amino acid sequence of the carboxypeptidase

precursor, not the oligosaccharide [Schwaiger 1982, Johnson

1987] . Thus other targeting signals must also be present.

In the B-cell, sorting and processing of (pro) insulin

were events primarily ascribed to Golgi and post Golgi com

partments. This view was in large part due to the assumption

that the Golgi complex was the first subcellular compartment

along the secretory pathway at which protein sorting was nec

essary [Orci 1984d]. Macromolecullar intra-cellular movement
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prior to this point was thought to occur by means of bulk

phase transfer - a concept presently being challenged as

reported above.

Once present at the cis Golgi face pro insulin is translo

cated through the cisternae toward the trans face (Orci l982] .

This transport appears to be mediated by a new type of coated

vesicle [Orci l986a) which is distinct from the clathrin

coated vesicles previously implicated in subcelluar compart

mental transfer [reviewed in Pearse 1981] . In addition, this

transit mechanism is an energy dependent process that requires

the participation of as yet unknown cytosolic protein (s) [Orci

1986] . It remains to be seen if proinsulin transport through

the Golgi stack is a selective vesicular budding process or a

result of bulk phase intra-cisternae vesicular translocation.

At present a proinsulin-specife receptor (analogous to the

mannose-6-phosphate receptor) has not been demonstrated.

Reports of membrane associated proinsulin immuno reactivity on

Golgi membranes, but not secretory granule membranes [Orci

1984e), has been presented as evidence for the existence of

specific proinsulin binding sites at the Golgi level. How

ever, the possibility that this observation may merely reflect

differences in non-specific association resulting from pH dif

ferences in these two compartments or just the greater amount

of pro insulin present within the Golgi complex, also must be

considered.

En route to the secretory granule compartment, proinsulin

accumulates at the trans Golgi face - a terminal Golgi com

partment distinguished by the characteristic presence of a
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clathrin coat (Orci, 1985] . As with receptor mediated endocy

tosis [Farquhar l981, 1985] clathrin is believed to play a

critical role in selective vesicular budding forci l982] and

possibly (pro) insulin processing [Orci l984a). This analogy

with receptor mediated endocytosis further supports the pro

posed existence of specific (pro) insulin receptors (or endo

crine domain receptors) and the contention that sorting of

(pro) insulin takes place primarily at the trans Golgi face

[Orci l984c, 1985, Rothman 1981, Dunphy 1985]. In addition to

sorting proinsulin, mechanisms must exist to direct other pro

teins (converting enzymes and cofactors) which affect proinsu

lin modification to the conversion compartment. These mecha

nisms remain unclear, however, it appears that they may be

regulated [Nagamatsu l987] .

Granule formation and maturationi The vesicular budding

mechanism responsible for (pro) insulin containing secretory

granule formation is believed to be clathrin mediated [Orci

1982, 1985] and requires ATP [Orci l986b) . As suggested

above, this process may be analogous to receptor mediated

endocytosis. However, the observation that secretion contin

ues in yeast mutants that are devoid of clathrin [Johnson

1987] , indicates that another factor (s) or mechanism may regu

late the exocytosis process. In the B-cell, coincident with

proinsulin to insulin conversion, the newly formed vesicle

undergoes a maturation process that is marked by the following

characteristic changes: 1) decrease in the intra-granular pH,

2) loss of the clathrin coat on the cytosolic granule membrane

face, 3) decrease in the amount of membrane associated insulin
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immuno reactivity, 4) formation of a characteristic intra

granular electron dense core [reviewed in Steiner l984, Orci

1984f). These changes have been implicated in proinsulin to

insulin conversion, however, their importance in secretory

granule secretion, storage and degradation remain to be deter

mined.

Recent studies have demonstrated that inhibition of proin

sulin to insulin conversion - by substituting protease resis

tant lysine, argenine analogs - prevented the maturation of

coated granules into noncoated granules [Orci l984c., d) but did

not alter the secretion of the modified proinsulin [Halban

1982, Orci l984d] . Auto radiographic analysis of freshly iso

lated pulse-chase islets determined that completion of granule

maturation occurs by approximately 90-120 min post transla

tional synthesis [Orci lo B2, 1984f). However, externalization

of labeled hormone - which is primarily in the proinsulin form

-began at approximately 30 min post synthesis. Thus, comple

tion of proinsulin processing is not a prerequisite for secre

tion and exocytosis may be completely independent of secretory

granule content. This last point is of particular importance

in regards to protein targeting and vesicular transport within

polarized B-cells [Bonner-Weir l984]. It implies that sorting

and determination must occur prior to granule formation.

Note, however, maintenance of the physiochemical properties

appears to be critical to this process. Dissipation of the

proton gradient across the secretory granule membrane (by cul

turing islets in the presence of monensin), in addition to

inhibiting proinsulin to insulin conversion, also blocks
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secretion of newly synthesized and stored insulin [Gold 1984,

Orci 1984a). This suggests that the intragranular acidic

environment is a requisite in the regulated secretory pathway.

Evidence has also been accumulating which suggests that

islet secretory capacity undergos a temporal aging process.

Following maturation, secretory granules exist in their char

acteristic condensed form awaiting either secretion or final

degradation [Orci l984c). For many years it has been recog

nized that pancreatic tissue preferentially secretes newly

synthesized insulin rather than the older stored insulin [How

ell l965, Sando l972, Gold 1981). This has lead to the pro

posal that if islets remain quiescent the newly synthesized

secretory granules apparently senesce and lose their ability

to be preferentially secreted. Although the mechanism involved

in this process has not been determined one interpretation has

been that "immature" secretory granules containing newly syn

thesized hormone are more secretable than older stored

vesicles. The idea of granular senescence is also consistent

with the kinetics of islet autodegradation of insulin [Halban

1980a, b, Orci l984c).

Immunohistochemical studies indicate that a minimum of

three hours is required before any of the newly formed hormone

is present in multi-vesicular bodies (Orcil.984c] - a lysosomal

subcellular compartment thought responsible for intra-cellular

crinophagy (Orci 1982]. However, the estimated rate of insu

lin degradation, in stimulated islets, is less than 1% per

hour [Halban l980a). In addition it has been reported that

crystallized insulin . is resistant to degradation and investi
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gators have proposed that this may account for the "unusually

slow rate of degradation of insulin within B-cells" and the

presence of insulin immunoreactivity within lysosomal bodies

[Halban 1987] . This suggests that islet insulin may exist in

a nonsecretable compartment for long periods of time and that

under stimulated conditions newly formed secretory granule

contents are continually exocytosed so that degradation does

not dramatically affect homeostatic pancreatic insulin con

tent.

ENZYMATIC MODIFICATION

OITIT e - e 3 The presence of dibasic

amino acids is a common feature of protein cleavage sites [

reviewed in Steiner l984, Loh l986] , however, not all dibasic

sequences are cleaved indicating that context of the dibasic

site (conformation) is also important. Although the nature of

the enzyme (s) involved in prohormone conversion remains to be

determined processing enzyme (s) isolated from different cells

appear to share unique characteristics that differentiate them

from other intra-cellular proteases. The enzyme (s) is a Cys

tine proteinase, has a pH optimum of approximately 5, is mem

brane associated (in secretory granules) and probably requires

segments of the prohormone for substrate recognition and

selectivity. The observation that different cells of endocrine

origin have the capacity to "correctly" process exogenously

introduced pro insulin to insulin [Moore 1983] suggests that

these same enzymes may be integral components of the regulated

pathway in all endocrine cells [Kelly l985] . However, demon
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stration of differential monobasic and dibasic amino acid

cleavage site prohormone processing in different endocrine

cells and individual cells of the same origin , indicates that
a cellular specialization in prohormone converting activity

must exist [Eppiers l980, McDonald 1987] . One hormone for

which differential cleavage has been demonstrated is the pro

duction of SRIF-la and SRIF-28.

Somatostatins (SRIF) i The somatostatins are peptides of lé

and 28 amino acids that are produced in a variety of endocrine

and nonendocrine tissues, including hypothalamus, cerebral

cortex, stomach and pancreas [Reuchlin l983 review] . In mam

mals the two SRIF's are derived from the same prohormone pre

cursor [Shen l984, Montminy l984, Tavianini 1984] which is

cleaved at either a dibasic (SRIF-la ) or monobasic (SRIF-28)

amino acid site Thus, differential expression in various tis

sue results from alterations in post-translational processing.

Because all cells appear to use the same exocytotic pathway,

it stands to reason that the observed differences must be due

to the presence or absence of specific enzyme (s) within each

cell type necessary for appropriate cleavage. Therefore, it is

postulated that determination of which SRIF is to be produced

is not regulated by the primary gene product but rather the

converting enzyme (s) which that particular cell expresses.

Anglerfish—isletsi Studies in pancreatic islets of

anglerfish indicate that different enzymatic activities may

exist within the same cell type [Noe 1981, 1983, 1986, Moore

l984] . In contrast to mammals, anglerfish islets contain two

distinct SRIF's that are presumably products of different
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genes (two different SRIF mRNA's have been cloned but their

genomic DNA identity not determined [Hobart 1980] ). Interest

ingly both prohormones contain cleavage sites that can poten

tially produce SRIF-la or SRIF-28. However, in vivo, proS

RIF-I is only cleaved at the dibasic (lys-arg) site resulting

in synthesis of SRIF-la, while proSRIF-II (which contains a

lys-arg cleavage site in the same location as proSRIF-I) is

cleaved at a monobasic (arg) site and produces SRIF-28 [Noe

1984]. Histochemical analysis of anglerfish islets revealed

an exclusive presence of either SRIF-la of SRIF-28 within

cells expressing SRIF - that is cells containing SRIF-la did

not contain SRIF-28 and vise versa [McDonald 1987] . These

studies indicate the existence of heterogeneous populations of

SRIF producing D-cells within islets.

Recently two distinct pools of cleavage activity (monoba

sic vs. dibasic cleavage), which differ in their physiochemi

cal properties, have been demonstrated [Noe 1984] and isolated

[Mack in 1987a] in anglerfish islets. These data have been

taken as evidence that converting enzymes are segregated

within specific cell populations. Although this conclusion is

consistent with the proposed existence of a family of convert

ing enzymes (having hierarchical substrate selectivity) that

are expressed in a cell specific manner [Steiner l984] , the

possibility that both cleavage activities were the result of

the same enzyme, whose cleavage specificity was altered by its

membrane association, or by some other factor (s) [Mackin

l987b) cannot be dismissed. Furthermore, these observations

may also be explained by differential expression of the two
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reputed anglerfish SRIF genes in different islet D-cell popu

lations. Thus, as with the two rat insulin genes (discussed

below) expression of the SRIF's may be a consequence of either

cell specific expression of the hormone gene or the cell spe

cific nature of converting enzyme activity.

Proinsulin—processingi Pro insulin to insulin conversion

requires the specific excision of the intramolecular "C-pep

tide" sequence [Steiner 1983]. This activity appears local

ized to clathrin coated Golgi and secretory granule elements

[Orci 1985]. In both murine insulins the "C-peptide" sequence

is 31 amino acids in length and is bracketed by dibasic amino

acids lysine and arginine [Clark 1969, Markussen l971] . As

with conversion of other prohormones the enzyme (s) responsible

remain to be characterized. Although non-specific peptidases

(ie. trypsin) can cleave pro insulin to insulin-like peptides

[Steiner 1974], this procedure is inefficient and generates

numerous subfragments that are not detected within islets.

At present it is believed that two enzymatic activities are

necessary for correct processing [Docherty l982b, l084], The

first requires the specific recognition and cleavage at the

dibasic amino acids; the second is an exopeptidase activity

which trims the A and B insulin chains at the cleavage site.

It has been proposed that the endopeptidase activity is

affected by a procathepsin B-like thiol protease [Docherty

1982a) and the final processing catalyzed by a carboxypepti

dase enzyme [Docherty l982b ] .

Note that in studies using the two conversion activities

isolated from angler fish islets [Mackin 1987a], which were
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reportedly devoid of carboxypeptidase activity, only proSRIF-I

to SRIF-la converting activity (dibasic site cleavage) and not

proSRIF-II to SRIF-28 activity (monobasic cleavage), would - **

"correctly" process proinsulin to insulin (albeit less effi

ciently than proSRIF-I). This apparently contradicts the pro

posed role for carboxypeptidase in this process [Docherty

1982a, Mackin l987b) - low level caboxypeptidase B-like conta

mination may be responsible.

REGULATION OF INSULIN BIOSYNTHESIS AND SECRETION

EFFECTS OF GLUCOSE STIMULATION

Glucose is the primary physiologic stimulator of insulin

synthesis and secretion in pancreatic islets. The B-cell is

exquisitely responsive to minor changes in glucose concentra

tion and is thus able to maintain fairly constant in vivo

glucose levels. Isolated islets exhibit a sigmoidal glucose

response curve for both insulin synthesis and secretion [Mal

danato l977, Grodsky lo S3]. The glucose threshold for insulin

synthesis is 3 mm and that for secretion is 5 mM while the

approximate Km's are 6 mM and 8 mM respectfully. In addition

to kinetic differences, the effect of glucose on insulin syn

thesis and secretion has different ionic requirements; synthe

sis requiring extracellular magnesium [Lin 1973] while secre

tion is inhibited by magnesium but requires calcium [Grodsky

1966] and is associated with plasma membrane depolarization

[Atwater 1976]. Thus, although glucose stimulates both syn

thesis and secretion the actual intra-cellular affector mecha
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nism for the two processes may be different.

Perfused rat pancreas and perifused isolated islets exhi

bit a biphasic insulin secretory response to glucose [O'Conner
l980]. Within several minutes following elevation of the glu

cose concentration in the milieu there is an initial burst of

insulin release lasting 2-5 min followed by a brief nadir.

This is followed by a second ascending secretory phase which

reaches maximum between 2-4 hours. During this period removal

of glucose results in a rapid diminution of secretion and

subsequent readdition of glucose produces a time-dependent

potentiation of B-cells resulting in hypersecretion to a

subsequent stimulus [Cerasi l975, Grill 1978, Grodsky l969] .

This potentiation is time and dose dependent having a memory

of approximately 30 min and appears to be independent of

secretion during the priming period [Grill 1981) . Continued

incubation under specific glucose stimulating conditions (>4

hrs) results in a gradual decrease in secretion rate with no

apparent decrease in cell imuuno reactive insul in content

[Hoenig l986, Bolafi l986] . Stimulating cells with higher

glucose concentration or other secretogogoues (ie. KIC, IBMX)

results in enhanced secretion indicating the islet secretory

mechanism continues to function. This observation has been

interpreted as evidence for "desensitization" of islets to a

specific secretory signal [Bolafi lo 86b) . Alternatively these

data may represent evidence for "exhaustion of a labile secre

tory pool" within islets [Hoenig 1986] .

The effect of glucose has been demonstrated to specifi

cally stimulate insulin synthesis by increasing transcription
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and translation [Permutt 1972, 1974, Giddings 1981, 1982] .

Within minutes of glucose stimulation the B-cell increases

insulin biosynthesis 5 to 10 fold - as measured by radioacti.

vity incorporation into proinsulin [Itho l980]. This effect

has been shown to be independent of mRNA synthesis -occurs in

the presence of actinomycin D, an inhibitor of transcription

Iraelin 1978]. Furthermore recent studies suggest that glu
cose stimulates translational insulin synthesis by: 1) stabi

lizing insulin mRNA [Welsh l986], 2) stimulating initiation

rate of insulin synthesis [Nielsen l985], 3) stimulate elonga

tion rates of nascent prepro insulin [Welsh l986] and 4)

increase association rate of cytoplasmic insulin mRNA mole

cules with the ER membrane [Welsh l985] by as yet undetermined

SRP-mediated mechanism. The effect of glucose on transcrip

tion requires approximately 60 min of stimulation and appears

to achieve maximal levels by 4 hrs of stimulation [Itho l980].

RECOGNITION OF THE GLUCOSE STIMULUS

Upon addition of glucose to the media the B-cell responds

with a multitude of physiochemical affects, including

increases in ATP, cAMP, phsopholipid turnover and various

ionic changes. Two models have been proposed to explain the

mechanism by which glucose is recognized as a signal by the

B-cell [Ashcroft l980 review] . The first is analogous to the

classic peptide hormone receptor model. It envisages a protein

located on the cell membrane which somehow (presumably through

binding) recognizes the glucose molecule and upon binding ini

tiates a signal within the cell. The second model proposes
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that metabolism of glucose results in the formation of one or

more intermediates, or products there of, that are responsible

for initiating the response. This model is supported by

studies demonstrating that compounds chemically related to
glucose, or its triose metabolites, stimulate synthesis and

secretion in proportion to their rate of metabolism. In addi

tion, other physiologic agents (i.e. amino acids) and their

metabolites (KIC) also stimulate insulin secretion. However,

stimulation with these agents alone, does not produce the

characteristic biphasic secretory response observed with glu

cose. Although the glucose recognition mechanism remains to be

elucidated some investigators have proposed that glucokinase,

found in the islets, is the primary mediator (receptor) of the

glucose stimulus [Meglasson 1983] .

INTRA-CELLULAR REGULATORY SIGNALS

Intra-cellular protein phosphorylation has long been

thought to be part of the mechanism for B-cells response to

glucose [McDonald 1984 review] . At least three intra-cellular

phosphorylation mechanisms have been described. All three

mechanisms require calcium for their effect and all have been

identified in islets.

Glucose stimulation of B-cells is associated with elevat

ing cellular content of cAMP. However, agents that raise cel

lular cAMP require a threshold concentration of glucose to

stimulate secretion [Charles 1975, Maldonato l977] . These

agents include theopheline, IBMX, forskolin, glucagon, gut

hormones and cAMP derivatives. Although these agents enhance
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the magnitude of the glucose stimulated secretion, controversy

exists as to their effect on (prepro) insulin synthesis [Wol

lheim 1981 review] . The ability of cAMP generating agents to

enhance insulin release at maximal glucose stimulatory concen

trations suggests that cAMP effects the Vmax rather than the

Km of the glucose response mechanism [Brisson 1972] .

Calmodulin activity, a ubiquitous Ca binding protein

[reviewed in Valverde l'984] has been demonstrated in islets

[Sugden l979, Valverde l'979) and isolated from insulinoma

cells [Wollheim l981] . Trifluoperazine, which binds to the

Ca-calmodulin complex and inhibits a Ca-dependent phosphodies

trase, in vitro inhibits insulin release [Tomlinson 1980,

Wolff 1979] Elevated glucose increases the amount of Ca

activated calmodulin without increasing the actual amount of

calmodulin itself [Chafouleas 1979]. The apperent activation

of acenylate cyclase by calmodulin has further implicated it

as a regulator of the secretory process [Valverde 1979].

Glucose stimulated insulin release has long been associ

ated with accelerated phospholipid turnover [reviewed in Best

1984] , including hydrolysis of inostitol phospholipids,

resulting in the formation of diacylglycerol [Michell l982,

Schrey 1983, Nishizuka 1984]. This compound may have profound

effects on cellular metabolism by affecting membrane fluidity

[Hawthorne 1982, Allan l976] . The recent identification of a

Ca-dependent diacylglycerol activated protein kinase, C-kinase

[Kishimoto 1980, Kuo 1980) and its presence in islets [Tani

gawa l982, Sano l883], suggests a possible mechanism of how

phospholipids may be involved in insulin secretion. C-kinase
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has been shown to be involved in thrombin induced release of

seratonin in human plateletes [Takai l'982] and proposed as an

effector in other secretory cell systems – including GnRH

induced LH release from pituitary cell cultures [Conn 1985]

and insulin release from the B-cell [Hubinoit 1984]. The tumor

promoter phorbol ester TPA has been shown to stimulate C-ki

nase activity by substituting for diacylglycerol and bind to

the molecule [Castagna 1982, Niedel 1983, Kraft l983]. In

addition to being a potent insulin secretogouge [Virji l978,

Deleers l981, Malaisse l'983, Pace l985], TPA has been observed

to have a multitude of cellular affects - including mitogene

sis [reviewed in Whitman l986] , phosphorylation of various

protein including the glucose transporter [Witters 1985], dif

ferential effects on specific protein synthesis [Osborne l981,

Ullrich l983, Pruss l985] and secretion [Rebois 1985, Aizawa

1985]. Recent evidence suggests that cAMP -through its effect

on phosphotidylinositol cycle - may exert a regulatory func

tion on C-kinase activity. The observed enhancement of both

glucose-induced and TPA-induced insulin secretion following

perifusion with forskolin (Zwalich, 1986) suggests that in

islets a coordinate activation rather than counteraction of

the two systems occurs.

MURINE INSULINS LAND LI

Unlike most animals studied, rats and mice (as well as

three species of fish, [Steiner l986]), synthesize two dis

tinct insulins [Smith 1966] . The two murine insulins (rat
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insulin I & II, [Clark l969] ) , which are products of non

allelic genes I Cordell 1979, Lomedico 1979], have similar

amino acid structure [Villa-Komaroff 1978, Chan 1976] but dif

fer in their genomic location. Through various stages of

development -from embryonic pancreatic rudiments [Rall l979]

to adult pancreatic islets [ Clark lo G9, Tanese l970 ) - the

two insulins appear to be present in approximately 60% insulin

I, 40% insulin II proportion. However, alterations in this

distribution have been reported in islets and insulin secret

ing tumors (discussed below). These observations suggest that

biosynthesis of the two insulins may be differentially regu

lated.

INSULIN GENES

In rats the two genes are located approximately 100 kb
-

apart on chromosome l [Soares 1985] . In mice the two genes

are on separate chromosomes; the insulin I gene is located on

mouse chromosome 6 while the insulin II gene is on chromosome

7 [Lalley l984, Wentworth 1986] ). For purposes of clarity,

further discussion will focus on the two rat genes and spe

cific comments will be made in reference to the mouse genes

when appropriate. Although rat insulin I and II genes share

greater than 90% sequence similarity ("homology") in their
-

coding and 5'-flanking sequences, their genomic architecture
-

is different. Arrangement of the rat insulin II gene is simi

lar to that observed in most animals studied. DNA sequence

analysis of phylogenetically diverse insulins (hagfish to

human) reveal that most preproinsulin genes contain 3
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expressed sequences (exons) separated by two intervening

sequences (introns) which do not appear in the mature prepro

insulin mRNA [Steiner 1984 review] . Although intron length and

sequence are variable, the location of both introns is highly

conserved across phylogeny. The first intron is located on

the 5' end within what becomes the 5' untranslated region of
the mRNA. In both rat genes this intron is ll 9 base pairs

long and located 16 bases 5'-upstream of the methionine

encoded translation start site [Lomedico 1979, Sores l985, Cor

dell l979]. The second intron is positioned within the C-pep

tide region, interrupting the sequence coding for amino acids

6 and 7. In rats this intron is 499 base pairs in length and

present only in the rat insulin II gene [Lomedico 1979]. Sim

ilarity between the genomic architecture of the rat insulin II

gene and other insulin genes throughout phylogeny, suggests

that it may be the "older" of the two rat insulin genes. Com

parison of the 5'- and 3'-flanking sequences in both genes and

the absence of the second intron in the rat insulin I gene

support the hypothesis that the rat insulin I gene arose as a

gene duplication product of the insulin II gene [Soares

1985]. Investigators have proposed that the not fully pro

cessed, insulin II gene integrated back into the genome

through an aberrant retroviral transposition event, where it

continued to function.

Regulation of gene transcription

Flanking sequence: In addition to the similarity of the

transcribed portion of the various insulin genes, the 5' non

transcribed flanking region also retains a great deal of
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homology suggesting its probable importance in regulating

expression [Steiner 1985]. Studies using the 5' flanking DNA

of diverse mammalian genes have demonstrated that this region

contains not only the transcriptional promoter, but also ele

ments which regulate cell specific expression [Walker lo 83,

Edlund 1985]. Deletion studies within the 5'-flanking regions

of the rat insulin genes have identified two distinguishable

DNA elements involved in cell specific expression: 1) a cell

specific enhancer located -103 to -335 bases upstream of the

transcription start site and 2) a fragment devoid of enhancer

activity whose position at +l to -ll3, suggests its integral

association with the promoter [Walker 1984, Edlund 1985] .

Both elements are situated within the previously described

tissue-dependent DNAase I hypersensitivity domain of the rat

insulin II 5'-flanking DNA [Wu 1981] (the two rat insulin

genes share a >95% sequence homology in this region [Soares

1985] ). This sensitivity is thought to be confined to regions

of actively expressing genes [reviewed in McGhee 1980) and

appears to correlate with binding of trans active factors

regulating expression [Edlund 1985]. DNAase digestion protec

tion studies (footprinting) have demonstrated the presence of

what appears to be a cell specific nuclear factor (s) that

binds to the enhancer element [Ohlsson 1986] . Furthermore,

investigators have reported that cAMP regulates insulin mRNA

levels possibly at the transcriptional level [Nielsen l985,

Hammonds 1987]. Although this has not been confirmed in normal

b-cells, the recent identification of a specific cAMP regu

lated bindng region on the rat SRIF gene [Montminy l987] dem
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onstrates the existence of a phophorylation dependent element

in transcriptional regulation and suggests that a similar

mechanism (s) may participate in regulating insulin gene

expression. Recent reports have also indicated the presence of

a transcriptional "silencer" element located between 2.0 and

4.0 kb upstream of the rat insulin I gene transcription ini

tiation site [Laimins 1986] . Thus the 5'-flanking region may

be responsible for a multifactorial hierarchical regulation of

the insulin gene.

DNA methylation: Several studies have reported a correla

tion between the methylated state of a gene and its transcrip

tional activity [reviewed in Felsenfeld l982] , which has led

to the hypothesis that methylation may regulate gene expres

sion. Studies of the methylation patterns at the 5'-flanking

region of the two rat insulins in various tissues and insulin

secreting tumors [Cate 1983) have proved inconclusive.

Although, both genes were apparently undermethylated within

insulin-producing tissue [Cordell 1982, Chick l983], the two

genes were found to have very different patterns of methyla

tion [Chick l983]. Furthermore, neither the general level of

methylation or site specific methylation correlated with gene

expression suggesting that methylation does not exert a spe

cific control on rat insulin I & II gene expression.

POST-TRANSCRIPTIONAL REGULATION

The primary transcript of the prepro insulin gene results

in the formation of heterogeneous nuclear RNA (hnRNA), con

taining both introns and exons, which is then processed to

-*
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mature mRNA [Reed 1985 review] . Intron excision appears to be

a rapid process which along with addition of a poly adenylated

tail and 5' methyl capping convert hnRNA to mature transla

, tionally competent preproinsulin mRNA which then leaves the

nucleus and appears in the cytoplasm. Each step in the modifi

cation of hnRNA can potentially regulate the levels of insulin

mRNA and insulin biosynthesis by affecting the rate of synthe

sis, stability or translational efficiency. Studies in several

rat insulinoma cell lines have indicated that alterations in

this process are responsible for the observed differential

expression of the two insulin genes (discussed below). Fur

thermore, it has been proposed that both glucose and cAMP

regulate this process [Hammonds l987, Nielsen l985] .

ALTERED INSULIN I AND II LEVELS

Insulinoma: Preferential synthesis of rat insulin I has

been observed in several rat insulin secreting tumors. The

apparent differences have so far all been linked to ambigu

ities in the mRNA of rat insulin II. In an X-irradiation

induced tumor, which synthesized lo times greater amounts of

rat insulin I than II, both mRNA's were present in equal

amounts [Cordell l982] . However, the translational efficiency

of the two insulin mRNA's was dramatically different; this

difference was apparently due to a structural modification at

the 5'-terminus of the rat insulin II mRNA. In tumors of dif

ferent origin, which also exhibit augmented rat insulin I syn

thesis, the level of the individual insulin mRNA was reported

to be altered [Giddings l986] . This alteration was not due to
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differences in transcription of the two genes but resulted

from the subsequent processing of the respective hnRNA. Thus,

the molecular basis for the disproportionate expression of the

two insulins in tumor tissues is rather varied and appears to

take place prior to the actual synthesis of the protein. Note

that a characteristic feature of insulinomas is their non

regulated (constitutive) pattern of insulin synthesis and

secretion. Therefore, any regulation of this type of expres

sion would have to be exerted at the DNA or RNA level.

Islets: Using electrophoresis to separate the two insulins

on the basis of their differences in charge, investigators

have reported dramatic differences in the levels of insulin I

and II under several conditions. Pancreatic islets isolated

from hyperinsuliniemic Wistar-Furth rats that bear growth hor

mone secreting tumors were reported to contain 5 fold greater

amounts of rat insulin I than II [Kakita l'982a, b] . In the

same studies freshly isolated islets from normal Sprague

Dawley rats — which normally contain the two insulins in a 60%

insulin I, 40% insulin II distribution -were reported to syn

thesize 10 fold greater amounts of rat insulin I than II fol

lowing 4 hrs culture in media containing lo mM glucose. These

same investigators also reported augmentation of insulin I

levels in mouse islets similarly treated [Kakita 1982b) . In

contrast, other investigators reported that glucose stimulated

the synthesis of rat insulin I and II to the same extent in

islets following culture for over 18 hrs in 8 mm glucose

[Rhodes 1987] .

The effect of prolonged glucose exposure in vivo on the
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level of rat insulin I and II mRNA has also been studied.

Islets isolated from rats in which hyperglyciemia was induced

and maintained for 4 days contained similar amounts of rat

insulin I and II mRNA as found in euglycemic controls [Gid

dings l986] . Taken together these data suggest that islets

may preferentially synthesize rat insulin I in response to

acute glucose stimulation and in contrast to insulin secreting

tumor cells this effect must be a post-translational phe

In OIIlena e

PROPERTIES OF THE HORMONE RESERVOIR

CONCEPTUAL MODELS

The endocrine pancreas contains a large reservoir of

stored insulin which it is capable of releasing upon stimula

tion. Understanding the characteristics of this reservoir is

critical for our determining the molecular basis of the glu

cose stimulated insulin secretory response. This reservoir

can be conceptually organized in terms of three configura

tional models (figure l).

The first model postulates that the hormone reservoir

exists as a homogeneous pool, such that, all the hormone pre

sent would have the same probability of being released (figure

l{I}). According to this model newly synthesized hormone would

flow into this large pool where it readily mixes with the hor

mone already present. Upon stimulation both the newly synthes

ized and older hormone would be secreted in proportion to

their content within the total pool.
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The second model proposes that the hormone reservoir is

segregated into compartments having different response charac

teristics (figure l{II }). This model is predicated on the

existence of at least two hormone compartments, labile and

stable, that differ in their rates of secretion. In addition

the character of each compartment would be determined by: 1)

the individual secretory rates, 2) the relative size of each

compartment and 3) the contribution (distribution) of newly

synthesized hormone to each compartment.

The third possibility is an extension of the second model,

the axiom here being that a large portion of the total hormone

exists in a relatively inert non-secretable compartment (fig

ure l{III}). Accordingly hormone synthesis and secretion

would involve only the labile compartment. Therefore, if the

size of the labile pool is K.50% of the total hormone content,

this model predicts that newly synthesized hormone would

apparently always be secreted in preference to the older hor

In One e

To elucidate the character of the hormone storage pool,

several laboratories performed pulse-labeling experiments

using pancreatic tissue slices and isolated islets [Howell

1965, Creutzfeldt 1973, Gutman 1973, Gold 1981] . These

studies demonstrated that in response to glucose stimulation,

radioactive insulin (newly synthesized) was secreted at a

higher fractional rate than total immuno reactive insulin

(stored). This in turn resulted in secreted insulin having a

higher specific activity than cellular insulin. Based on

these observations, the investigators concluded that the large
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hormone reservoir does not represent a homogeneous pool, but

appears to exhibit a compartmental character as supposed by

the latter two models (figure l II,III).
-

Conformational states i It is important to note that within

the context of each model, the hypothetical compartments com—

prising the hormone pool may exist in different states. In

addition the various states may represent a dynamic continuum

between extremes, rather than a static steady state condition.

Figures 2 and 3 illustrate several possible states for each

model and indicate how changes in compartmental properties

affect heterogeneous secretion during a pulse chase. Although

these representation define the hormone reservoir in terms of

two compartments set at extreme limits, one can envisage the

existence of a continuum rather than a discreet set of deter

minants.

For purposes of comparison in each example the following

remained constant: 1) the total amount of radioactive hormone

synthesized (1000 cpm), 2) the total amount of hormone present

initially (100 ng) and 3) the total amount of unlabeled hor

mone secreted (5 ng). In these derivations the following

aspects were variables: 1) the distribution of the radioactive

hormone (newly synthesized) among the compartments, 2) the

relative size of the compartments and 3) the individual secre

tory rate of each compartment.

The main feature of the second model is that compartments

have different rates of hormone release. According to this

hypothesis, preferential release would result if newly syn

thesized insulin bypassed and/or equilibrated very slowly with
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the major portion of the stored insulin reservoir. As illus

trated in figure 2a, when the compartments are of equal size

and newly synthesized insulin is equally distributed, the

fractional release of total radioactive and immunoreactive

hormone would be the same. With the resulting secreted and

cellular specific activities being identical. Therefore,
although compartmental heterogeneity exists, the insulin

reservoir would appear to be homogeneous.

Figure 2b illustrates that alteration of the radioactive

hormone distribution has a profound effect on the observed

compartmental properties. As in figure 2a, equal compartment

sizes were assumed, however the newly synthesized hormone is

primarily sequestered within the labile pool. The fractional

release of radioactive hormone is therefore greater than that

for immuno reactive hormone and newly synthesized insulin

appears to be preferentially secreted, as evidenced by the

secreted insulin having a higher specific activity than cellu

lar insulin. Under these conditions (figure 2b) the differ

ential compartmental properties of the hormone pool would be

observed.

Variations in the compartment size also have a dramatic

effect on the heterogeneous secretory response. Figures 2c

and 2d depict states in which the labile compartment comprises

only 5% of the total hormone reservoir and the radioactive

hormone flows primarily into the labile pool. Figure 2c repre

sents a state in which the major portion of the secreted hor

mone originates from the labile pool. In this instance

radioactive hormone is released at a much faster fractional
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rate than immuno reactive hormone. Under the conditions pre

sented, this results in a >30 fold higher specific activity of

the secreted hormone than that observed in the remaining

reservoir.

In contrast to all previous schemes the labile pool repre

sented in figure 2d contributes only a minor portion of total

released hormone (20%). However the secretory rate from this

compartment is 4 times greater than for the stable pool. In

this state radioactive hormone would also be secreted at a

greater fractional rate than immuno reactive hormone, so that

based on the differences in the specific activities between

the secreted and remaining hormone reservoir, newly synthes

ized insulin would apparently be preferentially released, but

most of the total insulin would be released from the stable

compartment.

Interesting to note that with the exception of the scheme

represented in figure 2c, changes in the various parameters

had relatively little effect on the actual specific activity

of the remaining hormone reservoir.

The third model (figure l{III }) supposes that the major

portion of the hormone reservoir remains dormant and is not

affected by hormone synthesis or release (maintains a constant

size >50% of the total hormone reservoir). With the imposed

constants, the only variable that can change in this model is

the size of the labile pool. Decreases in the size of the

labile compartment, illustrated in figures 3A, B and C, result

in elevation of the secreted insulin specific activity with a

concomitant decrease in the specific activity of the hormone

º:
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reservoir. As evidenced by the various states in this model,

preferential release of newly synthesized hormone will always

be observed and as the size of the labile pool diminished, the

cellular specific activity will also decrease.

MECHANISMS FOR COMPARTMENTAL RELEASE

Based on the various states within these models, three

possible mechanisms can account for preferential release of

newly synthesized insulin: 1) intra-cellular segregation -dif

ferences between secretory granule populations and differences

in secretory products (insulin I vs. II), 2) inter-cellular

compartmentalization - different B-cell populations within

islets, and 3) inter-islet differences within the pancreas -

variations based on islet composition, primordial origin,

size, etc.

In the rat pancreas, at least two different populations of

islets have been identified. These islets differ not only in

their topography within the pancreas -head vs. tail - but also

in their primordial origin and cellular composition [Baetens

l979]. Islets located in the "head" of the pancreas develop

from the ventral primordium and are composed of 90% B-cells.

Islets isolated from the tail of the pancreas are of dorsal

primordial origin and a greater proportion of their mass con

sists of glucagon containing A-cells [Trimble l981, 1982] .

Furthermore, B-cells within each islet represent a geographi

cally and morphologically heterogeneous cell population

[reviewed in Pipeleers 1987] .

Recent evidence indicates that individual B-cells exhibit
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a graded stimulus responsiveness so that each B-cell has a

specific stimulus threshold at which it may be recruited [Sol

omon l986] . Furthermore, cell-cell communication, via direct

inter-cellular junctions [Meda 1980, 1984] or paracrine effec
tors [Bonner-Weir l982, Pipeleers 1985] and autocrine mecha

nisms have been described as possible regulators of the insu

lin secretory response [reviewed in Orci l982] . This has lead

to the concept of "biosociology" of pancreatic B-cells within

islets which postulates a requisite synergistic interaction to

environmental signals [Pipeleers 1987] .

NON-INSULIN SECRETING CELLS

Preferential release of newly synthesized protein has also

been reported in several other "regulated" secretory cell sys

tems including those secreting prolactin [Swearigen 1971],

parathyroid hormone (PTH) [MacGregor 1975] , pancreatic amylase

[Salby 1976] , gonadotropin [Hoff l977] , vasopressin [Sachs

1969] and growth hormone [Stachura l985]. One of the better

characterized heterogeneous secretory cell systems is PTH

secretion from parathyroid cells [reviewed in Cohn 1983] .

Double isotope pulse-labelling experiments, using dis

persed porcine parathyroid cells, demonstrated that decreasing

calcium concentration (the physiologic regulator of PTH secre

tion) inhibited the rapid rate of PTH degradation and stimu

lated secretion of preexisting and newly synthesized PTH to

the same degree [Morrissey lo'79]. In contrast, dibutyryl-CAMP

and isoprote renol, preferentially enhanced secretion of preex

isting ("stored") hormone. On the basis of these observations

-38–



it was proposed that parathyroid cells contain a heterogeneous

population of secretory granules. In the unstimulated state,

the time between PTH synthesis and degradation is short, SO

that secretory granules apparently senescence at a rapid rate

and may therefore exist in various states of secretability

which constitute different granule populations. It was sug

gested that differential recruitment of preexisting vs. total

(newly synthesized and preexisting) hormone was a result of

physiochemical and/or spatial differences between these gra

nule populations. Although these investigators demonstrated

that the parathyroid gland contains two compartments of

secretable PTH they could not eliminate the possibility that

these differences may be due to differences in cellular char

acteristics within the gland rather than the proposed differ

ences in secretory granules within each cell.
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RATIONAL

Exposure of pancreatic islets to glucose results in a dra

matic increase of insulin secretion, which under maximal

secretory conditions is approximately 3-5 fold greater than

the maximal insulin synthetic rate. This ability to exceed

the synthetic rate is a direct consequence of the presence of

a large stored hormone pool. Based on the absolute size of

this reservoir islets can theoretically maintain a maximal

glucose stimulated secretory rate for over 12 hrs in the

absence of any additional hormone synthesis. Experimentally,

however, it appears that elevated secretion can only be main

tained for approximately 6 hours, reaching a maximal level by

about 4 hours and significantly diminishing thereafter. This

implies that the islet hormone reservoir exists in various

states of secretability. Therefore, understanding the secre

tory and storage character of the hormone reservoir is criti

cal in determining the mechanism responsible for dynamics

observed in the glucose stimulated insulin secretory response

In these studies hormone (insulin) synthesis, processing,

secretion and storage were evaluated in murine islets and

tumor cells, and their relation in determining the configura

tion of the hormone reservoir investigated. Furthermore,

murine islets synthesize two distinct insulins (I, II), their

individual regulation and distribution within the islet hor

mone pool were also investigated.

Aims:
-*

l) determine the steady state conditions for insulin syn

thesis,
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2) evaluate the effect of environmental conditions on pro

insulin to insulin processing,

3) characterize the storage and secretory properties Of

insulin secreting cells,

4) determine the effect of environmental conditions on the

configuration of the hormone reservoir,

5) evaluate possible mechanisms responsible for the nature

of the hormone reservoir,

6) determine if differences in the two non-allelic murine

insulins result in their different expression in islets.
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PROINSULIN TO INSULIN CONVERSION

Prior to evaluating secretory and storage properties of

islets it was necessary to determine the hormone synthetic and

processing characteristics under the conditions to be investi

gated.

SYNTHESIS

To minimize variability due to differential rates of

(pro) insulin synthesis initial studies were performed to

determine "steady state" conditions for maximal glucose (20

mM) stimulated insulin synthesis. Other laboratories have

demonstrated that glucose initially stimulates insulin synthe

sis at the translational level and only after approximately 60

min of exposure is there a detectable effect on transcription

of insulin mRNA [Itoh] . We determined that insulin synthesis

(as measured by the amount of radioactivity incorporated into

proinsulin + insulin following a 15 min 3H-leucine pulse)

reached maximum by 45 min preexposure to 20 mM glucose and

remained at this level for up to 225 min. Recent evidence in

our laboratory further indicates that in response to a partic

ular glucose concentration, maximal stimulation of

(pro) insulin synthesis is achieved by 45 min of exposure and

remains at this level for 24 hrs [Nagamatsu 1987]. Thus

(pro) insulin processing and secretion can be investigated

independent of synthesis.

ACUTE GLUCOSE PREINCUBATION: [J. Clin. Invest. 69:554,

1982]
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Having established "steady state" conditions for proinsu

lin synthesis, we investigated the kinetics of pro insulin to

insulin conversion. In all studies to be presented insulin

synthesis was maximized by preincubating islets for a minimum

of 45 min in 20 mM glucose prior to pulse. Following the 45

min preicubation with 20 mM glucose islets were pulsed l3 min

with 3H-leucine, then cultured for up to 160 min in media

containing 20 mM glucose. Samples were taken at specificed

times during the chase; media and islets were not segregated

but analyzed together at each time point. Figure 4 illus

trates the effect of time on the processing of newly synthes

ized pro insulin to insulin in islets. Consistent with other

reports [Steiner lo'72, Gold l980], pro insulin to insulin con

version did not begin until 30 min after pulse initiation,

then followed pseudo-first-order kinetics with a tl/2 of 50
min. Under these conditions by 2 hr approximately 75% of

radioactive proinsulin was converted to insulin. Disappearence

of proinsulin was matched by a corresponding increase in the

presence of insulin (figure 5). The amount of radioactive

proinsulin + insulin recovered at each time in the combined

samples was not statistically different indicating that, in

glucose stimulated islets, conversion was highly efficient and

digestion of newly synthesized (pro) insulin in islets or in

the incubation buffer was undetectable during a 2 hr period

(figure 5).

Note: the radioactivty in insulin and proinsulin for

this and all subsequent data was corrected for the leucine

content of each protein as described in methods. Furthermore,
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all data presented, except that specifically reported in dis

cussion of rat insulin I & II, does not make the distinction

between the two insulins. In subsequent studies incubation

media (secreted) and cellular (pro) insulin content were segre

gated and individually analyzed. Data will be presented so as

to indicate this distinction when appropriate.

ALTERATION OF POST-TRANSLATIONAL CONDITIONS

We next investigated the post-translational effect of

various agents on proinsulin to insulin processing. Follow

ing the pulse, islets were cultured in either K+, TPA, 2 mM

glucose or 20 mM glucose. As illustrated in figure 6, under

all conditions studied, the rate of proinsulin to insulin con

version remained unaltered. In these studies media and islets

were analyzed seperately; the data depicted in figure 6 repre

sents percent of intact proinsulin remaining in the islet

sample only at each time - proinsulin measured in media paral

leled that observed in islets. Thus it appears that once pro

insulin is synthesized, conversion to insulin is insensitive

to its surrounding milieu -independent of the secretory state

and to a certain extent the metabolic condition of the islet.

ACCELERATED PROINSULIN TO INSULIN CONVERSION

In vivo [Diabetes 35: 6, 1986] : Studies with islets from

rats made hyperglycemic by glucose infusion were reported to

have decreased insulin content and possibly accelerated the

rate of proinsulin to insulin conversion [Logothetopoulos

1980]. We investigated if acceleration of pro insulin process
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ing could be affected by pharmacological manipulations in

vivo. Tolbutamide (an insulin secretagogue) was orally admin

istered to rats for three days, after which time their islets

were isolated and studied for proinsulin synthesis and pro

cessing. Although this treatment resulted in a >75% decrease

in the amount of insulin contained in each islet (control = 38

+ l.2 ng IRI/islet, tolbutamide treated = 7.9 + l.2 ng

IRI/islet), the fed plasma glucose levels of the treated ani

mals were not significantly different from those of the con

trol group (figure 7).

Consistent with previous reports [Lee l970, Morris 1970,

Sodoyez 1970, Levy 1975, Schatz 1978] , tolbutamide pretreat

ment did not alter insulin synthesis - as determined by

*H-leucine incorporation into proinsulin and insulin (figure º

8). Pulse-chase experiments revealed that the onset time of

proinsul in to insulin conversion was approximately the same in

both groups of islets (figure 9). However, the overall rate

of pro insulin processing was dramatically accelerated in

islets isolated from tolbutamide pretreated rats (control

*1/2= 36 min, tolbutamide ti/2= 20 min; figure 9). These data
demonstrate that in vivo manipulation, which apparently main

tains the glycemic state of the animal, can differentially

affect proinsulin synthesis and processing. Furthermore, the

observed accelerated rate of proinsulin conversion does not

result from a decrease in the minimum time necessary for

transport to the conversion compartment.

In vitro: To determine if accleration of proinsulin

Processing could be induced in vitro, prior to initiation of
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the pulse, islets were cultured for either 45 min or 225 min

in media containing 20 mM glucose. Following the 15 min

pulse, islets were chased for up to 150 min in KRB containing
2 mM glucose. These chase conditions were chosen to minimize

loss of radioactive proinsulin from islets during the sample

collection period. As previously discused, the same amount of

radioactive hormone (pro insulin + insulin) was recovered fol

lowing both preincubation periods, indicating that by 45 min

of glucose stimulation proinsulin synthesis was at maximum.

As shown in figure lo preincubating islets for 225 min

vs. 45 min in 20 mM glucose results in a dramatic acceleration

of pro insulin to insulin conversion with no apparent change in

the time of onset (45 min exposure tl/2 = 4l min, 225 min

exposure ti/2 = 20 min). Others in our laboratory have
reported that the in vitro effect of glucose on accelerating

proinsulin to insulin conversion is dependent on active pro

tein synthesis during the incubation period [Nagamatsu l987] .

In addition, preincubation of islets with metabolizable agents

other than glucose (i.e. leucine) for similar time periods,

also accelerated pro insulin conversion [Nagamatsu personal

communication] . These data suggest that the metabolic or

secretory state of the islet, prior to the actual transla

tional synthesis of the hormone appears to play a critical
role in determining the rate of proinsulin to insulin conver

sion.

Mathematical model i Prohormone modification requires that

Proinsulin be transported to the conversion compartment (cla

thrin coated compartment) where actual enzymatic modification
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can take place [Orci l982] . To evaluate the contribution of

each of these steps in altering proinsulin processing kinetics

a mathematical model was developed. This model allowed inde
pendent variation of transport and cleavage activity and cal

culated their resultant effect on overall prohormone process

ing rate.

As previously reported, under non-accelerated conversion

conditions the observed proinsulin to insulin processing rate

has a half life of approximately 50 - 60 min. Other laborato—

ries have determined that under these same conditions proinsu

lin transport to the clathrin coated compartment occurs with a

half life of 10 – 15 min. According to this model, with a

set transport rate of 10 min, the enzymatic activity should

have a half life of 50 - 60 min to result in a pro insulin pro

cessing rate of 50% per hour. Because of the great differences

in the two rates, variations in the rate of transport to the

conversion compartment (t1/2 = 5 min, 10 min and 20 min) have
little effect on proinsulin processing (figure lla). In Con

trast, when transport was held constant (t1/2 = 10 min) varia

tions in the rate of enzymatic activity had profound effects

on the calculated proinsulin conversion rate (figure llb) Com

parison of the various computed curves with experimental data

(figure lo) indicated that modification in the rate of enzyme

activity could result in the dramatic acceleration of pro insu

lin processing. However, alterations in the transport rate

had relatively little effect on conversion. Thus based on

these mathematical calculations the molecular basis for accel

erated conversion appears to be related to an increase in
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enzyme cleavage activity.

INSULIN SECRETING TUMCRS [Diabetes 33:556, 1984]

Pro insulin to insulin processing was also assessed in

insulin secreting tumors. A transplantable rat insulinoma

(initially induced by X-irradiation [Chick l977] ) was studied

according to the protocol schematically represented in figure

26. Consistent with other laboratories investigating this

[Sopwith 1981] and other tumor cell lines [Praz 1983, Nielsen

1985, Hammonds 1987, Ashcroft 1987] we determined that

(pro) insulin synthesis and secretion in these cells was unre

sponsive to variations in the glucose concentrations (2 vs. 20

mM; figures 27, 28).

These tumor cells externalized a greater relative per

centage of labeled proinsulin than that secreted by freshly

isolated islets from normal rats (Table 4). The high level of

proinsulin externalization suggests that a portion of the

newly synthesized proinsulin either bypasses the conversion

storage compartment or transits through this compartment at an

accelerated rate which limits the exposure to the proteolytic

mechanism. However, at the termination of the experiment (152

min), rat tumor cells and normal islets contained a similar

proportion of intact labeled proinsulin (tumor cells l9.6%,

islet cells l'7.4%; Table 4). These data contradict previous

reports [Patzelt l978] and indicate that for hormone retained

intracellular, proinsulin processing kinetics appear to be
similar to that observed in islets.

{
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RA R N THE INSULIN RESERVIOR

Pulse-labelling experiments were designed to quantita

tively characterize the hormone reservoir in islets and insu

lin secreting tumor cells. The analysis was based on the

quantitaion of specific activities (cpm/ng) of purified insu

lin in media and islets; due to the unavailability of rat pro

insulin standards, prohomone was excluded from the specific

activity calculation. All studies were conducted under condi

tions of maximal glucose stimulated insulin synthesis and def

ined pro insulin processing kinetics, as described above. The

common paradigm used involved 45 min preincubation and l3 min

pulse in the presence of 20 mM glucose. With the exception of

prolonged glucose incubation studies, alterations in exper

imental conditions all occured after the pulse period.

COMPARTMENTAL PROPERTIES OF ISLETS

Kinetics of preferential release [J. Clin - Invest.

69: 554, 1982] : Initial studies evaluated insulin secretory and

storage characteristics in tthe presence of continued glucose

stimulation (20 mM). Following the pulse islets were cul

tured for up to 165 min during which time radioactive and

immuno reactive insulin were measured in individual secreted

and islet cell samples. Throughout the chase period, islet

immuno reactive insulin content ( 35 ng/islet) and the frac

tional rate of immuno reactive insulin secretion ( 2%/20min)

remained relatively constant (figures 12, 13 respectively).

However, the radioactive hormone distribution was markedly
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different.

Islets exhibited a progressive and significant decrease

of recovered radioactive insulin and proinsulin with time.

More than half of the newly synthesized hormone flowed through

the B-cells during these incubations (figure l2a). Note that

the loss of total radioactive proinsulin plus insulin far
exceeded the loss of immuno reactive insulin from these same

islets.

Hormone released into the incubation buffer is considered

in figure ly, which plots fractional secretion rates of immu

no reactive insulin and of total radioactive hormone plus pro

hormone. Although fractional rates depend on equivalent yields

of both secreted and cellular hormones for accuracy, frac

tional rather than actual rates were plotted because the iso

tope content of islets changed significantly with time (figure

l2a). Rates were calculated from the quantity of hormone

secreted during a 20 min interval; as an example, the rate at

the 30 min time point was calculated from hormone secreted

between 20 and 40 min. For the first 30 min there was almost

no radioactive hormone secreted (figure lj). Thereafter,

fractional secretory rates of nelwy synthesized hormone

increased rapidly and clearly exceeded the fractional secre

tion rate of immunoreactive insulin. Thus after the first

hour newly synthesized hormone (radioactive) was clearly being

preferentially secreted. During the earliest interval,

secreted newly synthesized hormone was rich in prohormone and

contained more radioactive proinsulin than insulin (table l) ;

note that it was not quite as rich in newly synthesized proin
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sulin as the hormone contained in the islets. After 60 min,

secreted radioactive hormone generally mirrored the extent of

completion of the cellular conversion of newly synthesized

proinsulin to insulin.

These data indicate that during glucose stimulation a

major portion of the newly synthesized hormone is present in a

hypothetical labile compartment resulting in its preferential

secretion relative to the older stored hormone. This confirms

the existence of at least two hormone pool within islets

(labile and stable) and is consistent with both models

describing the compartmental character of the hormone reser

voir discused earlier (figures 2,3). Furthermore, these

observations demonstrate that completion of proinsulin pro

cessing is not a prerequisite for secretion.

Size of the labile compartment [J. Clin. Invest. 69:554,

l982] : To predict how the size of a hypothetical, glucose

labile insulin secretory compartment affects preferential

secretion, a simplified mathematical expression was formu

lated, permitting integration of all the different time win

dows of sampling.

The mathamatical derivation was based on the schematic

representation of insulin biosynthesis coupled to heteroge

neous storage and secretion shown in figure lA. This illus

tration is a more detailed representation of the compartmental

models discused in the introduction (figure l). Furthermore,

it supposes that the labile compartment is smaller than the

stable insulin pool and that the flow of newly synthesized

hormone is directed predominantly into the labile compartment.
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Both assumptions appear to have merit as discused in the

introduction. In figure lA, proinsulin and other constantly

turning over insulin precursors are represented by P, and

insulin is represented by I. Lower case letters are rate con

***** *l – a 3 provide for the transit time of the precursors
(ER - Golgi -secretory granules), which occurs prior to ini
tiation of conversion. The continuous biosynthesis to secre

tion sequence represents the glucose-labile secretory compart

ment or "channel" of newly synthesized insulin; the lower box

represents the remainder of the stored hormone. Both storage

compartments contain proinsulin, which is secreted by the same

mechanism as insulin (not constitutive vs regulated). Proinsu

lin is represented in dynamic equilibrium with insulin in

these compartments only as a mathematical convenience to

describe a proteolytic reaction that does not go to comple

tion.

Equations written for insulin synthesis and secretion at

steady-state rates (not shown [Landahl l982] ) were used to

predict changes in the specific activity of cellular and

secreted insulin with time. Based on experimental data,

assuming steady state conditions for hormone synthesis was

appriopriate. However, because hormone processing and secre

tion continued to change with time, this compartmental model

is only justified for the conditions which exhibit similar

temporal kinetics ( 45 min min preincubation and l3 min pulse

in the presence of 20 mM glucose). As discused in the intro

duction, with only one homogeneous compartment, the specific

activity (defined as insulin cpm/ng insulin) of stored and
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secreted insulin would always be identical. With heteroge

neous storage, as the size of the labile compartment gets

smaller and smaller, the specific activity of secreted insulin

would exceed that of the cellular insulin more and more.

Hypothetical curves for different sizes of labile com

partments were computer drawn in figure 15a. In No. 1 the

labile compartment was 33%; in No 2, it was 20% and in No 3,

it was llº of the total islet insulin. The relative size of

the labile compartment can also be estimated visually because

the approximate size of the compartment is inversely related

to the ratio of maximal peak heights. The experimentally

observed changes with time of the specific activities of

secreted and cellular insulin are shown in figure 15b. After

the 15 min exposure to 3H-leucine, the specific activity of

cellular insulin continued to increase for 2 hr., due to the

slow cellular conversion of proinsulin to insulin. In agree

ment with previous reports [Sando l972, 1973], after l hr the

specific activity of secreted insulin markedly exceeded that

of the average cellular insulin. A comparison with the family

of hypothetical curves in figure l'5 indicated that these

experimental data most closely resembles that predicted for a

glucose-labile compartment containing 33% of the total islet

insulin.

Stimulation Sensitivity of the Labile Compartment [J.

Clin. Invest. 69: 554, 1982] : To evaluate the effect of other

agents on mobilization of insulin storage compartments, after

the pulse islets were cultured in KRB containing 20 mM glucose

till minute 90 (75 min post pulse), following which secreted
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hormone was sampled in two sequential 20 min intervals between

90 and 132 min. This paragdim was adopted to insure the

transport of the radioactive hormone into the secretory gra

nules and allow for the completion of at least two half lives

of pro insulin to insulin conversion. In control experiments

20 mM glucose remained the secretogogue throughout this

period.

As shown in figure l6, regardless of secretogogue or

secretory rate the specific activity ratio of secreted to cel

lular insulin was identical in each secretion interval. Test

secretogogues: 2 mM glucose + 50 mM +K, induced secretion by

depolarizing the plasma membrane; 20 mM glucose + IBMX, poten

tiates secretion by decreasing c-AMP degradation thereby

increasing cellular c-AMP levels. Preliminary experiments

indicated that IBMX induced major potentiation of the secre

tion rate. Thus the observation time period was shortened to

reduce excess loss of isotope and to provide actual amounts of

released insulin similar to the other secretogogues •

The effect of other agents and conditions were also eval

uated (Table 2 ) . With these very different stimuli, secre

tory rates differed by more than threefold (figure l6c). How

ever, the specific activity ratios between secreted and aver

age cellular insulin always remained the same, indicating the

same islet compartments were being mobilized in response to

acute stimulation with each of these agents.

Role of Islet Composition and Geographic location—on

Compartment Size [J. Clin. Invest. 69:554, 1982] : Islets from

the dorsal and ventral primordia of the pancreas were prepared
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in order to determine if preferential secretion of newly syn

thesized insulin would be comparable or different in islets

with established differences in cellular composition [Baetens

1979]. Islets from both regions contained identical amounts

of insulin (figure 17), but those from the ventral primordia

contained significantly less glucagon, as reported [Trimble

1981, 1982] . After continuous incubation in 20 mM glucose,

the fractional secretion rates of immuno reactive insulin from

both groups of islets were identical (figure l7c). The spe

cific activity ratios between secreted and cellular insulin

were comparable and the same as seen in experiments with total

pancreatic islets (figure 16, Table 2). Thus, under these

conditions, the hormone reservoir in islets from different

pancreatic locations and cellular composition, exhibit similar

compartmental characteristics.

Microtubule Involvement [The Importance of Islets of

Langer hans for Modern Endocrinology, p. 27, 1984; Federlin,

Scholtholt eds. , Raven Press] : Microtubules have long been

implicated in the B-cell secretory mechanism [Malaisse-Lagae

1979]. To determine if a sustained interaction between nas

cent secretory granules and a stable microtubule network was

required for preferential release, experiments were performed

according to the pargdim in figure l8. At a time coincident

with practically all of the labeled hormone being present

within secretory granules (ll0 min), assembled microtubules

were disrupted with 00C temperature, followed by sufficient

time at 370C for reestablishment of microtubular structures

[Means 1980] .
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Analysis of secreted hormone before and after treatment

showed that insulin with similar specific activity was being

released at both times (no alteration in the ratio of

secreted/cellular insulin specific activities; figure l8).

Thus, if specific sets of microtubules mediated preferential

release of newly synthesized insulin, dissolution and reforma

tion of microtubules should randomize secretion; however, cold

treatment had no randomizing effect. These data imply that

intra-cellular segregation of secretory granules may not be

involved in determining the compartmental properties of

islets. Furthermore, this is consistent with inter-cellular

differences being responsible for the insulin reservoir heter

ogeneity.

Role of m R -
[J.

Clin. Invest. 69:554, 1982] : For these investigations, pulse

labelling experiments were conducted according to the protocol

depicted in figure l9. Following the pulse islets were incu

bated in KRB made with 20 mM glucose but without added calcium

(a cation required for regulated secretion [reviewed in Pre

ntki l884 ) ). The fractional secretory rate of insulin

dropped dramatically without calcium in the buffer (figure

19a). Instead of a higher specific activity, as observed with

the other stimuli, the low amounts of secreted insulin in the

absence of calcium, had a lower specific activity than the

average cellular insulin (figure l8b). Thus, under these con

ditions islets apparently preferentially released older insu

lin. Upon readdition of KRB containing calcium, the secretion

rate and the specific activity ratio increased significantly,
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indicating that the labile compartment remained viable and

responsive to glucose. These data demonstrate that heteroge

neous insulin release is a calcium dependent phenomenon and

that in islets externalization of newly synthesized insulin
does not occur via the constitutive pathway (at this time)

[Kelly l985] .

Non-metabolizable Effectors of Heterogeneous Secretion:

The differential externalization of newly synthesized vs.

stored insulin in the presence and absence of calcium

(respectfully) suggested that compartmental recruitment of

secreted insulin may be a regulated process. Pulse-chase

experiments were performed to evaluate the effect of post

translational incubation conditions on the preferential

release of newly synthesized insulin.

Following the pulse, islets were incubated for up to 165

min in media containing 20 mM glucose, 2mm glucose + 50 mM K+

or 0 mM glucose + 100 nM Phorbol-12-Myristate 13-Acetate

(TPA), during which time secreted and islet cell samples were

collected and analyzed for their radioactive and immunoreac

tive insulin content (figure 20).

These agents effect insulin secretion in the following

manner: K+ is a non-specific stimulator of insulin secretion

which acts by depolarizing the cell and TPA is a potent insu

lin secretogoge believed to exert its action through activa

tion of protein kinase C.

Figure 20 illustrates the effect of time on the specific

activity of secreted and cellular insulin during incubation

with each agent. Under each condition studied the specific
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activity of the secreted insulin was greater than that of the

cellular insulin. These data demonstrate that preferential

release of newly synthesized insulin is not a stimulus spe

cific phenomena.

Effect of secretory state i To determine if different

secretory states can affect quantitative differences in pref

erential release, islets were incubated for the ll 5 min post

pulse period, in media containing 2 mM, 5 mM, 10 mM or 20 mM

glucose. These concentrations encompass the glucose stimu

lated dose response curve for insulin secretion. During the

last 20 min of incubation, secretion samples were collected

(figure 21) and the radioactive and immuno reactive insulin

content determined in both secreted and final cell samples.

As illustrated in figure 21 increases in the glucose concen

tration resulted in concomitant elevations of insulin secre

tion and increases in the specific activity of the secreted

insulin relative to cellular insulin - as evidenced by the

ascending secreted/cellular insulin specific activity ratio

with elevation in glucose concentration. These data demon

strate that different rates of insulin secretion result in

greater release of newly synthesized insulin suggesting that

the size of the "labile" compartment may be determined by the

secretory state (rate) of the islet.

The effect of prolonged 2 mM glucose preexposure on a

subsequent glucose stimulated secretory response was also

investigated (figure 22). Following the pulse islets were

maintained for 60 — 250 min in 2 mM glucose, then stimulated

with 20 mM glucose for either 20 or 40 min (two sequential 20
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min periods). As illustrated in figure 22 maintaining islets

in 2 mM glucose (which is an extreme hypoglycemic condition)

has little effect on the secreted/cellular insulin specific

activity ratio. However, these same conditions result in a

progressive decrease in the amount of total immuno reactive

insulin released in response to maximal glucose stimulation.

Interestingly, the decreased secretory responsiveness exhi

bited kinetics similar to that observed for islets maintained

in media containing elevated glucose concentrations (Matchin

sky, Bolaffi).

Taken together these data indicate that preferential

release of newly synthesized insulin is an inherent

Consequence of stimulated insulin secretion from islets.

Furthermore, this process does not appear to be stimulus spe

cific but does exhibit a temporal component.

First and Second Phases of Insulin Release: To determine

the contribution of newly synthesized insulin during the first

and second phases of insulin secretion experimental protocols

were modified. As illustrated in figure 23, following the

pulse islets were incubated in 2 mM glucose for 75 min, then

stimulated with 20 mM glucose for three sequential periods of

l0, 20 and 20 min. Based on observations from this and other

laboratories, this paragdim would result in the first phase of

release being segregateed into the initial lo min stimulatory

period while the ascending second phase of insulin secretion

would be distributed in the subsequent periods. In addition,

this extended culture time would minimize any possible secre

tory response alterations due to the potentiating effect of
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prior glucose exposure on subsequent glucose stimulated insu

lin release [Grodsky 1969, Cerasi l975, Grill 1978] .

Depicted in figure 23 are the fractional secretory rate

and the secreted/cellular insulin specific activity ratio for

each period. As expected the rate of insulin secretion

increased throughout the duration of glucose stimulation. The

first phase of insulin secretion was marked by a low level of

immuno reactive release and a secreted/cellular insulin spe

cific activity ratio of less than unity. In each subsequent

stimulatory period there was a dramatic increase in the immu

no reactive insulin secretory rate and a coincident elevation

in the ratio of secreted/cellular insulin specific activity.

These data are consistent with the previous observations indi

cating that greater stimulation of insulin secretion is asso

ciated with a greater release of newly synthesized insulin.

Furthermore, these increases in secretory rate and specific

activity appear to represent a potentiating effect of glucose

on insulin secretion. In terms of the insulin reservoir model

presented, these data suggest that first phase insulin release

may: 1) recruit from a relatively small third secretory com

partment close to terminal release that still contains older

insulin that must be released (depleated) prior to secretion

of the newer insulin, or, 2) occurs from both the labile and

stored compartment to the same extent.

TOlbu - et I e -
[Diabetes 35: 6, 1986] :

To determine the effect of diminished islet insulin content

-induced in vivo - on the secretion of newly synthesized

insulin, normal rats were treated for 3 days with high doses
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of tolbutamide after which islets from treated and control

animals were isolated and their insulin secretory characteris

tics investigated. As previously described, tolbutamide

treated islets exhibited decreased islet insulin content and
accelerated pro insulin to insulin conversion but the

(pro) insulin biosynthetic rate remained unaltered (figures 7).

Initial pulse-chase experiments conformed to the parigdim

described by figure 26. As illustrated in figure 24, islets

from tolbutamide pretreated rats exhibited a significantly

decreased glucose-stimulated insulin secretory response during

the observation period (90-130 min). During the same period,

the secreted/cellular insulin specific activity ratio was much

lower in pretreated islets than that calculated for controls.

Analysis of the temporal distribution of newly synthes

ized insulin revealed that prior to the lCO min time point,

the specific activities of the secreted and cellular insulin

from treated islets were almost identical and diverge rela

tively little thereafter (figure 25). Furthermore, at each

time measured the specific activities of secreted and islet

insulin were 4 - 5 times greater in islets from tolbutamide

treated rats than those of untreated animals (figure 25 vs.

20). It is apparent from visual inspection of figure 25 that

the secreted/cellular insulin specific activity ratio remains

relatively constant throughout the chase period and does not

significantly deviate from unity -indicating that islets pre

treated with tolbutamide secrete insulin in a homogeneous pat

tern.

In contrast to untreated islets (figure lS, 20), these
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data demonstrate that tolbutamide administration in vivo

apparently hyperstimulated the islets insulin secretory

response and dramatically depleted the stored insulin reser

voir. These alteration were associated with the following

in vitro observations: l) acceleration of proinsulin to insu

lin conversion, 2) decreased amount of insulin secreted with

no alteration in the fractional rate of release, 3) dissolu

tion of the compartmental secretory properties of islets (the

diminished insulin reservoir appeared homogeneous and no

longer conformed to the model state proposed earlier for nor

mal islets), and 4) a direct dependence of the insulin secre

tory rate on the (pro) insulin synthetic rate as evidenced by

the high specific activity of the secreted insulin.

The dramatic depeltion of the insulin stores agrues

against the presence of a massive inaccessible pool of stored

hormone and is inconsistent with the proposal that a large

portion of the insuilin exists in an inert compartment.

Prolonged glucose stimulationi To evaluate the effect of

prolonged glucose exposure in vitro on the compartmental

properties of islets a different experimental protocol was

introduced. Prior to pulse, islets were preincubated for 225

min under three different conditions: 1) 20 mM glucose for 225

min, 2) 2 mM glucose for 180 min, then 20 mM glucose for 45

min, or 3) 2 mM glucose for 225 min. Following the l8 min

pulse in 20 mM glucose, islets were maintained in media con

taining 20 mM glucose thereafter (till min l90). A 20 min

secretion sample was collected between minutes llo - 130 post

pulse.
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As illustrated in table 3, the fractional secretory rate

of immuno reactive insuiln during the 20 min interval (ll,0-l:30

min) was similar under all three conditions. However, the

actual amount of insulin secreted per islet differed dramati

cally. Consisted with the reported kinetics of the onset of

third phase insuiln release ("desensitization"), islets conti
nuously exposed to 20 mM glucose throughout the experiment

secreted less insulin during the collection period than

either, islets preincubated for 225 min in 2 mM glucose or

those cultured 180 min in 2 mM glucose then 45 min in 20 mM

glucose prior to pulse (0.46, 0.96. l.00 ng/islet x 20 min

respectfully). This incongruity is partially due to the

decreased islet insulin content following 355 min of culture

in 20 mM glucose (26.64 ng/islet vs. 36.3 ng/islet in con

trols). The culturing of islets for just under 6 hrs in 20 mM

glucose also resulted in a dramatic elevation in the specific

activity of the secreted insulin when compared to the other

two conditions (Table 3), or to the insulin secreted by fresh

islets preincubated for only 45 min in 20 mM glucose prior to

pulse (presented above). Furthermore, following continued glu

cose exposure ( 6 hrs), the calculated secreted/cellular insu

lin specific activity ratio was approximately three times

greater than that observed for any other conditions investi

gated.

These studies demonstrate that prolonged exposure to glu

cose alters the compartmental character of the islet insulin

reservoir, so that newly synthesized insulin is secreted with

an even greater preference than observed following more acute
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glucose stimulation. Thus, based on the two compartment insu

lin reservoir models, "chronic" stimulated secretion appar

ently depletes the stimulus defined "labile" secretory pool

resulting in less dilution of newly synthesized hormone by

residual older insulin in the labile compartment. This sug

gests that the decrease in insulin secretion during the

"third" phase of insulin release may be a consequence of "com

partmental exhaustion" resulting in a more direct coupling of

the secretory rate and the rate of insulin synthesis.

INSULIN SECRETING TUMCRS [Diabetes 33:556, 1984]

A common characteristic of insuilnomas is their inability

to repond approriately to changes in glucose concentration.

To determine if this attenuated responsivness corresponds to

alteration of the hormone reservoirs compartmental properties,

insulin secretion and storage were evaluated in insulin

secreting tumors. Tumors were excised from carrier rats and

treated according to the paragdim illustrated in figure 26.

Consistent with other reports [Sopwith 1981, Patzelt

l978] these tumors demonstrated a continuous elevated frac

tional rate of insulin release that was unresponsive to

changes in glucose concentration and showed only a minor aug

mentation of insulin secretion in response to leucine and IBMX

(figure 27, 28). At the termination of the experiment (152

min) the specific activity of insulin present within tumor

cells was three times greater than islets identically treated

(34 cpm/ng vs. ll cmp/ng; Table 4). Furthermore, under all

conditions studied these insulinomas secreted insulin in a
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homogeneous manner (figure 29), as evidenced by

secreted/cellular insulin specific activity ratios of approxi

mately one.
*-

Note; these experiments cannot exclude the possibility

that incorporation of 3H-leucine in the insulinoma may have

occurred from a cellular leucine pool that was not identical

to that in normal islets. However, a threefold more rapid

replacement of stored insulin by de novo synthesis appears to

be more consistent with the data. On a cellular basis, a

threefold more rapid replacement of cellular insulin could

indicate either that rates of proinsulin biosynthesis are

higher than rates in maximally glucose-stimulated islets or

that insulin storage capacity is decreased in these cells (or

possibly both).

These studies demonstrate that hormone secretion and sto

rage by insulinomas does not exhibit the heterogeneous com

partmental character of normal islets. It appears then that

under conditions of continuous secretion and depeleted hormone

storage capacity (as also observed in tolbutamide pretreated

islets), the hormone reservoir loses its compartmental charac

ter and becomes a homogenous pool (figure l{I}). Furthermore

these investigations confirm that heterogeneous hormone

release can only be affected in a regulated secretory cell

system.

INSULINS I AND II

SYNTHESIS
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Effect of glucose stimulationi To determine the effect of

glucose on insulin I and II synthesis islets isolated from

normal Long Evans rats, were pulse-labelled as illustrated in

figure 30. Islets were preincubated for 225 min in either 2 or

20 mM glucose prior to pulse, then maintained in 20 mM glucose

thereafter. Because methodology for the quantitative separa

tion of the two proinsulins did not exist experiments were not

terminated immediately post-pulse, rather, a 95 min chase

period was introduced prior to any sample collection. As pre

viously determined, this length of time even at low glucose

preincubation conditions allowed for the completion of at

least 2 half lives of proinsulin to insulin conversion. Just

prior to the termination of the experiment, a 20 min secretory

period was collected and both secreted and islet samples ana

lyzed for their radioactive and immunoreactive rat insulin I

and II content.

As expected, preincubation in 20 vs. 2 mM glucose

resulted in a dramatic increase of newly synthesized insulin,

demonstrated by the significant differences in the amount of

radioactive insulin in secreted and islet samples (figure 30

). However, as can be seen by the percentage of rat insulin I

above each set of bars the relative distribution of radioac

tive and immunoreactive rat insulins I and II by this time was

approximately 60:40% insulin I to II. Furthermore, although

prolonged prior glucose exposure resulted in a significant

decrease in the actual amount of islet and secreted insulin

immuno reactivity (as previously described), no alteration in

the percent of insulin I and II were observed. These data dem
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onstrate that glucose stimulated the synthesis of both insu

lins in proportion to their immuno reactive content and

reported mRNA levels [Giddings 1986] . In addition, under

these conditions, which we previously demonstrated alter the

character of the insulin reservoir, islets continued to

secrete the two insulins in approximately 60:40%, insulin

1:11. Thus the relative synthesis and secretion of rat insuiln

I and II appear to be coordinately regulated by glucose and

independent of the compartmental state of the islet.

Regional differences: To determine if islets from dif

ferent primodial origins and geographic regions differentially

synthesize rat insulin I & II, islets from the "head" and

"tail" of the pancreas were isolated and cultured separately

for 6 hrs in media containing 20 mM glucose in the presence of

*H-leucine. Under these conditions the radioactive content of

rat insulin I: II in islets isolated from the "head" was

62: 38%, while that in islets isolated from the tail was

72: 28%. Thus in both groups of islets, during prolonged glu

cose exposure the two insulins were still synthesized in

approximately 60:40% insulin I: II.

Mouse islets: In mice the two insulins have been local

ized on two separate chromosomes [Lalley 1984]. To determine

if differences in genomic location have an effect on glucose

stimulated insulin synthesis, pulse-labelling experiments,

similar to those previously described for rats, were performed

using mouse islets. Groups of lo O islets were incubated for 45

min in 20 mM glucose or 225 min in 2 or 20 mM glucose, then

pulsed l3 min and cultured for 135 min in media containing 20

-67



mM glucose (figure 31). Although there was greater variation

in the data (when compared to rat islet experiments), under

all three conditions the relative distribution of radiola

belled rat insulin I: II was similar to that observed in rat
islets, approximately 60:40% (figure 31 ). Immunoreactive rat

insulin I and II measurements of the same samples contradicted

the radioactivity distribution data and suggested that mouse

islets contained greater amounts of immuno reactive rat insulin

II than I. Optical density measurements of rat insulin I and

II column elution profiles, of these samples were more consis

tent with the radioactivity distribution data indicating that

for these series of experiments measurements of immuno reactiv

vity were inaccurate. In contrast to rats, mouse islets

secreted very little insulin during the observation period

(<1% of insulin content). However, the labelled rat insulin

I, II which was externalized was in the same relative propor

tion as observed in islets. Thus in mouse and rat islets glu

cose apparently stimulates the overall synthesis and secretion

of both insulins to the same extent.

PROCESSING

Initial characterization: Experiments were performed to

determine how differences in the amino acid structure of the

two rat insulins affect their processing. Islets were prein

cubated for 45 min in 20 mM glucose, pulsed for 20 min and to

minimize hormone externalization chased for up to 250 min in 2

mM glucose (figure 32). Under these conditions the relative

appearance of labelled rat insulins I and II occurred with
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different kinetics (total mean proinsulin to insulin conver

sion half life was approximately 50 min).

At early chase times, rat insulin I was the predominant

radioactive insulin; prior to the 60 min time point it
accounted for greater than 85% of the radioactive insulin pre

sent. At later chase times, with continued proinsulin to

insulin conversion, the relative proportion of rat insulin II

increased so that by 150 min chase, when insulin maturation

neared completion, the intra-islet radioactive insulin distri

bution approached the IRI distribution (60:40%) found in

freshly isolated untreated islets (insulin I = 58.4%, insulin

II = 41.6%, SEM + 2.8%) . Furthermore, similar amounts of

total radioactive IRI in species I and II (insulins + proinsu

lins, after correction for loss due to C peptide excision)

were recovered at the beginning and end of these experiments

(3.3 x 10-3 cpm/islet at 20 min, 3.5 x 10-3 cpm/islet at 290

min), indicating that the proinsulins must have originally

been synthesized in a 60:40% proportion and that both insulins

remain stable for over 4 hours in islets. Thus differential

biosynthesis or degradation of rat insulin I or II cannot

explain the observed differences in the disproportionate

amounts of the two insulins at early chase times.

Accelerated conversion i We previously demonstrated that

in addition to stimulating insulin synthesis, preincubating

islets for over 3 hours in high glucose media accelerates the

proinsul in to insulin conversion rate. To determine what

effect glucose induced processing has on the temporal appear

ance of rat insulin I and II, following culture under acceler
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ated and non accelerated conditions, islets were pulsed for 20

min and chased for various times. Figure 33 illustrates the

actual number of counts incorporated into rat insulins I & II

under non-accelerated and accelerated conversion conditions,

at the designated chase times. Consistent with our previous

observation, 225 min culture in media containing 20 mM glucose

resulted in the appearance of greater amounts of radioactive

insulin at earlier times. At early chase times under acceler

ated conversion conditions, there was a dramatic increase in

the presence of both radioactive insulins. However, the rela

tive percent of newly synthesized rat insulin I at each time

under accelerated conversion conditions was approximately the

same as that observed under non-accelerated conversion condi

tions (represented by the percentages above each set of bars).

Thus, although at early chase times processing kinetics of rat

insulin I and II appear to be different, glucose accelerates

the conversion of both proinsulins to the same extent.

Intra-cellular transporti To determine if differences in

intra-cellular transport of rat insulin I and II could account

for their differential processing, pulse-labelling experiments

were performed in which transport from ER to conversion com

partment was terminated at various times during the chase, but

the actual enzymatic cleavage of proinsulin to insulin was

allowed to continue to completion. Transport was inhibited by

culturing islets in media containing antimycin A, a metabolic

poison previously shown to terminate intra-cellular transport

with no apparent effect on enzymatic conversion [Orci,

Stiener] . Other laboratories have further reported that

-70



cytosolic ATP is probably not required for the enzymatic con

version per se, but appears to be important in setting up the

intra-granular milieu necessary for processing [Rhodes et al.

1987 JBC 262: 10712] . This implies that once the prohormone

is sequestered within the conversion compartment and the cor

rect pH extablished, enzymatic activity in not effected by

alterations in the extra-compartmental environment.

Islets were pulsed 5 min and chased for 175 min in KRB

containing 2 mM glucose in the absence (control) or presence

of 50 um antimycin A (figure 34). Another group of islets

were cultured for 15 min following the pulse in 2 mM glucose

(till min 20) after which they were maintained in media con

taining 2 mM glucose + 50 um antimycin A for the remainder of

the experiment. The addition of antimycin A at 5 and 20 min,

resulted in 89% and 31% of the labelled proinsulin remaining

intact respectively vs. 3% in controls (figure 34). Under the

same culture conditions rat insuiln I accounted for approxi

mately 95% and 85% of the radioactive insulin present respec

tively. At the termination of the experiment control islets

contained K5% labelled proinsulin intact and rat insulin I: II

were present in 56: 44% distribution. Note, the same actual

amount of labelled rat insulin I was present by 180 min in

control islets and those treated with antimycin A at 20 min

(71 cpm insulin I/islet, 74 cpm insulin I/islet respectively).
In contrast the amount of radioactive rat insulin II was dra

matically different under the same conditions ( 58 cpm insulin

II/islet, 18 cpm insulin II/islet respectively). These data

indicate that transport of rat insulin I to the conversion
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compartment is completed by 20 min after initiation of the

pulse and apparently occurs at a faster rate than transport of

rat insulin II.

SECRETION

Effect of secretogogues: The effect of non-metabolizable

secretogogues and post-pulse secretory conditions on rat insu

lin I & II processing and secretion were further investigated.

After the pulse in 20 mM glucose, islets were chased for 75

min in either 0 mM glucose, 0 mM glucose + 25 um forskolin, 0

mM glucose + 100 nM TPA or 20 mM glucose (figure 35). Follow

ing the chase period, islets were stimulated with 20 mM glu

cose for the test periods previously described. As demon

strated in figure 35, treatment with these agents resulted in

vastly different secretory rates during the chase period (l.9%

in 0 mM glucose to 21.5% in 100 nM TPA). However, no signifi

cant alteration in the relative content of rat insulins I & II

in the post-chase secreted and islet samples was observed.

These data suggest that in islets, once the proinsulins have

been synthesized and transported culture conditions do not

differentially regulate processing or secretion of the two

insulins.

In the same experiments the contribution of each newly

synthesized insulin to the secretory pool was assessed.

Individual rat insulin I and II specific activities in

secreted and islet samples were calculated (figure 36 ). As

expected the specific activity of both insulins was at least

two fold greater in secreted samples than that found in
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islets. However, the ratio of rat insulin I to II specific

activities was almost identical for secreted media and islet

content (1.3 and 1.4 respectively). Therefore, heterogeneous
secretion is not a result of differential externalization of

the two insulins.

Stability and secretability i The effect of time on

stability and secretability of newly synthesized rat insulins

I and II was also evaluated. Following the pulse, islets were

cultured in 2 mM glucose for up to 250 min (figure 37).

Because culturing islets in 2 mM glucose in effect shuts off

insulin release, secretion data were collected by exposing

islets to 20 mM glucose for 20 min just prior to the collec

tion of islet tissue. To allow for completion of newly syn

thesized hormone transport into secretory granules and mini

mize the potentiating effect of prior glucose exposure on

subsequent glucose stimulated insulin release, collection of

secreted samples (reexposure to 20 mM glucose) began at minute

50.

Figure 37a depicts the relative percentage of radioactive

rat insulin II (Rat II/Rat 1411 x 100) in the secreted media
and islet samples. These data demonstrate that at all times

measured the two rat insulins are secreted in relative propor

tion to their islet content, indicating that both newly syn

thesized insulins remain stable for over 4 hrs after synthe

sis.

Under these extended culture conditions there was a

marked decrease of insulin secretion in response to glucose

stimulation (reexposure). Similar observations have been
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reported in studies characterizing potentiation of glucose

stimulated insulin secretion, however, the kinetics of this

decline (figure 37b) were strikingly similar to that described

for the third phase of continuous glucose stimulated insulin
release [Matchinsky 1986, Bolaffi 1986b).

These data demonstrate that, rat insulin I and II remain

stable in islets and appear to contribute to the storage and

glucose stimulated secretory pool in proportion to their syn

thesis and immunoreactive content throughout all phases of

glucose stimulated insulin release.
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DISCUSSION

Islets contain a large reservoir of insulin capable of

sustaining continuous elevated secretion for over 12 hrs.

Experimentally, however, glucose stimulated insulin release

starts to fall off by 4 hr of exposure [Gold 1976, Matchinsky

1986, Bolaffi l986]. Furthermore, islets stimulated with glu

cose apparently secrete newly synthesized hormone in prefer

ence to the large amount of stored insulin. Both these phe

nomena indicate that the large amount of insulin present in

islets does not represent a homogeneous pool. As described

in the introduction, two general models have been proposed to

account for the observed phenomena: 1) the presence of a

labile and stable pools that differ in their synthetic and

secretory properties, 2) the presence of active and dormant

pools with all insulin synthesis and secretion taking place

only in the active compartment. Note that these models are

described in terms of two compartments for the sake of clarity

and may actually be thought of more as a continuum between the

two compartments described in each model. Furthermore,

within the context of each model multiple states are possible

which may change with respect to time (figures 2a-d', 3a-c).

The actual state of the islet hormone pool is thus determined

by: 1) hormone synthesis, 2) size and distribution of the hor

mone pool, and 3) hormone secretion. To understand the secre

tory and storage properties of islets, it is therefore impor

tant to describe the nature of this hormone reservoir and

evaluate the various parameters that determine its character.

Our investigations have confirmed that the insulin reser
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voir represents a heterogeneous pool. Under all enhanced

secretory conditions studied (using various agents) islets

secreted newly synthesized insulin at a greater rate than

immunoreactive hormone; evidenced by the secreted insulin hav
ing a higher specific activity than islet insulin resulting in

specific activity ratios of secreted/islet insulin being
greater than unity. This implies that in islets, newly syn

thesized insulin is distinguished from the major portion of

the stored hormone and targeted for preferential release.

Studies performed in media devoid of calcium demonstrated that

this heterogeneous release is not a consequence of coordinate

hormone externalization by different pathways (regulated vs.

constitutive), but rather may be an intrinsic property of

regulated secretion in normal islets. The homogeneous secre

tory pattern observed in the insulinomas studied supports this

hypothesis; a characteristic of insulin secreting tumors is
their constitutive release of hormone and insensitivity to

glucose stimulation [Chick 1977, Praz 1983, Ashcroft l986] .

In addition heterogeneous secretion, as evaluated in these

studies, depended on the presence of a large amount of presyn

thesized (stored) hormone; when the hormone reservoir was

depleted (tolbutamide treated islets and tumor cells) homoge

neous secretion was observed. Thus preferential release of

newly synthesized insulin is not an inherent property of all

insulin secretory cells, but rather, a consequence of stimu

lating regulated secretion in normal islets that contain a

large stored hormone pool.

Quantitative evaluation of the storage and secretory
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characteristics of the insulin reservoir allowed us to concep

tualize the hormone reservoir in terms of a two compartment

model (illustrated in figure l{). Initially the islet hormone

pool was defined under conditions of continuous exposure to 20

mM glucose for a total of 230 min (which included a 45 min

preincubation period). The insulin secreted in these studies

had a 3 fold higher specific activity than that remaining in

islets. This was interpreted as demonstrating preferential

release of newly synthesized insulin which we proposed

resulted from the hormone pool consisting of at least two

hypothetical compartments - labile and stable. Comparison of

the data with that predicted by a rigorous mathematical model

confirmed that under these conditions the maximal size of the

hypothetical labile compartment approximated 33% of the hor

mone reservoir (figure 15).

Maintaining the same synthetic and processing conditions

we next evaluated the stimulus sensitivity of the individual

compartments. These studies determined that preferential

release of newly synthesized hormone was not a stimulus spe

cific phenomena. Furthermore, in other experiments, kinetics

of release were similar for all stimuli (figure 20). These

data implied that all stimuli access similar compartments and

the degree of preferential secretion of newly synthesized hor

mone indirectly correlated with the islets secretory state.

Our studies further demonstrated that the compartmental

configuration (state) of the hormone reservoir did not remain

constant, but responded to environmental stimuli. Following

>5 hrs of continuous glucose exposure the islet insulin con
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tent and the actual amount of immuno reactive insulin secreted

decreased. However, newly synthesized insulin was secreted at

an even greater fractional rate than previously observed; evi

denced by the secreted insulin having a >9 fold higher spe

cific activity than islet insulin. This indicated that in

response to continued stimulation, newly synthesized insulin

represented a greater proportion of the secreted hormone. One

interpretation of these data is that continued stimulation,

decreased the size of the labile pool, so that, radioactive

hormone mixed with a smaller amount of preexisting insulin.

Alternatively, if the size of the labile compartment were ini

tially very small, it could remain unchanged as it was fed by

synthesis, while the "stable" pool of insulin was not replaced

and therefore decreased. In this arrangement secretion from

the labile compartment would represent a relatively minor por

tion of the total secreted insulin while most of the secreted

insulin would originate from the much larger, but slower

releasing stable pool. Although either interpretation or

combination of both is possible, our experimental data do not

support the latter proposal being solely responsible for this

phenomenon; the alteration in the size of the stable compart

ment necessary to account for the increased specific activity

ratio observed following prolonged stimulation, would be far

in excess of that demonstrated in these experiments.

The basis for heterogeneous hormone release and its role

in islet physiology remain areas of debate. At the inception

of our study it was realized that heterogeneous release from

islets may be due to: 1) differing populations of islets, 2)
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secretion of different secretory products (insulin I vs. II),

3) presence of differentially responding B-cells within the

islet (i.e. core vs. peripheral cells), or 4) different secre

tory granule pools within the B-cells themselves. Although

results from our investigations can support either of the lat

ter two hypothesis (3 or 4), our data is more consistent with

heterogeneous secretion being a consequence of differentially

responding B-cells within islets.

Two subpopulations of islets, differing in primordial

origin (dorsal vs. ventral), pancreatic location (head vs.

tail) and cellular composition (differing in proportional

amounts of individual cell types A-cells, B-cells and D-cells

), have been identified [Orci l982] . These differences sug

gested an obvious source for heterogeneous responsiveness,

however, when segregated and independently tested in parallel,

islets from both groups preferentially secreted newly synthes

ized insulin during 20 mM glucose culture in almost identical

fashion. Thus, islets with such gross differences, and

response characteristics similarly exhibit heterogeneous

secretion, demonstrating that preferential release of newly

synthesized insulin is not restricted to a specific subset of

islets.

Rat islets synthesize two insulins (I, II) that are prod

ucts of non-allelic genes. It was reported that freshly iso

lated islets from normal rats contained similar amounts of the

two insulins (60 : 40%, insulin I: II), but glucose exposure

resulted in a 10 fold greater synthesis of insulin I than

insulin II [Kakita l982] . These observations implied that the
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two insulins were compartmentally segregated and therefore

differentially secreted.

Our investigations demonstrated that synthesis, process

ing and secretion of the two murine insulins was coordinately

regulated by glucose. Although maturation of insulin I and

II occurred with different kinetics (discused below), at all

times and conditions investigated, secretion of the two insu

lins reflected their distribution within islets. Thus, heter

ogeneous secretion is not a consequence of differential segre

gation of insulin I and II into the hypothetical labile and

stable pools.

It has long been recognized that islets are composed of

different cell types. Analysis of islet morphology has demon

strated that B-cells exist in differential cellular environ

ments in which they are juxtaposed not only with other B-cells

but also other hormone secreting cells. In this organizational

grouping the various cells communicate by direct contact

interaction (through gap junctions [Meda l980) ) and paracrine

effector systems, the net result being a "biosociological"

regulation of islet physiology [ reviewed in Pipeleers 1987 ) .

Recently this organizational heterogeneity has been extended

to the characterization of individual B-cells.

Experiments in vivo have shown that under continued

glucose stimulation B-cells located central within the islet

degranulate sooner than those at the periphery I reviewed in

Orci l984]. This implies that B-cells located in the islets

core either secrete insulin at a faster rate or are recruited

sooner than cells at the islet cortex. This was the first
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indication that differences in cellular topology correlated

with functional response differences. In addition studies

using dispersed islet cells, demonstrated that individual

B-cells exhibit differential secretory responses [Meda 1984] .

from these studies it is apparent that individual B-cells con

stitute a heterogeneous cell population which differ in rates

of insulin secretion, threshold sensitivity to stimuli and

possibly rates of hormone synthesis. This diversity of cellu

lar responsiveness and geographic degranulation gradient sup

port the hypothesis that cellular recruitment is the basis for

the glucose dose response characteristics exhibited by islets.

According to this theory increasing levels of glucose

would stimulate greater numbers of B-cells so that at a maxi

mal stimulatory dose all the cells capable of responding to

the particular stimulus have been recruited. In addition

there may be a temporal component involved in the recruitabil

ity of the different cell populations which implies that the

applied stimulus is not the only determinant for initiation of

secretion (glucose potentiation). This B-cell heterogeneity

may also be responsible for the compartmental properties of

insulin storage and the kinetic pattern of insulin release

observed in islets.

Consistent with this hypothesis, when islets were chroni

cally hyperstimulated (tolbutamide treatment) they secreted

newly synthesized and stored insulin in a homogeneous manner;

islets from tolbutamide treated rats secreted insulin with the

same specific activity as their intra-islet insulin. This

indicated that treated islets were no longer compartmental
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ized. This can be interpreted as showing that following in

vivo tolbutamide "priming," individual B-cells have become

more similar in their response characteristics. With this

same logic, insulin secreting tumors, which are believed to

originate from a single progenitor B-cell, should secrete

insulin in a homogeneous manner and indeed that is what was

observed. This further supports the proposal that islets com

partmentalization of the hormone reservoir and the dynamic

kinetics of insulin release are the consequence of the heter

ogeneous responsiveness of individual normal B-cells.

In addition, because of their decreased content, tolbuta

mide treated islets secreted a greater fractional amount of

both immuno reactive and radioactive insulin than that observed

in normal islets. Similar patterns of homogeneous insulin

release were also observed in rat insulin secreting tumors.

These tumors, which are unresponsive to many external stimuli

and reportedly contain little stored hormone, secreted immu

no reactive and radioactive insulin in similar fractional rates

as tolbutamide treated islets. These data demonstrate that

heterogeneous hormone release is a property of regulated

secretion that depends on the continued presence of an intra

cellular hormone reservoir and a graded stimulus responsive

In eSS e

Initial reports describing the effect of prolonged glu

cose stimulation on insulin secretion suggested that the

observed decrease of insulin release may result from the

exhaustion of a labile secretory compartment [Matchinsky l986]

or a desensitization of the secretory apparatus to the glucose
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induced signal [Bolaffi l986b) . Based on the B-cell heteroge

neity described, a mechanism can be envisaged in which glucose

stimulates a set of B-cells having diverse insulin secretory,

storage and synthetic characteristics. If secretion in these

cells exceeded the rate of insulin synthesis stimulation would

deplete their insulin reservoir at different rates. Continued
exposure would result in a gradual decrease in the size of the

"labile" compartment and amount of insulin secreted, with the

insulin secretory rate becoming progressively more dependent

on the rate of insulin synthesis. Because stimulation with

higher glucose concentrations or other secretogouges would

recruit greater numbers of heterogeneous cells there would be

expected, as was observed, a greater amount of insulin

released without a significant alteration in kinetics [Bolaffi

personal communication] . Furthermore, this model predicts

that preferential release of newly synthesized hormone can

only occur in secretory systems that retain their heteroge

neous cellular response characteristics and maintain a less

responsive pool of secretory material. Therefore, islets iso

lated from tolbutamide treated rats and insulin secreting

tumors should not exhibit the same phasic pattern of stimu

lated insulin secretion observed in normal islets (in particu

lar the decreased secretion following prolonged exposure to

stimuli). Rather, the maximal rate of stimulated secretion

would be limited to and have a greater dependence on the rate

of hormone synthesis. Although the possibility that a signal

desensitization phenomena may contribute to the attenuation of

insulin secretion cannot be dismissed, the experimental find
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ings of altered compartmental characteristics coincident with

phasic insulin secretion strongly support the cell heteroge

neity/recruitment hypothesis.
~

We can not exclude the possible participation of intra

cellular secretory granule heterogeneity in this phenomenon,

however, at present no evidence exists in support of this

hypothesis in islets. If a physical segregation of secretory

granules within the B-cell were responsible for the heteroge

neous release, disruption of the microtubule network should

have randomized this organization, this was not observed (fig

ure 18). Islets quantitatively exhibited the same preferent

ial release of newly synthesized insulin before and after

acute hypothermic exposure, which should have temporarily dis

rupted the existing microtubule filaments. Furthermore, find

ings in other secretory cell systems which proposed that

secretory granule heterogeneity was responsible for the

observed differential secretory properties (heterogeneous

release and decreased hormone externalization in response to

continuous stimulation) can also be explained on the basis of

heterogeneous cellular characteristics.

In one such system, as described in the introduction,

dispersed parathyroid cells secreted both new and old PTH when

media calcium is lowered, but when exposed to c-AMP only old

PTH was released [Morrissey l979]. Those investigators sug

gested that this response was a result of intra-cellular gran

ular sinecence, however, this can also be explained by heter

ogeneity of cellular responsiveness to the two stimuli (cellu
lar recruitment). One can envisage a mechanism whereby
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decreased calcium - the physiologic stimulus - recruits all

parathyroid cells while c-AMP stimulates a subpopulation of

cells that synthesize hormone at a slower rate. Alterna

tively extracellular calcium may continuously stimulate an

inhibitor of secretion in all cells and c-AMP may deinhibit

only a subset of those cells. In either case, exposure to

c-AMP would result in the preferential release of older hor

mone while cells stimulated with calcium would secrete both

new and old PTH. Thus it appears that cell heteroge

neity/recruitment may be a common secretory cell characteris

tic responsible for stimulus dose responsivness, compartmental

secretory properties and stimulus "desensitization".

Through our investigations we also defined proinsulin

synthesis and processing at various times and conditions.

Other laboratories have demonstrated that glucose stimulates

insulin synthesis at both the transcriptional [Permutt 1972a,

l974, Itoh l880) and translational level [Ashcroft 1978, Per

mutt 1972b, Welsh l986] . In isolated islets the translational

effect was observed within minutes of glucose exposure while

an increase in insulin gene transcription was observed follow

ing at least an hour of exposure [Itho l980, Giddings l982] .

Our studies demonstrated that (pro) insulin synthesis

reached a maximal rate by 45 min of exposure and remained at

that level for at least l80 min thereafter. Others in this

laboratory reported that islets exposed to ll mM glucose syn

thesized hormone at a constant rate during 24 hrs of culture

[Nagamatsu 1987] . Although insulin mRNA levels were not deter

mined, based on data from other laboratories, culture with ll
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mM glucose maintains insulin mRNA levels relatively constant

for the 24 hr period studied [Brunstedt 1982, Welsh l986] (the

mechanisms responsible for this observation remain controver

tial). These data imply that under conditions of continuous

glucose stimulation, where mRNA levels are sustained the

translational process appears to have reached a maximal level

(saturated) after only 45 min of stimulation.

Further investigation of the apparent translational limi

taion phenomenon would be critical in our understanding of the

regulation of protein specific expression. Glucose has long

been known to stimulate insulin gene transcription, however,

its effect on insuiln mRNA stability or degradation remains

unclear [Welsh l985, Nielsen 1985] . It is important to appre

ciate that in addition to stimulating insulin synthesis, glu

cose stimulates the synthesis of many other proteins (includ

ing the putative converting enzyme [Nagamatsu, personal commu

nication] ). This apparent glucose enhanced expression of many

islet proteins may result in the saturation of the cells

translational mechanism. Although no evidence is presently

available in support of this proposal one could postulate that

any number of factors involved in translation (ribosome num

ber, ribosome active state, amount of SRP or number of SRP

receptors, etc.) could be responsible for limiting this pro

C688 e

Glucose was also shown to stimulate synthesis of both

murine insulins (I, II) to the same extent. Whether exposure

to 20 mM glucose was 15, 60 or 240 min, insulin I and II were

synthesized in proportion to their relative content within rat
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islets (approximately 60:40% insulin I: II, as previously
reported [Clark l969, Rall lº'79] . This data is consistent

with reports of the effect of glucose on insulin I, II synthe

sis in normal islets cultured overnight [Rhodes 1979] and is

further supported by studies showing that chronic in vivo

hyperglycemia stimulates the synthesis of both insulin mRNA's

to the same extent [Giddings l986] .

The two insulins in mouse islets were also found to be

present in similar amounts. Note that in mice the two insu

lin genes are located on separate chromosomes [Lalley l984].

Because of this segregation is was unexpected to find equal

glucose regulation of synthesis and presumably mRNA levels of

insulin I and II. Thus, genomic separation of the two insu

lin genes does not differentially affect expression or glucose

regulated synthesis of insulin I and II.

These studies contradict previous reports that glucose

preferentially stimulates synthesis of insulin I vs. II

[Kakita 1982] . This discrepancy may result from a methodolog

ical artifact present in the original reports which interfered

with the quantitative recovery, separation or detection of the

hormones. Insulin I, II recovery and separation are very sensi

tive to ambient pH [Trump 1984]. Furthermore, specific anti

insulin antisera used for detection may exhibit a preference

for one or the other insulins; as demonstrated by our by our

immunoassay studies of individual insulin I and II from mouse

islets (figure 31, this was corrected for all other studies

reported here). As described in methods our quantitative

analysis using HPLC and consistent recovery yields precluded
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these complications.

Although our studies and those of other laboratories

[Clark 1969, Rall l98l] show insulin I: II to be present in

approximately 60:40% distribution, we cannot exclude the pos

sibility that islets isolated from rats and mice of different

strains contain different proportions of the two insulins. Our

studies with mice demonstrating a similar insulin I: II distri

bution (in mice the two non-allelic genes are located on dif

ferent chromosomes) suggest this is improbable but does not

conclusively eliminate this possibility.

Interestingly, disproportionate elevated expression of

insulin I vs. II has consistently been reported in rat B-cell

tumors [Cordell 1982, Giddings 1986] . In all cases investi

gated, the elevated rate of insulin I synthesis resulted from

both differential translational or pre-translational pro

CeSS eS e Although this preferential expression of rat insulin

I in tumors was assumed to result from alterations in cellular

mechanisms caused by tumor induction, it may be that individ

ual B-cells do not express the two insulins equally. Because

of the similarity in their 5'-flanking regions and relative

close genomic proximity ( 100 kb apart) it was supposed that

individual B-cells within normal rat islets would synthesize

both insulins in similar amounts. As studies with B-cell

tumors demonstrate this may be a false assumption. It

remains to be determined if similar amounts of insulin I and

II are present within individual B-cells of normal islets.

In angler fish islets, which synthesize two SRIF's that are

products of non-allelic genes, the individual cells reportedly
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contain either SRIF I or II exclusively [McDonald]. It is

conceivable that different B-cells may exhibit selectivity in

hormone expression, so that the relative proportions of insu

lin I and II observed in islets are a consequence of the num

ber of cells synthesizing each hormone. Our demonstration

that the relative distribution of insulin I and II is similar
in islets of different primordial origin and cellular composi

tion within the same pancreas of a particular strain of rats

indicate that if this determination exists it remains constant

for all islets studied from a particular animal. Furthermore,

our studies demonstrate that specific retention or secretion

of insulin I vs. II does not affect the character of the hor

mone pool observed in normal islets.

Because our analysis only evaluated the insulin present

in the hormone pool, it was necessary to define proinsulin to

insulin conversion for each set of conditions.

In a series of experiments by another laboratory

[Logothetopolus l980], it was observed that islets from rats

maintained at chronic hyperglycemic states apparently convert

pro insulin to insulin faster than islets from normal rats.

This implied that the prohormone conversion rate does not

remain constant and may be regulated by the environmental mil

ieu in vivo.

In these studies we demonstrated that hyperstimulation of

islets in vivo (tolbutamide treatment) significantly acceler

ates the rate of pro insulin to insulin conversion. Islets

isolated from rats treated with tolbutamide (3 days) appar

ently processed proinsulin twice as fast as islets from
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untreated rats (t1/2 = 20 min, 50 min respectfully). Tolbu
tamide administration did not cause elevated plasma glucose

levels, suggesting that chronic hyperglycemia is not a unique

inducer of accelerated processing in vivo.

-

The accelerated prohormone conversion phenomena was also

induced in vitro. Pulse-labelling experiments showed that

post-translational incubation conditions had no effect on the

proinsulin processing mechanism. However, preincubating

islets in 20 mM glucose for 225 min vs. 45 min resulted in a

doubling of the proinsulin to insulin conversion rate. The

kinetics of this accelerated proinsulin modification were sim

ilar to that observed in islets from tolbutamide treated rats,

indicating that a 20 min conversion half life is probably the

maximal processing rate. Others in this laboratory have demon

strated that this in vitro acceleration of pro insulin process

ing depends on protein synthesis and can be induced by agents

other than glucose I Nagamatsu] . Thus, accelerated proinsulin

processing is not a glucose specific phenomena, but rather may

result from a general activation of the islets metabolic

State.

Analysis of proinsulin to insulin processing in these

studies measured the end result of two events: 1) transport

from the ER to the conversion site, and 2) enzymatic cleavage.

Histochemical IOrci l974] and biochemical [Clark l969, Kemmler

1971] studies in other laboratories have reported that in

freshly isolated islets the transport rate of newly synthes

ized prohormone is much faster than the apparent rate of pro

insulin cleavage (approximately *1/2= 10–20 min vs. 50 min
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respectively). Based on these observations computerized

mathematical calculations were performed which integrated both

rates and computed a resultant overall rate of proinsulin pro

cessing. As expected, this analysis demonstrated that alter

ations in the transport rate had relatively little effect on

the computed processing rate while changes in the rate of

cleavage directly correlated with the observed alteration in

processing.

Consistent with the mathematical computations, inhibition

of ER to Golgi transport (using Antimycin A to uncouple ATP

synthesis) at various times following the pulse demonstrated

that, under non accelerated conversion conditions (only 45 min

preincubation before pulse), 75% of the prohormone had appar

ently been transported into the conversion compartment within

20 min of pulse initiation (figure 34). Others in our labora

tory have shown that accelerated proinsulin transport could

not solely account for the increased processing rate observed

[Nagamatsu personal communication] . Note, antimycin A had

previously been shown to be a very effective inhibitor of

intracellular transport, however, because the onset of action

had not been determined the calculated transport time is not a

definitive number and may indeed be longer than that assumed.

Further investigation has determined that glucose induced

accelerated conversion is dependent on protein synthesis

[Nagamatsu l987] , exhibits a glucose dose response curve simi

lar to that observed for insulin synthesis and is associated

with an apparent increased islet concentration of procathep

sin-B (the putative proinsulin converting enzyme [ Nagamatsu,
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personal communication] . These observations support the

hypothesis that the amount of converting enzyme available

before granule formation may control the rate of processing

activity.

Evaluation of processing of the individual insulins I, II

revealed that under non-accelerated and accelerated conversion

conditions, the kinetics of insulin I maturation were faster

than insulin II (figure 33). These differences in processing

kinetics for the two insulin s appear to result from differen

tial rates of transport of the two prohormones to the conver

sion compartment. Because proinsulin I and II could not be

quantitatively separated by the methods employed, the rates

for the individual prohormone conversion could not be deter

mined. As previously discussed it is not clear whether the two

insulins are exclusively expressed in individual B-cells or

both present in all B-cells. Therefore, the observed differ

ences in processing kinetics may represent different rates of

transport in cells that selectively synthesize insulin I vs.

II (in this case intra-cellular transport would be faster in

cells synthesizing insulin I). Alternatively, differences in

the amino acid structure of the proinsulins may confer selec

tivity for their intra-cellular transport. Differences in

rates of intra-celluar secretory and membrane protein trans

port have been reported for several cell systems [Lodish l983,

Fries l984]. However, the rat B-cell may be the first cell in

which differential transport of such similar proteins was

shown to occur within the regulated secretory pathway.

In summary, the hormone reservoir in islets exhibits a

-92



dynamic compartmental character which is associated with

alterations in the phasic pattern of insulin secretion. Fur

thermore, environmental conditions which effect the state of
the reservoir profoundly alter the islets hormone synthetic

and processing characteristics. The augmentation of these

parameters and the heterogeneous compartmentalization are not

restricted to a subset of pancreatic islets or selective for a

specific hormone product (insulin I, II). Therefore the basis

for the hormone reservoir compartmentalization and the kinet

ics of the secretory response result from either intra

cellular compartmentalization of secretory granules or heter

ogeneity of B-cell responsiveness within islets. Although we

cannot exclude the possible contribution of secretory granule

segregation, our investigations, and those of other laborator

ies, support the hypothesis that the dynamic hormone storage

and secretory properties observed in islets are a consequence

of complex inter-cellular interactions involving recruitment

of heterogeneous B-cell populations within the islet.
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METHODS

ISLET PREPARATION

Islets were isolated from ab. lib fed, 280-350 g male

Long-Evans rats (Simmonsen Company, Gilroy, CA) following the

method of Lacy and Kostianovsky [Lacy 1967] . Islets from dif

ferent regions of the pancreas (head vs. tail) were obtained

by excising, in situ, comparable amount of tissue from divi

sidn of each pancreatic primordia (ventral and dorsal respec

tively). Because of the extended time period over which

these experiments were conducted two different, yet similar ,

procedures for pancreatic tissue digestion were utilized.

The difference was due to the use of a different collagenase

which required altering the concentration and duration of

exposure for each of the digestion steps, however, both proce

dures yielded similar number of islets with comparable activ

vity. Minced pancreatic tissue (l cm ) was digested in 4.0

ml Hank's balanced salt solution, minus magnesium, at 37 C.

Collagenase (l; CLS IV, Worthington Biochemical Corp., Free

hold, NJ, 2; grade V, Sigma Chemical Co., St. Louis, MO: the

following procedure was used with collagenase 2, procedure for

collagenase l is described in [Figlewicz lob0] ) was used in a

three step procedure utilizing vortex induced agitation and a

high intensity lamp as a heat source - temperature being moni

tored by a probe immersed in the digestion media. The first

period was with 20 mg for 12 min, the second with 10 mg for 5

min, the third 5 mg for 5 min; all calculated on the basis of

tissue from one pancreas in 4 ml Hank's buffer. Each diges

tion was followed by two buffer washes and centrifugation to
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sediment the tissue. The final washed digest was centrifuged

for 15 min at lS00 g on an ice cold discontinuous density gra

dient consisting of 9 ml 60% and 9 ml 40% (vol/vol.) Percoll

(Pharmacia Fine Chemicals, Piscataway, NJ) to Hank's. Islets

present at the interface between the 60:40% Percoll layers

were collected and manually selected under a dissecting micro

scope with a drawn glass pipette.

ELING OF ISLET

In each experiment islets were put into 15 X 45-mm glass

vials, which, like all glass- and plasticware, were silicon

ized with Prosil-28 (PCR Research Chemicals, Inc., Gaines

ville, FL). Buffer was removed, and 0.5 ml of Kregs-Ringer

Bicarbonate (KRB) + 25mm

N-2-hydroxyethyl-piperazine-N-2-ethane sulfonic acid, pH 7.3,

was added. Incubation were at 370 C in an atmosphere of

95 : 5% °2; co2. Islets were preincubated and chased in KRB

containing different glucose concentrations for various time

periods, however for the pulse fresh KRB + 20mM glucose + 400

uci/ml 3H-leucine (TRK-170, Amersham Corp., Arlington Heights,

IL) was introduced; for reference this time was called 0 min.

Pulse was terminated by removing the radioactivity buffer and

then washing and incubating in KRB + 0.2 mM leucine +/- glu

COS ee All subsequent buffers also contained 0.2 mm leucine.

Samples of secreted hormone were collected after incubation

buffer was removed and islets washed to eliminate all pre

viously secreted hormones. Fresh KRB at 37 C was next intro

duced, and the islets were returned to incubation. A sample
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of hormones secreted during intervals specified in Results was

removed and filtered through a plug of tightly packed silicon

ized glass wool. Secreted hormone and hormone remaining stored

within the islets at the end of the sampling interval were

either frozen immediately or extracted and purified sepa

rately. Purification was done at 4 C without the addition of

carrier insulin as described below.

ANALYSIS

Samples were analyzed using reverse phase-High Performance

Liquid Chromatography (HPLC) and/or affinity and bio-gel chro

matography. Samples were specifically prepared for each of

these analysis procedures.

FFINIT BIO-GE HROMATOG

Chemical extraction: All samples were adjusted to l.0 ml

with fresh KRB and mixed with 4.28 ml of 356-ml ethanol; 64.1
ml water: 7.5 ml concentrated hydrochloric acid [Davoren

1962]. The next morning 50 ul of 2 M ammonium acetate was

added, and the pH was adjusted to 8.3 with ammonium hydroxide.

After centrifugation, the resulting supernates were decanted,

adjusted to pH 5.3 with l.0 M hydrochloric acid, and 10 ml of

ethanol and 20 ml of ether were added sequentially with mix

ing. The precipitate that formed after 2-4 hr, was pelleted

by centrifugation and air dried. The samples were dissolved
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and stored frozen in 4.0 ml of affinity column buffer (40 mM

sodium phosphate, pH 8.0, + 140 mM sodium chloride + 0.2%

bovine serum albumin + 0.025% thimerosal). A 70 % yield

after the entire chemical extraction procedure was estimated

by addition of a trace of porcine l.25I-insulin to a sample of

intact islets + 1.0 ml of incubation buffer.
Affinity Chromatography : Antiinsulin-Sepharose was made

from guinea pig antiinsulin serum (Miles Yeda, Israel) and

Sepharose 4B (Pharmacia Fine Chemicals). A crude globulin

fraction was prepared by dissolving lyophilized antiserum in 8

vol of water, with stirring, adding saturated ammonium sulfate

to a final concentration of 40% saturated. Precipitated pro

tein was pelleted by centrifugation, redissolved and then

reprecipitated with the same procedure. The final precipi

tate was dissolved with and extensively dialyzed against

Water. Dialyzed, crude globulin from 3.0 ml of antiserum was

covalently coupled to l.5 cm (packed volume) of freshly pre

pared cyanogen bromide-activated Sepharose at pH 8.0 by stir

ring for 15 hr at 4 C, excess reactive sites were blocked by

stirring the beads for an additional 4 hr in l.0 M methyla

mine. Beads were extensively washed with acidic and basic

buffers as described [Berne l975] , and then packed into col

umns that bound in excess of lS ug porcine insulin/l.0 cm

(packed volume).

Thawed experimental samples were applied to 1.0-cm (packed
volume) columns that were equilibrated with column buffer. 50

ml of column buffer was used to wash out unbound proteins, and

elution of insulin and proinsulin was started with 50 ml of
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l.0 N acetic acid. Insulin and proinsulin eluted with the

first 10 ml of acetic acid and were precipitated from this

sample with lot (final) trichloroacetic acid. The precipitate

was collected by centrifugation, washed three times with

ether, then dissolved and frozen in 10 mM hydrochloric acid +

0.05% bovine serum albumin ( Pentex Albumin fraction V, Miles

Laboratories Inc., Elkhart, IN). A yield of 85% was estimated

with a trace of porcine I-insulin applied to antiinsulin

Sepharose columns.

Bio-gel Chromatography: Insulin and proinsulin were

separated from each other on 1 X ll0-cm columns of Bio-gel

P-30 (Bio-Rad Laboratories, Richmond, CA) that were equili

brated and eluted with 3.0 N acetic acid + 0.05% bovine serum

albumin at room temperature. Insulin [Lundquist l976] from

the insulin peak was measured by radioimmunoassay with rat

insulin (Novo Research Laboratories, Bagsvaerd, Denmark) as a

standard, and radioactivity in all peaks was measured in Aqua

sol (New England Nuclear, Boston, MA) with a Packard Model

2425 Tri-Carb Liquid Scintilation Counter (Packard Instrument

Co., Downers Grove, IL).

Figure 38 is an example of an elution profile of a column

of Biogel P-30 loaded with a sample of islets that were incu

bated for 95 min at 37 C, then extracted and the hormones

purified as described above. There were only two peaks of

radioactivity: the first was coincident with a small immunor

eactive peak that marked the elution position of proinsulin;

the second was coincident with the large peak of immuno reac
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tive insulin. Insulin eluted with nearly constant specific

activity (counts per minute/nanograms immunoreactive insu

lin) throughout its peak, indicating relative homogeneity.

100% of a trace porcine l.25I-insulin, but only 40% of total

immunoreactive insulin, was recovered in the insulin peak

after day 2 of elution in 3.0 N acetic acid. For this reason

the calculation of specific activity of insulin was done as

follows: counts per minute eluted in the insulin region per

nanogram immuno reactive insulin in sample before chromatogra

phy. Measurements of specific activity, therefore, included a

small error (Klot) due to proinsulin and processing intermedi

ates in the original sample. Fractional secretion rates were

calculated with 100% equal to the sum of the hormone secreted

during the interval plus the hormone remaining stored in the

islets at the end of the interval.

When required the insulin and glucagon [Gerich l974] (Unger

antiserum 04A) contents of islets were measured by radioimmu

noassy of buffered dilutions of extracts that were obtained by

mixing the islets for 2 hr at 4 C in acid-ethanol + 50 mM ben

zamidine [Ensink lo'72] . All numbers are reported as the mean

+ SE. Differences were assessed by Student's unpaired, two

tailed t-test.

Calculations: Fractional rates of secretion were calcu

lated by assigning the value of 100% to the sum of all islet

ans secreted hormone. Measurements of radioactivity were

corrected for the loss of C-peptide during the purification

procedures by multiplying radioactivity eluting in the insulin

peak by ll/6. Half-lives for the conversion of proinsulin to
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insulin were calculated by the least-squares method (logarithm

of percent intact proinsulin versus time) for all points in

the linear portion of the conversion curve.

Computer modeling of insulin biosynthesis, compartmental

storage, fractional secretion and proinsulin processing were

done on an IBM PC incorporating a flow pattern for labeled and

unlabeled proinsulin and insulin (illustrated in figure lA

[Landhal l882] . This flow pattern features two cellular

insulin storage compartments: one compartment (labile) repre

sents a preferentially recruitable hormone pool (high frac

tional secretory rate). The second compartment (stable) con

tains the remainder of the total stored islet insulin. The

same rates for transport and conversion from proinsulin were

used for labeled and unlabeled insulin. In fitting this pat

tern, rate of biosynthesis of labeled pro insulin, transport

rate to secretory granules, fractional secretion of both

labeled and unlabeled insulins, rate of proinsulin to insulin

conversion and islet content of labeled and unlabeled insulin

were fixed by experimentally determined values taken from the

results presented in this discourse.

HPLC-Analysis

Samples : Following incubation secreted sample media and

islets (100 ul KRB) were transferred to 1.5 ml microcentrifuge

tubes (Eppindorf) and immediately frozen in a solid CO2
/ethanol bath. Samples were lyophilized, resuspended in

lCO-250 ul of lM acetic acid and maintained on ice till media

samples were redissolved. All samples were then frozen,
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thawed, vortexed, sonicated in ice bath, vortexed and refrozen

for analysis.

Separation : The two rat insulins, processing intermediates

and proinsulin were separated by reverse phase-HPLC ( ) using

gradient elution with acetonitrile and water, both containing

0.1% morpholine and 0.1% trifluro acetic acid vol/vol, using a

Dupont pep ER-8 column ( ).

Optimal separation of rat insulin I and II (7 min peak to

peak figure 39) was achieved using acetonitrile gradient

32-34% over 35 min. In samples where separation of both

insulins and proinsulin were required the following four seg

ment gradient was used: percentages correspond to the relative

$ acetonitrile in solution, 32-35° 30 min, 35-39% 7 min,

39-44%. 30 min and a flow rate of 1.5 ml/min. In the latter

protocol, insulin I and II eluted in approximately the same

positions depicted in figure 39. Under these conditions the

two proinsulins were inseparable and eluted as one peak

between 50 - 60 min. Difficulty in segregating rat proinsu

lins has consistently been reported (Halban l987). Note that

ambient temperature in the vicinity of the column appeared to

have a profound effect on column retention time (i.e. reten

tion time increased and peak definition declined with increas

ing temperature). Therefore, HPLC separation was performed

only when temperature could be maintained below 240 C. To

eliminate residual protein retention and "ghost peaking" elu

tion after each sample, columns were subjected to two 25-75%

acetonitrile gradient washes of 10 min each.
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One min elution fraction were collected directly into

scintilation vials or into tubes containing an equal volume of

twice concentrated phosphate immunoassay buffer (maintained in

ice bath). Samples eluted into assay buffer were immediately

vortexed upon collection and volumes split for scintilation

counting and radioimmunoassay. To each fraction for scitila

tion counting 5 ml of Hydrofluor was added and counted using a

Packard scintilation counter.

Identification: Identity of insulin I and II elution frac

tions were confirmed using immunopurified 3H-leucine and

**s-methionene labeled insulin. Only insulin II contains

methionene, which eluted in the peak contained in minutes 20 -

25 (figure 39). Purity of the fractions in each peak were

determined using SDS polyacrilamide gel electrophoresis flour

ography [Skinner l983]. The only radioactive substance pre

sent in the fractions exhibited a molecular weight identical

to that of immunopurified insulin.

Recovery: Immunoreactive insulin content of samples was

determined prior to HPLC. Samples were then subjected to gra

dient elution on HPLC and minute elution fractions, throughout

the gradient run, were collected into tubes containing twice

concentrated phosphate immunoassay buffer and immediately vor

texed so as to insure mixing of solutions. These samples were

then split and analyzed for immunoreactive insulin content and

radioactivity. Comparison of the cumulative IRI following

HPLC separation with that prior to this procedure, indicated

that 76% of total IRI was recovered.

IRI and radioactivity recovery of individual insulins I
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and II were also determined. l ml HPLC elution fractions,

corresponding to insulin I and II peaks, were collected sepa

rately into albumin coated tubes containing 50 ul of 5% bovine

serum albumin in water (weight/vol). The collected frac

tions were then lyophilyzed (4 hrs) and redissolved in 250 ul

of 1 M acetic acid. Aliquots of 25 ul each were taken for

IRI and scintilation counting for each insulin I and II

sample. 200 ul of the remaining samples were subjected to

reverse phase HPLC and then eluted minute fractions analyzed

for IRI and radioactivity as described above. Comparison of

IRI and radioactivity measurements of individual insulins

prior to and following HPLC revealed greater then 95% recovery

of both radioactive insulins and an average 85% recovery for

both insulin I and II.

Data represented in figure 31b were compiled from exper

iments in which eluted fractions were not vortexed immediately

upon collection; rather the two solutions, which remain sepa

rate, were mixed only at the completion of the HPLC run. The

disparity in the individual insulin I and II IRI suggest that

following this procedure the amount of murine insulin I was

preferentially reduced. In all subsequent analysis eluted

fractions were vortexed immediately following collection.

Adoption of this procedure resulted in the IRI contents of

insulin I in rat or mouse samples to always be greater than

that of insulin II.
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Figure l; These schematic illustrations depict 3 conceptual mod
els for the organization of the hormone reservoir to be dis
cussed; (I) a homogeneous pool, (II) heterogeneous compartments
(labile and stable) that differ in their response characteristics
(synthetic and secretory) and (III) an extension of model II, a
compartmental arrangement one of which contains hormone but
remains dormant, thus synthesis and release involve only one com
partment (active vs. inert).
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STATES Ol' MODEL. Two

-
Comixartment ul º, C. Itil 1, 1 rt mont

Synthesis Configurat on Release secreted
ºr 45 cpm

500 D 455 cpm 4.5 nt 9%,
45.5 ng **º-

5 cpm
500 –- || 49.5 ng +a+- lº,

SA 950/95=10 SA 50/5=10 SA ratio l

- -
88 cpm90 812 cpm

O -> 45.5 ng 4.5 * 9?

2 cpm
lo O 98 cpm - 5 ng l?

-
49.5 ng

SA 910/95-9.6 SA 90/5-18 SA ratio-l. 9

640 cpm

2 cpm

200 - D #"..." l Ha-e lº

SA=3. 8 SA 64.2/5=l28.4 SA ratio-33. 8

*
128 cpm

800 —- §: : 8 ns 168

8 cpm
200 192 cpm 4. 2 ng 4$
-> 90.8 ng mº

SA 86.4/95=9. 1 SA l’É6/5=27.2 SA ratio-2.9

Figure 2: The effect of alterations in the individual compartment
size and distribution of newly synthesized hormone on the storage
and secretory state of the hormone reservoir, based on model II
in figure l. In each state the following were held constant:
initial amount of total radioactive hormone and the total amount
of immuno reactive hormone released. The specific activity (SA)
of the released hormone and that remaining in the compartments
represents the radioactive hormone divided by the immuno reactive
hormone (cpm/ng). The SA ratio represents a relative measure of
the hormone specific activity of secreted vs. that retained in
the reservoir. SA ratio »l indicates a greater fractional
amount of radioactive vs. immuno reactive hormone was released.
These states are not meant to correlate with specific experimen
tal results to be discussed later, nor do they represent abso
lutes; rather they illustrate the effect of alterations in the
parameters determining compartmental configuration.
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STATES OF MODEL THREE

Compartments Hormone
Synthesis Configuration Release

-
100 cpm

1000 -> 900 cpm —º-
. A 45 ng

50 ng

* SA 900/95 - 9.5 SA lo■ )/5 = 20
SA ratio = 2. l

200 cpm
800Tcpm —*-*-loo■ ) –- P
20 ng

B

75 ng

SA 800/95 - 8.42 SA 200/5 - 40
SA ratio = 4.8

500 cpm
-

5 ng

1000 -> : s
- O

C 90 ng

SA 500/95 = 5.3 SA 500/5 - 100
SA ratio = 19

Figure 3: The effect of changes in size of compartments on the
hormone reservoirs secretory and storage character based on model
III in figure l.
radioactive hormone
evidenced by higher
increased SA ratio.
described in figure

As the size of the active compartment decreases
is secreted at a greater fractional rate;
specific activity of the secreted insulin and

The same calculations were performed as
2.
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Figure 4: Effect of time on the conversion of newly synthesized
proinsulin to insulin. Islets were incubated continuously in KRB
+ 20 mM glucose beginning at -45 min and exposed to 3H-leucine
between 0 - 15 min. Samples were obtained by extracting the
islets and the accumulated incubation buffer together. The
radioactivity eluting from columns of Biogel P-30 in the insulin
peak was multiplied by ll/6 to correct for the difference in leu
cine content between insulin and proinsulin.
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Figure 5: Effect of time on the recovery of proinsulin and insu
lin in the islets plus incubation buffer. Samples were obtained
and calculation performed as described in figure 4. Points rep
resent the mean + SE from six experiments.
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Figure 6: Effect of various post pulse culture conditions on pro
insulin to insulin processing kinetics. Islets were incubated in
KRB + 20 mM glucose beginning at -45 min including the pulse
exposure to 3H-leucine between 0 - 15 min. Immediately follow
ing the pulse islets were extensively washed and cultured for up
to min 150 in KRB containing these agents: 2 mM glucose, 2 mM
glucose + 50 um K+, 0 mM glucose + 100 nM TPA or 20 mM glucose.
Samples were obtained by extracting the islets and media collec
tions separately. The radioactivity eluting from columns of
Biogel P-30 in the insulin peak was multiplied by ll/6 to correct
for the difference in leucine content between insulin and proin
Sulin. Graph depicts percent of proinsulin remaining intact
within islets; following the 40 min time point the percent proin
sulin remaining intact in the secreted media paralleled that
observed in islet samples (data not shown). Points represent 3 to
9 experiments.
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Figure 7: (A) Effect of tolbutamide pretreatment on plasma glu
cose levels. Tolbutamide-treated rats were administered tolbu
tamide orally (500 mg/kg body weight) twice daily for three
consecutive days. Plasma glucose concentrations were measured
on tail blood, which was drawn at 9 a.m. from anesthetized ani
mals (approximately le hrs after the last tolbutamide administra
tion). (B) Effect of tolbutamide pretreatment on the insulin
content of isolated islets. Isolated islets were extracted at 4
C with acid-ethanol containing bezamidine. Insulin was measured
by radioimmunoassay. Statistical differences were assessed with
Student's two tailed, unpaired t-test. (C) Effect of tolbuta
mide pretreatment on the glucagon content of isolated islets.
Isolated islets were extracted as above in the presence of benza
midine. Glucagon was measured by radioimmunoassay.
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Figure 8: Effect of tolbutamide pretreatment on the incorporation
of 3H-leucine into proinsulin + insulin in isolated islets.
Values represent islets collected at later times (typically lil
min) plus all labeled proinsulin and insulin secreted from the
time of the pulse to the time of islet collection. The radioac
tivity eluted from columns of Biogel P-30 in the insulin peak was
multiplied by ll/6 to correct for the difference in leucine con
tent between insulin and proinsulin.
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Figure 9: Effect of time on the conversion of labeled proinsulin
insulin in islets isolated from control and tolbutamide-treated
rats. Radioactivity eluting from columns of Biogel, P-30 in the
insulin peak was multiplied by 11/6 to correct for the different
leucine content between rat insulin and proinsulin. Closed
circles represent experiments with islets from control rats (as
illustrated in figure 4) and open circles represent the mean +
SEM of three experiments done on separate days with freshly iso
lated islets from tolbutamide treated rats. Linear regression
lines were calculated for each set of measurements using all val
ues between 10% and 80% intact proinsul in : slopes of the two
lines were significantly different (P<0.001).
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Figure /O : Effect of prolonged exposure to 20 mM glucose on pro
insulin to insulin processing. Islets were preincubated for
either 45 min or, 225 min in KRB containing 20 mM glucose, then
pulsed with 3H-leucine between 0 - 15 min, also in the presence
of 20 mM glucose. After the pulse, islets were washed with 2 mM
glucose KRB and maintained in this buffer until the termination t
of the experiment. Combined islet and accumulated incubation
buffer samples were frozen immediately; then proinsulin and insu-

-

lin I, II were separated and analyzed using reverse-phase HPLC. *

Radioactivity eluting in the insulin I, II peaks was multiplied by
ll/6 to correct for the different leucine content between rat
insulins and proinsulins. Total radioactivity (proinsulins +
ll/6 insulins) remained constant; processing intermediates were
not included in these calculations. Linear regression lines
were calculated for each set of measurements. Data points rep
resent mean t SE of 3 - 5 experiments.
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MATHEMATICAL MODEL PROJECTIONS

A. Enzyme activity constant tº + 60 min
100 T

75 |-

50 P

% % o e •e 5 mi n

50H

Enzyme activity tº

*. 60 min

10H- **.

{ ** 24 min1 | _l | | | | 1–1
20 40 60 80 100 120 140 160

|Minutes

Figure || : Mathematical model for proinsulin to insulin process
ing was derived which allowed for individual variations in 1)
transport activity and 2) rate of enzyme cleavage. Computer
analysis provided calculated minute integrations for each set of
parameters. (A) Effect of alterations in transport rate on ove
rall proinsulin to insulin processing; enzyme activity remained
constant, ti / 2 = 60 min. (B) Effect of alterations in enzyme
cleavage activity on overall proinsulin to insulin processing;
transport rate to the conversion compartment remained constant,
tl / 2 = 10 min.

127



3.”
| .* ‘s. $º

| 6 O.
- -

| 4 - ! :
i

| O }. |
v

| PI • Ii 8

6 w 2* w i -*...* * * - .
• * *V - - -A

4 A---, 1 ×
-

./ \ I 4.

Z \

2 º-

A #--- ,-PI
Af *-3

O l l l —1

s O b. -

- -

IRI:i!
30 60 90 12O 15O 18O

Time (min)

Figure /2 : Effect of time on the recovery of proinsulin and insu
lin in islets. Samples were obtained from islets, which were
incubated continuously in KRB + 20 mM glucose beginning at -45 min
and exposed to 3H-leucine between 0 - 15 min. In fig a, the
radioactivity eluting from columns of Biogel P-30 in the
insul in peak was multiplied by ll/6 to correct for the difference
in leucine content between insulin and proinsulin. Points repre
sent the mean ± SE from eight experiments. In fig b, the
actual amount of immuno reactive insulin recovered from is lets
after chemical extraction and affinity chromatography was
plotted. Points represent the mean it SE from eight experiments.

128



EFFECT OF TIME ON THE SECRETION
RATES OF LABELED PI • I AND IRI
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Figure/3 Effect of time on both the fractional secretory rate
of radioactive proinsulin plus insulin and the fractional secre
tory rate of immunoreactive insulin. Samples were obtained from
islets which were incubated continuously in KRB + 20 mM glucose
beginning at -45 min and exposed to 3H-ieucine between 0–15 min.Évºy eluting from columns of Biogel P-30 in the insuiln
peak was multiplied by ll/6 to correct for the difference in leu
cine content between insulin and proinsulin. Points were drawn
at the center of the 20 min interval, and represent the mean + SE
from eight experiments.
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Figure // ? schematic diagram of a storage-limited representation
of B-cell function depicting proinsulin and other insulin precur
sors; I represents insulin, P represents insulin precursors;
lower case letters are rate constants •
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Figure i5 Effect of time on the predicted and experimentally
determined specific activity of secreted and cellular insulin.
In fig (a) steady state equations were used to predict the rela
tionships between the specific activity of secreted and cellular
insulin if the percentage of total islet insulin contained in the
glucose-labile compartment equals 33% in No. 1, 20% in No. 2 or ll?
in No. 3. In fig (b) experimental data were obtained from islets
continuously incubated in KRB + 20 mM glucose as previously
described. Points representing secreted hormone are drawn at
the center of the 20 min interval and all points represent the
mean it SE from eight experiments.
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Figure 16 : Effect of different stimuli on the rate of insulin
secretion and specific activity ratio between secreted and cellu
lar insulin. Islets were continuously incubated in KRB + 20 mM
glucose beginning at -45 min and exposed to 3H-leucine between 0
- lS min. The radioactivity eluting from columns of Biogel P-30
in the insulin peak was used for the calculation of the specific
activity of insulin. In fig a , islets were washed twice with
KRB + 20 mM glucose between 87 and 90 min and once between llo
and ll 2 min. Bars represent the mean it SE from ll or 12 exper
iments. In fig b, islets were washed twice with KRB + 20 mM
glucose between 87 and 90 min and once with KRB + 2 mM glucose
between llo and ll2 min. Bars represent mean it SE from nine
experiments. In fig c, islets were washed twice with KRB + 20
mM glucose between 97 and lo■ ) min and once between 120 and 122
min. A 7 min, rather than a 20 min sample of secreted hormone
was collected in KRB + 1 mM IBMX in order to analyze equivalent
amounts of secreted insulin in both intervals. Bars represent
the mean + SE from 10 or ll experiments.
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Figure 17 : Effect of pancreatic region of origin on the insulin
content, glucagon content and insulin secretory rates of isolated
islets. Experiments and analysis were performed as previously
described (continuous 20 mM glucose exposure). Bars represent
the mean ± SE from six experiments.
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EFFECT OF LOW TEMPERATURE ON
COMPARTMENTAL INSULIN SECRETION
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Figure /8: Effect of 20 min period at 00 C on the secreted/islet
insulin specific activity ratio. Islets were incubated conti
3uously in 20 mM glucose beginning at -45 min and exposed to
H-leucine between 0 and l3 min. After labeling, islets were

incubated at 370 C in 20 mM glucose until llo min, chilled to 00
from ll O to 130 min, then returned to incubation at 370 for the
duration of the experiment. Noncumulative samples of secreted
insulin were collected at 90-ll0 min and 150-l'70 min. All buf
fers were preequilebrated to their desired temperature prior to
exposure to islets. Insulin from secreted and islet samples
were purified by acid-ethanol extraction, affinity chromatography
and chromatography of columns of Biogel P-30. Bars represent
the mean t SE from four experiments.
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Figure 14 : Effect of calcium omission on the rate of insulin
secretion and the specific activity ratio between the secreted
and islet insulin. Following pulse, islets were washed twice
each time with KRB + 20 mM glucose without added calcium, first
at lS - 18 min and again at 87 - 90 min. Islets were washed once
With KRB + 20 mM glucose with calcium between llo and ll2 min.
Bars represent the mean + SE from nine experiments.
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Figure 20: Effect of time and post pulse culture conditions on the
specific activity of secreted and islet insulin. In all exper
iments islets were exposed to 20 mM glucose beginning at -45 min
and through the 3H-leucine pulse period, 0-15 min. After the
pulse islets were washed and maintained in KRB containing the
following: (a) 20 mM glucose, same as described in figure 4, (b)
l()0 nM TPA with no glucose present, and (c) 2 mM glucose + 50 mM
K+. Data represent mean + SE of 3 - 9 experiments.
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§
–45 0 15 110 130

|
Figure 21 : Effect of post pulse glucose concentration on secretory
rate and secreted/islet specific activity ratio. The data
represented in these graphs were compiled from studies conducted
at different times over a two year period in which similar exper
imental paradigms were followed. In all experiments islets were
exposed to 20 mM glucose beginning at -45 min and through the
*H-leucine pulse period, 0-is min. After the pulse islets were
washed with KRB containing the appropriate glucose concentration
and maintained under those conditions. At ll0-l:30 min a 20 min
media sample was collected. With the exception of islets main
tained at 2 mM glucose, secreted samples were collected in glu
cose concentrations in which they were cultured. Because islets
cultured in 2 mM glucose secrete only basal amounts of hormone
(below the levels necessary to make specific activity measure
ments) this group of islets was exposed to 20 mM for the 20 min
secretion collection period (ll 0-130).
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Figure 22 : (A) Effect of time on the specific activity of
secreted and stored insulin remaining in islets cultured with 2
mM glucose. Islets were exposed to 20 mM glucose beginning at
–45 min and including the 3H-leucine pulse, 0-15 min. Following
the pulse, islets were washed three times with KRB containing 2
mM glucose and maintained under these conditions until reexposed
to 20 mM glucose for 20 min. Secreted samples were collected
during 20 min exposure to 20 mM glucose following which individ
ual islet and media samples were immediately frozen and
subsequently analyzed using reverse-phase HPLC.
(B) Represents the percent of immunoreactive insulin secreted in
response to 20 mM glucose stimulation following culture in 2 mM
glucose for various durations. These points correspond to
secretion periods depicted in fig A. The total amount of immu
no reactive insulin (islet + media) was similar at all times meas
u red. Data points represent mean + SE of 3 - 5 experiments.
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Figure2.3 : Secreted/islet insulin specific activity ratio during
first and second phase insulin release. Islets were exposed to
glucose beginning at -45 min and through the 3H-leucine pulse,
0-l9 min. After the pulse islets were washed with KRB containing
2 mM glucose and maintained in this buffer until 90 min. At min
90 islets were exposed to 20 mM glucose for three sequential
periods of 10, 20 and 20 min during which secretion was measured.
This temporal collection of media conformed to the observed
kinetics of phasic insulin secretion I ref 1 ; first phase occur
ring within the first lo min of exposure. All samples were acid
ethanol extracted and individually analyzed.
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Figure2H : Comparison of secretory rate and secreted/islet insulin
specific activity ratio in islets from tolbutamide treated vs.
normal rats. Islets were continuously maintained in KRB contain
ing 20 mM glucose and exposed to 3H-leucine between 0 – 15 min.
Islet and media samples were extracted in acid-ethanol and chro
matographed using Biogel P-30 columns. Secretion was collected
for 2 sequential 20 min periods, 90-ll0 min and ll O-l:30 min.
Because data from these periods was very similar, measurements
were analysed as one collection period. Therefore, bars repre
sent the + SEM from seven experiments, or lé data measurements
each.
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EFFECT OF TOLBUTAMIDE PRETREATMENT
ON INSULIN SPECIFIC ACTIVITY

2OO r

. f S < secreted

15O
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Figure24. Effect of time on the specific activity of secreted and
stored insulin in islets isolated from tolbutamide treated rats.

Islets were :*:ly maintained in 20 mM gººse beginning at–45 min and exposed to 3H-leucine between 0-15 min. Points
represent mean + three or more experiments. Data points are
plotted at the center of the intervals, i.e., lº-45, in which
incubation buffers were removed and replaced with fresh KRB.
All samples were acid-ethanol extracted and chromatographed on
Biogel P-30 columns.
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Figure 20 t Schematic representation of the pulse-labeling exper
iments done with freshly isolated tumor cells. Tumor cells were
washed with fresh buffer during each transition period, then
resuspended and incubated in fresh buffer. Thus, noncumulative
samples of secreted hormone were obtained during each period.
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Figure 27 Effect of various secretory, stimuli on the fractional
secretion rate of immunoreactive insulin from rat tumor cells
during the chase period (between 15-90 min). Data from 5 to 6
experiments are represented as mean + SEM.
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Figure28: Effect of secretory stimuli during the windows on the
fractional secretory rate of immunoreactive insulin from rat
tumor cells. Three bars are ploted during each window to repre
sent data from experiments with cells incubated in 2 mM glucose,
20 mM glucose, or 20 mM leucine plus l mM IBMX during the marking
period.
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Figure 2°l : Effect of chase conditions (15-90 min) and secretory
stimuli on the specific activity of secreted and cellular insu
lin.
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Figure 30: Effect of glucose preincubation on synthesis of rat I

EFFECT OF GLUCOSE PREINCUBATION ON SYNTHESIS OF *

RAT I AND II INSULINS
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and II insulins. Islets were cultured for 225 min in KRB con
taining either 2 or 20 mM glucose, then exposed to 3H-leucine, in
the presence of 20 mM glucose between 0-l9 min. Following the
pulse islets were washed and maintained in KRB with 20 mM glucose
for the remainer of the experiment. A 20 min secretion sample
was collected between lll-l:3l min. All samples were immediately
frozen, then lyophilyzed and the two rat insulins seperated by
reverse-phase HPLC. Individual rat insulin I and II measu re
ments were performed HPLC eluted samples. Bars represent the
mean of 4 to 7 experiments. Percentages above the the bar corre
sponding to rat insulin I, represent the mean relative percentage
of radioactive or immunoreactive insulin I.
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MOUSE ISLET INSULIN I 8: II CONTENT
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Figure 31 : Effect of duration of glucose exposure on insulin I and
II synthesis in mouse islets. Prior to pulse, mouse islets were
cultured under the following conditions: -45 min incubation in 20
mM glucose, -225 min incubation in 2 mM glucose or -225 min
incubation in 20 mM glucose. All islets were then exposed toH-leucine, in the presence of 20 mM glucose, between 0-15 min.
Following the pulse islets were washed and maintained in 20 mM
glucose for the remainder of the experiment. Islet samples,
excluding culture media, were immediately frozen and subsequently
analyzed using reverse-phase HPLC. The top panel represents the
relative percentage of radioactive insulin I and II present in
mouse islets at min l90. The bottom panel the corresponding
immuno reactive measurements. Bars represent mean + SE of 3 to 6
experiments.
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APPEARANCE OF NEWLY SYNTHESIZED RAT I AND II INSULINS º

WITH TIME IN ISLETS
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Figure 32: Effect of time on the relative appearance of radioac
tive insulins I and II in rat islets. Islets were exposed to 20
mM glucose beginning at -45 min and including the 3H-leucine
pulse, 0-20 min. After the pulse islets were washed three times
with KRB containing 2 mM glucose and maintained under these con
ditions for up to 250 min. Samples were collected at times desig
nated; media and islets were not segregated, rather, frozen
together and rat insulin I, II and proinsulins analyzed using
reverse-phase HPLC. Bars illustrate the mean relative percent
age of labeled rat insulin I and II, the dashed line depicts the $ :
total immunoreactive radioactivity in insulin at each time, nor- -

malized to the total amount of radioactive proinsulins present at
20 min. All radioactive insulin I and II measurements were mul
tiplied by 11/6, to correct for loss of C-peptide. Each time
point represent 3 to 7 experiments.
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EFFECT OF ACCELERATED CONVERSION ON
APPEARANCE OF NEWLY SYNTHESIZED INSULIN I 8 II
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Figure 33: Effect of accelerated conversion on appearance of newly
synthesized insulin I and II in rat islets. Islets were prein
cubated in 20 mM glucose for either 40 min or 225 min, then
exposed to 3H-leucine between 0 - 20 min, also in the presence of
20 mM glucose. Following the pulse, islets were washed with KRB
containing 2 mM glucose and maintained at that glucose concentra
tion for the duration of the experiment. At times designated,
islets were collected and immediately frozen for subsequent ana
lysis using HPLC. The bars depict the mean number of counts +
SE incorporated into insulin I and II per islet at each time.
The percentage above each set of bars represents the relative
percentage of insul in I present. Data are from three to five
experiments.
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Figure 37: Effect of ATP synthesis inhibition on appearance of
insulin I and II in islets. Islets were exposed to 20 mM glu
cose beginning at -45 min including the 3H-leucine pulse, 0-5
min. After the pulse, islets were washed three times with KRB
coil taining 2 mM glucose and cultured with 2 mM glucose KRB in the
presence or absence of 50 um antimycin A, between 5 and l80 min.
Another group of islets were similarly washed and cultured in 2
mM glucose KRB without antimycin A between 5 and 20 min. At 20
min media was replaced with 2 mM glucose KRB containing 50 um
antimycin A and maintained in this buffer for the remainder of
the experiment. Bars represent mean + SE of three experiments.
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Chase period

0 15 90 - || | | | 3 |

…”
% Newly synthesized insul in

Rat I & I l

% IRI Secreted Secreted Islet
Chase Conditions (15-90 min) (111-131 min) (13) min)

1) 0 mM glucose 1.9 56:44 62:38

2) 0 mM glucose + 6.8 58:42 65 : 35
25 uM forskol in

3) 0 mM glucose + 21.5 59: 41 65:35
- 100 nM TPA

- - * . ,

4) 20 mM glucose 15.0 53:47 62:38

Figure 35. Effect of chase conditions on the relative distribu
tion of secreted and islet rat insulin I and II. Islets were

$xposed to 20 mM glucose beginning at -45 min including the
H-leucine pulse, between 0 - 15 min. After the pulse, islets

were washed three times with KRB containing the agents listed
under chase conditions and maintained in media containing these
agents until 90 min. At 90 min islets were washed with KRB con
taining 20 mM glucose and exposed to these conditions for the
remainder of the experiment. A 20 min secreted sample was col
lected between lll-l:31 min after which both media and islet
samples were immediately frozen and subsequently analyzed using
reverse-phase HPLC. Percent of immuno reactive insulin secreted
during the chase period (15 - 90 min) was calculated based on the
amount of islet insulin present at the end of the experiment, l:81
min, for each set of chase conditions. Data represent mean of 4
to 7 experiments.
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SPECIFIC ACTIVITY (cpm/ng insulin/ml)
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Rat I 89.9 42.1

Rat II 68.9 30.9
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Figure 3, 1 Effect of continuous glucose exposure on the specific
activity of individual rat insulin I and II in secreted and islet
samples. Islets were maintained in KRB gºing 20 mM glucosethroughout the experiment and exposed to *H-leucine between 0 -
l5 min. Secreted samples were collected between lll - 131 min
following which both media and islet samples were immediately
frozen. The two insulins were separated using reverse-phase
HPLC and the individual amount of radioactive and immunoreactive
insulin I and II determined. Data represent the mean of 5 exper
iments.
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Figure 37 : Effect of time on the relative percentage of radioac
tive insulin II present in secreted and rat islet samples.
Islets were **Bºsed to 20 mM glucose beginning at -45 min andincluding the 3H-leucine pulse, 0 - 15 min. After the pulse,
islets were washed and cultured for various times in KRB contain
ing 2 mM glucose. Secreted samples were collected during 20 min
exposure of islets to 20 mM glucose (i.e., for data point at 60
min, islets were cultured from 15 - 50 min in 2 mM glucose then
exposed to 20 mM glucose between 50 - 70 min; for data point at
290 min islets were cultured until 250 min in 2 mM glucose, then
exposed for 2 sequential 20 min periods to 20 mM glucose). The
lower panel represents the percent of immunoreactive insulin
secreted, corresponding to the stimulation periods. Immuno reac
tivity was based on measurement of IRI prior to HPLC analysis.
These data are complied from experiments carried out over a two
year period. Each point represents the mean + SE of 4 to lo
experiments.
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Figure 38 Profile of a typical sample eluted from a

Biogel P-30 column. Islets were incubated continuously in
*H-KRB + 20 mM glucose beginning at -45 min, exposed to

leucine between 0 to 15 min, and extracted at 95 min with

acidic ethanol. Proinsulin and insulin in these extracts

were purified by antiinsulin-Sepharose chromatography.

Purified samples were applied to a l- x 110-cm column of

Biogel P-30 and eluted at room temperature with 3 M acetic

acid + 0.05 t bovine serum albumin. Fractions are 2.0 ml

each.
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RAT INSULN I AND II HPLC ELUSION PROFILE
USNG 32-35% ACETONITRILE GRADENT
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FIGURE 37 Schematic representation of rat insulin I and II separa
tion in pulse-chased islets using reverse-phase HPLC with a 32-35% ace
tonitrile gradient over 35 min. The top panel depicts the optical den
sity elution recording at a wavelength of 215 nm. The middle panel rep
resents the radioactivity elution profile and the bottom panel is the
corresponding IRI measurements for each fraction. Under these condi
tions rat insulin II elutes first at 21 to 25 minutes followed by a
broader rat insulin I peak at 27 to 34 minutes.
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average time of 20
-

* com eluting in PI peak

min secreted sample (* com PI/ epm PI*I)

min mean it SEM
30 71. 3 + 7.5

68 62. 6 + 6. 2 ;

lll 32.3 + 4.2

l62 15. 6 + 2. l

Effect of time on the percentage of radioactive proinsulin

in secreted, newly synthesized hormone. The radioactivity

eluting from columns of Biogel P-30 in the insulin peak
was multipiisa by ii/s to correst for the differsfies in
leucine content between insulin and proinsulin. Numbers
represent the mean + SE from 8 experiments and are an

elaboration of data used for figure .
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STIMULUS

20 mM glucose

20 mM glucose +
l mM IBMX

-

20 mM glucose +
25 um forskolin

5 mM glucose

5 mM glucose +
loo ug/ml tolb.

2 m/M glycose +
.50 mM. K.
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SPECIFIC ACTIVITY
secreted insulin

15. lit 2. l
32.93. 5.9

l6.6+ 2.4

l3. lit 4.1

l6.0+ l. 8

18.6+ 1.7 .

28.7+ 4.4

SPECIFIC ACTIVITY
secreted/islet

3.36+ 0.24
3.55+ 0.46

3.69+ 0.32

3.04+ 0.51

2.60+ 0.33

3.25+ 0.42

3.47+ 0.44

RA 1.
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TABLE H

PROINSULIN BIOSYNTHESIS AND CONVERSION TO INSULIN IN TUMDR CELLS

VS CONTINUOUSLY GLUOOSE-STIMULATED ISLETS

MEASUREMENT TUMCR CELLS ISLET CELLS

% labeled, cellular proinsulin (16) 19.6 + 4.9 (8) 17.4 + 1.9l
remaining intact at lå2 min

% labeled proinsulin secreted
-

intact in windows

Window A ( 90 - 110 min) (16) 39.1 + 5.7° (19) 28.0 + 3.3

Window B (lll — 131 min) (16) al.s it 5.5" (10) 15.9 + 2.0°
windºw C (133 - 152 min) (is) 2.2 + 4.3" (10) 15.1 + 0.68°

Specific activity of cellular insulin (16) 34.3 + 7.9 11.0°
at 153 min (cpm/rig I.R.I.)

*Percentage of labeled proinsulin secreted from tumor cells in windows A vs B vs C
were significantly different (P º .001) from each other by paired analysis.

*Percentage of labeled proinsulin secreted from continuously glucose—stimulated
islets was significantly different (P & .O2) in window A vs B or window C by
unpaired analysis.

“Specific activity of insulin in continuously glucose—stimulated islets at min
152 (taken from reference 9)

158



·ae·
----•|-|-

----

·*

■

·

·

••

|-■
…

-■

…

…-
→

·-
-

*

…•
•••

·-

----

·

•••

■

-

----
|---

----·
*

.~
■

„
“*_■*-

*

,|-|-
···••

•——•



- º - - - -

- º * . . . . , º - . . -

- - - - -------
-

-------
- º - -

- - - * * -- . " -- - - - . - ~ .*.. . . . . . * -- * --- ... " . . . - * ~ *
- - -- º ------- - - - - * - - *-

* = *
- - --- - - - -

- - - - - - - -

º - - - - - * . .
- - - - - * * * - - - - - - - -

- - - - - -- - . - ** - - - - - - - -
- º - - - - - - - - - - -

- - - - - - - - - - -

* * - - * - - - - - - - ". . -- - - º
- - - - - - -- - - - * = - -* , - - - - - - - - -- * t -

- - - - - - *- -- - - - -
* . . . . . . . . . . . ; * , -

-

- - - - - - : -- • ----- - ---.
--

- -º * : * i --- - - - * - t - *-
---- . . . . -- - - - - - - - - - * * * * * -- - - - -

| -- - , - -- -- -
------ . - - -- -- - - . - - - * --

º - - - - - - - - * - - - - " * - - -- - - --- -- - - - * - - - -- -" - - -

- - - - - * - - - - - - - > -- * - - * * * * * - -

- * - - *- - - - - * * * * * º
---" * - - - - - - - - - - - * - - - -

--- * - - - - - -- - “. - - - - - -- - - - - - - -

- -- * -- - - - - * - . - - - - -> .

- -
*- -- - - - -- - - - - - - - *---

- - - - - - - - - - i - - - -
- - - - - - - - - -

- - * * - - - - - --- ----- . . "- - - - -- - - - --- --- .*
- -

*. ----- * * * - -

- - . - - - -- - . - … * ~ *. . . - * - * - - - - - *. º -

- - - - -- - * - * - - - - -

- --- - - - -

- - * - : *
- - - - * -- - - - - - - . . . .- - - - - -- * * -. -, * - - - - * * º - -*- -- - - * -

- - * * - - - s - - - . • * r * * *
. . . *... • - - - * - . - - - - - * -- - -

- - - - - . - - -
–

- - - * * - - - - - - - - - - - º - - - .
-- * . . . • * * * - - - -- * - -

, - - - - - - * - - - - - - - -.. - : - - --- - - - - - - - - ---

- - - - - - - º --- - - * * *- 2 --- - - - - - - º

- -
--- . . .” ‘. . - ** --

- - - º - - - º -- "…
- º - - º - - - - * * * * -

* - * - - - - - - - - - - - - - - - -

- - - - - - - - * - * -- - - -- .
- - - - -

-- - * * * * - : -- ->
-

". . . - - -

- - - - - - - - - - * * * * * *- - - - -- - - - - - -

- -- -
} •. - - tº . :* - - - - º - - * - -

- - * - - - - - - - . - -
: -- - - . - - - - ". . . . . . . . .

- - - - - - - - - - - º . -** * * *

- - - - - - - -
- - - - - - - - - - - - - - -

- - -
- . * - - - * - -- * . ." . . . . . . . . . . . . .

-- - : - - * - -
‘. . . . . . * * - - * , - - - - - - - -

- - - - - * . . . . . . * * - -
-* - * - - * * * º - º

º - - - - - - - - * . - - - º -

- - - -- - º - - - - - - - - - * * * - --- - - - - - - -" - - * * * - --.

- - * º * - sº re-º - - - * - - - !
- - - --- - - - - - --- -

! -- - * * * .* ; : º - -* : * , - - - - - - º - * - - - - - - , ,- * - : - - --- - - º

- - * - - - - - - -
--- - - - - -

- - - - - * -- *** * * * * * - * * * - -- - º - * . * -- - -

- : - * - - - - - º * - - •. - .. . . --- - - - -- - - - - - - - - - - -

-: * - - - - * -- - * • * * , , - -
. . . . . .

- -

- - - - - - - - - * * * * * - - - - - - - - -- * -- * --> *. * - . - … -

- - - - - - - - *- - -- - - -

º - - - - - - º - . -
. ; : * : * : . . . .

- - . - - - - - - -- * * * * - -
- - - - --- -- - - -

- - - - - - * - --- - t * - - *

*- * - - - - - - - -- º - - - y- * * * : - - - º * * - - ---
- - - * * * ~ * - º - - - r- - * ~ * - - - - - - -- - - - -

- - - l ---- - - - - - - - --- - -

- - º - - - - . . . . . - - -

. . * 7. - - .*** * - "- - -
- - -- - - - - - - - -

- - - * - - - - - - - - -

- - : - -- - - - - * , - * - - - * r * ---, . - - - º * **… . . . . . - --- - - - - . . . . . . . ." ~ : "-- .
- - - --- - -: * * - -

- --- - -- -
- * > - º • * - - - s = - -

- - - - - * , * - - - - - - - - - -- - * - - - - - - - -- - - - - - - - . . . . . º - * - - * * º º, r ----, --

- -- --- - - - - - -

-- . - * - -

- - " . . FOR REFERENC - ... * ' ' -----
- - - sº - * . -

* * * ----- - . * . - . , ,
- - - - -- - - - - - - -

- - * * --- - .*
* - - - -, -

- : - - - - - - - -

. . ; - - a - * - -" º - - * - - - -

■ º - * • º -

- -
--> * NOT TO BE TAKEN FROM THE ROOM

- - - - - - - -- - -
- -- - - - - - -

- * - | •ºse " ;
- I - - - -- - - * , * . } car. --- - -12 u.-- - - -

- - º - - -- -

- - - --- - - - -

- -
* -- - - -- -- --- - - - - -

- - - - - - - -- I H
- - - - * t

- - º - -
- * - - - * . º º -- - - - - , - .

- - - - ,-- - -
- * * *- º - . - -

- - - " . . . . . - - - - - - -

- - - - - - -- - - - - -- º - - --- - -- - - - º -

- - - - - - - -, - - -

- - - - - --- º -- - - - - .
- - - - - ** - -

- - - - -
. . - - - • * * * - * * -

- - * - - - º - - - * -
- - - - - - -

- - * - * - * - º -- - - - - - - - - * = -- - - -

- * º - - * - - - - - - - - - - - -
- - * ---

-
------ . -

t = * - - - - - - : - - - - - - - - -- - - - - - - º - - 1 * -- - -

- - - - - - -

- * * - - - - - - -
: "I - - - - *

- - - - - - * - - -
- - º * -- - - - - .* -- ! - - - - - , * -

- - *- - - * * ~ * - - .- - - - . . . , - * - - - -

- - - - - •
-

; - - * -- - - - -->
- - - - - - -* - a - - - - - - - -*- - -

- - - -- - - - - - - -






