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SUMMARY

The effects of temperature, ions and sugar interaction on 

insulin-sensitive 3-0-methyl-D-glucose transport in rat adipocytes have 

been studied.

Temperature affects the transport of sugar into fat cells.

A protocol was devised whereby the effect of sub-physiological temp

erature on the activation and deactivation of sugar transport could be 

studied. Incubation of adipocytes at 20°C with a concentration of 

insulin which was sub-maximally stimulating at 37°G resulted in full 

expression of transport activity. The time-dependency of this was

measured. No effect of sub-physiological temperature was noted in fully
125insulin-stimulated cells. The time-dependency of I-insulin 

association with adipocytes at low temperature was found to closely 

parallel the low-temperature stimulation of transport. Degradation of 

^^^I-insulin was inhibited at 20°C.

Deactivation of insulin-stimulated sugar transport was 

inhibited progressively at temperatures below 37°C, and completely at 

20°G. Loss of cell-associated ^^^I-insulin closely matched the return 

to baseline transport.

Adipocytes depleted of potassium or chloride by successive 

washing in buffers free of these ions showed accelerated basal transport 

at 37°C. Fully insulin-stimulated transport was unaffected under these



conditions. The effect was reversible and time-dependent on replacement 

of the missing ion. The potassium ionophore valinomycin was able to 

lower insulin-stimulated transport to near-basal levels, but only in 

the presence of potassium. Valinomycin alone had little or no effect 

on transport stimulated by K‘*'-free buffer.

Cyanide inhibited the potassium-induced return to basal 

levels of transpoi*t stimulated in K'*'-free buffer. Inclusion of valino

mycin overcame this inhibition.

The interactions of the side-specific sugar transport 

inhibitors 4 ,6-0-ethylidene-D-glucoside and n'-propyl- 3-D-glucoside 

with the transport inhibitor cytochalasin B on sugar transport were 

studied. 4,6-0-ethylidene-D-glucoside is an inhibitor at the external 

site, while n'-propyl-3 -D-glucoside is inwardly directed. The results 

indicate competitive interactions between inhibitors at low 

concentration, apparently shifting to a non-competitive nature at 

higher concentration. The side-specificity of cytochalasin B inhibition 

was tested kinetically, an attempt being made to show side-specificity 

directly. The results show that cytochalasin B is not as specific for 

the inside inhibition site in fat cells as it is in the human erythro

cyte.
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The plasma membrane surrounding a cell provides the cell 

with a barrier to the entry and exit of nutrients and waste products, 

thereby sü.lowing it to maintain a constant internal environment. The 

barrier cannot be totally permeable or impermeable, and facilities 

must be provided within the membrane to allow for the specific recog

nition and transfer of certain molecules across it.

Facilitated Diffusion.

Transport of water-soluble solutes, such as sugars, across 

a biological membrane requires that the solutes pass through the lipid 

(hydrophobic) core of the membrane in order that their translocation can 

occur. Simple diffusion across many biological membranes is insuffi

cient to account for the observed transport rate, which has been termed 

'facilitated diffusion' (Danielli, 1954).

All facilitated diffusion systems bring about the energy- 

independent transfer of solute across a biological membrane from a 

region of high solute concentration to low, utilizing an existing 

electrochemical gradient. Setting them apart from simple diffusion 

mechanisms are several features, characteristic of all such systems, 

including the adipocyte and erythrocyte hexose transporters;-

i) The rate of penetration of solutes is much faster in cells which 

possess a facilitated diffusion mechanism than can be accounted 

for by diffusion alone. For example, transport of D-glucose
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into human and rabbit erythrocytes is considerably faster than 

would be expected by simple diffusion (Laris, 1958)*

ii) Stereospecificity as regards substrates. Simple diffusion would 

not be expected to distinguish between stereoisomers, for instance 

between D- and L-glucose. The hexose transport systems of the 

erythrocyte and the adipocyte are very selective towards D-glucose, 

transporting this at a much faster rate than L-glucose. Transfer 

of L-glucose across these membranes occurs by simple diffusion,

iii) The penetration rate of a solute along a facilitated diffusion

system is not directly proportional to its concentration, as would 

be predicted from Pick's Law of Diffusion (Pick, 1 8 5 5 )• The system 

instead becomes saturated, i.e. the rate reaches a limiting, max

imum value as the concentration of the transported substrate is 

raised (LePevre, 1954; Widdas, 1 9 5 4 ). This would suggest that 

the substrate is interacting with a limited number of sites within 

the membrane which are responsible for transport. This is in 

analogy with aui enzymic reaction, where the enzyme is limiting, 

and where the reaction rate reaches a limiting value at high 

substrate concentrations. As a further analogy, simple kinetic 

analysis of facilitated transport systems show that the flux (u) 

can be defined as;-

u =
K + Sm
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where S is the concentration of transported solute, and V ismax
the maximum transport rate. K refers to the half-saturationm
constant, which in common with the Michaelis constant in enzyme 

kinetics, refers to that concentration of substrate at which the 

rate of reaction (transport) is half-maximal,

iv) Competitive inhibition by molecules possessing similar structures 

to the true substrate. Many D-glucose analogues are capable of 

competitively inhibiting the transport of D-glucose in erythro

cytes and adipocytes, 

v) Non-competitive inhibition by compounds which react irreversibly 

with the membrane. For instance, irreversible inhibition of 

erythrocyte hexose transport is caused by mercuric chloride, 

although no gross morphological alteration in the membrane occurs 

(Van Steveninck ̂  1965)»

vi) Countertransport of structurally similar substrates can occur in 

certain circumstances. In this case, one substrate moving down 

its electrochemical gradient in one direction can drive another, 

similar substrate up its electrochemical gradient in the other 

direction. Rosenberg and Wilbrandt (195?) first reported the 

uphill transport of labelled D-glucose against a downhill grad

ient of either D-mannose or unlabelled D-glucose across the 

erythrocyte membrane. This demonstrates the presence of substrate 

binding sites at both inner and outer membrane surfaces; either
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both may be simultaneously exposed, or one single site may be alt

ernately available at the inner and outer surfaces.

The Transport of Hexoses.

The plasma membranes of most mammalian cell types possess 

facilitated diffusion systems for the transport of hexoses. In addition, 

the intestine and kidney demonstrate active transport, where D-glucose 

is transported against its concentration gradient, a phenomenon which 

requires the expenditure of energy.

The problems in measuring D-glucose transport are two-fold: 

the difficulty in preparing a homogeneous population of whole cells, 

and the rapid metabolism of D-glucose once it enters the cell. These 

problems have been substantially overcome by the development of isol

ated cell techniques and the use of non-metabolized D-glucose analogues. 

Sugar Transport in the Rat Adipocyte.

Before a technique for the isolation of intact fat cells 

had been described (Rodbell, 1964), the study of D-glucose transport 

was confined to whole adipose tissue. An insulin-sensitive facilitated 

transport system in this tissue was first reported by Grofford and 

Renold (I965a)» which they studied by measuring the oxidation of lab

elled D-glucose to lipid and COg. Since the transport of D-glucose 

at low external concentrations (<l-2mM; Gliemann, I968) is rate-limiting 

for metabolism, indirect measurement of D-glucose transport by meas
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uring its metabolism (as in Grofford and Renold, 1965a) is a valid method 

for its assessment. This technique, however, does not allow for the 

rapid measurement of transport, for which other methods have been spec

ially developed (see later).

Grofford and Renold (1965a) also reported that the effect 

of insulin in stimulating glucose metabolism in adipose tissue was due 

to it stimulating the glucose transport step. In a later publication 

(Grofford and Renold, 1965b), they reported on the inhibitory effect 

of phloretin on D-glucose transport, and on the competitive inhibition 

of transport of D-glucose by 3-0-methyl-D-glucose, a non-metabolizable 

glucose analogue.

Gsaky and Wilson (1956) found that the D-glucose analogue

3-0-methyl-D-glucose was not converted to other compounds on incubation 

with whole cells. Additionally, it has been shown that at equilibrium, 

methylglucose is in free solution within the cell and is in equilibrium 

with the suspending medium (Olefsky, 1978). One major problem asso

ciated with directly measuring the transport of sugars such as methyl

glucose in axiipocytes is the large surface area to cytoplasmic volume 

ratio (Angel and Farkas, 1970). This leads to rapid rates of uptake 

which have hindered the study of transport itself. It was not until 

Whitesell and Gliemann (1979) developed a rapid sampling technique for 

isolated fat cells that methylglucose transport in adipocytes could be 

reliably measured. The technique employs the known transport inhibitor
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phloretin to halt sugar flux after short time intervals, followed by 

separation of the cells from the bulk medium by centrifugation through 

light oil, taking advantage of the adipocytes' property of having a density 

less than that of the suspending buffer (Gliemann et al, 1972). The 

usefulness of 3-0-methyi-D-glucose as a D-glucose analogue is further 

increased due to its of transport being very similar to the of 

glucose for its inhibition (Taylor and Holman, I98I; Whitesell and 

Gliemann, 1979)*

In contrast to methylglucose, another analogue used to study 

sugar transport, 2-deoxy-D-glucose, is a substrate for hexokinase, but 

its metabolism stops there. However, the phosphorylated sugar is not 

a substrate for the hexose transporter, so that it remains trapped within 

the cell (Olefsky, 1978). During prolonged incubations, phosphorylation 

of 2-deoxyglucose without its further metabolism can cause depletion 

of intracellular ATP, such that the rate of phosphorylation now becomes 

rate-limiting for transport, allowing backflux of 2-deoxyglucose to 

occur. It has been reported (Foley et al, 1980a) that phosphorylation 

of 2-deoxyglucose can become rate-limiting for uptake under certain 

circumstances, such that the total uptake of 2-deoxyglucose may not 

truly reflect the transport rate.

In addition to these compounds, other sugars have been em

ployed to try to characterize the glucose transport system of the rat 

adipocyte. The studies of Foley ̂  ̂  (1978) on the uptake of L-arab-
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inose in adipocytes revealed a high of transport ( > 50mM) and thus 

a slow transport rate at low concentrations. Its uptake was competi

tively inhibited by D-glucose. Similarly, Loten et al (1976) have 

shown that D-allose, an epimer of D-glucose, is transported but not 

metabolized, and its transport is considerably slower than that of D- 

glucose due to its high ( > 150mM). Its transport was also competi

tively inhibited by D-glucose.

Rees (1981) using various sugar derivatives has charac

terized the specificity of the adipocyte hexose transporter as regards 

its hydrogen bonding and spatial requirements. It appears that the 

sugar approaches the transporter from the external side such that the 

position faces into the membrane, while the face out into

the bulk solution. On transfer to the inner surface of the membrane 

(i.e. on completion of the transport step), the position faces into 

the cytosol while the Gĵ - G^ positions are located within the mem

brane, indicating that the sugar does not re-orientate itself within 

the membrane while it is being transported. In addition, it has been 

shown (̂ Holman et ad, 1981 ) that insulin does not alter the spatial 

requirements of the hexose transporter i.e. induces no major struc

tural change, but instead increases the availability of sites of iden

tical specificity.

With the information available on the structural properties 

required of the substrates for the adipocyte glucose transporter, some
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of the work reported in this thesis sets out to investigate the inter

actions of transport inhibitors bound at the external and internal 

sites. Equations and schemes to describe the possible interactions 

will appear in the Discussion.
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The Control of Metabolism by Insulin.

This is extensively covered by Newsholme and Start (1973) 

and will be dealt with only briefly here.

The multiple effects of insulin on target cells can be separated into 

three classes;-

Rapid (occurring in seconds) - these are mainly the effects on the plasma 

membrane and appear as alterations in membrane transport and membrane 

potential.

Intermediate (occurring in minutes) - these effects occur principally at 

intracellular sites. Cytosolic, mitochondrial and endoplasmic reticulum 

enzymes are activated, and there is increased protein synthesis at the 

ribosomad level.

Delayed (occurring in hours) - these are principally effects occurring 

within the nucleus on the control of DNA and RNA synthesis.

Most ingested carbohydrate is converted to glucose, and the 

resultant raised blood glucose level stimulates the release of insulin 

from the 3 cells of the pancreas. In conditions of starvation, where 

there is lowered blood glucose, levels are restored by glycogenolysis, 

gluconeogenesis, lipolysis, decreased glucose oxidation and increased 

fatty acid oxidation.

The major target tissues for insulin are liver, muscle, 

and adipose tissue. There is no evidence that insulin modulates the 

glucose transport system of the liver cell membrane, but in adipose
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tissue and muscle, such transport is stimulated. Glycolysis in both of 

these tissues is increased due to the increased availability of substrate 

from the glucose transport step, since there is no evidence that insulin 

stimulates hexokinase activity directly. However, in the liver, gluco- 

kinase levels are controlled by insulin, increasing when the plasma 

insulin is high, an example of the intermediate level of control by 

insulin (Pilkis, 1970).

In muscle, insulin stimulates the rate of muscle protein 

synthesis by elevating the rate of transport of amino acids into the 

tissue (Manchester, 1971) and increasing the rate of translation (Wool 

et al, 1968). In adipose tissue, the hormone stimulates lipogenesis 

and inhibits lipolysis, with the overall effect that there is a net 

conversion of glucose into fat. In liver, there is stimulation of gly

cogen synthesis, and a decrease in gluconeogenesis. In all three tissues, 

insulin increases the rate of RNA and protein synthesis (Fain, 1974).
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Insulin»

The importance of insulin in the control of metabolism has 

been outlined.

Insulin is a polypeptide hormone of approximate molecular 

weight 6500 Daltons. It occurs throughout the entire vertebrate king

dom, and is probably present in many invertebrates as well, including 

primitive chordates, molluscs, starfish, and perhaps even some insects 

(Falkmer et al, 1973? Tager et al, 1976). Its major effect on target 

tissues is to stimulate the uptake of sugars, amino acids, fatty acids, 

ions, ard nucleic acid precursors (Pilkis and Park, 197^)« Not all of 

its effects, though, can be ascribed to an increase in membrane trans

port. In the liver, for example, glucose transport is not rate-limiting 

for its metabolism, and is not affected by insulin. In spite of this, 

hepatic carbohydrate metabolism is stimulated by insulin, particularly 

lipogenesis and glycolysis, in common with muscle and adipose tissue, 

although in the case of the last two, this stimulation is probably 

effected through the increased rate of throughput of glucose due to 

its increased availability. Regulation of these pathways in the liver 

by insulin is therefore due to modification of key enzymes along them 

(Pllkls, 1970).

Levine (1965) proposed that the primary site of Insulin 

action, before any of the other effects of insulin manifested themselves, 

was the cell membrane, and it is now well-recognized that insulin binds
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to receptors in the plasma membrane (Cuatrecasas, 1971» Gammeltoft and 

Gliemann, 1973» Gliemann et al, 1975)» Early data to suggest this came 

from Kono (1969) who reported that extended incubation of fat cells with 

trypsin prevented normal stimulation of glucose transport and lipolysis. 

In addition, Goldfine (1977» 1981) has demonstrated binding of insulin 

to intracellular membrajie sites.

The binding of insulin to its receptor is reversible, non- 

covalent, and demonstrates negative co-operativity (Kahn, 1975)* Spec

ific binding sites for insulin have been described in a number of target 

ajid non-target cell types including liver, muscle, fat, lymphocytes, 

erythrocytes, placenta, and fibroblasts (Goldfine, 1978). The erythro

cyte insulin receptor is age-dependent since Dons ̂  ̂  (I98I) have 

shown that erythrocyte insulin binding activity decreases with the age 

of the erythrocyte due to a decrease in receptor number.

Following insulin-receptor interaction, it has been shown 

that the insulin-receptor complex is endocytosed. Initially, binding 

over the cell surface is diffuse. Goldfine et ^  (1978) measured the 

fate of radioactive insulin bound to mouse fibroblasts. Schlessinger 

et al (1978) studied the distribution of a fluorescent insulin deriv

ative in cultured IM-9 lymphocytes. In both cases, following the ini

tial diffuse distribution over the whole cell surface, the insulin

receptor complexes were seen to localize into surface patches, foll

owed by internalization and aggregation on the smooth and rough endo-
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125plasmic reticulum. In adipocytes, I-insulin becomes inaccessible

to added acid, trypsin, or excess insulin within 2 minutes of binding

(Kahn and Baird, 1978)» and Garpentier et ad (1979) have shown that 
125I-insulin localizes in lysosome-like structures within 2-5 minutes

at 37°G. Recently, it has been shown that rat liver subcellular

fractions contain two types of intracellular membranous vesicles, of

high and low density, both associated with the Golgi fraction (Khan

et al, 1982). The high density vesicle fraction has been shown to

possess lysosomal-like properties. Insulin, once internalized along

with its receptor, first of all appears in the low density fraction,

and is then transferred to the high density one. It has been shown
125that intravenously injected I-insulin in rats localizes into the 

liver Golgi fraction (Posner et I98O; 1982). Fehlmann et ̂  (1982a) 

have shown by the use of a photoreactive insulin analogue that the in

sulin receptor is internalized along with insulin in hepatocytes. Over 

a subsequent 4 hour incubation, insulin-receptor complexes reappeared 

at the cell surface (Fehlmann et al, 1982b), indicating that recycling 

of receptor protein was taking place.

In many physiological and pathological conditions involving 

hyperinsulinaemia, tissues possess a markedly reduced number of insulin 

receptors per cell (Kahn ̂  1973» Kobayashi and Olefsky, 1978;

Clefsky, 1976). In vitro evidence suggests that it is the elevated 

plasma insulin levels that cause the receptor loss, and the phenomenon
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has been termed "down regulation" (Gavin et al, 197^)» Insulin-induced 

receptor loss has been demonstrated in cultured human lymphocytes (Gavin 

_et 197^)» adipose tissue (Livingston et al, 1978)» isolated adipocytes 

(Marshall and Olefsky, 1980b), cultured fibroblasts (Mott ̂  1979)»

and cultured hepatocytes (Blackard et 1978).

Kasuga et ̂  (1982a) have shown that incubation of cultured 

human lymphocytes with insulin causes a decrease in surface receptor 

number due to increased intracellular degradation of receptor, which 

was insulin-concentration dependent. Reed et ̂  (1981 ) showed that in 

differentiated 3T3-L1 adipocytes, insulin incubation had no effect on 

the receptor number, but in a later publication (Ronett ̂  1982)

reported that the cells exhibited "up regulation" of receptors following 

incubation with and removal of insulin, followed by a "down regulation" 

to the original receptor number after a further 10 hour incubation.

Marshall and Olefsky (1980b) reported that extended incu

bation of adipocytes with insulin resulted in a time- and dose-dependent 

reduction in surface receptor number. Marshall et ̂  (I98I), comparing 

the effect of prolonged insulin incubation on receptor number in adipo

cytes incubated in simple buffer or complete medium (simple buffer plus 

foetal calf serum), found that there was no receptor loss in complete 

medium. Rennie and Gliemann (1981) found that the phenomenon of 

"down regulation" of insulin receptors in adipocytes was due to an 

artefact of the incubation buffer - it only occurred in incubations
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where the buffering agent was Tris, as was used by Marshall and Olefsky 

(1980b) and Marshall et ̂  (I98I). It did not occur when Hepes, bi

carbonate or phosphate buffers were used. Later, Marshall and Olefsky 

(1981) reported that Tris did induce "down regulation", in a dose- 

dependent manner, of insulin receptors, but only in the presence of 

insulin, and suggested that the effect was due to an inhibitory effect 

of Tris on receptor recycling.

Wang et ̂  (I983) have measured the intracellular appearance 

of insulin-receptor complex in isolated adipocytes by the use of a
125photoreactive I-insulin analogue. They found that 30^ of the surface

receptor was lost, and more than 50% of this lost receptor was recover

able in the Golgi fraction. This loss was not attributable to the 

buffer, since they used Krebs-Ringer/Hepes. Due to the absence of any 

means of calculating the recovery of insulin receptors associated with 

the Golgi membranes, Wang ̂  ̂  (1983) suggest that the process of 

receptor internalization is not exactly one of down regulation but is 

rather one of redistribution in the presence of insulin.

The Insulin Receptor.

Characterization studies of the insulin receptor from a 

number of tissues have shown it to be a glycoprotein of approximate 

M^ 350000 Daltons (Czech et I98I). It is composed of two 

types of subunit, a and 3 » of apparent M^ 125-130 000 Daltons and
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90000 Daltons, respectively (Massagué et al, I98O). The receptor exists 

in the membrane as a3 and ( ag complexes, the subunits being linked 

by disulphide bonds (Massagué and Czech, I982). The structure can be 

expressed as ( 3-S-S- a—}-S-S— a -S-S- 3 ) (Massagué et I98O) - 

see diagram:

OHC CHO

Apparent
M f  X 10^

90
a

125

— V —

350

a
125

B
90

From Czech et ^  (I98I)
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Treatment with high levels of reductant shows only reduction 

of the disulphide bridge linking the two ag subunits together (the 

class I disulphide bond (Massagué and Czech, I98I)), though the two 

halves of the receptor molecule remain non-covalently associated. On 

conversion of the receptor to this particular reduced form, it still 

retains the ability to bind insulin, and in intact cells, the sensi

tivity of glucose oxidation to insulin is not altered (Massagué and 

Czech, 1982). Reduction of the class II disulphide bonds, with subse

quent dissociation of all the subunits, only occurs in conditions 

of high reductant conditions together with sodium dodecyl sulphate.

The Oi subunit appears to be the one that binds insulin, 

while the 3 subunit does not bind (Van Obberghen et al, 1983). It 

appears from recent evidence that the 3 subunit is its own protein 

kinase, stimulated to phosphorylate itself by the a subunit binding 

insulin (Van Obberghen et al, 1983; see page 3I).

The Fate of Insulin Following Receptor Binding.

Insulin is rapidly internalized into the cell along with 

its receptor following its binding (see page I3)* Insulin receptors 

in a number of tissues and species show a fairly uniform binding con

stant of approximately InM (Czech et I98I; Kono and Barham, I97lb), 

and in order to elicit a maximum biological response from the target 

cell, the hormone needs to bind between 2 and 5% of the total plasma
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membrane receptors present (Gammeltoft and Gliemann, 1973)»

Following translocation of the hormone to intracellular 

sites, it is rapidly proteolyzed and the degradation products expelled. 

Gammeltoft and Gliemann (1973) calculated a for degradation of 

3 .5 X 10"^M, and suggested that binding and degradation were separate 

processes.

Grofford (I968) demonstrated that isolated fat cells were 

able to inactivate insulin in the suspending medium, and that the con

tinued presence of insulin was required for the continuation of its 

biological effect. LeCam et ̂  (1975) and Terris and Steiner (1975) 

demonstrated that rat liver cells were capable of degrading insulin.

The degradation was time- and temperature-dependent (LeCam ̂  ad, 1975) 

and showed first-order dependence on the total concentration of insulin 

bound (Terris and Steiner, 1975)*

Insulin degradation was thought to occur by lysosomal 

proteases, but Sonne and Gliemann (1978) reported results that suggested this 

was unlikely. However, the idea persisted, helped by the fact that most 

degradation studies were carried out using chloroquine, a compound shown 

to localize intra-lysosomadly and inhibit lysosomal proteases by inc

reasing the pH (DeDuve et ad, 197^)» Also, studies by Garpentier et 

ad (1979) appeared to demonstrate, by quantitative electron microscope
125autoradiography, that I-insulin associated with vesicles of a lys

osomal character.
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Marshall and Olefsky (1979) and Hammons and Jarett (I98O), 

by using chloroquine, suggested that insulin degradation was by a 

lysosomal pathway in adipocytes. More recently (Smith and Jarett,

1982), evidence for lysosomal involvement was strengthened. However, 

Posner et ̂  (I98O) had suggested that chloroquine's primary site of 

action in its inhibition of insulin degradation in liver was at the 

level of the Golgi vesicles, and chloroquine was found to concentrate 

in these. Later, Posner et ̂  (I982) qualified this finding, with a 

report that the cellular processing of insulin commences in the Golgi 

vesicles. Goldstein and Livingston (1980; 1981) demonstrated that 

adipocytes possess insulin-degreiding activity in the cytosol, this being 

more than 99% of the insulin degradative capacity at neutral pH, and 

constituting approximately half the total insulin degradative capacity 

of the adipocyte (Goldstein and Livingston, I98I). The rest of the 

insulin degrading activity was lysosomal. Both activities showed diff

erential sensitivity to inhibitors, and the gel profiles of the degraded 

material were different.

Iwamoto et al (I98I) reported that chloroquine increased 

the binding of insulin to IM-9 lymphocytes, in common with adipocytes 

(Hammons and Jarett, I98O; Marshall and Olefsky, 1979; Sonne and Gliemann, 

1978) and hepatocytes (Varandani ̂  1982), though IM-9 cells do not

possess a mechanism for degrading insulin intracellularly (Goldfine ̂  al, 

1977); cLnd they suggested that the effect of chloroquine was to increase
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the affinity of the receptor for insulin. Although IM-9 lymphocytes 

lack intracellular insulin degrauiing capacity, they are capable of 

degrading insulin by an extracellular mechanism which is receptor 

independent (Sonne and Gliemann, I98O).

Ozaki and Kalant (1983) have investigated the role of lys- 

osomes in the hepatic metabolism of insulin, and concluded that their 

major function is to dissociate the insulin-re cept or complex due to 

their low intravesicular pH (see Sonne ̂  1981a), following which

the free insulin enters the cytosol and is degraded there (compare this 

with the cytosolic degradation of insulin in adipocytes (Goldstein and 

Livingston, I98O; I98I)).

The actual degradation step has been studied in an attempt 

to elucidate the precise stepwise proteolytic pathway of insulin de

gradation. Sonne et ̂  (1981b) using monoiodo-^^-^I-insulins labelled 

in each of the four tyrosines, showed that the hormone was completely 

degraded to amino acids by adipocytes. Assoian and Tager (I982) have 

shown that hepatocytes degrade insulin in a sequential and specific 

manner at three sites between the interchain disulphide bonds of the 

B- chain. In spite of all the available data, the significance of 

internalized insulin is at present unclear, though it has been suggested, 

and evidence has been presented, that internalized hormone in rat hep

atocytes inhibits intracellular proteolysis (Draznin and Trowbridge,

1982).
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Whatever the exact route taken by the insulin molecule 

through the degradative pathway, and particularly importantly its pre

cise significance in view of the apparently conflicting observations, 

remains to be seen and is the subject of much investigation.

Some of the experiments reported in this thesis were per

formed to try and further clarify the role of insulin binding and 

degradation in glucose transport stimulation, maintenance of the stim

ulated state, and deactivation of stimulated transport on removal of 

insulin, and to couple this with the apparent mechanism of transport 

stimulation (see page 36).

Insulin's Second Messenger.

Insulin modulates a large number of processes (page 9)» 

and the evidence to date strongly suggests, though does not prove, that 

ail of these effects are triggered by interaction of the hormone with 

cell surface receptors. In order to explain this, one or more second 

messengers have been postulated to be generated at the cell surface in 

response to insulin binding (Goldfine, 1977). 

i) Cyclic AMP.

Insulin antagonizes the activation of glycogenolysis and 

gluconeogenesis by glucagon (Mondon and Mortimer, 1967» Wagle et al, 

1973) in. perfused liver or isolated hepatocytes. The increased levels 

of cAMP induced by submaximai concentrations of glucagon are prevented
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by insulin (Jefferson ̂  I968). However, Davidson and Berliner

(197^) suggest that the effects of insulin on hepatic glucose output 

can be dissociated from intracellular cAMP levels, in that insulin de

creases basal glycogenolysis and gluconeogenesis under conditions where 

no effect on cAMP levels would be expected. The cAMP-1 owering effect 

of insulin appears to be due to its inhibiting liver plasma membrane 

adenylate cyclase activity (Hepp and Renner, 1972) and stimulation of 

phosphodiesterase in liver (House ̂  1972) and fat cells (Kono ̂

al, 1976; Makino and Kono, I98O; Makino ^  I98O). Vega et al (I98O)

reported that the reversal of insulin effects in fat cells upon the 

removal of the hormone is accompanied by an energy-independent deacti

vation of phosphodiesterase. Taylor et al (1976) showed that agents 

which were known to elevate cAMP levels exhibited an inhibitory effect 

on adipocyte glucose transport. Conversely, compounds which lowered 

cyclic AMP levels stimulated transport, and the suggestion was made that 

adipocyte glucose transport was controlled by intracellular levels of 

the nucleotide, though the possibility that insulin and insulin mimickers 

showed a common, though separate, effect on cAMP levels and glucose 

transport was not discussed.

Rasmussen and Clausen (I982) have shown that cAMP, when 

added externally to intact adipose tissue and isolated fat cells stim

ulated exit of previously loaded methylglucose. The effect was shown 

to be additive to a submaximal, but not supramaximal, insulin cone-
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entrât ion. Cyclic AMP was also capable of stimulating conversion of 

glucose to triglyceride in a manner similar to insulin. There is the 

possibility, however, that extracellular hydrolysis of cAMP to adenosine 

can occur, and adenosine has been shown to stimulate glucose uptake 

and metabolism in adipocytes (Taylor and Halperin, 1979) •

Hdring ̂  ̂  (1978) reported that the activation of adipo

cyte methylglucose transport and the lowering of intracellular cAMP 

initiated by insulin both occurred after a similar time-lag following 

the addition of insulin. This could obviously indicate a common mode 

of action - the same intracellular signal which leads to stimulation of 

transport could also lower cAMP concentrations.

Recently, Zhang ̂  ̂  (I983) have shown that the cAMP- 

lowering effect of insulin is due to the generation from adipocyte 

plasma membranes of a small peptide (smaller than the insulin A-chain 

and separable from insulin on Sephadex G-25)» which mimics the effects 

of insulin in lowering cAMP and stimulating lipogenesis and antilipolysis 

in adipocytes (see page JO ), though a direct effect on adenylate cyclase 

or phosphodiesterase was not demonstrated. These results of Zhang et 

al (1983) would suggest that, although insulin does cause a lowering 

of intracellular cAMP, the nucleotide is not in fact a ' second mess

enger' , and the hormone's effects on its concentration are distal to 

an earlier, membrane-linked event.
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il) Cyclic GMP.

Illiano ̂  ̂  (1973) found that insulin could elicit a 

three- to four-fold increase in oGMP levels in isolated fat cells and 

liver slices. This effect was mimicked by carbamylcholine. The rise 

in oGMP levels due to carbamyl choline, but not insulin, was blocked 

by atropine. However, cyclic GMP is probably not the key signal for 

insulin's effects on target cell metabolism. Carbamylcholine does not 

modulate any of the insulin-sensitive physiological parameters of fat 

cells, despite its ability to raise intracellular oGMP. Also, many 

agents which have diverse effects on fat cell lipolysis (eg. adrenaline 

which stimulates, insulin which inhibits, and carbachol which has no 

effect) increase oGMP levels (Fain and Butcher, 1976).

iii) The Thiol Redox Model.

The stimulatory action of insulin on glucose transport in 

muscle and fat cells is sensitive to perturbation of membrane sulphydryl 

groups (Carlin and Hechter, 1962; Czech, 1976a). Basal transport act

ivity in adipocytes is unaffected by sulphydryl blockade, whereas the 

stimulatory effect of insulin is completely inhibited (Czech, 1976a; 

Czech ̂  1974c). These authors have postulated the involvement of

a membrane oxido-reduction system in the control of glucose transport 

stimulation by insulin. Oxidants such as hydrogen peroxide or diamide 

were shown to mimic insulin action in promoting glucose transport in 

fat cells,while reductants such as dithiothreitol inhibited transport
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activity. Treatment with sulphydryl blocking reagents such as N-ethyl- 

maleimide blocked the stimulating action of insulin and oxidants. In 

addition, N-ethylmaleimide added after stimulation prevented the return 

to basal transport levels on removal of insulin (Czech, I9?6a; Czech et 

al, 19?4c ). These observations have led the authors to propose that 

the oxidation of sulphydryls to the disulphide form activates transport, 

idiile reduction deactivates the transport system. To date, however, 

no evidence has been presented which indicates that insulin oxidises 

any membrane components, and Goko ̂  ̂  (1981 ) have demonstrated that 

dithiothreitol is capable of stimulating adipocyte glucose transport, in 

contrast to the results of Czech ̂  ad (I9?4c).

iv) Ion Flux.

Direct electrophysiological techniques using glass micro

electrodes have shown that insulin hyperpolarizes rat skeletal muscle 

(Zierler, I96O) and white adipose tissue (Beigelman and Hollander, I963). 

Membrane potentials in intact, isolated white fat cells have been meas

ured using the fluorescent dye 3#3*-dipropylthibdicarbocyanine iodide 

(Petrozzo and Zierler, 1976). Findings using this and other methods 

indicate that one of the initial effects of insulin on muscle is to 

render the plasma membrane either more cationic or less anionic, thus 

decreasing the permeability to both Na'*' and K"*". Touabi and Jeanrenaud 

(1970) showed that insulin stimulated potassium accumulation in iso

lated mouse fat cells, though this effect appeared to be secondary to
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its effects in inhibiting lipolysis.

The monovalent cations Na"̂  and have been studied for 

their effects on sugar transport in a number of tissues, though their 

involvement in stimulation is not particularly clear.

Sodium. Letarte and Renold (196?; I969) demonstrated that omission 

of sodium from the incubation buffer of isolated fat cells caused a 

moderate stimulation of basal glucose uptake and metabolism. In the 

presence of insulin, however, lack of sodium caused a marked decrease 

in the metabolic incorporation of glucose into lipids. The experiments 

of Manchester (I966) showed that omission of buffer sodium resulted 

in a decrease in the ATP content of isolated diaphragm muscle, and thus 

Clausen (1970) suggested that the effects observed by Letarte and Renold 

(1967; 1969) were due to inhibition of the hexokinase step of glucose 

phosphorylation through lack of ATP, thereby rendering this step rate- 

limiting for glucose metabolism in the presence of insulin. Indeed, 

this was corroborated by the experiments of Clausen (1970)» who showed 

that transport of 3-0-methylglucose in rat adipose tissue was not affected 

by the sodium content of the incubating buffer, and the conclusion was 

reached that extracellular sodium was not specifically involved in ins

ulin action on hexose transport.

Potassium. In contrast to the effects of Na*-deficiency on glucose 

transport and metabolism, omission of K f r o m  the incubating medium in 

both muscle and isolated adipocytes mimics the stimulatory effects of
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insulin. Inhibition of Na\ K^-ATPase activity with ouabain is also 

effective in this respect in mouse fat cells (Letarte et a l ,  I969). 

Methylglucose transport is also stimulated by these methods in intact 

adipose tissue (Clausen, I969). Other agents which deplete intracell

ular potassium levels adso show stimulatory effects in intact adipose 

tissue. For example, adrenadine, which is known to stimulate glucose 

transport and metabolism in adipocytes (Ludvigsen et al, I98O), 

also causes a drop in intracellular potassium levels in whole tissue 

(Clausen, 1969)» On the other hand, the metabolic inhibitors 2,4- 

dinitrophenol or cyanide, which cause depletion of intracellular ATP 

and thus a consequent inactivation of the Na^ K^-ATPase, lead to loss 

of intracellular potassium. At the same time, these compounds have 

been shown to increase the membrane transport of sugars (Clausen, 1969)» 

Stimulation of Na"̂ -pump activity by a high-potassium buffer leads to 

depression of hexose transport activity in rat diaphragm (Bihler and 

Sawh, 1971) and rat soleus muscle (Kohn and Clausen, 1971)* It appears 

that the effect is due not to the activity of the Na*' -pump itself but 

to the intracellular levels of Na"*" and K"*" (Bihler and Sawh, 1971)»

In a review by Czech (1977), the author suggested that, 

although gross alteration of transmembrane ion flux affected cellular 

metabolism in a manner similar to insulin, such ion movements are not 

mediators of insulin action. Evidence for this was as follows:

- Insulin does not elicit the comparatively large changes in intra-
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cellular Na"̂  and Kt content that appear to be required to produce 

the effects observed.

- The effects of insulin on cellular Na'^and K*" levels are in any 

case opposite to those which would be required to produce these 

effects.

Thus, according to the direct evidence obtained by Zierler (I966), ins

ulin causes an increased potassium accumulation in isolated muscle 

fibres which leads to membrane hyperpolarization. Also, according to 

Czech (1977)» membrane depolarization due to lack mimics the effect 

of insulin, whereas the experiments of Zierler and Rogus (I980) showed 

that direct electrical hyperpolarization of muscle in the absence of 

insulin increased specific 2-deoxyglucose uptake, and these authors there

fore suggested that insulin acted in stimulating glucose transport via 

membrane hyperpolarization. In particular, they found that muscle hy

perpolarization in response to insulin occurred within 1 second, and 

this precedes the known onset of stimulation of glucose transport in 

adipocytes, which does not commence before 40 seconds following addition 

of insulin (Hâring et 1978; see also Results section of this thesis). 

Moore and Rabovsky (1979) reported that the insulin-induced hyper

polarization of frog sartorius muscle was not associated with any alt

eration in K"*" or Na'*’ permeability, nor with any detectable increase in 

intracellular potassium concentration, and they thus suggested that 

hyperpolarization in this case is secondary to the stimulation of the
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Nsf -pump by insulin.

In contrast to the results obtained by Zierler and others 

as outlined above, the experiments of Stark et ̂  (I98O) revealed that 

insulin does not hyperpolarize the adipocyte plasma membrane, nor does 

it alter the intracellular concentrations of sodium and potassium. In 

the face of these directly conflicting results, some of the experiments 

reported in this thesis were designed to try and further elucidate the 

role of monovalent ions, and in particular potassium, in the transport 

stimulating process in isolated adipocytes, since much of the previous 

work carried out in this area has been on tissues and cells other than 

fat. Also, previous work has not directly demonstrated an involvement 

of ions in stimulation of transport itself, as opposed to the effects 

on metabolism; thus with the use of the D-glucose analogue 3-0-methyl- 

glucose, this involvement was studied,

v) Low-Molecular Weight Peptides.

Jarett and Seals (1979) and Larner ̂  ̂  (1979) reported 

the presence of a chemical mediator of insulin in extracts of muscle 

following insulin treatment. This was shown in a cell-free system to 

specifically inhibit cyclic AMP-dependent protein kinase and stimulate 

glycogen synthase phosphoprotein phosphatase (Larner et al, 1979), and 

also to activate pyruvate dehydrogenase (Jarett and Seals, 1979) via 

stimulation of PDH phosphatase. It was also shown that muscle-generated 

mediator could stimulate adipocyte PDH activity.



— JO —

Characterization studies by Lamer ̂  ̂  (1979) showed the 

mediator to be a peptide or peptide-like substance of 1000-1500, More 

detailed studies (Cheng et I98O) revealed that this substance could 

be separated further into two antagonistic fractions, one of them cap

able of stimulating cAMP-dependent protein kinase and inhibiting gly

cogen synthase phosphoprotein phosphatase, while the other had directly 

opposite effects. These two fractions, both oligoglycopeptide in nature, 

appear closely related in amino acid composition (Lamer et I982).

Two lines of evidence reveal that the mediator(s) originate 

proteolytically from a plasma membrane protein. Firstly, the action of 

insulin in adipocytes is mimicked by low concentrations of trypsin 

(Kono and Barham, I97la). Lamer et al (1982) have now shown that tryp

tic proteolysis of adipocyte plasma membrane generates a fragment which 

partially reproduces the effects of insulin in a cell-free system. The 

lack of a completely faithful reproduction of insulin* s effects points 

to the fragment being slightly different from that produced by insulin, 

indicating a different cleavage site. Secondly, the effect of insulin 

(both physiologically and in generating its mediator(s)) is blocked by 

proteolytic inhibitors.

Kiechle et ̂  (I98I) and Jarett et ad (I982) have isolated 

the insulin mediator from adipocyte plasma membranes, intact adipocytes, 

skeletal muscle, hepatoma cells, and IM-9 lymphocytes, and have found 

it to be identical in each case. In all cases except IM-9 lymphocytes,
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incubation with insulin increased the concentration of mediator, while 

it was decreased in IM-9 cells. This finding is consistent with the 

known physiological effects of insulin in all these cell types (Jarett 

et al, 1982).

It appears that the proteolytic fragment generated by ins

ulin does not originate from the insulin receptor itself since provis

ional estimates by Larner et ̂  (I982) suggest that it is present in 

100-1000 times excess over the insulin receptor concentration. Thus it 

has been proposed that proteolysis of some other membrane protein, 

closely associated with the receptor, is the more probable event, and 

Seals and Czech (I98O) have suggested that insulin activates an intrinsic 

plasma membrane protease in generating the chemical mediator.

It was mentioned earlier (page 23) that Zhang et ̂  (I983) 

have reported that insulin's ability to lower intracellular cyclic AMP 

in adipocytes is effected by generation of a small peptide from the 

plasma membrane. The evidence strongly suggests that the peptide(s) 

isolated by Lamer jqt ̂  (I982) and Zhang et ^  (1983) are the same 

molecule.

vi) Membrane Protein Phosphorylation.

Exogenous ATP has been shown to inhibit insulin-stimulated 

glucose transport in fat cells, while basal transport activity remains 

unaffected (Chang and Cuatrecasas, 1974). Furthermore, lowering of 

intracellular ATP by anaerobiosis or addition of metabolic inhibitors
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has been shown to elevate basal levels of glucose transport in muscle 

(Randle and Smith, 1958), avian erythrocytes (Wood and Morgan, 19&9) 

and fat cells (Clausen, I969). Thus the presence of ATP, or possibly 

the phosphorylation resulting from it, appears to inhibit sugar trans

port. Seals ̂  aŒ (1978; 1979) have shown that incubation of isolated 

plasma membranes from adipocytes with insulin and [T-^^] -ATP results 

in a decreased level of incorporation of into a protein of unique 

plasma membrane origin. Recently though, several reports (Kasuga jt al, 

1982b; Van Obberghen ̂  1983; Zick ̂  l983a;b) have shown

that the insulin receptor itself is phosphorylated following hormone 

binding to isolated liver cells, and the phosphorylation can be dupli

cated in partially purified receptor preparations. As mentioned earlier 

(page 16) the insulin receptor is a heterotetramer consisting of 2 a ard 

2 3 subunits. The function of the a subunit is to bind insulin. The 

function of the 3 subunit appears to be to act as its own protein 

kinase (Van Obberghen jet I983) stnd possesses an ATP binding site.

Zick ̂  ̂  (1983b) have shown that the phosphorylated receptor is itself 

a protein kinase capable of phosphorylating casein and histone in a cell- 

free system. Rosen et ̂  (I983) have found similar properties in insulin 

receptor isolated from y r j - L l adipocytes. Thus Van Obberghen et ^

(1983) postulate that on binding of insulin to the ot subunit, a con

formational change is propogated to the 3 subunit which would stimulate 

the auto-phosphorylating protein kinase activity.
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Despite the fact that membrane protein phosphorylation now 

appears to be an important mediator in at least some of insulin's effects, 

there have not been any reports of phosphorylation of the sugar trans

port system. In this thesis, the roles of ATP and metabolism have been 

investigated in order to assess their involvement in transport stimu

lation by insulin and transport deactivation on insulin removal.

Insulin-like Agents.

Various agents which are unrelated to insulin have been 

shown to mimic insulin action and stimulate sugar transport in adipo

cytes, and their effects have been studied with a view to providing evi

dence as to the nature of events following insulin binding and transport 

activation.

Kono and Barham (1971a) reported that limited exposure of 

fat cells to trypsin caused an increase in glucose metabolism by stim

ulation of the transport step, and blocked adrenaline-induced lipolysis. 

More extensive trypsinization prevented insulin binding and showed no 

effect on transport. Thus it appeared that proteolysis of some membrane 

component could cause expression of insulin-like effects, even though 

the hormone itself does not have any enzymic activity. The basis of 

of trypsin's insulin-like activity has already been dealt with (page 30)•

The plant lectins wheat germ agglutinin and concanavalin A 

have also been shovm to stimulate glucose transport in adipocytes
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(Cuatrecasas, 1973» Cuatrecasas and Tell, 1973» Czech and Lynn, 1973)» 

Cuatrecasas (1973) has shown that the lectins interact with the insulin 

receptor in adipocytes, though in different ways, since WGA enhanced 

insulin binding, while Con A reduced it, when insulin was present. It 

was therefore suggested that oligosaccharides present on the fat cell 

surface may be involved in the stimulating mechanism. That surface- 

associated moieties on the plasme membrane were not important parts of 

the insulin receptor was shown by Czech and Lynn (1973)» who observed 

that prior extensive trypsinization of fat cells, known to inhibit 

insulin binding and insulin-induced transport stimulation (Kono and 

Barham, 1971a)» did not block the effects of Con A, indicating involve

ment of membrane moieties other than the insulin receptor. It was 

therefore thought that a property other than oligosaccharide binding 

by these lectins could be responsible for transport stimulation; that 

of their multivalency of binding, It is known that Con A initiates 

patching of the lectin-bound sites on the plasma membrane (Solomon et 

al, 1975)» and antibodies raised against purified insulin receptor 

activate hexose uptake in adipocytes and block insulin binding (Jacobs 

et al, 1978). Furthermore, less specific antibodies, such as those 

raised against plasma membranes or intrinsic membrane proteins also showed 

this ability (Pillion et 1979) without any effect on the binding of 

insulin. Added to this the fact that monovalent Fab fragments from 

the antibodies were without effect, unless anti-Fab antibodies were
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also included, the interpretation was that lateral membrane aggregation 

was involved in insulin action. However, there is no direct evidence 

that membrane aggregation plays any sort of role in the action of ins

ulin itself, though it is known that insulin can cause patching 

(Schlessinger et 1978).

Hydrogen peroxide has also been shown to stimulate glucose 

transport in adipocytes (Taylor and Halperin, 1979) and there have been 

reports to indicate that cellular levels are increased in adipo

cytes in response to insulin in the presence of glucose (May and de Haën, 

1979a; b). It is not known, however, if and how hydrogen peroxide may 

be involved in the stimulation of glucose transport.

Alteration of membrane fluidity has also been implicated in 

control of the transport rate (Amatruda and Finch, 1978; Pilch ̂  al, 

1980), since increase in the fluidity of isolated adipocyte plasma mem

brane by external agents has been shown to result in increased sugar 

transport, while decreased transport was observed if the fluidity was 

decreased. This will be dealt with in a little more detail on page 38. 

Insulin has been shown not to alter the fluidity of adipocyte plasma 

membranes (Sauerheber et I98O).

Zinc (Coulston and Dandona, I98O; May and Gontoreggi, 1982) 

and vanadate (Clausen ̂  1981; Dubyak and Kleinzeller, I98O) have

also been shown to stimulate glucose metabolism. In the case of zinc, 

the mechanism appears to be via formation of from the auto-oxida-
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tion of membrane sulphydryl groups catalyzed by the metal (May and 

Contoreggi, I982). Vanadate is known to inhibit cellular Nâ  , K*"- 

ATPase activity (Cantley ̂  al» 1978)» and this inhibition results in 

elevated glucose transport in adipose tissue (Clausen, 1969)» However, 

Dubyak and Kleinzeller (I98O) reported that concentrations of vanadate 

which were below those capable of inhibiting the Na!" , ATPase maxi

mally stimulated transport activity. In a similar way to zinc, vana

date may catalyze production of via oxidation of membrane sulph-

hydryl groups.

Due to the wide variety and lack of specificity of the 

agents listed which are able to elicit insulin-like responses in fat 

cells, no definitive picture has emerged with regard to their involve

ment or similarity of action to insulin-stimulated sugar transport.

The Mechanism of Glucose Transport Stimulation

Insulin and adrenaline both increase the V of glucosemax
transport in adipocytes without affecting the (Whitesell and Glie- 

mann, 1979» Ludvigsen et ad, I98O). This could be brought about either 

by increasing the number of active transporters in the plasma membrane, 

or by increasing the V ^ ^  of already existing transporters. The former 

possibility could occur in one of two ways; either by conversion ('act

ivation' ) of pre-existing, functionally inactive transporter systems 

already in the plasma membrane, or by recruitment of functionally active
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transport systems to the plasma membrane from a separate, intracellular 

site. If the mechanism were one of increasing the number of active 

transporters in the membrane (by whichever method), then it would be 

expected that the transport of sugar in both the basal and the activated 

state to be similar as regards pH, temperature dependency, and substrate 

specificity. Conversely, if the mechanism were by alteration of the 

transport parameter in already existing and active transport

units, then the dependence of transport on pH, temperature and substrate 

would reasonably be expected to alter with stimulation.

Olefsky (1978) and Vinten (1978) both found no difference 

in the temperature dependence of sugar transport in adipocytes between 

basal and insulin-stimulated cells, and Ludvigsen and Jarett (I98O) 

similarly reported no differences in glucose transport in plasma memb

ranes isolated from basal and insulin-treated adipocytes. However, 

Amatruda and Finch (1978) reported that temperature affected hexose 

transport in rat adipocyte plasma membranes differently in preparations 

from insulin-stimulated cells when compared to control cells; transport 

was increased 3-fold in insulin-pretreated preparations over a 15-37°^ 

temperature rise, while basal activity was unaltered. Thus the sugg

estion was made by Amatruda and Finch (1978) that, because temperature 

was shown to alter the fluidity of the plasma membranes as demonstrated 

by electron-spin resonance spectroscopy, control of glucose transport 

was more probably a function of the altered state of the membrane
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fluidity than of an increase in the number of available transporters, 

as proposed by Olefsky (1978). Furthermore, Pilch ̂  ̂  (I98O) also 

demonstrated a dependence of transport on membrane fluidity. They 

showed that the mono-unsaturated fatty acids cis-vaccenate and cis-oleate, 

which increase membrane fluidity, increased the transport of D-glucose 

to a level similar to that produced by insulin pre-incubâtion when they 

were incorporated into unstimulated plasma membrane vesicles. These 

unsaturated fatty acids had no effect when added to vesicles isolated 

from insulin-pretreated cells. In contrast, treating insulin-pretreated 

membrane vesicles with the saturated compound stearic acid (thereby 

reducing fluidity of the membrane ) reduced the transport rate to basal 

levels, with no effect observed in basal membranes. Pilch et ^  (I98O) 

therefore agreed with the suggestion of Amatruda and Finch (1978) that 

increased fluidity of the plasma membrane bilayer played a key role in 

the regulation of hexose transport in intact cells.

These observations conflict with those made later by Goren 

and Roth (I98I) who showed that the anaesthetics ethanol, chlorpromazine, 

and pentobarbital, which are known to increase membrane fluidity, inhi

bited both basal and insulin-stimulated glucose tran^ort in intact 

adipocytes. Also, Sauerheber et ^  (I982) showed that both benzyl and 

ethyl alcohol increased the fluidity of a plasma membrane preparation 

from adipocytes, while at the same time inhibited both basal and ins

ulin-stimulated sugar uptake in intact cells. As mentioned earlier.
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Sauerheber ̂  ̂  (I98O) found no alteration in plasma membrane fluidity 

of adipocytes treated with insulin.

The suggestion made by Olefsky (1978) that insulin increased 

the number of available transporters was given further support by Ward- 

zala et ̂  (1978) who measured the concentration of glucose transport 

sites at the adipocyte plasma membrane by assaying D-glucose-inhibitable 

cytochalasin B binding to isolated membranes. The fungal metabolite 

cytochalasin B potently inhibits glucose transport in a variety of cell 

types (Bloch, 1973) emd completely inhibits both basal and insulin-stim

ulated glucose transport in adipocytes (Loten and Jeanrenaud, 197^).

Thus inhibition of cytochalasin B binding by D-glucose in plasma memb- 

branes was assumed to reflect the presence of glucose transport sites, 

since the for inhibitor binding and the for inhibition of glucose 

uptake were similar, and indeed this assumption was later confirmed 

(Cushman and Wardzala, I98O). These initial studies of Wardzala et al 

(1978) showed that membranes isolated from insulin pretreated cells 

displayed a higher level of glucose-displaceable cytochalasin B binding 

than membrane from control cells, but with similar binding parameters, 

indicating that a greater number of glucose transport units (all ident

ical to those already existing in the basal state) were present follow

ing insulin stimulation of cells.

A potential mechanism for this enhancement of plasma memb

rane transport units by insulin was proposed separately by Cushman and
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Wardzala (I98O) and Suzuki and Kono (I98O). In similar studies using 

D-glucose inhibitable cytochalasin B binding to various adipocyte sub- 

cellular fractions, Cushman and Wardzala (I98O) found that insulin pre

treatment of adipocytes reduced the cytochalasin B binding capacity of 

a subcellular, microsomal fraction, while at the same time, as reported 

earlier (Wardzala et al, 1978), increased the binding capacity of the 

plasma membrane fraction. Cushman and Wardzala (I98O) therefore pro

posed a mechanism for the stimulation of sugar transport based on the 

translocation of intracellular transport systems to the plasma membrane 

in response to insulin.

In a separate series of studies, Suzuki and Kono (I98O) 

reconstituted the adipocyte glucose transporter from plasma membrane 

and microsomal fractions into liposomes, and assayed the transport act

ivity directly. In agreement with the results of Cushman and Wardzala 

(1980), they were able to show directly that glucose transport activity 

in the subcellular, microsomal fraction decreased when the adipocytes 

were incubated with insulin, while that in the plasma membrane fraction 

increased. Thus Suzuki and Kono (I98O) independently proposed a trans- 

location hypothesis as a possible explanation for insulin stimulation of 

glucose transport in adipocytes.

Carter-Su and Czech (I98O) rejected the idea that trans- 

location (or 'recruitment') of transporters was the sole mechanism of 

stimulation, since they found that reconstitution of transport activity
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from combined microsomal and plasma membrane fractions did not show a 

total transport activity which was equal in control and stimulated cells. 

This difference they found to be due to there being no reduction in trans

port activity reconstituted from the microsomal fraction of insulin- 

stimulated cells, and thus they proposed that activation of transporters 

already in the membrane must play a significant role in transport stimul

ation.

Recently, Kono ̂  ̂  (I982) provided further support for the 

translocation hypothesis, by preparing plasma membrane- and Golgi-rich 

fractions from adipocytes without any cross-contamination, and they 

demonstrated that the increase in reconstituted plasma membrane transport 

activity paralleled that in intact cells, and followed an inverse tlme- 

course to the depletion of reconstituted microsomal activity, and they 

thus concluded that recruitment of functional transporters from an intra

cellular site was the major, if not the sole, mechanism of stimulation.

Studies on isolated rat diaphragm (also an insulin-sensitive 

tissue) using the cytochalasin B binding technique (page 39) have shown 

that glucose transport in this tissue is also stimulated by recruitment 

of transporters from an intracellular site (Wardzala and Jeanrenaud, 1981;

1983), and the characteristics of the translocation are similar to those 

observed in adipocytes.

The studies of Cushman and Wardzala (I98O) on the relative 

movements of cytochalasin B binding activity in adipocytes in response
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to insulin have been extended further. Karnieli ̂  ̂  (1981b) have shown 

the effect to be insulin dose-dependent and reversible on the removal 

of insulin; i.e. the binding capacity in the plasma membrane fraction 

decreased while that in the microsomal fraction increased along with 

transport deactivation on removal of insulin. Furthermore, although 

it is established that the onset of stimulated sugar transport in 

adipocytes does not follow immediately upon addition of insulin to fat 

cells, but proceeds following a time-lag of 45 to 90 seconds (Hâring 

et al, 1978), Karnieli et ̂  (1981b) have found that cytochalasin B 

binding capacity in the plasma membrane begins to increase straight 

away, and is followed later by the increase in glucose transport act

ivity. The interval between the two they found to be approximately 

90 seconds, and no such delay was observed on removal of insulin.

Simpson ̂  ̂  (I98I) have observed that the K^ of cytochalasin B bind

ing to the transporter located in the adipocyte microsomal fraction is 

higher than that in the plasma membrane fraction, and following treat

ment with insulin is observed to decrease upon insertion into the 

membrane, suggesting some form of processing at this step which could 

possibly account for the different time-courses observed by Karnieli 

et al (1981b).

Further justification for the translocation hypothesis 

comes from work carried out on the insulin-resistant states that 

accompany streptozotocin-induced diabetes and maturity obesity in rats.
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In these animals, stimulation of adipocyte glucose transport by insulin 

is Impaired, though insulin binding remains unaltered or may even be 

increased. It now appears that this impairment is due to depletion 

of intracellular transport systems (Karnieli et ai, 1981a; Hissin et al, 

1982) such that full stimulation cannot occur.
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Interactions of the Adipocyte Glucose Transporter with Side-Specific 

Inhibitors.

Symmetry of the Transport System.

The characteristics of facilitated diffusion and hexose 

transport have already been described (pages 1-8).

Studies of glucose transport, in particular in erythro

cytes, have revealed a more complex kinetic mechanism than can be 

accounted for simply by the flux equation on page 2, and have led to 

the propositions of various models of transport which could possibly 

account for the kinetic data observed in these studies (see page 45).

Baker and Widdas (1973) reported that hexose transfer in 

human erythrocytes was asymmetric with respect to the affinities for 

glucose at the inside and outside of the plasma membrane, the trans

porter having higher affinity at the outside site with respect to the 

inside. Whitesell ̂  ̂  (1977) reported asymmetric characteristics in 

the hexose transporter in rat thymocytes. In contrast, Taylor and 

Holman (1981) have reported a complete symmetry in the sugar transport 

system of the rat adipocyte, with no alteration in the symmetry being 

imposed by insulin. The rat hepatocyte, which is freely permeable to 

glucose - there being no direct insulin effect on transport - also 

displays symmetrical kinetic parameters in this respect. Baker and 

Naftalin (1979) and Naftalin and Holman (1977) have suggested that the
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human erythrocyte glucose transporter is intrinsically symmetrical, with 

the asymmetry being conferred on it by cellular compartmentalization 

of sugar binding to haemoglobin. In light of this, Ghallis et ^  (I98O) 

measured the kinetic transport parameters in erythrocyte ghosts, a 

vesicle preparation in which approximately 93^ of the haemoglobin has 

been removed, and found no alteration in the asymmetry. On the other 

hand, Garruthers and Melchior (I983) found that extensive dilution of 

the cell lysate on preparation of erythrocyte ghosts produced vesicles 

which were symmetrical with respect to sugar transport. Furthermore, 

addition of cell lysate to such vesicles restored the asymmetrical 

character, while dialysis of the lysate before addition removed this 

ability. It was therefore suggested that the asymmetry of transport 

in this tissue is a factor imposed on the membrane by low-molecular 

wei^t cytosolic factors.

Models of Hexose Transport.

To account for the accumulated data on sugar transport in 

cells, in particular in erythrocytes, a number of models have been 

proposed. These have been extensively covered elsewhere (Rees, I98I) 

and only a brief outline will be given here.

Pore Models.

The simplest of all models to account for facilitated 

diffusion is the pore model. Danielli (1954) proposed that the 

membrane is spanned by a water-filled pore, through which continuous
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passage of solute can occur. In order for this to be stereospecific,

Adair (1956) pointed out the requirement of a recognition site. To

prevent molecules smaller than the substrate passing through the pore,

some form of barrier is also required. The major restriction on the

pore model is the prediction that trans-inhibition of unidirectional

flux will occur (Hodgkin and Keynes, 1955)» such that as substrate

builds up on the trans side of the membrane, the flux will decrease.

To overcome this problem, more complex pore models have been proposed,

in which substrate molecules can pass one another within the pore such

that trans-inhibition does not occur.

Bowyer and Widdas (1956) proposed a 'polar creep' model,

in which substrate passes down a series of binding sites lining the

pore. Consideration was given to the fact that substrate can exchange

within the pore, and K and V parameters can be determined for both ^ m max
the inside and outside sites.

Naftalin (1970) proposed a 'lattice pore' model, similar 

to the polar creep model, in which hexose molecules pass through the 

membrane by diffusion between adjacent binding sites. The reason for 

modifying the polar creep model was to account for the results of 

Miller (1968) who observed that glucose exit from erythrocytes was 

accelerated more by galactose or mannose than by glucose in the 

external solution (heteroexchange). The model predicts that the 

exchange of two different substrates between adjacent binding sites
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has a higher probability of occurring than migration of a single 

substrate molecule to an adjacent site. Similarly, the exchange of two 

different substrates between a surface binding site and the bulk solution 

is more likely to occur than dissociation from the pore. Computer 

simulations (Naftalin, 19?0) predict accelerated heteroexchange and up

hill counterflow as reported by Miller (I968); however, the model is 

symmetrical with respect to entry and exit values.

The introverting hemiport model of LeFevre (1973) consists 

of micro-carriers acting as gates to an intra-membrane pool. These are 

proposed to face either inwards to the intra-membrane pool, or outwards 

to contact the solution. The proposition was that substrate binding 

alters the probability of the micro-carriers facing inward or outward.

Lieb and Stein (1970) proposed the tetramer model in which 

two pairs of subunits at each face of the membrane act as micro

carriers to a pore. The two pairs of subunits have different affinities 

for the substrate; one pair having low affinity, the other high. It 

was proposed that the binding of substrate induces conversion from 

one facing form to the other.

Foley et ^  (1980b) proposed a model where a water-filled 

pore, gated at each end by a micro-carrier, spans the membrane. The 

kinetics of this model are complex, and a full kinetic analysis has 

not been carried out.

The allosteric pore described by Holman (I98O) consists of
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a protein-lined pore composed of three subunits, in which the points 

of contact of these subunits form the gates to the pore. Each sub

unit can bind substrate, and a different conformation is adopted dep

ending on which subunit is occupied. This model also shows accelerated 

exchange, in common with that proposed by Naftalin (19?0).

Carrier Models.

LeFevre (1948) proposed a lipid-soluble carrier model in 

which the trajisported substrate forms a complex with an integral comp

onent of the membrane, and which is able to diffuse across the membrane, 

depositing the substrate on the other side. Widdas (1952) further dev

eloped this with the proposition that the carrier could then return 

across the membrane to transport another molecule across. This 

mechanism, however, appears to be unlikely. Singer and Nicholson (1972) 

suggested that the rate of diffusive or rotational movement of 

membrane proteins across a membrane is slow compared to the rate re

quired for a facilitated diffusion system.

Vidaver (I966) suggested that the carrier protein was more 

likely to span the whole membrane, and that a conformational change 

would lead to conversion from an outward to an inward facing form and 

vice versa. Such a scheme would be consistent with the studies of 

Barnett ^  ̂  (1973; 1975) and Holman et al (I98I) who showed different 

spatial requirements for the inside and outside sites in red blood 

cells and fat cells.
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Sugar Transport Inhibition.

Just as enzyme inhibitors have been used to probe the 

mechanism of enzyme-catalyzed reactions, inhibitors of sugar transport 

have been employed in attempts to elucidate the physical nature of the 

transport event. Inhibition of sugar transport, in a similar way to 

enzyme-catalyzed reactions, can either be irreversible or reversible. 

For example, sugar transport is inhibited irreversibly by 1-fluoro- 

2,4-dinitrobenzene (FDNB) in many cells, including erythrocytes (Bowyer 

and Widdas, 1958). Reagents such as this react covalently with the 

carrier and render it ineffective. Krupka and Devés (1980a) have used 

FDNB and 2,3-butanedione (another irreversible inhibitor of erythrocyte 

sugar transport) to determine the locations of the interactions of 

various reversible transport inhibitors with the transport system.

Reversible inhibition of enzyme reactions can fall into one 

of four categories, depending on the characteristics imparted onto the 

progress of the reaction by the inhibitors (Cornish-Bowden, 1979):- 

i) Competitive inhibition - this arises when substrate and inhibitor 

compete for the same site on the enzyme. The maximum velocity 

^max z^^ains unchanged, but the inhibitor has the effect of de

creasing the affinity of the enzyme for the substrate (increases

ii) Non-competitive inhibition arises by interaction of inhibitor 

with enzyme at a site different to that at which the substrate
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binds (usually). This may induce a conformational change in the

enzyme, such that K remains unaltered, but V is reduced.m max
iii) Uncompetitive inhibition in enzyme-catalyzed reactions usually

only occurs where the reaction involves several substrates and

products. The effect on the kinetic parameters is to alter both

K and V by equal amounts, m max
iv) Mixed inhibition is a more common manifestation, in enzyme re

actions at least, of non-competitive inhibition. Both and 

^max altered, but to differing extents.

Although enzyme catalysis and facilitated transport can both be de

fined by similar equations (page 2 and Cornish-Bowden, 1979)» it must 

be remembered that while reactions catalyzed by enzymes occur in free 

solution, with access of all substrates and products to the enzyme, 

transport is vectorially constrained by a membrane, such that both sides 

of the transporter may be different with respect to inhibition by the 

same compound. Thus a compound may interact with the transporter at 

the same side of the membrane as the substrate, and also at the sub

strate site, and result in competitive inhibition of transport. Two 

examples are sugar uptake in adipocytes in the presence of 

4,6-0-ethylidene- a-D-glucose in the external medium, and sugar exit 

from adipocytes in the presence of n'-propyl- g-D-glucose (Holman and 

Rees, 1982). This is brought about because ethylidene glucose is an 

inhibitor which is directed at the outer face of the membrane (Baker
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and Widdas, 1973)» and propylglucose is internally directed (Barnett 

^  aa, 1973).

Cytochalasin B is another inhibitor of sugar transport,

though the characteristics of its inhibition are a little more complex

than those of the compounds mentioned above. Firstly, unlike ethylidene

glucose or propylglucose, which are direct substrate analogues and

which have K. values at their respective surfaces similar to the K 1 m
for sugar transport at that surface (for example in adipocytes, see 

Holman _et ̂  (1981), Holman and Rees (I982)), cytochalasin B is not a 

direct analogue, though part of its structure has been shown to be 

similar to the Ĉ  conformation of 3 -D-glucopyranose (Taylor and 

Gagneja, 1975). Also, it has a much higher affinity for the glucose 

transporter than either ethylidene glucose or propylglucose, with a 

dissociation constant in the region of 10 (Jung and Rampai, 1977;

Pinkofsky et al, 1978; Sogin and Hinkle, I98O), which is similar to 

its value for sugar transport inhibition (Taylor and Gagneja, 1975» 

Vinten, 1978). Secondly, its inhibition of glucose transport appears 

to differ in different cell types. For instance, it has been reported 

to inhibit glucose exit from erythrocytes in a competitive manner 

(Devés and Krupka, 1978a). Similarly, equilibrium exchange in 

erythrocytes is inhibited competitively (Basketter and Widdas, 1978; 

Devés and Krupka, 1978a; Jung and Rampai, 1977). However, Taverna and 

Langdon (1973) have reported non-competitive inhibition of glucose in
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flux in red cells. Taken together, these data would suggest that 

cytochalasin B competes with sugar at the inner surface of the 

erythrocyte membrane. In horse leukocytes, sugar influx is also 

inhibited non-competitively (Zigmund and Hirsch, 1972). On the other 

hand, in chick embryo fibroblasts (Kletzien and Perdue, 1973)» Novikoff 

hepatoma cells (Estensen and Plagemann, 1972; Mizel and Wilson, 1972), 

and HeLa cells (Mizel, 1973» Plagemann and Erbe, 1976) influx of sugar 

uptake was inhibited purely competitively. Thus it appears that 

cytochalasin B is an inwardly directed inhibitor of transport in 

erythrocytes and horse leukocytes, and externally directed in these 

other cell types. However, as mentioned by Devés and Krupka (1978a) 

binding of cytochalasin B at the inner membrane surface of erythrocytes 

need not preclude its binding at tha outer surface. In this respect, 

some of the experiments reported in this thesis (pages 108-117) were 

performed in order to obtain information about the adipocyte sugar 

transporter rather than to reveal aspects of insulin action. The aim 

was to determine whether cytochalasin B was as specific for one 

particular side of the membrane as has been reported for other cell 

types (see above), and combined with ethylidene glucose and propyl

glucose, the results reveal probable interaction of cytochalasin B 

at both the inside and outside sites.
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Nomenclature used in Describing Transport Experiments.

Eilam and Stein (1973) introduced a system of nomen

clature to describe the various protocols available when studying 

transport. The transport of substrate from one side of the membrane 

(cis) to the opposite side (trans) is followed. In order to measure 

unidirectional flux, it is necessary to measure initial rates of 

transport, either by the use of very short time-points, or by the use 

of integrated rate equations. Flux of substrate is measured by the use 

of radiolabelled compounds.

Zero-trans experiments - this method measures the initial rate of flux

when the substrate concentration on the opposite side of the membrane

is zero. These experiments allow the calculation of K and V for ^ m max
influx and efflux (zero-trans entry and zero-trans exit, respectively). 

In this thesis, the method is also referred to as the net transport of 

sugar (eg. net entry and net exit).

Equilibrium Exchange experiments - the initial rates of unidirectional 

flux of substrate are measured when the substrate is in equilibrium 

across the membrane, such that no net transfer of substrate occurs. 

Therefore the rates of entry and exit are equal. The method allows the 

calculation of equilibrium exchange and

Infinite-cis experiments - the net flux is measured when the substrate 

concentration on the cis face of the membrane (outside for entry, inside 

for exit) is at a saturating concentration (at least 10 times the zero-
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trans K ). These experiments allow calculation of the trans K .  m   m
Infinite-trans experiments - the substrate concentration at the opposite

(trans) face of the membrane (inside for entry, outside for exit) is

saturating, and the net flux from the cis face is measured. The protocol

allows calculation of the cis K .  m
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All adipocyte isolations were carried out in disposable 

clear polystyrene flat-bottomed tubes. All plastic-ware was supplied 

by W, Sarstedt (UK) Ltd.

All reagents were BDH AnalaR grad.e unless otherwise stated. 

All radiolabelled compounds were obtained from Amersham International.

Preparation of BSA Solution.

Bovine serum albumin (Fraction V, Cat. No. A4503) was from 

Sigma. lOOg of BSA was dissolved in 500ml of double-distilled water 

at 4°C. This was dialyzed for 24 hours against 3 changes of 10 volumes 

of double-distilled water at 4°C. The solution was then sterilized by 

filtration, first through Whatman 41 filter paper, then Whatman 42, and 

finally through Millipore type AA membrane filters (47mm, 0.8pm pore 

size). The pH of the solution was adjusted to 7*4 with lOM sodium 

hydroxide, and the volume adjusted to 11 with double-distilled water to 

give a final 10^ solution, which was then divided into 10ml aliquots 

in glass vials and stored at -20°C until required. Once thawed, the 

solution was not refrozen.

Preparation of Buffer Solutions.

Hepes (N-2-hydroxyethylpiperazine-N'-2-ethane sulphonic 

acid) was from Sigma.

All buffers, unless otherwise stated, contained the
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following: NaCl, l40mM; KOI, 4.7mM; CaCl^, 2.5mM; MgSO^, l,25niM;

Na phosphate (as H^PO^ /HPO^^ ), 2.5mM; Hepes, lOmM. The pH was 

adjusted to 7*6 at 20°G. Albumin was added as required.

Buffer stock solutions were prepared as two lOx concentrates, 

one containing Hepes and sodium phosphate (pH 7*6 at 20°C), the other 

containing NaCl, KCl, MgSO^ and CaCl^. Both stock solutions were 

filtered and stored at 4°C, and were replaced every 14 days.

Preparation of Insulin Solution.

Porcine monocomponent insulin (10 times recrystallized,

24u/mg) was a gift from Novo Research Institute. l.Omg of insulin was

dissolved in 1.0ml of 0.03M hydrochloric acid, and the solution made

up to 3ml with double-distilled water. 1.0ml of this solution was

then diluted to 50ml with 1% albumin (w/v)/Hepes buffer, pH 7*6. The

resulting insulin solution (ipM) was divided into 1.0ml aliquots and

stored at -20°C until required. The solution was not refrozen once it

had been thawed. The solution was periodically checked to determine
14its effectiveness at stimulating [U- C] -D-glucose conversion to 

^^C-lipids in isolated adipocytes (see p. 60).

125Preparation of I-iodoinsulin.
125I-iodoinsulin was prepared according to the method of 

Quatrecasas (1971)•
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In a 95 X 16.8mm conical polypropylene tube was placed lOpl 

of a 0.4mg/ml solution of insulin in O.IM sodium phosphate buffer, pH 7*4. 

To this was added lOOpl of 0.25M sodium phosphate buffer, pH 7*4, con

taining ImCi of Na^^'^I,followed by 20pl of a 5mg/ml solution of chloramine- 

T. The reaction was allowed to proceed for 40 seconds at room temp

erature (20°C), and 20pl of lOmg/ml sodium metabisulphite was added, 

followed by 8m1 of O.IM sodium phosphate/O.l^ albumin, pH 7*4. Acid 

precipitable radioactivity was determined at this stage by removing 20pl 

of this solution in duplicate, and adding it to 1.0ml of 20^ trichloro

acetic acid (TCA) or to O.lM sodium phosphate, pH 7*4. These were 

mixed thoroughly, maintained on ice for 15 minutes, and then centrifuged 

at 10 000 X g (MSE Micro-Centaur) for 10 minutes. Radioactivity was

determined on a 20pl aliquot in a LKB Ultrogajnma scintillation counter.
125Following this, 25mg of talc was added to the I-iodo

insulin solution, thoroughly suspended, and then pelleted at 2000rpm 

in a MSE bench centrifuge. The supernatant was discarded, and the 

pellet was washed 4 times in O.IM sodium phosphate, pH 7*4. After the 

final wash, 3m1 of 0.37M HCl/6^ albumin was added to the pellet, the 

pellet resuspended, and centrifuged at 2500rpm (MSE bench centrifuge, 

swing-out rotor) for 30 minutes. The pellet was discarded, and the 

supernatant neutralized with 0.5ml of IM NaOH. Acid-precipitability 

was determined as previously described. Specific radioactivity of the 

recovered iodoinsulin ranged from 156 to 256 mCi/pmol, it was 97^
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precipitable by 20^ TCA, and 89^ adsorbed to talc.

Iodoinsulin was chromatographed on Sephadex G-50 (45 x 

1.1cm) in IM urea/O.IM sodium phosphate, pH 7.4, and was shown to elute 

as a single peak.

Preparation of Zinc-free Insulin.

Insulin (iml, 50]^» 0.33mg/ml) in O.OIM hydrochloric acid, 

was dialyzed against O.OIM HCl (3 changes) for 8-12 hours at 4°C, to
24-remove Zn . The resulting solution was then diluted to 50ml in 

1% albumin (w/v)/Hepes buffer, pH 7*6. The resulting IpM solution was 

stored at -20°C in 1.0ml aliquots until required. The solution was 

not refrozen once it had been thawed.

Absence of zinc from this solution was confirmed by polar-

ography.

Determination of Radioactivity.

Y -radioactivity was determined using a LKB Ultrogamma 

scintillation counter, with a counting efficiency of 60^.

3 -radioactivity was determined in a Packard Tri-Carb 

liquid scintillation spectrometer using 5m1 of scintillant. The 

scintillant contained toluene : triton; 2,5-diphenyloxazole(PPO)

(70:30;5g/l)• Counting efficiency was 70-80^ for
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Preparation of Adipocytes.

Male Wistar rats (150-l60g), allowed free access to lab 

chow and water, were used in all studies. The method adopted followed

that of Rodbell (1964) as modified by Foley et ̂  (1980b).

The rats were stunned and the necks dislocated. The

epididymal fat tissue was quickly removed and rinsed in Hepes/l$̂  albumin

buffer at 37°C. The washed tissue was then placed into Hepes buffer 

containing albumin, 0.5mM glucose, and 0.5mg/ml collagenase

(Worthington; Lot No.(4197 CLS 40B) IIB; activity l49U/mg) in a 

75 X 23»5mm clear polystyrene flat-bottomed tube, and minced finely with 

scissors. The amount of buffer used was 3ml/2 pads. A small (I3mm), 

smooth, teflon-coated stir-bar (acid-washed) was added, and the tissue 

suspension stirred gently at 37°0 for approximately 1 hour until no 

tissue lumps remained. The rate of stirring was adjusted to the minimum 

speed required to maintain all of the tissue lumps in suspension. The 

resulting cell suspension was filtered through nylon mesh (Henry Simon 

Ltd., 250pm mesh size), and allowed to settle at 37°C. The subnatant 

buffer was removed using a siliconized Pasteur pipette (siliconizing 

fluid used was 7% dimethyldichlorosilane in 1,1,1-trichloroethane (BDH)) 

and 10-15ml of Kejpes/1% albumin buffer containing 0.5mM sodium pyruvate 

was added. The cells were resuspended and allowed to float. This 

washing procedure was repeated 4 times and was carried out at 37°C.

The cell suspension was then adjusted to the desired cytocrit, this
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being determined using a 25}il capillary tube which was centrifuged at 

1500 X g for 15 seconds, and expressed as the ratio of the length of 

the packed cell fraction in the tube to the total length of the sus

pension in the tube.

The cell preparation so obtained has been characterised 

with regard to cell viability (Rees, I98I).

In experiments where a sub-maximal (< 200pM) dose of insulin 

was incubated with the adipocytes, 0.0^ (w/v) bacitracin (Sigma) was 

included in the wash buffer to eliminate extracellular insulin degra

dation which would lead to a drop in the extracellular concentration 

of insulin (Gliemann and Sonne, 1978).

In all experiments where whole cells were used, the packed 

cell volume was taken into account when calculating concentrations of 

components added to the cell suspension.

Lipogenesis as a Measure of Insulin Stimulation.

All insulin solutions were assayed by the following pro

cedure to determine their effectiveness at stimulating lipogenesis.

100]il of a 44^ adipocyte suspension in Hepes/1^ albumin 

buffer containing 0 , 0 ^  bacitracin was preincubated at 37°C for 20 

minutes. lOpl of insulin in the same buffer (when required) was added 

to give a final concentration of lOnM, and incubation was continued 

at 37°C for 30 minutes with frequent gentle mixing to ensure adequate



- 61 -

suspension. 50pl of this suspension, now at 40^ cytocrit, was added to 

450|i1 of 1.07mM glucose (final concentration ImM) containing approxi

mately 0.8pCi [ U-^^C ] -D-glucose and 1.07x the required final conc

entration of insulin if necessary. This was incubated at 37°G for 15 

minutes with frequent gentle agitation, following which 2.5ml of 

Dole medium (4:1 propan-2-ol;n-heptane) (Dole and Meinertz, I960) was 

added, and the mixture whirlimixed thoroughly, n-heptane (1.5ml) was 

added, mixed, followed by distilled water (1.5ml). This was again 

mixed thoroughly, the two phases allowed to separate, and 0.5ml of the 

upper (n-heptane) layer was removed and the radioactivity determined as 

already described.

Routinely, a 15-20 fold stimulation of lipogenesis was seen 

when adipocytes were preincubated with insulin compared to control cells. 

On occassion, the stimulation was as high as 40-fold. Insulin solutions 

were considered suspect and discarded if the degree of stimulation fell 

below 15-fold.
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Methylglucose Transport in Isolated Adipocytes.

These methods are based on the methods of Whitesell and 

Gliemann (1979)»

Methylglucose Uptake.

50pl of an adipocyte suspension at an appropriate cytocrit

(usually 30^) was squirted onto lOpl of (unless otherwise stated) 4.5mM

3-0-methyl-D-glucose (Sigma) (to give a final concentration of ImM),
14containing approximately 0.1-0.2pCi of 3-0- [ C ] -methyl-D-glucose in 

albumin-free Hepes buffer in a 75 x 11.5mm polypropylene tube. Uptake 

was terminated by rapidly adding 3ml of 0.3mM phloretin (K & K Labora

tories) in albumin-free Hepes buffer. Timing was carried out using a 

metronome set at 2bts/second. The phloretin (8mg/l00ml) was firstly 

dissolved in ethanol and dimethylsulphoxide (DMSO) such that the final 

concentration of these was 0.12% and 0.05^, respectively. 'Blank' 

values (indicating extracellular trapped radioactivity) were determined 

by adding 1ml of 0.3mM phloretin to the sugar before the addition of 

cells, followed by a further 2ml of phloretin solution. 'Infinity' 

values (indicating equilibrium distribution of radioactivity) were 

determined by incubating the cells with sugar for 10-15 minutes for 

insulin-stimulated cells, and 30-40 minutes for basal cells. 1ml of 

silicone oil (Dow Corning 100/200 cs, obtained from Hopkin and Williams) 

was layered on top of the buffer, and the tubes centrifuged (MSE bench
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centrifuge, swing-out rotor) at 2500 x g for 1 minute. The cell layer 

was removed from the top of the oil using a piece of pipe-cleaner (10- 

15mm), and placed in a scintillation vial containing 5ml of scintillant. 

Radioactivity was measured as described earlier.

In all experiments, the equilibrium sugar space (i.e. cyto

plasmic volume) averaged 1.8pl/l00pl packed cells. Rees (1981) and 

Whitesell and Gliemann (1979) reported that a 40^ solution of adipocytes 

isolated from rats of the size described earlier contained 4 x 10^ cells/ 

ml. The cytoplasmic volume can thus be calculated as 1.8pl/cell.

Methylglucose Ebcit from Adipocytes.

Cells were isolated to 50^ cytocrit and preincubated with 

insulin at a concentration of InM for 20 minutes at 37°C. 3-0- [^^0] -

methylglucose was added at a concentration and volume calculated to 

produce the required final concentration and cytocrit of 4^. Foll

owing incubation at 37°C for 30 minutes with occasional agitation to 

allow equilibration of the sugar, 50^1 ŝis removed and added to 5ml of 

exit buffer. Exit was terminated by the addition of 5ml of 0.6mM 

phloretin (l6mg/l00ml) prepared as described for methylglucose entry.

The exit buffer was continuously stirred throughout the exit time.

1ml of silicone oil was layered onto the buffer, the cells isolated by 

centrifugation, and the radioactivity determined as already described. 

Blank values (equilibrium distribution of sugar before exit) were
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determined by incubating the cells with cytochalasin B after equil

ibration with labelled sugar, and the exit buffer and phloretin solution 

both contained cytochalasin B. Infinity values were determined by

allowing the preloaded cells to equilibrate with exit buffer for 15 

minutes prior to addition of phloretin,

Methylglucose Exchange in Adipocytes.

340pl of a suspension of insulin-stimulated cells at 3 ^  

cytocrit was incubated at 37°G for 45 minutes with 30pl of unlabelled 

methylglucose (with inhibitor if necessary). Following equilibration, 

50pl of the cell suspension, now at JQffo cytocrit, was added to lOpl 

of labelled methylglucose at the appropriate concentration. Timing and 

termination of exchange were as described for methylglucose uptake. 

Isolation of cells and determination of radioactivity were as previously 

described. Blank and infinity values were as described for methylglucose 

entry, following equilibration with unlabelled sugar.

Preparation of Adipocyte Plasma Membrane Vesicles.

This followed a slight modification of the method of McKeel 

and Jarett (1970) and Jarett (1974). All reagents used were BDH 

AnalaE grade unless otherwise stated.

Adipocytes were isolated in 1% albumin/Hepes buffer as
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previously described. Typically, the tissue from 6 rats provided 

enough material for 1 experiment. Insulin, if used, was added after 

the last wash. Following incubation at 37°G for 30 minutes, the cells 

were washed twice with 0.25M sucrose;10mM Tris-HCl:0.1mM EDTA, pH 7*4 

(autoclaved and stored at 4°C) and then homogenized in a total volume 

of 30ml in a Potter-Elvejhem homogenizer (teflon pestle, 0.006" clear

ance), turning at 1500rpm. Homogenization was by 10 up-and-down 

strokes. The homogenate was poured into a 50ml centrifuge tube, made 

up to 50ml with the washings from the homogenizer, and centrifuged at 

16 000 X g (8 X 50 angle rotor, Beckman MSE 18 or Sorvall RC-5B) at 

4°C for 20 minutes. The supernatant and fat cake were removed, and the 

supernatant, if required, kept at 4°C. The pellet was resuspended in 

sucrose ;Tris ;EDTA buffer, pH 7*4 at 4°C and recentrifuged in a total 

volume of 50ml at 17 000 x g for 20 minutes at 4°C. The supernatant 

was discarded, and the pellet resuspended in 1ml of buffer, and gently 

layered onto 3ml of a single-step gradient of 6% Ficoll 400 (Pharmacia, 

previously dialyzed and lyophilized) in sucrose :Tris :EDTA buffer, pH 7«^» 

This was centrifuged at 44 000 x g (SW50 rotor; Beckman L5-50B) at 4°C 

for 35 minutes, during which the plasma membrane fraction equilibrated 

just above the interface between the buffer and the Ficoll. This frac

tion was removed with a Pasteur pipette, and the Ficoll diluted out 

with 30nil of buffer. The membranes were pelleted at 100 000 x g (SW27 

rotor; Beckman L5-50B) at 4°C for 1 hour. The supernatant was discarded
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and the membrane pellet resuspended in sufficient buffer (300-600pl) 

to achieve approximately Img/ml of membrane protein. The suspension 

was sonicated for 30 seconds in a 75^ ultrasonic water bath, frozen in 

liquid nitrogen, and rethawed before use. Membrane protein was deter

mined by the method of Lowry et a2 (1951)*

The membrane fraction obtained by this method has been 

characterised by Rees (1981).

Glucose Uptake in Isolated Plasma Membrane Vesicles.

This was determined using a modification of the method of 

Ludvigsen and Jarett (I98O).

lOpl of the plasma membrane suspension (approximately lOpg 

protein) was incubated with lOpl of radiolabelled [ U-^^C ] -D-glucose 

in sucrose:Tris;EDTA buffer, pH 7*4 at 37°C for the appropriate time. 

Transport was stopped with 1ml of 0.3mM phloretin in sucrose ; Tris ; EDTA 

buffer (prepared as previously described for albumin-free buffer). The 

suspension was then applied to the centre of a 25inm Millipore filter 

(0.22pm pore size) under suction on a Millipore filtration apparatus.

The reaction tube was rinsed with a further 1ml of phloretin solution, 

this was then filtered as before, and the filter then washed with 10ml 

of phloretin solution. The filter was allowed to dry under suction, and 

then placed in a scintillation vial conatining ^m l of scintillant for 

determination of radioactivity.
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Blank values were determined by keeping the two drops of 

membrane suspension and sugar apart, and mixing by the addition of 

phloretin. Equilibrium values were determined by incubation of 

membrane with sugar for 45 minutes prior to the addition of phloretin.

Insulin Binding in Adipocytes.

100]il of a 40^ suspension of adipocytes was incubated with

500pl of ^^"^I-insulin at 37°G with occasional shaking in 1% albumin/

Hepes buffer containing 0.05& bacitracin. 9nil of chilled 1% albumin/

Hepes buffer was added, and the cells isolated by centrifugation

through a layer of silicone oil as previously described. The cell-

associated radioactivity was determined in a LKB Ultrogamma counter.
125Non-specific binding of I-insulin was determined in the 

presence of 5pM native insulin. This was never more than ^  of the 

total bound radioactivity. All results were corrected for non-specific 

binding.

Insulin Degradation in Adipocytes - Measurement of Release of TGA- 

Soluble Products.

lOOpl of a 40^ cell suspension was incubated with 500pl of 

^^■^I-insulin for 30 minutes at 37°G in 1% albumin/Hepes buffer con

taining 0.05/̂  bacitracin. 500pl of 20^ TGA was added to stop the 

reaction, mixed thoroughly, and kept on ice for 15 minutes. The
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precipitated material was centrifuged down at 10 000 x g (MSE Micro-

Centaur) for 10 minutes, and 500pl of the infranatant (below the fat
125cake) was removed for Y-counting. Non-specific degradation of I- 

insulin was determined by replacing the cell suspension with 100]il of 

buffer, and incubating under the same conditions. All results are 

corrected for non-specific degradation.

Insulin Dissociation from Adipocytes.
125Isolated adipocytes were incubated with 10ml of InM I- 

insulin at 37°C for 30 minutes in 1% albumin/Hepes buffer containing

0.0^ bacitracin with frequent mixing to ensure adequate suspension 

of the cells. Following incubation, the cells were allowed to float, 

and the subnatant removed. The cells were washed free of insulin with 

3 changes of 10ml of buffer at 20°C. The cytocrit was adjusted to 40^, 

and lOOpl aliquots taken into conical polypropylene centrifuge tubes. 

These were then transferred to 37°C to initiate dissociation, which 

was terminated by the addition of 9ial of cold, albumin-free Hepes buffer. 

The cells were isolated, and the raxiioactivity measured as previously 

described.
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Release of TGA-Soluble Radioactivity Following Incubation and Removal 

of Extracellular I-insulin.
125Isolated sidipocytes were pre incubated with I-insulin 

and washed free of extracellular insulin as described above, and 

degradation initiated as described above. TGA-soluble radioactive 

material was determined by addition of 1ml of 20^ TGA, and 500vil of 

the supernatant was removed following incubation on ice and centri

fugation as described previously. Y-radioactivity was determined as

already described.



RESULTS
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Bovine Serum Albumin.

Bovine serum albumin was dialyzed and filtered to remove 

insulin-like activity and particulate matter. BSA in the adipocyte 

incubation buffer stabilizes the cells by binding released fatty 

acids, which could disrupt plasma membrane stability, and, in suff

iciently high concentrations (3-5mg/nil), can inhibit extracellular 

degradation of insulin (Gliemann and Sonne, 1978). Thus, if it is 

to be included in the incubation buffer, any insulin-like activity 

has to be removed so that stimulation by insulin and insulinomimetic 

agents is not masked.

Figure 1 shows the effect on basal methylglucose uptake 

of preincubation of adipocytes in albumin/Hepes buffer before and 

after dialysis of BSA. Buffer containing \% albumin (w/v) showed 

no difference before and after dialysis, but when the content of BSA 

in the buffer was raised to a large increase in basal methyl

glucose transport activity was observed when undialyzed BSA was 

present. The effect is compared with the stimulatory effect of InM 

insulin in Vfo albumin/Hepes buffer on sugar uptake. Since the degree 

of stimulation of sugar uptake produced by a maximal dose of insulin 

will always remain fairly constant, expressing the degree of stim

ulation as a proportion of the basal activity will reflect the level 

of the basal activity itself. Thus the fold-stimulâtion increased 

from 4.6 in 3^ undialyzed BSA to 15.1 following dialysis. The fold-
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Figure 1.
The effect of non-dialyzed and dialyzed BSA on methylglucose 
uptake. Adipocytes {jQffo PCV) were incubated in Hepes buffer 
at 37°C containing the indicated ajnounts of BSA for 30 mins, 
following which uptake of ImM G-methylglucose was assayed, 
A parallel incubation was carried out with InM insulin in 
1% BSA/Hepes buffer. Results are means of triplicate obser
vations.
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stimulation in \% BSA in both cases was 24,0.

In all of the subsequent experiments reported in this 

thesis, adipocytes were incubated and maintained in Hepes buffer 

containing (w/v) dialyzed bovine serum albumin.

Insulin Stimulation of Adipocyte Sugar Transport.

1. Insulin Dose-Response.

The responsiveness of the adipocyte sugar transport 

system to insulin reflects the ability of the adipocyte to respond 

to a msLximal dose of insulin (i.e. the maximal transport rate 

achieved), while the sensitivity indicates the ability of a sub- 

maximal dose to increase the transport rate to a level below maximal. 

Figure 2 shows the dependence of ImM methylglucose uptake on insulin 

concentration at two different temperatures, 20°G and 37°G. Since 

the lower temperature will affect the transport rate itself (Whitesell 

and Gliemann, 1979)» sugar uptake in both cases was determined at 37°G 

This would, however, mask the effect under Investigation; therefore 

before determination of transport activity, the cells were incubated 

with ImM potassium cyanide for 2 minutes before transfer to 37°G.

This was done because any change in methylglucose transport activity 

is an energy-dependent process (Ghandramouli ̂  ad, 1977» Kono e t
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Figure 2.
Insulin stimulation of methylglucose uptake in adipocytes. 
Cells were incubated with insulin at the concentration shown 
at 37°C (•) and 20°C (a ) for 30 mins, after which KCN was 
added to a final concentration of ImM, and incubation cont
inued for a further 2 mins. Those samples at 20°C were 
transferred to a 37°0 water-bath, the temperature allowed to 
equilibrate for 2 mins, and ImM C-methylglucose uptake 
measured in triplicate for each point. Results are means 
± SEM.
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1977), such that depletion of cellular ATP by metabolic inhibitors, 

eg, cyanide or 2,4-dinitrophenol, prevents stimulation or deactivation 

of sugar transport (see next section).

Figure 2 showed that the dose-response curve was shifted 

to the left at 20°C, indicating that lower concentrations of insulin 

were more effective at stimulating transport at this temperature. In 

the absence of insulin, cells incubated at 20°C demonstrated an in

creased glucose transport activity (measured at 37^0) compared to 

cells incubated at 37°G, Methylglucose uptake was half-maximally 

stimulated by insulin at approximately 75pM at 37°C, while cells 

incubated at 20^0 were already maximally stimulated at this concen

tration, Maximal stimulation at 37°C was seen in cells incubated 

with 200pM insulin, and no effect of higher insulin concentration was 

noted (Fig, 2), These values compare well with the results observed 

by Whitesell and Gliemann (1979), who noted half-maximal stimulation 

with 70pM insulin and maximal stimulation at approximately 210pM 

insulin, both at 37^G,

2, Inhibition of Insulin Stimulation,

Figure 3 shows that KCN was capable of preventing all 

stimulation of glucose transport inducible by insulin if added first. 

If added at the same time as, or following, insulin, stimulation was 

not halted immediately, but continued for a further 60-120 seconds
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Figure 3 .
Methylglucose transport activity in cells exposed to InM 
insulin before (A), after (■), or together with (#) ImM KCN. 
Adipocytes were incubated at 37°C under the conditions des
cribed, and the additions made where indicated (*insulin and 
KCN added together (•) at t = O). 5 sec uptake of ImM ^^C- 
methylglucose was assayed at the times indicated. Results 
are means - SEM (n = 4).
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before complete inhibition occurred.

Although KCN permitted further expression of stimulation 

when added after insulin (from 18^ of the equilibrium space filled 

in 5 seconds to ZG% in 5 seconds), it still prevented full expression 

of stimulation (57*3^ ± 2.0^/5s) previously seen under these conditions 

(Fig, 1). When KCN and insulin were added together, some increased 

transport activity was evident (2-fold increase over basal). Chand- 

ramouli jet ̂  (1977) showed that sodium azide, potassium cyanide, or 

2,4-DNP completely blocked stimulation by insulin, while similar 

results were obtained by Kono et a2 (1977) following treatment of cells 

with 2,4-DNP. Vega ̂  ̂  (I98O) showed that KCN, NaN^, 2,4-DNP and 

dicumarol arrested insulin stimulation of glucose transport, but did 

not initiate deactivation. The effects of the inhibitors were reversed 

upon removal and resuspension of the cells in inhibitor-free buffer 

(Kono et al, 1977; Vega et I98O).

Siegel and Clefsky (I98O) reported that ATP-depletion of 

adipocytes by preincubâtion with 2,4-DNP or NaCN completely abolished 

the stimulatory effects of insulin on methylglucose transport.

Similar results were observed if the inhibitors were added at the same 

time as insulin, while basal or fully-stimulated transport rates were 

not affected. 2,4-DNP was also able to prevent stimulation by insulin 

reaching maximal levels when added before the fully-stimulated state 

would normally have been achieved (Hâring et ^ , 1981; Siegel and
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Olefsky, I98O).

This inhibitory effect of ATP depletion caused by metabolic 

inhibitors was put to use in some of the following studies which were 

carried out to investigate the response of the adipocyte sugar transport 

system to insulin.

Table 1 shows that KCN itself did not affect basal or 

insulin-stimulated methylglucose uptake at 37°C. Thus cyanide has no 

direct effect on the sugar transport system, as was also noted by 

Siegel and Olefsky (I98O).

3 . The Onset of Transport Stimulation in Adipocytes.

A delay of approximately 30 seconds following the addition 

of InM insulin to adipocytes was observed before the onset of stim

ulated methylglucose uptake (Fig. 4). Other workers (Ciaraldi and 

Olefsky, 1979» Hiring et al; 1978; 1981; Whitesell and Gliemann, 1979) 

have noted a similar delay. Whitesell and Gliemann (1979) noted that 

maximal stimulation was achieved by 60 seconds after addition of insulin, 

with a of approximately 15 seconds following the onset. Hâring ̂  

al (1978; 1981) observed that msLXimal stimulation occurred by 100-180

seconds with a of approximately 20 seconds. Figure 4 shows that with 
2

the methodology employed in this study maximally stimulated transport 

was achieved by 5 minutes, with a tĵ of approximately 60 seconds.



Methylglucose Uptake Rate 
pmol/lO^ cells/5 secs

CONTROL 4-ImM CN

Basal 

InM insulin

4.1 ± 0.4(7)

98.1 ± 3*8(6)

4.1 ± 0.4(6) 

97.2 ± 4 .2(6)

Table 1.
Effect of ImM KCN on methylglucose uptake in basal and insulin-
stimulated cells. Adipocytes were incubated with or without
insulin for 30 mins at 37°C prior to addition of KCN to ImM
where indicated. Incubation was continued at 37°C for a further

142 mins, following which uptake of ImM C-methylglucose was 
assayed. Results are means ± SEM (number of observations 
shown in brackets).
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Figure 4.
The onset of stimulated methylglucose uptake following the 
addition of insulin (InM). Cells were divided into aliquots 
of 300|il, and insulin was added to each. Following incub
ation at 37°G for the appropriate times, KCN was added to ImM, 
and incubation continued for a further 2 mins, then ImM C- 
methylglucose uptake was assayed as described under Methods.
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4, Effect of Colchicine on Stimulation of Methylglucose Transport.

The anti-microtubulax agent colchicine (Olmsted and Borisy, 

1973) was used to see if it affected the stimulation of adipocyte 

sugar uptake by insulin, thereby implicating the microtubule system 

in insulin's action. Table 2 shows that preincubation of adipocytes 

with IpM and ImM colchicine did, in fact, slightly inhibit the stim

ulatory effect of lOOpM insulin. Basal methylglucose transport 

activity was not affected. The insulin concentration of lOOpM was 

employed because it is below the concentration at which maximal 

stimulation of sugar transport occurs (200pM, Fig. 2), thus the 

insulin 'effector' system is not saturated, and any adverse effects 

on sugar transport are therefore more readily observed. HSLring ̂  ad 

(1979) noted an increase in the lag before onset of stimulation from 

40 seconds in control cells to 65 seconds in cells preincubated with ImM 

colchicine. They noted no change in insulin binding in cells pre

treated with ImM colchicine.

In the experiment described in Table 2, a pre incubât ion 

time of 30 minutes was chosen for incubation of adipocytes with col

chicine prior to addition of insulin. Figure 5 shows that ImM col

chicine exerted its maximal effect at partially inhibiting transport 

stimulation as early as 5 minutes after addition, and that the effect 

was stable with respect to time, at least up until 2 hours after 

addition to the cells. The stimulated transport activity was inhib-



% EQUILIBRIUM SPACE FILLED IN 5 secs

Pre incubât ion BASAL CELLS +100pM INSULIN +lnM INSULIN

None 

IpM colchicine 

ImM colchicine

1.6 ± 0.1 

2.5±0.V 

2.2 ± 0.6^

15.2 ±1.1 

10.7 ±0.8^ 

8.3 ± 0.4*

37.7 ±1.8

ND

ND

Table 2.
The effect of colchicine on the stimulation of methylglucose uptake 
by lOOpM insulin in adipocytes. Cells were preincubated with col
chicine for 30 mins at 37°C, followed by a 20 min incubation with 
insulin or buffer, before 5 sec uptake of ImM ^^C-methylglucose 
was assayed. Results are means ± SEM (n = 4).

Not significantly different from control cells, p>0.05 
 ̂ Significantly different from control cells, p < 0.01 
 ̂ Significantly different from IpM colchicine-treated 

cells, p < 0.05

NT) Not determined
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Figure 5»
Inhibition of stimulated transport activity by ImM colchicine 
- dependence on time. Adipocytes were incubated at with
ImM colchicine for the indicated times before addition of 
lOOpM insulin. Incubation was continued at 37°G for a further 
15 mins, after which 5 sec uptake of ImM C-methylglucose 
was assayed. Results are means of quadruplicate observations.
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ited by approximately 50^ by ImM colchicine (Table 2 and Fig. 5)*

5» The Effects of Temperature.

(a) Removal of Insulin.

i) Methylglucose Transport.

Removal of insulin from stimulated cells at 37°C causes 

the glucose transport rate to revert to basal levels (Ciaraldi and 

Olefsky, 1980; Crofford, 1975; HSring et al, 1982; Kono et al, 1981; 

Laursen et al, 1981 ). A similar effect is seen on lipogenesis from 

^^C-glucose (Gliemann et al, 1975)* The effect is energy-dependent, 

being inhibited by the metabolic inhibitors CN" and 2,4-DNP (Kono 

_et ad, 1981; Laursen et al, 1981).

The ability of the transport activity to return to basal 

levels was also temperature-dependent, as shown in Figure 6. Near-

basal transport levels were achieved within 60 minutes in cells

incubated at 37°C following removal of insulin. At 20°C the effect 

was completely abolished. As noted by other workers (Ciaraldi and 

Olefsky, 1980; Crofford, 1975; Hdring et al, 1982; Kono et 1981; 

Laursen et al, 1981) insulin-stimulated methylglucose transport 

activity was lost and returned to near-basal levels following removal 

of insulin and subsequent incubation at 37°C for 60 minutes. Ciar

aldi and Olefsky (1980; 1981) reported that ImM glucose was required 

for this effect, but Laursen et ^  (I98I) did not find an absolute
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Figure 6.
Decrease in transport activity on removal of insulin at 20 C 
and 37°C, Cells were incubated with InM insulin for 20 mins 
at 37°G, following which they were divided into 3 pools. One 
of these was washed 3 times in insulin-free buffer at 37°C, 
and one other 3 times in insulin-free buffer at 20°C, as des
cribed under Methods. The third pool was washed 3 times in 
InM insulin-buffer at 37°C. The cytocrit was adjusted to 
30^» and incubation continued at the appropriate temperature 
for 60 mins. KCN was added to a concentration of ImM, incu- 
bation continued for 2 mins, and ImM C-methylglucose uptake 
assayed over 5 secs at 37°C.
Basal cells were removed from the main pool before the add
ition of insulin, and these were washed and treated ident
ically to the other cells.
Results are means of 6 observations - SEM (* P > 0.03 (Student 
t-test) compared to insulin-stimulated cells).
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requirement for glucose.

The experiment depicted in Figure 6 shows the effect of 

lowered temperature solely on transport deactivation, since transport 

itself was always measured at 37°G. As mentioned earlier (Fig. 2 and 

p. 71) temperature per se affects the transport rate (Whitesell and 

Gliemann, 1979)» thus, before methylglucose uptake could be assayed 

at 37°G, a preincubation with ImM KCN was included (see Fig. 3 &nd

p. 72) .

To investigate further the dependence of deactivation on 

temperature, a series of experiments were carried out in which the 

rate of deactivation of methylglucose uptake was measured at various 

temperatures from 37°C down to 26°C, while methylglucose uptake itself 

was always measured at 37°G. The method employed relied on the fact 

that no deactivation is seen at 20°C (Fig. 6) when insulin is removed, 

thus thorough washing of the cells at this temperature will remove all 

of the insulin without altering the transport rate.

Figure 7 shows the effect of temperature on the loss of 

insulin-stimulated methylglucose uptake. Deactivation was most rapid 

at 37°C, with a of approximately 9 minutes, and full restoration 

to basal level by 40 minutes. This value is inconsistent with that 

observed by Ciaraldi and Olefsky (I98O) for deactivation, who noted 

a t^ of 43 minutes at 37°C, but similar to that observed by Laursen 

^  ̂  (1981). Termination of insulin-induced hexose transport
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Flgiire 7,
Deactivation of insulin-stimulated methylglucose uptake. 
Adipocytes were incubated at 37^C in albumin/Hepes buffer 
containing InM insulin and 0,03^ bacitracin for 30 mins. 
Following this, the cells were washed 3 times in insulin-free 
buffer at 20°C as described under Methods, and the cytocrit 
adjusted to 33^» lOOpl aliquots were then taken in trip
licate or quadruplicate for each time point to be determined, 
and deactivation was started by placing the tubes containing 
the cells in a water-bath at the correct temperature. At the 
appropriate times, lOpl of KCN solution was added (final 
concentration ImM) and incubation continued for a further 
2 mins. Samples were then transferred to a 37°G water-bath, 
and ImM ^^C-methylglucose uptake (5 sec) determined on one 
50}il aliquot from each tube. (•), 37°C; (A), 3^°C; (■), 30°G;
(a), 26°C. No deactivation is seen at 20°C (□). Basal 
transport activity was 3.4 ± 0.4^ (SEM) of maximum (n = 16). 
Results are means of 7-11 observations.
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proceeded more slowly as the temperature was lowered, and did not reach 

the basal levels normally observed at 37°C by 60 minutes (the longest 

time studied) at temperatures below 37°G. Prolonged incubation 

( >60 minutes) at these lowered temperatures was not attempted, since 

adipocyte viability is impaired over long incubations below 37°C. From 

Figure 7» the t_i values for temperature-dependent deactivation were 

9 minutes, 14 minutes, 30 minutes and 60 minutes at 37°G, 3^°C, 30°G 

and 26°C, respectively. Also shown is the effect of incubation at 20°C 

following insulin washout; no loss of transport activity was evident 

at this temperature, thus washing of the cells at 20°G was a valid 

and effective way of removing extracellular insulin without affecting 

transport activity, and the methodology employed did show deactivation 

from an initial maximal rate of methylglucose uptake. Basal transport 

activity in experiments carried out simultaneously to those presented 

in Figure 7 was 5*4^ ± 0.4^ of maximum (mean ± SEM, n = 16).

ii) Cell-bound Insulin.

Ciaraldi and Olefsky (I98O) reported that dissociation of 

cell-bound insulin proceeded much more rapidly than deactivation of

methylglucose transport at both 37°C and 24°C (tĵ 's for dissociation
2

were 14 minutes and 26 minutes respectively, compared to tĵ 's for
2

transport deactivation of 43 minutes and 73 minutes, respectively,at 

these temperatures). Omission of glucose from the incubation medium 

prevented deactivation of the transport activity, whereas insulin
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dissociation was unaffected (Ciaraldi and Olefsky, 1980; I98I). No 

difference between the half-times of deactivation and insulin diss

ociation was reported by Laursen et ̂  (I98I), either in the presence 

or absence of glucose. H&ring et al (1982) reported deactivation 

only in the presence of glucose, and dissociation was more rapid than 

deactivation. At 13°C, they observed no deactivation of transport,

and dissociation was not greatly affected (t_i at 37°G of 20 minutes
2

compared to at 13°C of 25 minutes).
2

Figure 8 shows that insulin dissociation (loss of cell-bound

insulin) proceeded at different rates at 37°C and 20°C. Adipocytes

were pre incubated at 37°C with InM insulin, washed and resuspended

in insulin-free buffer at 20°C, and then warmed to 37°C or maintained

at 20°C. Radioactivity was rapidly lost at 37°G, with a t_i of approx-
2

imately I3 minutes. This correlates well with the of 9 minutes
2

for deactivation of methylglucose transport at this temperature. The

dissociation curve at 20°C showed some loss of cell-bound radioactivity

over the time period studied, whereas there was no loss of stimulated

sugar transport at this temperature (Fig. 7)* In connection with

this. Figure 9 shows the release of TCA-soluble radioactivity into

the incubation medium following incubation with, and subsequent removal 
125of, InM I-insulin. The accumulation of TCA-soluble radioactive

1 p Cmaterial (which reflects the degradation of I-insulin) was more

rapid at 37°G than at 20°C. From Figure 9, approximate initial rates
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Figure 8
Loss of cell-bound radioactivity following the removal of 

125extracellular I-insulin. Adipocytes were incubated in
10ml of InM ^^-^I-insulin for JO mins at 37°C, following
which they were washed 3 times in 1% albumin/Hepes buffer

.o.containing 0.05% bacitracin at 20 C. The cytocrit 
adjusted to 40^, and lOOpl aliquots were taken in trip
licate for each time-point. The aliquots were then inc
ubated at the indicated temperature, and at the approp
riate time, 9ml of cold, albumin-free Hepes buffer was 
added. The cells were separated, and the radioactivity 
determined as described under Methods. (■), dissociation 
at 37°C; (□), dissociation at 20^0. Results are means of 
triplicate observations ± SEM. Values are corrected for 
non-specific binding in the presence of 2pM unlabelled 
insulin.
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Figure 9
125Release of TCA-soluble I-insulin degradation products

125from adipocytes following removal of extracellular I- 
insulin. Cells were incubated with InM ^^"^I-insulin at 37°C, 
washed at 20°C and divided into aliquots as described in 
the legend to Fig. 8. The aliquots were transferred to a 
water-bath at either 3 7 (  A ) or 20°C (A ). At the approp
riate time, 1.0ml of 20% TCA was added, mixed, and main
tained on ice for 20 mins. 0.5ml was removed for counting 
following centrifugation as described under Methods. Values 
were corrected for non-cell-mediated degradation.
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of release of insulin degradation products can be calculated as 

3.90 pmol/lO^ cells/hr and 1.0 pmol/lO^ cells/hr at 37°G and 20°C, 

respectively. From Figure 8, the approximate initial rates of diss

ociation of cell-bound radioactivity at 37°C and 20°G are 5»85 pmol/

10^ cells/hr and I .50 pmol/lO^ cells/hr, respectively. Thus, of the 
125total I-radioactivity released, 67% was soluble in TCA at both

20°C and 37°G. This is shown in Figure 10 as a graph of total diss

ociated insulin plotted against insulin degraded. Total dissociated 

insulin was calculated as (insulin bound at t = O) - (insulin 

bound at t = t) from Figure 8. Degraded insulin was taken from Figure 

9 . The line was drawn by eye through the points and the origin. Both 

sets of points, 37°G and 20°C, lie on the same line, with a slope of

1.55, i.e. the ratio of total insulin dissociated to insulin degraded

was 1.55. This indicates that approximately of the total disso-
125elated radioactivity from the cells incubated in InM I-insulin 

dissociated as intact (i.e. non-TCA-soluble) insulin, the remainder 

(65%) being TCA-soluble degradation products. The fact that both sets 

of points lie on the same line would indicate that both the rates of 

dissociation and degradation were retarded by the same amount at the 

lower temperature.

Sonne and Gliemann (1978) observed that intact and degraded 

insulin dissociated at 37°C in approximately equal amounts, and that 

lowering the temperature to 22°C halved the fractional degradation of
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Figure 10.
A plot of [total dissociated insulin] against [insulin 
degraded] from Figs. 8 and 9* (•)> 37°C; (O), 20°C.
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Figure 11.
Dissociation of intact insulin with time from adipocytes 
at 3 7 (  ■ ) and 20°G ( □ ). Intact insulin was calculated 
as (total radioactivity released - radioactive insulin 
degraded). The data are taken from Figs. 8 and 9*
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125I-insulin (from 50^ to 2^). Their observations are inconsistent

with the results presented here, where the fractional degradation of 
1 ? 5I-insulin (6^%) remains unchanged at the two temperatures studied 

(37°G and 20°C).

The release of intact insulin (total released - degraded) 

is plotted against time in Figure 11. At 37°C, initial dissociation 

was rapid, followed by a plateau which was reached at 40 minutes with 

no more intact insulin dissociating after this time. Dissociation of 

intact insulin at 20°G was slower and was linear up to 80 minutes, the 

longest time-point tested. Steady-state was not attained by 80 minutes 

at 20°G.

(b) Effect of Lowering the Temperature during Stimulation,

i) Effect on Methylglucose Transport.

In Figure 2, it was shown that a sub-maximal dose of insulin 

was more effective at stimulating sugar transport at 20°G than at 37°C. 

Also, the amount of stimulated transport activity remaining at various 

temperatures following the removal of extracellular insulin correlated 

well with the amount of intact, cell-bound insulin (Figs. 7 and 8).

Based on this, it should be possible to elicit further stimulation of 

methylglucose uptake in cells submaximally stimulated at 37°C by 

lowering the incubation temperature. A series of such experiments 

was carried out. Figure 12 shows the results of these experiments.

Cells were incubated at 37°C with insulin (25pM, 30pM and InM), and
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Figure 12.
The effect of lowered temperature on adipocytes incubated
with 25pM (a ), 50pM (•) and InFI (■) insulin at 37°C. Fat
cells were isolated to a cytocrit of 37%f a-nd divided into
aliquots of 500pl for each time-point. 5pl of insulin was
added to give the required final concentration, and 4 x lOOpl
aliquots were then taken from each tube and put into 75 %
11.5mm polypropylene tubes and maintained at 37°C for the
required time. At t = 20 mins (arrow), those tubes undergoing
further incubation were transferred to a water-bath at 20°C,
and the incubation continued. Stimulation of sugar transport
was terminated by the addition of lOpl of KCN to give a final

14concentration of ImM. Uptake of ImM C-methylglucose was 
determined on one 50pl aliquot from each tube. All transport 
assays were performed at 37°U* Results are means of 4-10 
observations± SEM. All buffers contained 0.05% bacitracin.



— 82 —

methylglucose uptake assayed until full expression of stimulation was 

achieved (20 minutes after addition of insulin). The incubation 

temperature was then changed to 20°C, and methylglucose uptake assayed 

(again at 37°C) over a further prolonged time course to see if the 

lowered temperature induced any change in uptake while insulin was 

present. The results (Fig. 12) show that preincubation with 25pM 

insulin showed no noticeable stimulation of methylglucose uptake, 

while with InM insulin, full stimulation was achieved by 10 minutes. 

However, no change occurred in either case when the temperature was 

lowered. This was in contrast to results previously observed (Fig. 2) 

when 25pM insulin would appear to produce a certain degree of stim

ulation at 37^0, with even greater stimulation at 20°C. When 50pM 

insulin was used in the incubation (Fig. 12), the lower temperature 

caused a further stimulation of methylglucose uptake above the level 

attainable at this insulin concentration at 37°G (about 40-50^ of 

maximal). In addition, the level of stimulation attained at the reduced 

temperature was msLximal, i.e. the same as that produced by InM insulin. 

The effect of the lowered temperature was not immediate, ruling out 

the possibility that the effect was a direct one on transport itself. 

This is also supported by the fact that no effect was noticed using 

25pM and InM insulin.

It was noted earlier (Fig. 7) that the continued presence 

of insulin was not required for the maintenance of a maximally
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elevated state of transport at sub-physiological temperatures. To see

if low-temperature enhancement of sub-maximal stimulation required

insulin to be present, a fat-cell suspension was incubated at 37°C

with 50pM insulin for 20 minutes, and then washed at 20°C with insulin-

free buffer to remove extracellular insulin. Incubation was continued

at 20°C, and methylglucose uptake assayed at intervals to determine

the transport activity (Fig. 13).

Figure 13 shows that insulin was required to be present

in the incubation buffer for the low-temperature enhancement effect to

occur. No further stimulation of sugar transport was observed when the

temperature of incubation was lowered at the same time as the insulin

was diluted out. Also, in agreement with earlier results (Fig. y),

the attained level of stimulation did not drop upon removal of insulin.

Thus, it appears that the enhancement effect is due to insulin itself.

ii) Effect on Cell-bound Insulin.

In an attempt to further characterize this, the experiments

mentioned above (Fig. 11) were repeated, with the aim being to determine

if the transfer from physiological to sub-physiological temperature had
12Sany effect on the fate of the I-insulin incubated with the cells.

Both cell-bound and degraded insulin were assayed under low temperature

conditions following a pre incubât ion at 37°C. Bacitracin was included

in the buffers to inhibit extracellular degradation. Figure 14 shows
125the recovery of cell-bound I-radioactivity in cells incubated with
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Figure 13»
Lowering of incubation temperature coupled with removal of 
insulin. Adipocytes were isolated to a cytocrit of 37^f 
and 500pl aliquots taken for time-points up to and including 
20 mins. These aliquots and the remaining pool were main
tained at 3 7 following addition of insulin to a final conc
entration of 50pM. The 500pl aliquots were each divided
into 4 X lOOpl aliquots and maintained at 37°C for the req-

14uired time before ad.dition of KCN to ImM, and ImM C-methyl- 
glucose uptake assayed as described in the legend to the
previous diagram. Following 20 mins of incubation, the rem
aining cell pool was washed twice with 15ml of buffer at 20°C, 
and the cytocrit adjusted to 37%» lOOpl aliquots were re
removed in quadruplicate for each of the remaining time-points 
and incubated at 20°C. Following addition of KCN, ImM C- 
methylglucose transport was assayed at 37°0*
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Figure 14.
The binding of 50pM ‘“'^I-insulin to fat cells. Cells were 
isolated to cytocrit in buffer containing 0.03% baci
tracin, and divided into lOOpl aliquots, 400pl of 50pM 
insulin was added, and incubation continued at 37°C. After 
20 mins, some of the incubations were continued at 20°C (o), 
while the others were maintained at 37^0 (•). Binding of 
insulin was terminated by addition of 9iîi1 of cold (4°C) 
albumin-free buffer, and cells were isolated by centrifugation 
through oil.
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12550pM I-insulin (i.e. conditions identical to those used in the

assay of glucose transport stimulation). The amount of cell-bound

radioactivity increased with the decrease in temperature, in direct

agreement with the transport stimulation, thus suggesting that cell-

bound insulin (though not necessarily ce11-surface bound nor even

intact insulin) was controlling the stimulation of transport at the

sub-physiological temperature. Therefore, the release of TCA-soluble
125radioactivity following incubation of fat cells with I-insulin

was assayed. Figure 15 shows the results of such an experiment,
125Release of TCA-soluble material from cells incubated with 50pM I- 

insulin proceeded linearly for the duration of the incubation at 3?°G 

at a rate of degradation of insulin of 0,53 pmol/lO^ cells/hr. Rate 

of appearance of TCA-soluble material in the medium was retarded by 

approximately 67% at 20°C to a rate of 0.18 pmol insulin degraded/

10^ cells/hr. Thus the increase in cellular radioactivity due to 

^^■^I-insulin (Fig, 14) at 20°C appears directly due to the inhibition 

of the release of degraded insulin. However, it cannot be said
125whether the retained I-material is intact insulin or not,

125The release of degraded I-insulin material from adip

ocytes was also assayed at an insulin concentration of InM (Fig, 16) 

in a similar manner to that described in Figure 15» This concentration 

of insulin is capable of eliciting a maximal response at 37°C, but 

with no enhancement at 20°C (cf. Fig. 12), Similar curves were
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Figure 15»
Release of TCA-soluble products following incubation of fat 
cells with ^OpM ^^"^I-insulin at 37°C followed by transfer to 
20°C. Adipocytes ( lOOpl at PCV) were incubated with 
300pl of 50pM ^^^I-insulin at 37°C (a ), or at 3?°C for 20 mins 
followed by transfer to 20°C (a) . Incubations were terminated 
by the addition of 800pl of 20^ TCA, 500pl of supernatant 
was removed for Y -counting following centrifugation at 
10 000 X g for 4 mins.
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Figure 16.
Release of TCA-soluble radioactivity into the incubation

125medium following incubation of fat cells with InM I- 
insulin. The method used was identical to that described 
in the legend to Fig. 15» (A), incubation at 37°C; (A),
incubation at 37°C for 20 mins, followed by transfer to 20°C.
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125obtained to when 50pM I-insulin was used, but with a rate of

degradation of insulin of 6.40 pmol/lO^ cells/hr at 37°G, and 0,98 pmol/

10^ cells/hr at 20°C, This marks a decrease in degradation of 8^,
125slightly more than when 50pM I-insulin was used. Also, although

the concentration of insulin in Figure 16 was 20 times greater than

that in Figure 13, the rate of degradation of insulin was only greater

by 10-fold at 37°G and 6-fold at 20°G, In addition, breakdown of InM

insulin at 20°C was I .9 times greater than the breakdown of 30pM

insulin at 37^0.

In both Figures 13 and 16 it can be seen that there was a
12510 minute lag following the addition of I-insulin to the cells before

125TCA-soluble radioactivity (degraded I-insulin) began to appear in 

the medium. A similar delay was noted by Terris and Steiner (1975) 

in isolated hepatocytes, and by Varandani et ̂  (1982) in cultured rat 

hepatocytes, and Caro £t ̂  (1982) observed a 13 minute delay in hep

atocytes before degraded material, co-chromatographing with, or 
125shortly before Na I on Sephadex G-30, appeared in the incubation 

medium. This delay appears to be the absolute time required for the 

processing of insulin following its interaction with the membrajie 

through to the release of degradation products. Also, it is indepen

dent of insulin concentration, either in hepatocytes (Terris and 

Steiner, 1975) or in adipocytes (Figs. 15 and 16).
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(c) Sub-maximal Stimulation at 20°C followed by Incubation at 37°C, 

Figure 12 showed that transferring sub-maximally stimulated 

adipocytes from a physiological temperature to a much lower one aug

mented the sugar transport rate; the increase was approximately 140^.

This effect was reversible, as shown in Figure I7 . It is seen that 

in cells incubated at 20°G with 50pM insulin, a high rate of sugar 

transport was produced (the final value was in the range of maximal), 

and that this elevated rate decreased upon transfer to an incubation 

temperature of 37°G. The final rate achieved following transfer to 

37°G was identical to the transport rate which was normally achieved 

at this insulin concentration (approximately 13^ equilibrium space 

filled in 5 seconds). Also, the rate of onset of stimulated transport 

was much slower at 20°C than at 37°G (cf. Fig 4), the final maximal 

activity not being reached until approximately 50 minutes after the 

addition of insulin, with a tĵ of 16 minutes. However, the degree of 

stimulation achieved directly at 20°G was the same as that seen when 

cells were transferred to 20°C following preincubation with 50pM insulin at 

37°G (Fig. 12). A proper tĵ for the partial deactivation observed 

cannot be exactly determined, since full transport stimulation had not 

been achieved prior to Initiation of deactivation (the incubation 

temperature was changed at 30 minutes following addition of insulin, 

but full stimulation was not achieved until 50 minutes ). At steady 

state (t = 80 minutes), the rate of transport at 20°C was 150^ greater
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Figure 1?»
Stimulation of adipocytes with ^^pM insulin at 20°C, followed 
by incubation at 37°C. Fat cells were isolated to 37%t div
ided into aliquots, and preincubated at 20°C for 5 mins.
Insulin was added to give a final concentration of jiOpM, and 
incubation continued. After 30 mins, one set of aliquots 
was transferred to 37°C, while a control set were maintained
at 20°C. At the indicated times, KCN was added (ImM), and 

\ L\ ,  Q5 sec ImM C-methylglucose uptake determined at 37 0 on all
samples after a further 2 mins. (a ), cells maintained at 20°C;
(a), cells transferred to 37°0 after 30 mins.
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than at 37°G.

6. The Effects of Ghloroquine,

The effect of sub-physiological temperature on submaximally

stimulated glucose transport may be directly due to a decrease in the

rate of insulin degradation per se. If this degradation is intra-

lysosomal, then lysosomotropic agents such as chloroquine (DeDuve ^  al,

197^)» would be expected to produce similar results, Ghloroquine is

rapidly concentrated into lysosomes, and, like other lysosomotropic

agents such as NĤ Ĉl and methylamine, exerts its effects by raising the

intra-lysosomal pH (DeDuve ̂  197^)» Several workers (Hammons and

Jarett, I98O; Kobayashi ̂  I98O; Marshall and Olefsky, 1979; 1980a;

Suzuki and Kono, 1979) have observed that in rat axiipocytes, chloroquine
125was able to increase the ce11-associated radioactivity due to I-

125insulin, while the degradation of I-insulin was retarded. In rat

liver, chloroquine augments the accumulation of intravenously injected 
125I-insulin into the microsomal fraction, particularly the Golgi

element (Posner et al, I98O; I982). Tsai and Seeman (I98I) using a

rat hepatoma cell line, and Varandani ̂  ai (I982) with cultured
125hepatocytes, have shown that chloroquine inhibits degradation of I-

125insulin and enhances the retention of intact I-insulin intracellularly.
125Iwamoto ̂  ̂  (1981) showed that chloroquine enhanced binding of I- 

insulin to IM-9 lymphocytes in a dose-dependent manner, even though
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this cell line does not degrade insulin intracellularly.

Figure 18 shows the effect of ImM chloroquine on ImM 

methylglucose uptake in sub-maximally stimulated rat adipocytes at 

37°G, Methylglucose uptake was increased slightly in the chloroquine- 

treated cells compared to control (30.7 ± 1.9^ equilibrium space filled/

5 seconds vs. 23,1 - 1*3^ filling/3 seconds), but the effect was sig

nificant (p<0.05, n = 4) at t = 40 minutes. The degree of stimu

lation was not as great as with lowered temperature (33^ increase

with chloroquine, compared to 144^ increase at 20°C (Fig. 12)).
125Recovery of cell-bound I-insulin was increased by 4-2̂  

at t = 80 minutes by chloroquine (Fig. I9), though the effect was not 

significant until 20 minutes after the addition of the drug (t = 4-0 

minutes. Fig. I9), Up until this time, the recovery of cell-associated 

radioactivity was the same in both chloroquine-treated and control 

cells, following the addition of chloroquine at t = 20 minutes.

In contrast, there was a decrease in the release of TCA-soluble,
125I-insulin degradation products into the bathing medium immediately 

following the addition of chloroquine to the cells (Fig. 20), The 

rate of appearance of degraded insulin decreased from 0.4-9pmol/l0^ cells/ 

hr to 0.18pmol/l0^ cells/hr with chloroquine, a reduction of 64^, This 

is to be compared with a reduction in degradation rate of 87^ at 20°C 

compared to degradation at 37°G. The rates of degradation and thus the rela

tive reduction in degradation rates shown in Figure 20 are the same as



40

□ 20

10

20 40 60 80

TIME AFTER ADDING INSULIN (min)

Figure 18.
Effect of ImM chloroquine on methylglucose uptake into whole 
cells. Adipocytes were incubated with ^OpM insulin at 37°C 
and ImM C-methylglucose uptake was assayed at the times 
shown. After incubation for 20 mins, lOpl of chloroquine 
was added to one sample of cells (o), and lOpl of buffer to the 
control cells (•). Incubation was continued at 37°^ a.nd methyl
glucose uptake assayed where indicated.
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Figure 19'
Recovery of cell-bound radioactivity in fat cells incubated 

125with I-insulin and treated with chloroquine. Adipo
cytes, (lOOpl of 50^ cytocrit) were incubated at 37°C with

I25400pl of I-insulin such that the overall concentration 
was _50pM. After 20 mins of incubation, lOpl of chloroquine 
was added to give a ImM solution, and incubation continued at 
37°C. Cells were recovered following addition of 9ml of 
cold albumin-free buffer and centrifugation through oil,
(•), control; (O ), + ImM chloroquine. Results are means±SEM 
of 3 observations.
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Figure 20,
Degradation of ^OpM ^^-^I-insulin at 37°C ± ImM chloroquine. 
Adipocytes (lOOpl of cytocrit) were incubated at 37°G 
with 400pl of 50pM ^^■^I-insulin. After 20 mins of incubation, 
lOp.1 of chloroquine was added to the experimental tubes (A), 
and lOpl of buffer to the control tubes (A), and the incu
bation continued. Incubation was terminated by the addition 
of 0.8ml of ZQffo TCA. 500pl of supernatant was removed for 
assay of radioactivity following centrifugation. Results 
are means of 3 observations ±SEM,
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those in Figure 15, when release of TCA-soluble radioactivity was 

assayed at physiological and sub-physiological temperatures. As 

mentioned earlier (p. 85), there was again the 10 minute delay before 

TCA-soluble radioactivity appeaxed in the bathing medium.

7 . Other Conditions Tested.

Numerous conditions and compounds unrelated to insulin have 

been shown to stimulate sugar- transport in adipocytes in an insulin

like manner. Among the compounds acting in this way are zinc 

(Coulston and Dandona, 1980; May and Contoreggl, I982); vanadate 

(Clausen et ad, 1981; Dubyak and Kleinzeller, I98O); concanavalin A 

(Cuatrecasas and Tell, 1973; Czech and Lynn, 1973; Kahn et al, 1981); 

hydrogen peroxide (Taylor and Halperin, 1979); dithiothreitol (Goko 

et ad, 1981); membrane fluidizing agents (Amatruda and Finch, 1978;

Pilch et 1980); hyperosmolarity (Clausen et al, 1970); trypsin 

(Kikuchi et al, I98I; Kono, I969; Kono and Barham, 1971&); catecholamines 

(Ludvigsen et al, I98O); ouabain and potassium-free buffer (Clausen, 1969)»

a) Chloride.

Chloride has not been directly implicated in sugar transport 

control, though its effects on tissues other than adipose tissue have 

been studied. For instance, lack of normal Cl concentration in the 

incubation buffer prevents insulin-induced hyperpolarization in rat 

extensor digitorum longus muscle (Zierler, I966). However, it does
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appear that omission of chloride from the incubation buffer does aff

ect glucose transport activity (Fig. 21 ). The chloride content was 

replaced by sulphate to maintain the correct osmolarity, and adipocytes, 

isolated as normal in the standard buffer, were washed in this and their 

sensitivity and responsiveness to insulin assayed. Omission of chloride 

from the incubation medium resulted in a raised level of sugar trans

port in basal and sub-maximally stimulated cells (Fig. 21). The degree 

of stimulation caused solely by the chloride-free buffer decreased as 

the insulin concentration increased, it being greatest (4.7-fold) in 

basal cells and insignificant in fully insulin-stimulated cells (p>0.05) 

i.e. there was no significant difference in transport activity between 

cells incubated in control and chloride-free buffer at insulin concen

trations of 500pM and InM. Maiximal stimulation by insulin was 9*5-fold- 

in control buffer and 2.4-fold in chloride-free buffer.

The normal chloride content of the incubation buffers is 

144.7mM (p. 56; Methods). Figure 22 (closed symbols) shows that the 

elevation of basal methylglucose uptake activity was dependent on the 

buffer chloride concentration, since gradual reduction of this, with 

the isoosmolarity maintained with sulphate, resulted in a gradual, 

though non-linear, increase in basal sugar uptake. The sugar transport 

rate was significantly stimulated at chloride concentrations below GOffo 

(< 85mM [Cl ] ), and the stimulation was half-majcimal at a chloride 

content of 13^ (i.e. 18mM [Gl~] ). As shown in Figure 21, the elevated
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Figure 21.
Comparison of insulin dose-response in standard and chloride-free 
buffer. Cells were isolated as normal and then divided into 
2 pools, one of which was washed 3 times in normal buffer, the 
other 3 times in chloride-free buffer, while being maintained 
at 37°C. The cytocrit was adjusted to 35%» and incubation 
continued at 37°C far 30 mins. 30pl of insulin was added to 
give the required concentration, and incubation continued for 
a further 30 mins, following which ImM C-methylglucose 
uptake was measured over 5 secs. Results are means+ SEM (n = 6).
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Figure 22.
The effect of varying chloride concentration on basal sugar 
uptake in fat cells at 37^C. Adipocytes were isolated as 
normal, and then washed 3 times in either normal buffer (^), 
or chloride-free buffer (A) at 37°C, and incubated for 30 

mins. The subnatant was removed, and 500pl aliquots of cells 
were added to lOml of buffer containing the required amount 
of Cl (100^ = l44.7mM) at 37°0, and thoroughly suspended.
The cytocrit was adjusted to 30^» the cells incubated for 
a further 30 mins at 37°C, and ImM ^^C-methylglucose uptake 
assayed for 5 secs. Results are means± SEM (n = 6).
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transport rate in chloride-free buffer was below the level normally- 

attained with a maximal dose of insulin.

Cells preIncubated in chloride-free buffer, and which thus 

exhibited an elevated rate of methylglucose uptake, showed a chloride 

concentration-dependent fall in the transport activity following 

subsequent addition of chloride (Fig, 22, open symbols). Since both sets 

of points lie on the same curve, the implication is that the removal of 

chloride from the incubating medium, followed by its replacement, was 

not having any irreversible effect on the sugar transport system of the 

fat cell.

Chloride-free buffer did not affect sugar transport that had

been fully stimulated by insulin, in that the transport rate decreased

upon removal of the hormone (Fig, 23), The final transport rate achieved

however, was that which was normally seen in cells stimulated in chloride-

free buffer without insulin (Fig, 22), The t_i for deactivation was app-
2

roximately I3 minutes under these conditions compared to a ti of 9 min

utes in standard buffer (Fig, 7)» and full restoration to basal activity 

was seen within 3O-6O minutes compared to 40 minutes in standard buffer. 

Thus insulin-stimulated sugar uptake in adipocytes deprived of chloride 

ions was not irreversible,

b) Potassium,

The sodium-pota^sium ATPase of the plasma membrane is 

responsible for the maintenance of a cationic gradient of potassium and
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Figure 23»
Deactivation of insulin-stimulated sugar transport in adipo
cytes in chloride-free buffer. Adipocytes were isolated and 
washed in chloride-free buffer at 37°C, and stimulated with 
InM insulin for 20 mins at 37°C. The cells were washed 3 
times in chloride-free buffer at 20°C to maintain the stim
ulated state (see Figs» 6 and 7)> and the cytocrit adjusted to 
30^. Aliquots of 300]il were taken for each time-point, and 
transferred to a 37°G water-bath. At the required time, lOpl 
of KCN solution was added, incubation was continued for a 
further 2 mins, and uptake of ImM C-methylglucose was assayed 
over 5 secs. Results are means of triplicate observations ± SEM,
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sodium ions across it ( reviewed by Gantley, 1981). Normally, potassium 

is actively transported into the cell against its concentration gradient, 

in exchange for sodium, which is transported out, at the expense of ATP. 

In the rat adipocyte, the intracellular K ’*’ and Na'*' concentrations have 

been measured at 177mM and l^mM, respectively, by Resh ̂  ̂  (I98O), and 

140mM and 8.ImM by Stark et ̂  (I98O). Extracellular potassium and 

sodium levels In the experiments reported In this thesis were normally 

4.?mM and l40mM, respectively (see Methods). Omission of from the 

extracellular buffer has been shown to stimulate glucose utilization In 

rat diaphragm (Clausen, I966), mouse fat cells (betarte et I969)» and 

rat adipocytes (Ho et I966; Ho and Jeanrenaud, 19^7) * K*-free 

medium has been shown to also Increase methylglucose efflux from Iso

lated rat adipocytes (Clausen, 1969)» In addition. Insulin-Induced 

membrane hyperpolarization has been demonstrated In rat caudofemoralls 

muscle (zierler and Bogus, 1980) and In chick myocytes (Lantz et al, 

1979)' Adipocyte membrane hyperpolarization In response to Insulin was 

reported by Cheng et ^  (1979), but the results of Stark ̂  ̂  (I98O) 

directly conflicted with this, with the observation that Insulin-Induced 

adipocyte membrane hyperpolarization did not occur.

Potassium-free buffer caused a 4-fold stimulation of basal 

methylglucose uptake rate (Table 3)» which was partly prevented by pre- 

incubatlon with ImM NaCN. However, cyanide Itself has been reported to 

increase basal transport activity during prolonged incubation (Clausen,



% FILLING IN 5 secs

CONTROL ±ImM NaCN

STANDARD BUFFER 
(4.7mM K+)

4.2 ± 1.3 6.1 ± 2.1

OmM K+ 25.3 ± 3.8 6.6 ± 1.8

75mM K+ 1.5 ± 0.85 5.1 ± 2.8

75mM SCN" 6.5 ±1.7 4,1 + 1.8

4.7mM k V75ihM SCN" 6.4 ± 0.9 4.3 ± 1.2

Table 3*
The effect of potassium-free, potassium-free/high thiocyanate, 
and high-potassium buffers on basal methylglucose transport in 
adipocytes. Cells were isolated in normal buffer and divided 
into 2 pools. To one of these was added NaCN (final conc
entration ImM), incubation continued at 37°G for 2 mins, and 
the buffer from both cell pools removed, 400]il of the packed 
cell suspension was then added to the appropriate buffer (see 
Table above), containing ImM NaCN if necessary, at 37°C. The 
cells were allowed to settle, the buffer removed, and the cells 
resuspended in fresh buffer as appropriate. Following incu
bation at 37°C for 20 mins, the cytocrit was adjusted to 30^ i 
and 5 sec uptake of ImM ^^C-methylglucose was assayed. Results 
are means ± SEM (n = 6).
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1969) due to intracellulax potassium depletion as a result of the inhi

bition of the Na"*", K"̂ -ATPase. In contrast to the stimulation produced 

by K^-free buffer, increasing the buffer potassium content to 75niM 

(with a concomitant decrease in [Na^l ) caused a very slight decrease in 

sugar uptake rate when compared to control (Table 3)»

In an attempt to control the electrochemical gradient, fat 

cells were incubated in buffer modified to contain 7 5 ^  sodium thio

cyanate, while also being free of potassium. The normal effect of the 

K^-free buffer in stimulating basal transport was blocked, and there 

was no difference if 4.?mM potassium (the normal buffer concentration) 

was also included (Table 3)» Pre incubât ion with cyanide, in all cases, 

maintained transport rates at or near basal levels.

Table 3 showed that the stimulation of basal methylglucose 

uptake by K'*’-free buffer was ATP-(i.e. energy-) dependent, since the 

effect was prevented by prior incubation with NaCN (see also Table 1 

and page 73)» To see if this dependence could be overcome, (i.e. that 

sugar transport could be stimulated by potassium-free buffer even in 

the presence of cyanide), cells were first of all pre-loaded with K'*’ 

in a high-potassium buffer, treated with cyanide (test samples only, 

controls were incubated in buffer) and then washed in either potassium- 

free or high-potassium buffer. Table 4 shows that sugar transport 

could not be stimulated by a K^-free incubation in the presence of 

cyanide following a high potassium preload. Thus, assuming that the



% FILLING IN 5 secs

BUFFER K"̂  cone CONTROL + ImM NaCN

OmM 29.1 2.3

75mM 2.4 2.1

Table 4.
Effect of preloading fat cells in high-potassium buffer 
before washing in either potassium-free or high-potassium 
buffer. Fat cells were isolated and preincubated at 37°C 
in buffer containing K'*' for 20 mins. The cell sus
pension was divided into 2 pools, and NaCN was added 
to one. Incubation was continued for a further 2 mins 
at 37°C. The buffer was removed following flotation of 
the cells, each cell pool divided again into 2 pools, and 
washed either in potassium-free or high-potassium buffer, 
containing ImM NaCN if necessary. Incubation was continued 
at 37°G for a further 15 mins, the cytocrit adjusted to 
30^, and 5 sec uptake of ImM ^^C-methylglucose determined.
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preincubation resulted in high intracellular level of potassium, and that 

this persisted into the K̂ *̂ -free wash, the electrochemical K^-gradient 

was not capable of overcoming the inhibitory effect of cyanide on the 

transport stimulation. Normal basal uptake rate was observed in cells 

incubated in 75niM K"^-buffer - NaCN had no effect on this.

Figure 24 shows the results of incubating adipocytes in 

buffers of increasing potassium content following their preincubation 

in potassium-free buffer. The effect on sugar uptake is that it is 

reduced to normal basal levels at (normal buffer K"*” concentration

is 4.7mM), and it is maintained up to 4OmM at least (previous experiments 

showed that 75niM slightly depressed methylglucose transport -

Tables 3 a-nd 4). However, in the methodology employed in the experiment 

depicted in Figure 24, it was not possible to continue adding higher 

concentrations of without affecting the osmolarity, since hyperosmo

larity has been shown to stimulate glucose transport in various tissues, 

including adipose tissue (Clausen et al, 1970). The slight increase in 

sugar uptake at 40mM in Figure 24 was insignificant (p >0.05, n = 5, 

t  test), so no effect of hyperosmolarity can be ascribed here. However, 

it must be noted that Clausen ̂  ̂  (1970) were using hyperosmolar 

buffers of mannitol or sucrose up to 800mM, with maximal stimulation 

of glucose utilization at 400mM. Clausen (I968) reported a stimulation 

of glucose clearance and glycogen synthesis by isolated rat hemidia- 

phragm suspended in buffer made hyperosmolar in Na^. From Figure 24,
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Figure 24.
Return of adipocyte sugar transport activity to basal levels 
in buffers of increasing potassium concentration following 
preincubâtion in potassium-free buffer. Cells were isolated 
and washed 3 times in potassium-free buffer, the cytocrit 
adjusted to 31^» and 300^1 aliquots taken for each assay 
point. Incubation was continued for a further 30 mins at 
37°0, following which lOpl of a concentrated solution of 
potassium chloride was added to give the required final conc
entration. Following incubation at 37°C for 30 mins, uptake 
of ImM C-methylglucose was assayed for 5 secs for each 
sample. Results are means±SEM (n = 5)«
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it appears that half-maximal stimulation of basal, methylglucose uptake 

would occur at approximately ImM K"̂ .

The sugar transport system in adipocytes which have been 

deprived of potassium exhibits marked stimulation (Table 3) and this 

stimulation reverts to normal basal levels on addition of potassium 

(Figure 24). However, the return to baseline transport was not imm

ediate, as was noted with both insulin (Fig. 7) and in the presence of 

chloride-free buffer (Fig. 23). Figure 25 shows the time-course of 

deactivation of the transport rate previously stimulated in K"̂ -free 

buffer, following the addition of 4.7mM KGl (normal buffer K'*’ concen

tration, see Methods), at both 37°C and 20^G. The transport rate re

turned to the normal basal level at 37°G, but only after an initial 

lag of approximately 10-15 minutes. No lag phase was observed in the 

onset of deactivation following the removal of insulin (Fig. 7 ) •  

Half-time for the return to basal level is approximately 10 minutes if 

the initial lag is not taken into account. At 20°G, instead of seeing 

the maintenance of the stimulated level of transport, as was noted 

before upon the removal of insulin (Fig. 7)» the rate of transport inc

reased still further, from 21^ of the equilibrium space filled/5 seconds 

at t = 0 to 3&'5^ filling/5 seconds at t = 60 minutes, an increase of 

7^%* This final rate of filling is also greater than that seen in 

K^-free buffer alone at 37°C (Table 3)*

Also shown in Figure 25 is the parallel control experiment
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Figure 25»
The effect on sugar transport of incubating adipocytes in 
normal potassium buffer at 37°C (•) and 20°C (O), following 
preincubation in potassium-free buffer. Cells were isolated 
as normal and then washed 3 times in potassium-free buffer, 
and divided into 2 pools. One of these was further washed 
in potassium-free buffer at 20°C (o), while the other was 
maintained at 37°C (•), and the cytocrit of both adjusted 
to 37^' At t = 0, 30^1 of a l6.6mM KOI solution was added 
(final concentration = 4.ymM) to a 200pl aliquot of the cell 
suspension, and at the indicated times, lOpl of NaCN was 
added (final concentration - ImM) and incubation continued 
for a further 2 mins. 5 sec uptake of ImM C-methylglucose 
was assayed at 37°C in all cases. Results are means of 5 
observations ±SEM. (a)̂  control incubation; cells were
isolated and incubated in potassium-free buffer, and methyl
glucose uptake assayed as already described.
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in which cells were isolated and maintained in K'*’-free buffer at 20°C 

for the duration of the experiment, following the initial isolation.

The rate of transport which was observed was constant, and remained so 

at a level which was reached by cells incubated in normal potassium 

buffer at 20°G following a pre incubât ion at 37°G in K^-free buffer.

In the latter case, sugar transport activity was lower than in cells not 

kept at 37°G.

Potassium-depleted adipocytes showed an insulin-stimulated 

sugar transport rate which was consistent with earlier observations 

on insulin stimulation in standard buffer, and which was greater than 

that seen in potassium-free buffer alone (Fig. 26). The maximal rate 

of transport was therefore not affected by potassium depletion. Also, 

potassium-depleted insulin-stimulated cells were not irreversibly max

imally stimulated, i.e. the transport rate was able to decline in K"*"- 

free buffer, albeit only to the high basal level normally seen under 

these conditions (Fig. 27)• In addition, in a similar incubation, but 

with the subsequent presence of potassium, transport of methylglucose 

reverted back to the normal basal level. In the second case, the rate 

of decline of transport was similar to that in cells isolated, stim

ulated, and subsequently deactivated, all in normal potassium buffer

(Fig. 7). In that earlier experiment (Fig. 7)» the t^ for the return
2

to baseline transport was 9 minutes, and in this case it was 10 minutes. 

Thus, there is no evidence for any degree of irreversibility of the
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Figure 26.
Comparison of basal and insulin-stimulated sugar transport+in adipocytes incubated in either standard or K -free buffer,
Adipocytes were isolated in standard buffer, and divided
into 2 pools. One of these was maintained in the normal
buffer, while the other was washed a further 3 times in K -
free buffer at 37°C. Each of these pools was then divided
into 2 more pools, insulin (InM) was added to one of the
pair for each buffer, and incubation continued at 37°0 for

\L\.a further 20 mins. Uptake of ImM C-methylglucose was 
then assayed in triplicate.
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Figure 27»
Deactivation of insulin-stimulated methylglucose uptake in 
fat cells washed at 37°C in standard buffer (•) and potassium- 
free buffer (a ) following insulin stimulation in potassium- 
free buffer. Fat cells were isolated as normal and washed 3 
times in K -free buffer at 37°C. Insulin was added to a 
concentration of InM, and the suspension was incubated at 
37°C for 15 mins. Following this, the cells were divided 
into 2 pools, one of which was washed 3 times in standard 
buffer, the other in potassium-free buffer, both at 20°C.
The cytocrit was adjusted to 32^» 200pl aliquots taken for 
each time-point, and deactivation initiated by transferring 
to a water-bath at 37°C. Deactivation was terminated by
addition of lOpl of NaCN (final concentration of ImM), and

14 o5 sec uptake of ImM C-methylglucose assayed at 37 C after
a further incubation of 2 mins. Results are means ±SEM of
5 observations.
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+deactivation process being imposed on the cell by K -depletion. The
•f- _effect of K and Cl -free buffers is summarized as a comparative dia

gram in Figure 28.
125I-insulin association and degradation appears to be aff-

ected by the K -content of the incubating buffer, as shown in Figure 29.

Potassium-free and normal potassium buffers showed none or very little
1 ? ̂difference in influencing adipocyte/ I-insulin association or insulin

degradation, whereas high (75mM) potassium buffer caused a increase

in ^^^I-insulin association (from 0.25pmol/l0^ cells to 0.39pmol/l0^
125cells), and a concomitant 4 ^  increase in I-insulin degradation 

(from 0.32pmol/l0^ cells/hr to 0.45pmol/l0^ cells/hr). The presence or 

absence of potassium did not affect the stimulation of glucose transport 

caused by InM insulin (see later - Figs. 3OB and 30C).

c) Valinomycin.

Evidence that potassium may be implicated in the control 

of sugar transport has been presented, and also has been documented by 

other workers (Clausen, I966; I969» Ho ̂  I966; Ho and Jeanrenaud,

1967)' This being so, it would be expected that valinomycin, a potassium 

ionophore, should also affect the sugar transport process. Moore and 

Pressman (1964) first reported that valinomycin's effect in uncoupling 

mitochondrial oxidative phosphorylation was due to its effect on the 

membrane's permeability to potassium. Chappell and Crofts (1966) and
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Figure 28.
Deactivation of insulin-stimulated methylglucose transport 
in adipocytes in standard buffer (•), chloride-free buffer 
(a), and potassium-free buffer (■). Fat cells were isolated 
as normal (see Methods), and then washed 3 times in the app
ropriate buffer at 37°C, prior to stimulation with InM insulin 
at 37°C for 15-20 mins. Following this, the cells were 
washed 3 times at 20°C in the same buffer as the 37^0 incu
bation, the cytocrit was adjusted to 32^» and aliquots of 
ZOOpl taken for each time-point. The tubes were transferred 
to a water-bath at 37^C, and. at the appropriate times, lOpl 
of NaCN (final concentration ImM) was added, and 5 sec uptake 
of ^^C-methylglucose (ImM) assayed at 37°C after a further 
2 mins incubation. Results are meansiSEM of 4-6 observations.
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Figure 29 »
Association and degradation of insulin by adipo
cytes. Fat cells were isolated and then washed in 0.'

125-

bacitracin buffer containing the indicated level of KCl at
37*̂ C, and the cytocrit adjusted to ^■8%. lOOpl aliquots were

125taken, and ^OOpl of I-insulin solution in the appropriate 
buffer was added. Incubation was continued for a further 
30 mins at 37°C, and cell-associated insulin determined by 
oil flotation, and degraded insulin by TGA-precipitation, 
as described. Results are corrected for non-specific binding 
and degradation.
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Mueller and Rudin (196?) extended this study to phospholipid micelles 

and bimolecular phospholipid membranes, respectively, and showed an 

increase in potassium conductance following addition of valinomycin.

Figure 3OA shows that 4-Opg/ml valinomycin was able to 

reduce by 50^ the sugar transport rate in adipocytes stimulated in 

potassium-free buffer. Inclusion of potassium with valinomycin depressed 

the transport activity still further. As mentioned earlier, addition 

of potassium alone to basal, K^-depleted cells results in a decrease 

in the transport activity almost to normal, basal levels (cf. Fig. 24).

Valinomycin treatment (40pg/ml) of K'*'-free cells stimulated 

with InM insulin (Fig. 3OB) also resulted in a drop in transport activity. 

The absolute decrease was similar to that seen in K^-free basal cells 

incubated with valinomycin, though the relative decrease was obviously 

different. Addition of 5mM KGl caused no change in the insulin-stim

ulated transport activity, but addition of both KCl and valinomycin 

resulted in a large reduction in the methylglucose uptake rate, greater 

than that seen with valinomycin alone.

Addition of valinomycin alone to insulin-stimulated cells 

in normal buffer (Fig. 30C) caused a large drop in transport activity, 

similar to that seen in insulin-stimulated, K^-depleted cells incubated 

with both valinomycin and potassium. The final level of transport was 

identical. K^ alone had no effect, as expected, while K'*’ and valino

mycin together again caused a large decrease to a level previously
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A Basai cells In K -free buffer
B InM Insulin-stimulated cells in K^-free buffer
C InM Insulin-stimulated cells in Standard buffer

a Control
b 40ug/ml Valinomycin
c 5mM KCl
d 40ug/ml Valinomycin + 5mM KCl

Figure 30 .
The effect of valinomycin and potassium on the sugar transport 
of adipocytes. Cells were isolated as normal and washed in 
either potassium-free or standard buffer. Insulin was added 
to the cells in standard buffer and to one aliquot of cells 
in K -free buffer, and the cytocrit of all suspensions ad
justed to Four 300pl aliquots were taken from each and
25pl of either valinomycin, KCl, or both was added. The vol
ume was made up to 350ul with buffer where necessary, and inc
ubation continued for 30 mins at 37°C. 5 sec ^^C-methyl-
glucose uptake (ImM) was assayed in triplicate.
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observed with valinomycin alone in standard buffer (c), and valinomycin/K^ 
in K^-free buffer (b). In all three cases insulin-stimulated cells in 

1 ) K*-free buffer and valinomycin/K'*’; 2) standard buffer and valinomycin; 

and 3) standard buffer and valinomycin/K"^) the modified transport rate 

was the same, but nevertheless it was higher than normal basal transport, 

and also higher than in basal cells in K*-free buffer and valinomycin/K*

(a ). However, it was similar to the rate of transport in basal cells in 

K ̂-free buffer and valinomycin alone (a ).

Figure ^1 shows that the reversing effect of valinomycin/K 

on transport activity stimulated by K'̂ -free buffer may bypass the normal 

energy requirement of deactivation (Kono et 1981; Laursen et 1981).

In all cases, cells had. been treated with ImM NaCN before addition of 

either valinomycin or K"*" or both, Pre-incubâtion with insulin, where 

included, was carried out before the addition of cyanide. In basal cells 

which had been pre -incubât ed in K*-free buffer followed by addition of 

CN“(A), subsequent addition of 3mM K"̂  did not result in a decrease of 

methylglucose uptake rate to normal basal levels (cf. Fig. 30A). How

ever, valinomycin alone was able to depress the elevated rate of transport, 

while valinomycin and K^ together caused a greater depression of methyl

glucose uptake.

In potassium-depleted, insulin-stimulated, energy-depleted cells , 

(Fig. 318) valinomycin caused a decrease in the transport rate similar 

to that seen in non-cyanide-treated cells (Fig. 3O8). Valinomycin and
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A Basal cells in K^- free buffer
B 1nM Insulin-stimulated cells in K^-free tniffer
C 1nM Insulin-stimulated cells in Standard buffer

a Control
b 40ug/ml Valinomycin
c SmM KOI
d 4 0 pg/m l Valinomycin + 5 mM KOI

Figure 31.
Effect of ImM cyanide preincubâtion on cells treated with 
valinomycin and KCl. The method was the same as described 
in the legend to Fig. '} 0 , except that a 2 min preincubation 
with ImM NaCN was carried out in all cases before the addition 
of valinomycin or KCl or both, but after incubation in the 
presence of InM insulin where necessary. In all cases, equil
ibrium sugar space was determined on a parallel incubation 
in the presence of cyanide.
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together caused a greater decrease than valinomycin alone, but it was 

not as great as in non-cyanide-treated cells.

In standard buffer, insulin-stimulated, energy-depleted 

cells showed a greater reduction in ability to accumulate methylglucose 

in the presence of valinomycin (Fig. 31C) than in -free cells incub

ated with insulin and cyanide followed by valinomycin (Fig. 31B). Further

more , in a similar incubation which also included , there was an even 

greater reduction of transport activity (Fig. 3IG). In both of these 

cases, the final rate of transport was lower than that seen in vailino- 

mycin/lC’’ treatment of insulin-stimulated, potassium-depleted cells 

(Fig. 31B), though similar to that seen in valinomycin/K^ treatment of 

potassium-depleted, basal cells (Fig. 3IA).

Thus a combination of potassium and the ionophore 

valinomycin was capable of not only depressing the sugar transport 

activity stimulated by either insulin or K"̂  depletion, but also of by

passing the energy requirement of stimulated transport deactivation,

d) Biological Activity of Zinc-free Insulin.

Coulston and Dandona (I98O) reported that ionic zinc 

was capable of eliciting a lipogenic response in adipocytes, and that 

this effect was additive to the lipogenic effect of insulin. This was 

followed up by May and Gontoreggi (I982), who also found an insulino- 

mimetic effect of Zn^^ on glycogenesis, and also on methylglucose 

transport. Goulston and Dandona (I98O) did not report any
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effect of Zn^^-free insulin, while May and Gontoreggi (1982) demonstrated 

a 3-fold stimulation of methylglucose transport using 'purified' bovine 

insulin free of Zn^^ (May et al, 1978). Since the results reported 

earlier in this thesis demonstrate an up to 25-fold stimulation of 

methylglucose transport with a msuximal dose (using normal porcine zinc- 

insulin), it was decided to see if a zinc-free preparation of this 

insulin was any different in biological activity compared to unpurified 

(i.e. normal, Zn̂ "*̂ -containing) insulin.

Figure 32 shows insulin dose-reponse curves for both 

normal zinc-insulln and zinc-free insulin on methylglucose uptake in 

adipocytes. It is clear that zinc is not necessary for insulin to exert 

its stimulatory effect in fat cells, since both dose-response curves 

lie on the same points, with zinc-free insulin being equally as potent 

as zinc-insulin.

Zinc chloride, at concentrations at which insulin is normally 

used, did not significantly affect uptake of methylglucose in adipocytes 

(Fig. 33) • Nor did it affect the stimulation produced by zinc-free 

insulin at either 50pM or InM. Thus native insulin, zinc-free insulin, 

and zinc-free insulin plus a similar concentration of zinc-chloride showed 

similar potencies at stimulating sugar transport at both 50pM and InM. 

Goulston and Dandona (I98O) showed an increase in lipogenesis in

adipocytes at Q.25mM ZnGl^, while May and Gontoreggi (I982) reported a 

similar concentration stimulated adipocyte methylglucose transport. In
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Figure 32.
Stimulation of methylglucose uptake by native (•) and zinc- 
free (O) insulin. Adipocytes were isolated and incubated 
for 20 mins at 37°C with different concentrations of either 
native or zinc-free insulin, and ImM C-methylglucose up
take assayed over 5 secs.
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Figure 33
2+Effect of ZnClg and Zn -free insulin on sugar transport in

adipocytes. Fat cells were isolated and incubated in buffer
2+containing ZnCl , Zn -free insulin, or native insulin as

0 14shown, for 30 mins at 37 0, following which ImM C-methyl
glucose uptake was assayed over 5 secs.
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addition, Coulston and Dandona (I98O) reported an additive effect of 

zinc (l00-400pM) on insulin-stimulated lipogenesis, thou^ insulin plus 

500pM did not have any significantly different effect from

Zn^ ̂  alone.

e) Other Agents.

Glucose transport in adipocytes is stimulated by hydrogen 

peroxide (Czech ̂  I9?4a,c; Taylor and Halperin, 1979) and it has

also been shown that can inhibit fat cell lipolysis in an insulin

like manner (Little and de Haën, I98O). The plant lectins wheat-germ 

agglutinin (WGA) and concanavalin A (Con A) also affect adipocyte 

glucose metabolism, Cuatrecasas and Tell (1973) demonstrated that both 

WGA and Con A were as effective as insulin in enhancing glucose oxid

ation and inhibiting adrenaline-stimulated lipolysis in adipocytes.

Czech and Lynn (1973) reported stimulation of glucose conversion to 

COg, glyceride glycerol and fatty acids in isolated white fat cells by 

Con A, and Czech ̂  ̂  (1974b) reported antivation of methylglucose 

transport by Con A in isolated brown fat cells. Kahn ̂  ̂  (I98I) 

showed that, although Con A was less potent than insulin at stimulating 

glucose oxidation in adipocytes, the maximal stimulation achieved was 

higher than that produced by insulin. Cuatrecasas (1973) showed that 

low concentrations of WGA enhanced specific insulin binding to adipocytes, 

while higher concentrations of the lectin, as well as Con A, blocked the 

binding of insulin.
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Figure 34 shows that the effects of HgOg, WGA and Con A on

^^^I-insulin binding differed. Hydrogen peroxide (2mM) did not affect
125the recovery of cell-bound I-insulin compared to a control incubation 

(p > 0.05) » although it can stimulate adipocyte glucose transport 

at this concentration (Czech et l9?4a,c; Taylor and Halperin,

1979)' On the other hand, wheat-germ agglutinin and concanavalin A did
125affect the recovery of cell-bound I-insulin, though their effects

differed (Fig. 34 ). Wheat-germ agglutinin at concentrations from 0.2 

to l.Opg/ml caused a sharp increase in cell-associated insulin, while 

there was a much smaller increase in the range from 1.0 to lOpg/ml. 

Conversely, concanavalin A caused a steady decrease in the amount of 

^^•^I-insulin bound over the range 0 to 1 OOpg/ml. Thus the effective 

concentration range of these two agents differs, as well as their effects 

on insulin binding. The effects were similar to those described by 

Cuatrecasas (1973)i ^ho also assayed the effects of these lectins on 

insulin binding on liver cells, isolated liver and adipocyte membranes, 

and also solubilized insulin receptor.

When used in combination (Fig. 35)» WGA was able to slightly 

overcome the blocking effect of lOOpg/ml concanavalin A on binding 

(p < 0.05) at lOpg/ml. No reversing effect was noticed with 1 pg/ml WGA, 

even though this concentration of lectin, when used alone, was able to 

enhance ^^'^I-insulin binding by 70^ of the maximal effect of lOpg/ml 

WGA (see Fig. 34 ). Even so, the reversing effect of high WGA concen-
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Figure 34.
125Binding of 50pM I-insulin to fat cells following preincu

bation with various insulinomimetic agents. Adipocytes were 
isolated and suspended in 0.0^ bacitracin buffer, and lOOpl 
aliquots of a 50^ cytocrit taken for each agent tested. Foll
owing a 20 min preincubation at 37°C, 25pl of each agent was 
added, and the volume made up to I50pl with buffer where nec
essary. Incubation was continued at 37°0 for 20 mins, foll-

125owing which 400pl of 63pM I-insulin solution containing 
the correct concentration of the appropriate test agent was 
added, and the cells incubated for 30 mins at 37°0. Cells 
were separated as described under Methods following addition 
of 8ml of cold 1% albumin/Hepes buffer. All values are 
corrected for non-specific binding.
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Figure 35.
125Effect of Concanavalin A and wheat-germ agglutinin on 

insulin binding when used in combination. The protocol 
employed was the same as that described in the legend to 
Fig. 34.
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125trations on the depression of I-insulin binding by concanavalin A 

resulted in the level of binding which was still below the control level. 

Cuatrecasas (1973) reported that with higher concentrations of wheat-gem 

agglutinin (5-300pg/ml), there was depression of adipocyte I-insulin 

binding below control values, with maximum binding being achieved 

using approximately Ipg/ml of lectin. In the same paper, the author 

reports that low concentrations of Con A (0.5 and lOpg/ml), which in 

themselves were unable to significantly alter insulin binding compared 

to control values (cf. Fig 34 of this thesis and Fig. 5 of the sane 

Cuatrecasas paper (1973) where these concentrations were effective), were 

able to significantly depress the binding of insulin in the presence of 

wheat-germ agglutinin, whether or not the concentration of WGA was such 

that insulin binding was increased, decreased or unaffected.

Although the two lectins have opposing effects on insulin 

binding to fat cells, they both have similar effects in stimulating 

adipocyte sugar transport. Cuatrecasas and Tell (1973)» Czech and Lynn 

(1973) » cind Czech jet ad (1974b) have reported stimulation of glucose 

oxidation, glucose conversion to glyceride glycerol and fatty acids 

(both in white fat cells), and methylglucose transport (in brown adip

ocytes), respectively. Figure 36 shows the stimulation of methylglucose 

uptake in white adipocytes by both Con A and WGA in the same concentration 

ranges as were used to test their effect on insulin binding. Wheat-germ 

agglutinin was much more potent at stimulating sugar uptake than con-
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Figure 36.
Stimulation of adipocyte methylglucose uptake by WGA and Con A.
Adipocytes were isolated to a cytocrit of 40^ in standard buffer,
To 150pl of this cell suspension, preincubated at 37°G for 30

mins, was added 50^1 of lectin. Incubation was continued at 
.ou - _ .. .   14.37 C for a further 30 mins, and 5 sec uptake of ImM 

glucose assayed.
C-methyl-
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canavalin A (lOpg/ml of WGA produced a stimulation of Q6%, while the 

same concentration of Con A produced a stimulation of only 1^). In 

the same experiment, insulin-stimulated cells exhibited a transport rate 

equivalent to 5^% filling/5 seconds. Thus, concanavalin A at lOOpg/ml 

or wheat-germ agglutinin at lOpg/ml induced stimulation of the trans

port system which was less than that produced by a maximal insulin dose.

It is possible that these agents are acting via the insulin 

receptor in promoting stimulated sugar transport. Previous data (Fig,

34) showed that concanavalin A and wheat-germ agglutinin had opposite 

effects on ce11-insulin interaction, Con A reducing the amount of insulin

recovered with the cell, while WGA increased it. Figure 37 shows the
125effect of both lectins, used singly, on 5QpM 1-insulin degradation. 

Wheat-germ agglutinin, although it caused a fairly marked increase in the 

recovery of cell-associated ^^^I-insulin (from 0.23pmol/l0^ cells to 

0.42pmol/l0^ cells at lOpg/ml - see Fig. 34), did not alter the rate 

of degradation of 50pM insulin, although an increase in degradation rate 

was noted at l.Opg/ml WGA, which returned to control levels at 5pg/ml 

WGA. Concanavalin A, on the other hand, which caused the recovery of 

cell-associated insulin to decrease over the range 0 to lOOpg/ml (from 

0.23pmol/l0^ cells to O.llpmol/lO^ cells - Fig.34), did cause a 50% 

increase in the rate of insulin degradation (from 0.60pmol/l0^ cells/hr 

to 0.90pmol/l0^ cells/hr) over the same concentration range of Con A.
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Figure 3?.
Effect of concanavalin A and wheat-germ agglutinin on 50pM 
125I-insulin degradation by adipocytes. A 50^ suspension of
adipocytes in 0 ,0^% bacitracin buffer was incubated with the
appropriate concentration of lectin at 37^C for 30 mins. 400pl 

125of I-insulin containing the correct concentration of agent 
was added, and incubation continued at 37°C for a further 30 

mins. TCA-soluble radioactivity was determined as described 
under Methods. All values are corrected for non-specific 
degradation in the absence of adipocytes.
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Interactions of Cytochalasln B with Side-Specific Glucose Transport 

Inhibitors.

Cytochalasln B is a glycoside of = ^79•5» It is a 

specific inhibitor of facilitated glucose and methylglucose transport 

in adipocytes (Loten and Jeanrenaud, 197^; Czech, 1976b) and human 

erythrocytes (Bloch, 1973; Tavema and Langdon, 1973) » The type of 

inhibition has been reported to be both non-competitive for influx 

(Tavema and Langdon, 1973) and competitive for equilibrium exchange 

in erythrocytes (Basketter and Widdas, 1978; Jung and Rampai, 1977), 

while Devés and Krupka (1978a) have shown the inhibition to be competitive 

in equilibrium exchange and zero-trans exit in erythrocytes. Vinten 

(1978) also reported competitive inhibition for methylglucose equil

ibrium exchange, and Czech et ^  (1973) showed non-competitive inhi

bition of methylglucose uptake in fat cell ghosts.

4,6-0-ethylidene glucose and n'-propyl- g -D-glucose have 

been shown to be good side-specific inhibitors for adipocyte methyl

glucose transport at the outside and inside sites, respectively (Holman 

and Rees, I982). This side-specificity is based on the structure of 

their substituent groups which allow the molecules to orientate them

selves with respect to the transport system (Holman ̂  I98I).

Figure 38 shows the effect of a cytochalasin B dose range 

on insulin-stimulated methylglucose uptake in rat adipocytes. The 

inhibition was linear with respect to cytochalasin B concentration
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Figure 38»
Inhibition of methylglucose uptake by cytochalasin B in insulin- 
stimulated adipocytes. Adipocytes were isolated to 31% PCV foll
owing incubation with InM insulin. lOpl of cytochalasin B was 
added to 300pl of cell suspension, and incubated for 5 mins at 
37°C, following which ^^C-methylglucose uptake (68]iM) was assayed 
for 1 sec. Control, (a ); + lOpM cytochalasin E ^A),
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between 0,2_5pM and l.OpM. The rightward shift of the base of the curve 

(closed circles) before the inhibitory effects are seen was probably due 

to binding of cytochalasin B to non-specific sites on the membrane, thus 

reducing the overall effective concentration of cytochalasin B . Preinc

ubation with cytochalasin E, a related compound which binds to the high 

affinity, non-specific, non-glucose inhibitable binding sites on the 

plasma membrane but does not inhibit sugar transport (Jung and Rampai, 

1977; Shanahan, 1982; Wardzala et al, 1978), prevented this occurring 

(open triangles). Under these conditions, all of the cytochalasin B 

is available for binding to those sites which inhibit sugar transport, 

and therefore a more realistic assessment of transport inhibition can 

be obtained. Thus, cytochalasin E was included in all subsequent inc

ubations and experiments which were dependent on a cytochalasin B effect.

Figure 38 shows that l.OpM cytochalasin B was capable of 

inhibiting tracer (68pM) methylglucose influx into insulin-stimulated 

adipocytes by approximately 50%» That this was time-dependent is shown 

in Figure 39* Maximum level of inhibition under these conditions (50% 

inhibition at l.OpM cytochalasin B) was observed approximately 30 seconds 

after addition of the inhibitor. The wide scatter of the points is due 

to the inherently difficult nature of the method, in that methylglucose 

uptake was measured within a few seconds of addition of cytochalasin B. 

Since the progress of inhibition could not be halted (cf. arrest of 

stimulation of sugar transport by cyanide), inhibition was still pro-
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Figure 39*
Onset of cytochalasin B inhibition of trace methylglucose 
influx. A suspension of insulin-stimulated adipocytes was 
divided into 7 aliquots in triplicate (one set of triplicate 
values for each indicated time-point) and maintained at 37°C, 
Cytochalasin B (final concentration = IpM) was eidded to each 
of the triplicate aliquots in a staggered sequence, and each 
time-point was assayed independently. After incubation at 
37°C for the indicated time, 1 sec uptake of trace (68pM) 

C-methylglucose was assayed for each of the triplicate 
points. Results are means ± SEM. Cytochalasin E (lOpM) was 
included.
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ceeding even during the short uptake time of 1 second. The fact that the 

inhibition is gradual in onset and is not immediate could be an indicat

ion of the site of action of cytochalasin B being on the inner surface 

of the membrane, the lag time being the time required for the compound to 

penetrate the membrane by diffusion.

A [bound] / [free] versus [bound] plot (Scatchard, 19^9) 

of cytochalasin B binding to whole adipocytes is shown in Figure 40, Even 

with the limited number of points used can be calculated at 0,l7pM, 

which is in good agreement with literature values. Jung and Rampai 

(1977) and Pinkofsky £t ̂  (1978) have reported values of 0.1 to O.^pM, 

respectively, for binding to erythrocyte ghost membranes, while Czech 

(1976b) and Wardzala ̂  (1978) reported values of 0.6pM and O.l^pM,

respectively, for binding to isolated fat cell membranes. Sogin and 

Hinkle (I98O) have published a value of 0.18pM for cytochalasin B 

binding to isolated erythrocyte glucose transporter.

Inhibition of Methylglucose Transport.

The hexose transport system of the adipocyte has been under 

intense investigation for a number of years. Its exact kinetic mechanism 

is still not fully understood, and various models have been proposed to 

try to account for the observed kinetic data. Much work has been conc

entrated on the human erythrocyte glucose transport system, since this 

tissue is both readily available and easily handled.
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Figure 40.
[B] / [F] vs [B] plot of cytochalasin B binding to adipo- 
cytes. Adipocytes at 30^ cytocrit were incubated with H- 
cytochalasin B for 30 mins at 37°C, following which 50pl 
aliquots were centrifuged through oil and the cell fraction 
assayed for bound radioactivity. Non-specific binding 
(0.096pmol cytochalasin B/4 x 10^ cells) was determined using 
50pM unlabelled cytochalasin B.
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The following experiments were all carried out on rat adipo

cytes isolated as described under 'Methods'.

Figure 41 shows an vs S plot for methylglucose net entry 

( zero-trans entry - see Introduction for definition of terms) in the 

presence of l.OpM and 1,?pM cytochalasin B and lOpM cytochalasin E, The 

values for were calculated from:

1  = In 1.
s

where t is the time in seconds, and f is the flux of radioactive sugar 

taking place in time t. The full equation for net influx is given by 

Taylor and Holman (1981). Although Equation 1 is a simplification of this, 

the approximation is close enough for it to be valid at the substrate 

concentrations used.

This form of integrated rate equation corrects for unsaturated 

backflux (in this case, exit) of the sugar across the membrane, which 

occurs as soon as hexose has traversed the membrane. In practice, therefore, 

true initial rates cannot be measured, but can only be estimated when 

short transport times (t) are used. Thus, in the methodology employed 

in the following series of experiments, values of t were 1, 2, 3 cind 4
gseconds, and values of /  were calculated for each of these.



80

60

%
sec.

20

15105

[Methylglucose] mM

Figure .
Zero-trans entry of methylglucose in insulin-stimulated adipo
cytes. (#), control; (A), -t- l.OpM cytochalasin B; (■), + 1.7pM 
cytochalasin B. All incubations were performed in the presence 
of lOpM cytochalasin E. Fat cells (32^ PCV) were incubated at
37°G with cytochalasins B (or buffer) and E for 20 mins prior to

14uptcLke assay. Transport of C-methylglucose at the appropriate 
concentrations was determined for 1,2,3, a.nd 4 secs. Results 
are mean S/v values (± SEM) calculated for each of these uptake 
times (see text), n = 12 (control); n = 8 (others).

K^PP = 3*l2mM for control cells
K^PP = 5*26mM for l.GpM cytochalasin B-treated cells
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Inhibition constants (K^) were calculated from the follow

ing equation:

V

where is the uninhibited rate constant, V the inhibited rate constant, 

and [I] the concentration of inhibitor.

From Figure 41 , the near-parallel slope between control and 

l.OpM cytochalasin B-treated cells indicates that the inhibition is 

competitive in nature with a of 0.76pM.

Equilibrium exchange of methylglucose in insulin-stimulated 

adipocytes is shown on Figure 42. Again parallel slopes were observed, 

indicating competitive inhibition with a of 0.87pM. This value 

agrees with those observed in zero-trans entry of methylglucose, depicted 

in Figure 41.

Vinten (1978) reported competitive inhibition of methyl

glucose equilibrium exchange by cytochalasin B in adipocytes, with a

of 2.5 X 10 Jung and Rampai (1977) reported competitive inhibition

of erythrocyte glucose equilibrium exchange, with a of 2.8-3.5 x 10"^M, 

while in erythrocyte ghosts, glucose equilibrium exchange was also inhib

ited competitively, with a of 3*0 x 10"^M, However, Bloch (1973) 

showed that infinite-cis exit of glucose from erythrocytes was inhibited 

non-competitively by cytochalasin B, with a of approximately 5 x 10
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Figure 42.
Equilibrium exchange of methylglucose in rat adipocytes (ins
ulin-stimulated) ± l.OpM cytochalasin B. Fat cells were inc
ubated with the appropriate unlabelled methylglucose concen
tration for 15 mins at 37°C, followed by a 15 min incubation
with cytochalasin B (or buffer) and lOpM cytochalasin E. Ex- 

1^change of C-methylglucose at the appropriate concentration 
was then determined for 1,2,3» and 4 secs (see text). Results 
are means of 4 observations± SEM. (#), control; (O), + l.OpM 
cytochalasin B.

K^PP control = 3*25mM

cytochalasin B-treated = 5*88mM
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In net exit experiments (Taylor and Gagne ja, 1975) glucose exit was 

shown to be competitively inhibited (K^ = 1,2 x 10 ^M) in erythrocytes, 

Basketter and Widdas (1978), using erythrocytes, concluded 

that cytochalasin B was an internally-directed hexose transport inhibitor, 

i,e, it was specific for the sugar transport system at the inner surface 

of the plasma membrane. Similarly, Baker and Widdas (1973) found that

4,6-0-ethylidene- a -D-glucose competitively inhibited glucose exchange 

in erythrocytes when present at the outer, rather than at the inner, 

membrane surface. Barnett _et ̂  (1973) found that n'-propyl- 6 -D- 

glucoside was a competitive inhibitor of the erythrocyte glucose transport 

system on the inside of the cells. Working with adipocytes, Holman and 

Rees (1982) similarly showed that 4,6-0-ethylidene glucose was an ext

ernally directed sugar transport inhibitor, while n'-propyl-3 -D-glucoside 

was internally directed. The for inhibition of tracer methylglucose 

exchange by externally added 4,6-0-ethylidene glucose was 6.5mM, while 

that of tracer methylglucose exit by internally-located n'-propyl- 3 -D- 

glucose was 8,9mM,

Two-Inhibitor Studies on Sugar Transport,

Devés and Krupka (I98O) and Krupka and Devés (1980a,b) have 

studied the erythrocyte sugar transport system using substrate and two 

inhibitors. These two inhibitors were chosen for their specificities for 

the inside or the outside of the membrane, or both. Cytochalasin B
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and the steroids androstenedione and androstanedione inhibit glucose 

transport by beccming bound to the inward-facing form of the transporter 

(Basketter and Widdas, 1978; Krupka and Devés, 1980b), though the sites 

of binding of these compounds to the membrane are different from the 

substrate site (Krupka and Devés, 1980a). Also, the nature of their 

inhibition was different, depending on whether the substrate was being 

transported from outside or inside the cell.

Some experiments have been carried out using paired side- 

specific sugar transport inhibitors on adipocytes. These were cyto

chalasin B, an internally-directed inhibitor (Basketter and Widdas,

1978), n'-propyl- 3-D-glucose, also an internally directed inhibitor 

(Holman and Rees, 1982), and 4,6-0-ethylidene glucose, an inhibitor 

which acts at the external surface of the membrane (Baker and Widdas, 

1973; Holman and Rees, I982).

In the following description, 'trace concentration' refers

to a concentration K .m
Figure 43 shows the zero-trans entry of trace (50yM) methyl

glucose in the presence and absence of externally added 4,6-0-ethylidene 

glucose plotted against the concentration of cytochalasin B. The data 

are replotted in Figure 44 as ^o/y vs [l] plots, as depicted in 

Equation 2. In this case K^ (or K^^^^) can be calculated from 

y intercepty^^^^^^ The K^ for inhibition of methylglucose entry by 

cytochalasin B was 0,4pM, which compares with previously published values
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Figure 43»
Zero-trans entry of trace (50]jjyi) ^^C-methylglucose into insulin- 
treated adipocytes in the absence (#) and presence of 5mM (a ) 
and lOmM (■) ethylidene glucose, with varying concentrations of 
cytochalasin B at 37°G.
Adipocytes (350pl» 32^ PCV) were incubated at 37°C with lOpM 
cytochalasin E and the appropriate concentration of cytochal
asin B for 20 mins. Uptake of labelled sugar (containing 
ethylidene glucose if necessary) was then assayed for 1,2,3, 
and 4 secs at 37°0, as described earlier. The results are the 
means of these values± SEM (n = 8, control; n = 4, others).
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Figure 44.
Inhibition of zero-trans entry of methylglucose at 37°G
by cytochalasin B in the absence (• , or in the
presence of 5niM (a , = 0.83pM) or lOmM ( = 0.̂ 9pM)app = 

i
ethylidene glucose. The data are replotted from Fig. 4-3 
according to Equation 2. Results are means ±SEM (n = 8, con
trol; n = 4, others).
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for adipocytes (Vinten, 1978). Ethylidene glucose, at increased this

value to a of 0.83pM, lOmM ethylidene glucose, however, reduced

the to 0,l('9pM. Taking the first four points of this line ( 0 to

0,8pM cytochalasin B ), the calculated is then 0.9pM. Ethylidene

glucose is thus increasing the half-inhibition constant of cytochalasin B

with respect to the glucose transporter, indicating that some form of

competition is occurring between the two Inhibitors. Taking the data
V /of Figure 44, and replotting o/^ against concentration of ethylidene 

glucose, gives a value for ethylidene glucose inhibition of methyl

glucose transport. Figure 45 shows the of ethylidene glucose inhibition 

of methylglucose entry to be 3*8 - 4.3mM. Holman and Rees (1982) 

reported a of 6.5^mM on methylglucose exchange.

Zero-trans entry of trace methylglucose into adipocytes 

preincubated with n'-propyl- 6 -D-glucoside (propylglucose), an internally- 

directed transport inhibitor, is shown in Figures 46 and 47. Also shown 

is the effect of lOmM ethylidene glucose on this inhibition. Ethylidene 

glucose can be seen to be a competitive inhibitor of methylglucose 

transport with respect to propylglucose, in a similar way to that seen 

with cytochalasin B. for propylglucose inhibition of methylglucose 

zero-trans entry was 8.24 - 8.50mM. A value of 1 3 was reported by 

Holman and Rees (1982) as the for inhibition of methylglucose exchange 

by n'-propyl- 6-D-glucoside, and a of 8.9mM for inhibition of methyl

glucose exit. In both cases, cells had been preincubated with the
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Figure ^5»
Plot of V a g a i n s t  concentration of ethylidene glucose from 
Fig. 44. ( a ) ,  experimental value taken from [cyt. B] = OpM;
(A), calculated from the slopes of the lines in Fig. 44. ( A ) ,

= 3.8mM; (a ), = 4.3mM.
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Figure 46.
Zero-trans entry of * 'G-methylglucose into adipocytes
in the absence (•) and in the presence (■) of lOmM ethylidene 
glucose, over a concentration range of n'-propyl- 6 -D-gluco
side. Results are means ±SEM (n = 4).

K, (control) = 8.5niM
K^PP (ethylidene glucose) - 25*5mM
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Figure 4?.
V vs [I ] replot of the data in Fig, 46. A , control; 
plus lOmM ethylidene glucose. (control) = 8.24mM;
K^PP ( + ethylidene glucose) = 25.18niM.
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inhibitor.

These experiments were repeated, except that the protocol was 

changed slightly, in that the zero-trans exit of sugar was determined 

(see Methods), Figure 48 shows the exit of 50pM (trace) methylglucose 

from ajdipocytes into varying concentrations of ethylidene glucose in the 

absence or presence of cytochalasin B, In this case, the parameter

was calculated according to Equation 3:

1 . .. (i)A

where f^ is the fraction of radioactive sugar remaining in the cells 

after time t. This holds true in the case of the trace concentration 

of methylglucose used in this experiment (cf. page 109). was calculated 

as defined in Equation 2.

The of the ethylidene glucose inhibition of methylglucose 

zero-trans exit was calculated from the linear portion of the curve, and 

was 10.6mM in the absence of any other inhibitor. In the presence of 

0.5pM cytochalasin B, the was 29.4mM, and in the presence of l.OpM

cytochalasin B, fell again to 10.?mM.

In the case of zero-trans exit where the sugar concentration 

is significant (^K^) then the rate equation which defines the transport isi
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Figure 48.
Zero-trans exit of methylglucose into varying concen
trations of ethylidene glucose in the absence (•) or in the 
presence of O.^pM (a ) or l.OpM (■) cytochalasin B at 37°C.
Insulin-stimulated adipocytes were incubated at 37°C with 
14-C-methylglucose for 20 mins, and then for a further 30 
mins with an appropriate concentration of cytochalasin B.
The cells (50pl) were then added to 5nil of a buffer solution 
containing the appropriate concentration of ethylidene glu
cose, and which was being stirred at 37°C. Exit was stopped 
after the appropriate time ( 2 secs for control, 15 secs 
for + cytochalasin B) by the addition of 5ml of 0.6mM phlo- 
retin in albumin-free Hepes buffer. Cells were then recovered 
through oil as already described.
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Figure 4$.
Zero-trans exit of trace (50]iM; a ) and 40mM (A) methylglucose 
from insulin-stimulated adipocytes into 0-20mM ethylidene 
glucose at 37°C. = 4.80mM.
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where S is the substrate concentration, and is the fraction of sugar 

(radioactive) remaining in the cells after time t (Taylor and Holman, 

1981). Such an experiment, where S = 40mM, is shown in Figure 49. 

Again, was determined according to Equation 2. Also shown is the 

zero-trans exit of 5O11M methylglucose. In both cases was the same, 

with a value of 4,80mM. This differs from the previously determined 

calculated from Figure 48 .

Experiments with Isolated Plasma Membrane Vesicles.

The preparation of isolated plasma membrane vesicles is 

described under 'Methods'.

Isolated plasma membrane vesicles show facilitated sugar 

transport, but this transport activity is unresponsive to added insulin 

(Carter and Martin, 19^9; Martin and Carter, 1970)* Avruch et ̂  (1972) 

showed that these vesicles, when isolated from insulin-stimulated 

adipocytes, showed accelerated specific D-glucose uptake and release 

when compared to vesicles isolated from unstimulated cells. Importantly, 

addition of insulin directly to plasma membranes isolated from unstim

ulated cells had no effect on the glucose transport activity (Martin and 

Carter, 1970). Ludvigsen and Jarett (I98O) compared the kinetic prop

erties of the glucose transport system in membranes isolated from control

and insulin-stimulated cells. These studies revealed that the K ' s inm
both cases were the same (26mM), but the V was almost doubled inmax
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vesicles prepared from insulin-stimulated cells compared to basal cells 

(transport activity increased from 4433pinol glucose/mg protein/second 

to 9^65 pmol/mg protein/second). However, in an earlier publication 

(Ludvigsen and Jarett, 1979) these authors reported a value of 9'OmM 

(comparable to that in the intact adipocyte) and a of 3209pmo3

glucose/mg protein/second for a membrane vesicle preparation from 

basal cells, the only experimental difference being that in the later 

work, an extra 15 minute preincubation of the intact adipocytes was 

included.

Figure 50 shows the uptake values for ImM and 5mM D-glucose 

into isolated adipocyte plasma membrane vesicles at 37°C' There was no 

difference in the equilibrium space occupied by radioactive sugar 

between the two concentrations at any particular time, indicating that 

the rate of uptake was directly proportional to the sugar concentration 

used in these experiments.

In comparison to the transport properties before and after 

stimulation of whole cells (see Figs. 4 and 6 ) the degree of stim

ulation of sugar uptake following an insulin preincubation was much 

less in isolated membranes - in Figure 50 it is approximately 3'5-fold. 

This is a consistent finding with this preparation - Rees (I98I) 

reported a value of 4.9 for the degree of transport stimulation in 

membranes from insulin pre-treated cells over control cells. Also with 

with this membrane preparation, the rate of non-mediated, or non-specific
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Figure 50»
Uptake of ImM (closed symbols) and _$mM (open symbols)
i  Aj/ QC-D-glucose at 37 C into plasma membrane vesicles isol
ated from adipocytes incubated in control buffer (circles) 
or buffer containing lOnM insulin (triangles) before dis
ruption and isolation of the membrane fraction. Results 
are means of 6-8 observations± SFM.
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diffusion is much greater than in whole adipocytes, and can become 

significant when measuring low uptake rates (from unstimulated adipo

cytes, for instance). Thus, non-specific diffusion was corrected for 

by carrying out parallel transport incubations in the presence of ^OpM 

cytochalasin B to completely inhibit the mediated transport component 

(Ludvigsen and Jarett, I98O),

Insulin added to cells immediately after disruption did 

not affect the resultant carry-over of basal transport activity into 

the purified vesicles (Fig. 5I ). Also shown in Figure 5̂  sire the data 

for 5niM glucose uptake into 'basal' vesicles from Figure 50 for comp

arison. Thus, completely intact cells are required to show insulin- 

stimulated sugar transport in the plasma membrane, and the effect 

cannot be duplicated in disrupted, unfractionated cells, even though 

all of the cell components are still present. Although this result 

may not be entirely unexpected, it is interesting to compare this system 

with that of Seals and Jarett (I98O), who showed that insulin, when 

added to a broken adipocyte preparation, could stimulate mitochondrial 

pyruvate dehydrogenase activity (see Discussion). As a follow-on from 

the experiment depicted in Figure 51 t it was decided to see whether 

the resultant transport activity carried over to the final plasma 

membrane preparation could be modified by incubation of the membrane 

vesicles with basal or insulin-stimulated cell lysate. Table 5 shows 

the result of this experiment. Pure membranes (control and insulin- 

stimulated) were prepared as described under Methods, and the first
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Figure _$!.
14 oUptake of _$niM C-D-glucose at 37 C by plasma membrane vesicles

isolated from adipocytes. Cells were homogenized as described 
in Methods, and then incubated at 37°C with lOnM insulin for 
30 mins (■). Plasma membrane fractionation was then continued 
as described, and glucose uptake assayed. □, no insulin incu
bation (data replotted from Fig. 50 for comparison).
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supernatant fractions ('low-speed supernatant') retained and kept on 

ice. The two isolated membrane fractions were then incubated under the 

conditions depicted in Table 5» Membranes isolated from basal cells, 

and incubated with the supernatant from homogenized basal cells 

(control lysate) showed no difference in transport activity whether or not 

insulin was also present. However, when similar 'basal* membranes were 

incubated with the cell-free supernatant from insulin-stimulated cells, 

there was an increased transport activity compared to basal membranes 

incubated with basal, cell-free supernatant. This level of transport 

was unaffected by insulin.

Membranes isolated from insulin-pretreated adipocytes showed 

the highest transport activity when incubated with 'insulin supernatant' 

compared to the control membranes. However, when similar, insulin- 

pretreated membranes were incubated with supernatant from unstimulated 

cells, there was a slight decrease in transport activity, though the 

difference was not significant (p >0.05, Student t-test).

Plasma membranes from control and insulin-treated adipocytes 

incubated in control and insulin lysate, respectively (2a and 4a, Table 5), 

demonstrated considerably lower glucose transport activity than similarly 

isolated, but untreated, membranes (la and lb). This reduction in 

activity could have been due to non-specific proteolysis of the trans

porter by released intracellular enzymes, and/or time-dependent instability 

of the transporting species, similar to that seen in whole cells.



Adipocyte Treatment 
Before Membrane Isolation

Lysate
Added

Other
Addition

% Filling 
in 10 secs

a) Control 14.0±4.1
b) Insulin (lOnM) - - 46.0 ±3.2

o a) Control Control 8.2 ±0.7
b) Control Control Insulin (lOnM) 7.9 ±0.7

r> a) Control Insulin 13.5 ±1.3
J b) Control Insulin Insulin (lOnM) 13.8 ±4.2

4 a) Insulin (lOnM) Insulin — 21.4 ± 1.3

b) Insulin (lOnM) Control - 16.5±3.3

Table 5»
Incubation of isolated adipocyte plasma membranes with a low-speed 
supernatant fraction obtained following homogenization (see text, 
p.118), All incubations were at 37°C for 60 mins. Results ajtre 
means of 6 observations ± SEM.
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Aims of the Discussion.

Much of the rationale behind the experiments presented in 

this thesis was to establish a viable preparation of adipocytes which 

showed large and reproducible insulin responses with regard to sugar 

transport. To accomplish this objective, it was considered important 

to investigate such factors as the involvement of ATP, temperature, 

insulin processing and ion effects on the stimulation of transport. At 

the outset of this study, much conflicting evidence existed in the lit

erature covering these particular areas, and many papers continue to 

be published as data accumulate due to the intense investigations being 

carried out on these topics. Some clarification of the literature is 

now emerging as a result of the translocation hypothesis as proposed 

by Cushman and Wardzala (I98O) and Suzuki and Kono (I98O) - see Intro

duction. However, studies on the subjects mentioned earlier continue 

to produce some results which are disputable. The results of the stu

dies presented in this thesis on these particular aspects of insulin 

action have provided data which allows rejection of some of the propo

sals presented in the literature, while agreeing with, and indeed streng

thening, others. In addition, proposals are presented which are supp

orted by some of the already existing literature reports.

The aim of this discussion, therefore, is to present the 

existing information concerning the involvement of ATP, temperature, 

insulin processing and ion effects on transport stimulation, and to
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either provide support for it or in dispute of it from the results ob

tained during the present study.

In addition, the discussion of sugar interactions in adipo

cytes is with reference to literature reports on experiments on human ery

throcytes, as this system is thé most fully characterized.
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Adipocyte Isolation.

The isolated adipocyte preparation is extremely sensitive 

as regards the hormonal stimulation of glucose transport. The relative 

ease with which a viable and hormone-responsive suspension of isolated 

fat cells can be prepared has led to much investigation of the sequence 

of events including and following the initial cell-hormone interaction. 

Despite the fact that such a preparation is easily and quickly obtained, 

the cells are very fragile and a number of factors have to be controlled 

in order to ensure the maximum possible stability and hormone respons

iveness.

Initial isolation of free fat cells involves the digestion 

of finely chopped adipose tissue by a crude collagenase preparation iso

lated from Clostridium Histolyticum (Rodbell, 1964). Pure collagenase 

is ineffective, since a degree of trypsin-like activity is required to 

be present to ensure complete digestion of the tissue matrix. Kono 

(1969) showed that mild trypsinization of fat cells produced stimulation 

of glucose transport in an insulin-like manner, and that this effect 

was reversible within 15 minutes upon neutralization of the enzyme act

ivity. Prolonged incubation of fat cells with a higher concentration 

of trypsin caused a disappearance of this effect, and was also accomp

anied by an abolished response to insulin. This more extensive effect was 

almost fully reversed by 60 minutes following neutralization of trypsin.
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and was inhibited by the protein synthesis inhibitors cycloheximide and 

puromycin.

The trypsin-like activity contained in a crude collagenase 

isolate probably causes stimulation of adipocyte glucose transport dur

ing isolation, but the low level will disappear on subsequent washing 

and incubation in the absence of collagenase.

It is important to standardize the digestion procedure, 

particularly with respect to the batch of collagenase used, since any 

variations in the relative amounts of collagenase/trypsin-like activity 

could lead to altered digestion times, and more importantly, to altered 

basal levels of transport and insulin responsiveness and sensitivity.

The subsequent stability of an adipocyte suspension pro

duced by the collagenase digestion method is markedly enhanced by inc

lusion of bovine serum albumin in the buffer. Rodbell (I966) showed 

that the presence of albumin prevented both the accumulation of intra

cellular fatty acids and the release of enzymic activity from adipocytes. 

The release of enzymic activity in the form of lactate dehydrogenase 

(LDH) has been correlated with cell instability and lysis (Rees, I98I), 

who showed the stabilizing effect of BSA in isolated adipocytes to be 

linked with a decrease in released LDH activity. The basis for the 

stabilizing effect in this system seems to be that the albumin is bind

ing free fatty acids released into the medium, thereby keeping them from 

disrupting the adipocyte plasma membrane.
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Due to the high sensitivity of the fat cell sugar transport 

system to stimulation by many factors, the BSA to be used must be shown 

to be free from any insulin-like stimulatory activity. Thus the ext

ensive dialysis and filtration procedure was carried out, which resulted 

in a pure albumin solution devoid of insulin-like activity (Figure 1).

Mechanical agitation of the fat cells must be kept to a 

minimum. Vega and Kono (1979) showed that the hexose transport activity 

of fat cells was markedly stimulated by subjecting the cells to stress, 

such as centrifugation or vigorous shaking. The transport activity so 

stimulated was able to decline on incubation at 37°C for 30 minutes in 

the presence of glucose. In the absense of glucose, the decline was 

slower, suggesting that a process linked to metabolism, most probably 

requiring energy in the form of ATP, was involved. Pyruvate could be 

substituted for glucose, with no difference. Thus it appeared that 

cellular reserves of ATP, and the metabolic steps involved with its pro

duction, were being depleted on isolation and subsequent incubation of 

the adipocytes. The implications of the involvement of ATP in the act

ivation and deactivation processes will be discussed later (page 127)*

Choice of container was an important consideration for main

tenance of cell integrity. Fat cells adhere to certain plastics, and 

also glass, which results in breakage of the cells and release of tri

glyceride, which can be seen as floating oil droplets. Siliconized 

glass (see Methods) is only satisfactory when cells are in contact with
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it for very brief periods, hence it was not practical to use siliconized 

glass containers for adipocyte isolation and incubation.

Clear polystyrene disposable containers were found to be 

best suited to contain fat cell suspensions, since it appears that cells 

do not adhere to it, and any released triglyceride from accidental cell 

breakage is readily adsorbed to the container walls. Disposability was 

also an important factor, since any adsorbed detergent from previously 

used, washed containers would precipitate cell lysis.

In all of the experiments described in this thesis, adipo

cytes were carefully handled in such a way as to minimize agitation, 

were incubated in buffer containing 0.5mM sodium pyruvate (O.^mM glucose 

was used instead during tissue digestion) and contained in clear poly

styrene tubes. Following isolation, the adipocyte suspension was all

owed to incubate at 37°C to allow the baseline transport level to stab

ilize. Occasionally, large-scale cell lysis did occur, manifesting 

itself as the accumulation of large oil droplets on top of the cell sus

pension. These cells would always show elevated basal transport acti

vity, and were not salvageable.

Hexose Transport in Adipocytes.

Assay Procedure.

Gliemann et al (1972) measuring the equilibrium distribution 
3 14of HgO and C-methylglucose in adipocytes, reported a cytoplasmic
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volume ('distribution space') of 2.3pl/l00pl cells, or 2.3pl/cell. Czech 

(1976c) reported the intracellular methylglucose space to be 0.5-1*5pl/ 

fat cell. Whitesell and Gliemann (1979) presented data from which the 

intracellular aqueous space can be calculated as 1.75pl/cell. The cell 

preparation used in the experiments presented in this thesis had an 

average cytoplasmic volume (methylglucose equilibrium space) of 1.8pl/ 

cell (page 63, Methods). This small cytoplasmic volume leads to rapid 

equilibration of the non-metabolizable analogue methylglucose across 

the membrane, necessitating the use of short transport times (l-5s) 

and a rapid isolation technique ensuring the minimum change of intra

cellular sugar concentration.

The unmodified oil flotation technique of Gliemann ̂  ad 

(1972) and the filtration technique of Czech (1976c) both suffer from 

the inherent problem that the isolation procedure takes a finite time 

which can allow intracellular sugar to escape, thus giving an underest

imate of the sugar uptake rate, and a large blank value due to the 

relatively high level of extracellularly trapped sugar. Whitesell and 

Gliemann (1979) modified the oil-flotation technique to include a trans

port inhibition step combined with dilution of extracellular radioact

ivity by the addition of a phloretin solution. Loss of intracellular 

methylglucose into the diluting medium is thus prevented and the time 

required for cell isolation does not become significant, thereby allow

ing an accurate measurement of cytoplasmic radioactivity. An apparent
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advantage of this last technique was demonstrated by the different 

uptake characteristics of adipocytes as reported by Czech (I9?6c) and 

Whitesell and Gliemann (1979). Czech's filtration technique showed 

that adipocyte hexose transport was linear for at least 30 seconds 

in the presence of insulin using O.lmM methylglucose, whereas Whitesell 

and Gliemann reported a half-equilibration time of 2-3 seconds using 

the modified oil-flotation technique and 50pM methylglucose. The half

equilibration time for adipocytes prepared for experiments reported 

herein using ImM methylglucose was approximately 5 seconds in the pre

sence of insulin.

In a later publication (Czech, 1980), the filtration 

method was again employed, this time with the result that a similar 

methylglucose uptake curve (using 50pM methylglucose) to that of 

Whitesell and Gliemann (1979) was obtained. The discrepancy between 

this and previous data was blamed on the variability of the collagenase 

used for adipocyte isolation (see page 121). The filtration method 

does not appear to lend itself particularly well to rapid sampling 

and processing when compared to the oil flotation method. Assay times 

as short as ̂  second can be employed reasonably accurately using the 

second technique, whereas Czech (I98O) does not report any time-points 

shorter than 5 seconds.

Long time-points underestimate the initial velocity of sugar 

transport in maximally-stimulated cells. Using an integrated rate
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equation, Taylor and. Holman (1981) showed that the apparent initial rate 

of zero-trans uptake of methylglucose into insulin-stimulated adipocytes 

calculated from 1 and 2 second time-points underestimated the true ini

tial rate by 2k% and respectively, which consequently gave under

estimated V values. This, coupled with an accelerated basal transmax ^

port rate (page 123), would lead to an estimation of the magnitude of 

the insulin response much below the actual value.

ATP-dependence of Activation sind Deactivation of Transport by Insulin.

An ATP-dependent process has been shown to be involved in 

both the activation of adipocyte sugar transport by insulin (Figure 3) 

and in its deactivation upon removal of insulin (Kono et 1977)«

Cells poisoned by potent metabolic inhibitors such as cyanide, 2,4-DNP, 

sodium azide, or dicumarol rapidly deplete their ATP levels (Kono et 

al, 1977)' The sugar transport activity of adipocytes so depleted is 

then frozen. This was shown in Figure 3» where unstimulated cells show

ed no response to subsequent addition of insulin, and partly-stimulated 

cells did not reach fully-stimulated transport activity if cyanide was 

added during the activation process.

Potassium cyanide and 2,4-DNP exert their inhibitory effects 

through sli^tly different mechanisms, though the result in both cases 

is an inhibition of ATP production. Cyanide blocks mitochondrial el

ectron flow along the respiratory chain and inhibits oxygen uptake ; thus 

ATP production, which is coupled to respiration, is inhibited (Slater,
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196?)• 2,4-DNP, on the other hand, uncouples phosphorylation of ADP from

respiratory electron flow. Adipocytes treated with 0.4mM 2,4-DNP dem

onstrate enhanced oxygen uptake, whereas a subsequent addition of 0.5raM 

KCN abolishes oxygen consumption completely (Chandramouli et al, 1977)»

It has been shown that inhibition of the stimulatory process 

by metabolic poisons is not immediate, but takes approximately 120 seconds 

to reach 100^ inhibition (Figure 3)* This would suggest that the rate 

of stimulation is sensitive to the intracellular ATP concentration, such 

that, as the level of intracellular ATP falls, so the rate of stimulation 

falls. Siegel and Olefsky (I98O) reported that 2,4-DNP, at concentrations 

greater than 0.5mM, was able to completely prevent insulin stimulation 

of methylglucose transport when added prior to, or at the same time as, 

insulin. This is partly at variance with the data in Figure 3» which 

show that when insulin and cyanide were added together, insulin was 

still able to elicit a partial and very restricted response which lasted 

only 2 minutes, comparable to the 2 minute delay in halting stimulation 

when cyanide was added 1 minute after insulin.

Hdring ̂  ad (I98I) observed that preincubation with 2mM 

KCN decreased adipocyte ATP levels by 70^, the effect on transport 

stimulation being that the initial lag phase was extended and the rate 

of stimulation was reduced, though the final level of stimulated trans

port activity was identical to non-cyanide treated cells. In common 

with the experiments depicted in Figure 3» they did note a 1-2 minute
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delay in arrest of stimulation, and, as mentioned earlier, this delay 

is probably due to the time taken for the intracellular ATP concen

tration to fall. Indeed, Hiring ̂  ̂  (I98I) have shown that, in their 

system, the ATP level undergoes a more-or-less linear decline, reaching 

maximum depletion 60 seconds after addition of a fully effective conc

entration of inhibitor.

The involvement of ATP in the stimulating process is undis- 

putable, though its exact role is unclear. Insulin induces the stim

ulation of phosphorylation of certain intracellular proteins (Avruch ̂  

al, 1976; Belsham and Denton, I98O; Brownsey et 1979; Denton and 

Hughes, 1978) while at the same time it decreases incorporation 

into plasma membrane proteins from [ Y ] -ATP (Seals et 1978; 1979)* 

It has recently been reported, however, (Van Obberghen ̂  1983) that

insulin stimulates the phosphorylation of its own receptor following 

binding, the receptor being its own kinase (pages 17,32).

Overall, it would appear that the cellular requirement for 

ATP during insulin stimulation of sugar transport is as a source of 

energy. The location of this energy requirement is unclear, since the 

stimulation process can be divided into a series of discrete steps;

1) Insulin Binding to Cells.

The initial event in the stimulatory sequence is recognition 

of the hormone at the plasma membrane (Levine, I965) by cell surface 

receptors (Cuatrecasas, 1971; Gammeltoft and Gliemann, 1973; Gliemann
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et al, 1973) and this has been shown to be ATP-independent. Ghandra-

mouli ̂  ̂  (1977)1 Hâring et ^  (I98I) and Kono ̂  ̂  (1977) have shown
125that cyanide or 2,4-DNP do not affect the association of I-insulin 

with intact adipocytes. However, measurement of insulin binding to 

intact cells is beset by the problem that once bound to the receptor, 

insulin in internalized, degraded, and finally the products released 

(Gliemann and Sonne, 1978; Suzuki and Kono, 1979). It is interesting 

to note that Draznin ̂  ad (I98I) demonstrated an absolute requirement 

for ATP in the binding of insulin by rat hepatocytes, and Yu and Gould 

(1977) reported a similar requirement in rat soleus muscle. Also, di- 

nitrophenol-treated hepatocytes (resulting in a decrease in ATP) 

showed decreased receptor affinity, which led to decreased insulin bind

ing and increased insulin dissociation upon dilution of the hormone.

2) Internalization of Insulin.

It is now well known that following receptor binding, insulin 

is internalized into the adipocyte by an endocytic process. This has

been demonstrated both visually (Carpentier ̂  1979) in isolated
125hepatocytes using I-insulin followed by autoradiography, and in

adipocytes by Jaxett and Smith (197^) using ferritin-insulin followed

by electron microscopy; or physically by Kono ̂  ̂  (1977) who incubated 
125adipocytes with I-insulin, and then measured the radioactivity asso

ciated with various subcellular fractions. In all cases, an increase 

in intracellular label was noted.
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The endocytic process forms a major part of the activities 

of phagocytic cells (Silverstein et al, 1977), and the movement of mem

brane vesicles involves expenditure of energy. Interestingly, glycolytic 

inhibitors such as NaF or iodoacetic acid inhibit the process in most 

cells, whereas inhibitors of oxidative metabolism, such as CN , 2 ,4-DNP, 

and antimycin do not. Thus in certain cells it appears that the energy- 

requiring process of phagocytosis is fuelled by ATP derived from aerobic 

glycolysis and oxidation of TGA-cycle intermediates, since the addition 

of lactate or pyruvate, which enter the glycolytic pathway beyond the 

sites of inhibition of both NaF and iodoacetate, are able to reverse the 

effects of these last two inhibitors. In some cases though, it was 

found that cyanide or azide, both inhibitors of oxidative phosphorylation, 

were quite capable of reducing the rate of pinocytosis in certain cells. 

Since the review by Silverstein et ^  (1977) concentrated on the phago

cytic process in specialized cells (i.e. macrophages and amoebae), it 

is arguable that, since these cells are specialized for the purpose of 

ingesting extracellular material, the supply of ATP for this process 

is thus specially tailored for it. Gonsequently, inhibition of oxid

ative metabolism by eg. cyanide may not necessarily fully reflect the 

ATP-status of such cells. Adipocytes, on the other hand, being spec

ialized in areas other than phagocytosis, will not possess specialized 

mechanisms to synthesize and direct ATP towards the process, such that 

any endocytic pathways which will be present will have to rely on the
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general ATP pool of the cell, where a substantial proportion of it der

ives from oxidative metabolism. The results of Kono et (197?) show-
125ing that, while 2,4-DNP was without effect on the accumulation of I- 

insulin in the plasma membrane fraction of adipocytes, it did inhibit 

accumulation of radioactivity in a subcellular, particulate fraction, 

derived from membranous compartments within the cell. The evidence thus 

seems to point, in part at least, to a requirement of ATP as the energy 

source for the internalization of insulin. Preincubation of adipocytes 

with metabolic inhibitors would prevent internalization of insulin sub

sequently added - assuming that insulin has to be internalized to stim

ulate glucose transport, this would partly explain the inhibition of 

stimulation in this case. However, it does not satisfactorily explain 

the 'freezing* of already partially stimulated glucose transport (Fig

ure 3)' In this situation, some insulin will have already been inter

nalized and delivered to intracellular vesicular structures. Once int

ernalized, it is rapidly proteolysed by intracellular enzymes, and add

ing inhibitors to stimulated or partly stimulated adipocytes (Figure 3) 

would probably result in a loss of stimulated transport activity as the 

internalized insulin is degraded. In addition, inhibition of deactivation 

of transport activity by metabolic poisons upon insulin wash-out would 

not be seen (Kono £t al, 1977).

3) Degradation of Insulin.

Insulin degradation in adipocytes occurs rapidly following
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internalization, and is generally assumed to take place in lysosomal or 

lysosomal-like structures. No evidence heis emerged in the literature 

to suggest that ATP may be involved in the degradation step. Since the 

breakdown of insulin occurs by proteolysis, any such involvement would 

seem unlikely.

4) Transport Stimulation by Insulin.

The mechanisms proposed to explain glucose stimulation have 

been explored in the Introduction (pages 38-^3)*

The hypothesis, proposed separately (Cushman and Wardzala, 

I98O; Suzuki and Kono, I98O) that glucose transport stimulation occurs 

by translocation of functionally intact transporters from an intracell

ular compartment to the plasma membrane probably explains most accurately 

the actual mechanism involved. Stimulation would occur by an exocytic 

transfer of transporter-laden membrane vesicles to the plasma membrane 

and retention therein, while deactivation following the removal of the 

stimulus would be by endocytic removal of the transporter from the 

membrane.

As has already been discussed, insulin is internalized by 

an endocytic process, the process itself being open to inhibition by 

metabolic inhibitors which deplete the cell of ATP. Since all intra

cellular traffic does seem to be ATP-dependent, depletion of cellular 

ATP levels resulting in inhibition of changing glucose transport act

ivity fits in precisely with the translocation hypothesis. Quite
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simply, the arrested membrane traffic would not continue inserting tran

sport protein into the membrane to stimulate transport, nor would it 

allow removal of transport protein to result in transport deactivation. 

Thus the transport activity of the cell (or the current status of the 

moving transporter-laden vesicles) would remain constant following the 

exhaustion of ATP, independent of whatever stimulus may or may not be 

present.

The probable location of the ATP-dependent step which is 

most important in the stimulation and deactivation of transport is 

therefore likely to be the transporter-translocation step. This proc

ess is open to rapid inhibition (<120 seconds) which correlates with 

the rapid depletion of ATP following addition of metabolic inhibitors 

(Haring £t I98I). This is not to say that inhibition of insulin 

internalization does not occur; as has been shown by Kono et ̂  (1977), 

this is indeed the case, but it is extremely unlikely that, since the 

time courses of ATP-depletion and inhibition of stimulation are vir

tually identical, any step occurring before the translocation of trans

porter to or from the plasma membrane could affect stimulation so rap

idly.

The Temperature Dependence of Transport Stimulation bv Insulin.

Both Ciaraldi and Olefsky (1979) and Hâring et ̂  (I98I) have 

demonstrated that the lag phase before the onset of insulin-stimulated
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transport activity is extended at lower temperatures. An Arrhenius anal

ysis of this temperature-dependency yielded conflicting results ; Giaxaldi 

and Olefsky (1979) reported a linear Arrhenius plot, which suggested no 

influence of membrane fluidity on the coupling process. In contrast, 

the results of Hâring et ̂  (I98I) yielded an Arrhenius plot which was 

not linear - a change of slope was noted at 30°C. Thus the possible 

involvement of membrane fluidity could not be excluded (see Introduction).

The experiment depicted in Figure 2 showed that insulin was 

more effective at stimulating methylglucose transport at 20°C than at 

37°C, and also that the transport rate in the absence of insulin was 

much greater when cells were incubated at the lower temperature. It 

must be emphasized that sugar transport itself was always assayed at 

37°C, such that the effect of temperature itself on the transport process 

would be eliminated.

In connection with this, the experiments in Figures 12 and 

17 show results which might be considered predictable in the light of 

the data from Figure 2. Lowering the incubation temperature of cells 

incubated with a sub-maximal insulin dose (sub-maximal at 37°C) caused 

a marked increase in glucose transport activity (Figure 12). No effect 

was seen when a low insulin concentration (25pM) was used - the reason 

for this is not clear, since Figure 2 shows that a substantial differ

ence in transport activity at the two temperatures was recorded at this 

concentration. Recently, Ezaki and Kono (1982) reported similar results
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in that low temperature showed insulin-like effects on glucose transport ; 

i.e. the effect was reversible on warming and was ATP-dependent (being 

inhibited by 2,4-DNP). However, those experiments were done in the ab

sence of insulin. The reversibility of the effect is shown in Figure 

17» when a low-temperature pre incubât ion with insulin was followed by 

incubation at physiological temperature. The highly-stimulated trans

port activity reverted to a level which was normally seen under these 

conditions of temperature and insulin concentration.

The results could be explained by the translocation hypo

thesis of sugar transport stimulation (Cushman and Wardzala, 1980;

Suzuki and Kono, 1980; see page 3 6 ) , where extra transport 

systems are recruited from an intracellular site to the plasma membrane 

in response to a stimulatory signal, usually insulin. Ezaki and Kono 

(1982) suggest that lowered temperature somehow stimulates transloc

ation of the intracellular transporters to the plasma membrane in a 

manner similar to insulin, the implication being that the two 'pools' 

of transporters (intracellular and plasma-membrane associated) are sep

arate and distinct in the basal state. It would seem a little more 

reasonable, though, to assume that the two pools of transporters are 

constantly exchanging, there being continual recycling to stnd from the 

plasma membrane (see diagrajn overleaf).

From this, it would then follow that lowered temperature, 

a condition known to slow down and even inhibit endocytosis (Silverstein
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et al, 1977)» could stimulate glucose transport by inhibiting the rem

oval of the transport systems from the plasma membrane, such that a 

build-up occurs. This argument would necessitate that the lowered temp

erature did not affect the insertion of intracellular transporter into 

the plasma membrane as much as it affected its removal. Since the whole 

process of membrane vesicle cycling within the cell is still not clear,
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it does not appear unreasonable that the endocytic removal of plasma 

membrane transporters and the exocytic insertion of them are both pro

cesses which are controlled by slightly different means. If this were 

the case, then selective inhibition of either one or the other would 

provide a sensitive and, very Importantly, rapid means of control of the 

glucose transport rate of the cell. This method of control would be 

more rapid than the mobilization of a non-cycling receptor pool, since, 

immediately upon receipt of the signal for inhibition of the endocytic 

removal of transporters, the level of plasma membrane transport units 

would begin to increase. Evidence that net endocytic insertion of glu

cose transport occurs immediately in response to insulin has been pre

sented by Karnieli _et ^  (1981b). They showed that the D-glucose inh- 

ibitable cytochalasin B binding capacity of adipocyte plasma membranes 

increased with no time lag following addition of insulin to the cells. 

Interestingly, the lag which has been observed before the onset of glu

cose transport stimulation (Figure 4 and Ciaraldi and Olefsky, 1979; 

White sell and Gliemann, 1979; Hâring et 1978; 1979) was still 

present in the experiments of Karnieli et ̂  (1981b), thus suggesting 

that upon insertion into the plasma membrane, the transporter may have 

to undergo 'activation' before becoming functional (see page 142).

In contrast, if the mechanism was by mobilization of intra

cellular transport systems alone, then a further time lag would occur 

following receipt of the intracellular signal while the transporter
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were being translocated. It is also leasable,and more probable, that 

a combination of the two, i.e. both inhibition of endocytosis and stim

ulation of exocytosis, occurs.

Figure 13 showed that insulin was required to be present 

for the low-temperature enhancement of transport to occur, since no 

extra stimulation was recorded on removal of the hormone. It therefore 

appears that sane function of the presence of insulin, whether it be 

the intact molecule itself, degradation products, or some intracellular 

event distal to its presence, modulates the stimulation of glucose trans

port in the ad.ipocyte. This would appear to conflict with the results 

of Ezaki and Kono (1982) who demonstrated stimulated transport activity 

at subphysiological temperature in the absence of insulin.

A further justification for the idea that transport protein 

is constantly cycling within the cell, rather than being stationary in 

separate, discrete pools, comes from work done using cells other than 

adipocytes.

Studies on low-density lipoprotein (LDL) uptake in fibro

blasts have shown that these cells are able to bind LDL to specific 

receptors, following which the LDL-receptor complex is endocytosed 

(Goldstein and Brown, 19?4). In mutant cells which are deficient of 

receptor, LDL uptake procédés purely by fluid-phase pinocytosis, and 

the cell surface has been shown to he replaced every 15 mins.. In baby 

hamster kidney cells, internalization of the cell's surface area takes
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place within 30 minutes (Marsh and Helenius, 1980). The subject of 

intracellular membrane cycling has been reviewed by Pearse and Bretscher 

(1981).

Upon removal of the stimulus, activated transport activity 

declines in a temperature-dependent manner (Figure ?)• In terms of the 

model just proposed, this would be due to the removal of the inhibition 

of endocytosis which had originally been imposed by the stimulus, con

comitant with a certain degree of inhibition of exocytosis, imposed per

haps, by some metabolite of glucose or insulin. Since it has already 

been mentioned that lowered temperature inhibits endocytosis, the results 

are consistent with this idea, endocytosis being completely blocked at 

temperatures of 20°C and below, and only partially blocked at tempera^ 

tures above this. Thus the rate of endocytosis, and therefore the rate 

of deactivation, are proportional to the temperature (Figure ?)•

Inherent in the idea that membrane cycling, rather than mob

ilization is the mechanism, is the assumption that maximally stimulated 

glucose transport is due to a complete inhibition of endocytosis, such 

that all of the intracellular pool of active transporters is translocated 

in the endocytosis step. The results of a) Karnieli et ̂  (1981b) who 

measured D-glucose inhibitable cytochalasin B binding to the subcellular 

fractions, and b) Kono ̂  ̂  (1982) who reconstituted the hexose trans

porter into liposomes and measured the resultant transport activity, 

show that a) some cytochalasin B binding sites remained in the microsomal
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fraction following insulin stimulation of the intact cell, and b) that 

some D-glucose transport activity remained in the microsomal fraction 

similarly following insulin stimulation. Furthermore, the methodology 

used by Kono et al (1982) ensured no cross-contamination of the sub

cellular fractions. It therefore appears that not all of the intra

cellular fraction of transporters is translocated upon stimulation, so

it is possible that this 'inactive* fraction in some way is incapable of 

being inserted into the plasma membrane - possibly due to their being 

immature transporters, or, since they possess transport activity (Kono 

^  1982), immature transporter-membrane vesicles.

Maximal stimulation of methylglucose transport in sidipocytes 

by insulin can be as high as 15-30-fold (Figure 1). Karnieli ̂  ̂  

(1981b) reported a 5«5-fold increase in glucose-inhibitable binding 

sites in the plasma membrane fraction, while Kono et al (1982) reported 

a 6 .3-8 .6-fold increase in transport activity reconstituted from plasma 

membranes. Concomitantly, the intracellular cytochalasin B binding 

activity fell to 3 ^  of its control value (Karnieli et 1981b), while 

the intracellular glucose transport activity fell to 50^ of its control 

value (Kono et ^ , I982). Since the increase in plasma membrane trans

porter activity does not rise in proportion to intact cell 

transport activity, the reason may be that the isolated subcellular 

fractions are far removed from the intact cell, such that losses on 

fractionation would account for the discrepancy.
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There is a vast excess of intracellular transporter which 

is not translocated (see above), and Simpson ̂  ̂  (1981), using a 

similar cytochalasin B binding assay to Cushman and Wardzala (I98O) 

and Karnieli et ^  (1981b) reported that approximately 3Qffo of binding 

in the basal adipocyte was intracellular. On insulin stimulation, 

approximately 50^ of this intracellular activity was translocated. Also, 

the K^ of cytochalasin B binding to the transport protein in the plasma 

membrane was unchanged following insulin treatment, but in unstimulated 

cells, the K^ was almost 2 times greater in intracellular transporter. 

Following stimulation, the K^ in this intracellular fraction decreased 

to that observed in the plasma membrane fraction, suggesting some sort 

of modification of the transporter on cycling to the membrane in response 

to insulin (see Simpson et I98I). The basis of this modification 

is unknown, but the possibility exists that it may account for the 

increased retention of transporters within the plasma membrane follow

ing stimulation.

Submaximal stimulation of adipocyte sugar transport can 

be explained in terms of the translocation hypothesis as an equili

brium between activation and deactivation. Insulin stimulates trans

port as mentioned earlier (page I38), but the lower level of transport 

activity is achieved by balancing the exocytic insertion of transport 

protein into the membrane with the endocytic removal of it, due to the 

degradation of the low concentration of insulin, leading to deactiv-
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ation. Thus the inhibitory action of insulin on endocytosis (page I38) 

is not saturated due to non-saturation of the insulin degrading systems.

The Sequence of Events Following Insulin-Cell Interaction.

The anti-microtubular agent colchicine, while disrupting 

the intracellular microtubule system, does not cause complete break

down of membrane traffic within the cell (Bhisey and Freed, 1971)«

So although it causes a slight reduction in transport stimulation 

(Fig. 5 and Table 2) and an elongation of the lag phase before the 

onset of stimulation (Hctring ̂  1979), its effectiveness in the

elucidation of the stimulating mechanism may be limited. Rosenthal 

(1979) showed that colchicine was able to reduce glucose oxidation in 

brown fat cells, both in the presence and absence of insulin. Whitfield 

and Schworer (1978) found that colchicine depressed methylglucose 

transport in avian erythrocytes and erythrocyte ghosts. Loten and 

Jeanrenaud (197^) also showed a depressive effect of colchicine on 

sugar transport in white fat cells. Their results, and the results of 

Rosenthal (1979) disagree with those presented in Table 2, which show 

that colchicine did not affect basal glucose transport in white aidipo- 

cytes; the reason for this is not clear. Rosenthal (1979) has suggest

ed that colchicine's effects on sugar transport may be distinct from 

its effects on membrane traffic consequent on microtubule disruption.
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thus relegating the usefulness of colchicine in this line of invest

igation.

The significance of this endocytic internalization on 

insulin's effects was disputable, since Cuatrecasas (I969) had earl

ier published results indicating that an insulin-agarose conjugate, 

purportedly incapable of penetrating the plasma membrane, was fully 

biologically active when incubated with adipocytes. Garwin and 

Gelehrter (19?4) however, showed that free insulin was capable of 

leaking off the conjugate, thus expressing biological activity. May 

et ^  (1978)1 again using insulin-agarose conjugates, this time 

prepared using a biotin-avidin reaction, demonstrated reduced biological 

activity of the conjugate on fat cells. However, assuming no leak 

of biologically active insulin, it is still possible that the biol

ogical effects are being expressed in a way other than by the normal 

insulin pathway, since many agents, unrelated to insulin, are capable 

of eliciting an insulin-like response in adipocytes (see Introduction); 

thus the insulin-bead conjugates of May et al (1978) may be acting in 

such an apparently non-specific manner.

Insulin binding and the release of degradation products 

were studied under conditions similar to those used in assessing the 

effects of temperature on methylglucose transport. Loss of cell- 

associated radioactivity at both 37°C and 20°C was shown in Figure 8.

At 37°C, following removal of insulin, the loss of radioactivity
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125associated with I-insulin and its degradation products did not

exactly parallel the deactivation of methylglucose transport (Figure ?)»

the time course being slightly longer in the former case. At any time
125during the equilibrium binding of I-insulin, total radioactivity 

will be comprised of intact, cell-surface insulin; intact internalized 

insulin; and internalized degraded insulin at various stages of break

down. Therefore the fact that loss of cell-bound radioactivity proc

eeds more slowly than deactivation of transport upon insulin removal 

probably reflects the time-dependence of the insulin processing steps. 

This would then indicate that totally degraded insulin (i.e. at the 

last stage(s) immediately prior to release of the products) is ineff

ective at maintaining the stimulated state at 37^C. The release of 

degraded insulin, in Figure 9, follows a reciprocal relationship to 

the loss of cell-associated radioactivity, both at 37°C and 20°C. At 

20°C, in contrast to the inter-relationship between loss of cell- 

associated radioactivity and transport deactivation at physiological 

temperature, some cell-associated radioactivity is lost without any 

decrease in stimulated transport activity. This loss of radioactivity 

is not entirely due to dissociation of intact insulin (see Figure 11), 

since there is a concomitant rise in appearance of acid-soluble 

products in the incubation medium. In addition, the appearance of 

these acid-soluble products does not continue with time, but plateaus 

off after approximately 40-60 minutes at a level well below that seen
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at 37°C (figure 9), indicating a possible impairment of the earlier 

steps in insulin processing, with only a reduction in the rate of 

the later step(s), i.e. release.

Ciaraldi and Olefsky (I98O) and Hâring et ̂  (I982) re

ported that dissociation and deactivation at 37°G were not parallel, 

since dissociation proceeded much more rapidly. Also, they noted 

that glucose was required for deactivation, suggesting a metabolic 

requirement, while dissociation was unaffected by the addition of 

glucose. Their results conflict with those of Laursen et ^  (1981), 

who reported that dissociation and deactivation had the same half- 

times, either in the presence or the absence of glucose, and Laursen 

et al (1981) suggested that the discrepancy may be due to an inability 

of the cell preparation of Ciaraldi and Olefsky (I98O) to maintain a 

high level of intracellular energy, which, as was mentioned earlier, 

is required for both activation and deactivation of transport.

Lowering of the incubation temperature during the inter-
125action of fat cells with 50pM I-insulin resulted in both an increase 

in the level of cell-associated radioactivity (Figure 14) and a de

crease in the rate of degradation of insulin (Figure 15)* It thus 

seems probable that the rise in radioactivity associated with the cell 

in this case is due to a decreased rate of degradation.

Gliemann (1976) reported that the half-time of appearance 

of insulin degradation products from adipocytes was increased from
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10 minutes to 30 minutes when the incubation temperature was lowered

from 37°G to 20°C, and suggested that this was due to a decrease in

the degradation rate constant at the lower temperature. A 10 minute

delay at 37°G was also observed in the experiments depicted in Figures
12515 and 16 before degradation products of I-insulin (as TCA-soluble 

radioactivity) appeared in the incubation medium. A similar delay has 

been reported by Terris and Steiner (1975) sind Varandani ̂  ̂  (1982), 

both in hepatocytes, and it would appear that this is the finite time 

required for insulin processing at 3 7 In Figures 15 &nd 16, there 

was a slight increase in TCA-soluble radioactivity within the initial 

10 minutes, and it remains leasable that this is due to extracellular 

enzymic insulin degradation (Gliemann and Sonne, 1978), though the 

incubation media have been chosen to minimize this. Also, the rate 

of appearance of TCA-soluble radioactivity in these first 10 minutes 

was very similar to that seen when cells were transferred to a 20°C 

water bath, particularly when InM ^^^I-insulin was used (Figure 16).

It appears, therefore, that insulin degradation at 20°C is severely, 

if not completely, impaired. Hofmann et ^  (I98O) have noted similar 

characteristics using cultured hepatoma cells, in that, following 

a 5-10 minute delay, degradation products of insulin appear in a 

linear fashion in the medium at temperatures above 

20°C. Below this temperature, they noted no degradation. The 

suggestion of Hofmann ̂  ̂  (I98O) that hormone translocation (and
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subsequent processing) is inhibited due to a phase transition of the 

membrane phospholipid below 20°C (Shimshick and McConnell, 1973)» is 

consistent with the observation that lowered temperatures can inhibit 

endocytosis (Silverstein et al, 1977» see also page 137)« Inhibition 

of hormone internalization would thus prevent its delivery to the 

proteolytic site(s).

The similarities in the profiles of transport stimulation, 

insulin-cell association, and insulin degradation between cells incub

ated at low temperatures and cells incubated with chloroquine (Figures 

18-20) may indicate a similarity of mechanism, but this need not be 

the case. Hammons and Jarett (I98O) reported that insulin association 

with ad-ipocytes was increased by chloroquine due to an increase in 

retained intact insulin and a decrease in degradation. However, 

contrary to the results shown in Figure 18 of this thesis, they 

reported no effect of chloroquine and insulin on methylglucose uptake, 

thereby ruling out the possibility that insulin degradation was req

uired for stimulation of transport. Similarly, Marshall and Olefsky 

(1980a) reported no requirement for insulin degr.ad.ation to produce its 

effects on transport. It must be noted, however, that the 

stimulatory effect of chloroquine over that of 50pM insulin as 

depicted in Figure 18 was slight in comparison to its effect on insulin 

association (Figure 19)*

Overall, degradation of insulin appears not to be a pre-
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requisite for its action; this is further strengthened by the fact 

that chloroquine stimulates insulin association with IM-9 lymphocytes, 

a cell line which does not degrade insulin intracellularly (iwamoto 

et al, 1981). The increased association between insulin and cells 

in this case appears due to an increase in the affinity of the insulin 

receptor.

Ion Involvement in Sugar Transport Stimulation.

Alteration of the standard ion concentrations of the 

incubation buffer (see Methods) resulted in elevated levels of basal 

methylglucose transport, irrespective of whether the alteration 

involved omission of chloride or potassium (Figures 21, 26 and 

Table 3)» In both cases, the effect of lack of these ions was 

reversible and time-dependent (Figures 22 and 24), indicating that 

the mechanism was possibly similar to that of insulin-stimulated 

transport, i.e. involved translocation of intracellular transport 

protein. This being the case, it may not be unreasonable to envisage 

that insulin may cause stimulation of sugar transport by a perturbation 

of the ion balance across the membrane, or by an alteration in the 

membrane potential caused by such a perturbation. Whether the membrane 

potential charges in response to insulin is disputed, since Cheng et 

al (1979) reported that insulin caused a membrane hyperpolarization 

in adipocytes, whereas Stark ^  ̂  (I98O) reported that hyper

polarization under these conditions did not occur.
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Clausen (I969) reported that prolonged incubation of 

unstimulated adipocytes in the presence of cyanide results in an 

elevated basal rate of methylglucose transport due to intracellular 

potassium depletion as a result of inhibition of the Naf ,K^-ATPase. 

Such prolonged incubation with cyanide (>60 minutes) resulted in 

severely impaired cell viability in the isolated adipocyte system 

used in the present experiments, and even incubations as short as 

10 minutes with the inhibitor resulted in cell lysis. It is possible 

that cell integrity in whole tissue as used by Clausen (I969) would be 

greatly augmented by the very fact that intact tissue was being used; 

however, this does not obscure the fact that this tissue was being 

handled as viable tissue more than one hour following its complete 

metabolic inactivation.

Another possibility is that the tissue used by Clausen 

(1969) was not completely metabolically inactive during its incub

ation with ImM cyanide (see page 128), there being a small proportion 

of intracellular ATP present. This level may then be high enough 

to maintain a minimal cell viability, but low enough to impair 

correct functioning of the transport translocation mechanism (page 

136), such that transport units accumulate in the plasma membrane, 

albeit only slowly. In this case, the depletion of intracellular 

potassium due to Na"*" ,K^-ATPase inhibition is incidental and remote 

from transport stimulation.
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The stimulation of basal methylglucose transport by 

potassium-free buffer was inhibited by pre incubât ion of adipocytes 

with NaCN (Tables 3 and 4), indicating an energy requirement, ident

ical to the stimulation by insulin. The mechanism of this stimulation 

thus appears similar to that by insulin, in that translocation of 

intracellular systems is involved, and not an alteration of already 

existing plasma-membrane associated transport units. This assumption 

is further strengthened by the fact that the reversibility of the 

low-K"̂  induced stimulation by added potassium is also inhibited by 

metabolic inhibition (Figure 31)• In respect of this last observation, 

it was noted that the potassium ionophore valinomycin was capable of 

overcoming the cyanide-inhibition of reversal of elevated basal trans

port produced in potassium-free buffer by added potassium. Valinomycin 

was also able to lower insulin-stimulated transport, but only in the 

presence of potassium (whether in standard buffer or in K^-free buffer 

plus added potassium). The significance of this effect is not clear 

at present. Since it has not been demonstrated that potassium per se 

is or is not involved in intracellular membrane traffic, it remains 

possible that this ion could control back-and-forth movement 

of membrane vesicles. Should this be the case, removal of cell 

potassium would perturb this movement, which could result, as in this 

case, in extra transport systems accumulating in the plasma membrane. 

This might then explain the membrane hyperpolarization caused by
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insulin in adipocytes as reported by Cheng et ^  (1979)» and in. 

other cells (Lantz et a2, 1979; Zierler atnd Bogus, 1980). Perturb

ation of the membrane potential by the hormone could possibly be 

mimicked by removal of the extracellular and intracellular potassium 

content. In addition, the effect of valinomycin could be to produce 

equilibration of potassium across the membrane, thereby destroying 

the necessary hyperpolarization due to potassium which may be necessary 

to control stimulation. In energy-depleted cells, which would normally 

show no alteration in transport activity under any conditions, 

valinomycin was still able to lower stimulated transport activity, 

but only in the presence of potassium (Figure 31). It is difficult to 

ascribe a reason for this, especially since the requirement of ATP 

in membrane cycling has already been demonstrated. Perhaps the 

combination of valinomycin and potassium exerts its effects by inter

acting with the membrane directly, by stimulation of a membrane- 

associated deactivation mechanism which might occur before the ATP- 

dependent internalization process (page l4 o ). Due to the lack of 

data on the specific details of this process, it is difficult to 

provide a definite sequence of events regarding activation and de

activation. However, there are still steps in both processes which 

are still not understood, particularly since Karnieli ̂  ̂  (1981b) 

have shown that insulin induces immediate accumulation of D-glucose 

inhibitable cytochalasin B binding into the plasma membrane, followed
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by increased glucose transport activity approximately 90 seconds later; 

no such lag was seen on removal of insulin, there being simultaneous 

reduction of binding and transport capacity in the plasma membrane 

fraction. Also, Carter-Su and Czech (I98O) were unable to correlate 

combined reconstituted transport activity from all adipocyte sub- 

cellular fractions with total activity from individual fractions 

before and after insulin treatment, since they found that the intra

cellular activity did not decrease following stimulation. Thus it 

appears that other step(s), in addition to membrane cycling, are 

very likely involved in the activating/deactivating process, and it 

is possible that the use of ionophores will help to clarify these.

Studies by Resh ̂  ̂  (I98O) have shown that the Na'’',K‘’'- 

ATPase of rat adipocytes is stimulated by insulin, leading to increased 

potassium uptake. A more recent publication reported that activation 

of this enzyme did not involve translocation of Na+ ,K"*"-ATPase activity 

from an intracellular site to the membrane (Resh, 1982), thus ruling 

out the possibility that the intracellular vesicles which contain 

glucose transport activity could also contain the Nâ̂  ,K'*'-ATPase 

enzyme. Resh (1983) has now reported a time-lag of 40-50 seconds 

following addition of insulin before activation of the enzyme begins, 

which correlates with the time-lag observed in the activation of 

adipocyte glucose transport (Figures 3 and 4; Hiring et aJ, 1978). 

Therefore it was postulated (Resh, I983) that either the same signal
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which initiates the translocation of glucose transporters also stimul

ates the enzyme, or that translocated transporter-laden vesicles also 

contain a signal for activation of the enzyme. From the observations 

of Karnieli et ̂  (1981b), who showed immediate accumulation of 

cytochalasin B binding capacity in the adipocyte plasma membrane upon 

insulin stimulation, both of these proposals need to be expanded.

Since Simpson et al (1981) have shown that, following insertion into 

the plasma membrane, and preceding or along with the onset of stimu

lated glucose transport, the of cytochalasin B binding to the trans

porter changes, a further step following vesicle insertion into the 

membrane must be proposed to exist, a step which is common to both 

glucose transport and Na*" ,K̂  -ATPase stimulation.

Activation of both Na^,K^ -ATPase activity and glucose trans

port could therefore occur by a common mechanism. The nature of 

such a mechanism is not known. However, there is still a discrepancy 

in the delay in onset of activated methylglucose transport reported 

in this thesis (45-60 seconds), that reported by Hiring ̂  ̂  (1978)

(40 seconds), the delay in onset of stimulated Na*" ,K^-ATPase activity 

(40-50 seconds, Resh (1983)) and the delay of 90 seconds in onset of 

sugar transport as reported by Karnieli ̂  ̂  (1981b). This dis

crepancy is probably not genuine, and very likely reflects the differ

ences in methodology of sugar transport assays as employed by the 

different workers; Karnieli et ̂  (1981b) used transport times of
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up to 30 seconds. Thus it appears that the onset of stimulated activity 

of both hexose transport and the Na'*‘,K̂  -ATPase in adipocytes follows 

a similar time course, ruling out the possibility that accumulated 

potassium in response to insulin could initiate glucose transport 

stimulation.

The low-temperature enhancement of partially-stimulated 

sugar transport was shown in Figure 12. Adipocytes which had been 

stimulated by potassium-free buffer, and then transferred to a low- 

temperature incubation showed a gradually increasing rate of sugar 

transport following the addition of normal buffer potassium (Figure 25)• 

A parallel incubation at 37°G showed deactivation to normal basal 

levels following inclusion of potassium. The reason for the rise 

in transport at 20°C following addition of potassium is unclear, 

but could again point to involvement of potassium in the stimulating 

process, though this need not necessarily be the case. Also in Figure 

25 is shown a parallel incubation which was maintained continuously 

at 20°C in potassium-free buffer throughout the duration of the 

experiment, and these cells demonstrated a uniformly high, almost 

maximal, rate of sugar uptake. The final level of transport activity 

seen in cells previously incubated in K*"-free buffer at 37°C foll

owed by transfer to 2 0 and addition of potassium was similar to 

this. So it may just be that the low temperature incubation induces 

maximal (or near-maximal) stimulation in adipocytes already partially
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stimulated (cf Figure 12). A possible mechanism for this effect has 

already been discussed (pag;es 134-143).

Figure 29 showed that insulin association and degradation 

by adipocytes were both altered by high buffer potassium concentrations, 

whereas little effect of high [K^] was observed on methylglucose trans

port activity in the absence of insulin (Table 3)» Extending this 

observation, it is possible that accumulated intracellular potassium 

could stimulate degradation of insulin to accelerate deactivation of 

transport upon removal of the stimulus. This is probably very unlikely, 

though, since insulin treatment does not stimulate intracellular 

accumulation of potassium to the extent that a buffer high in the 

ion does. The physiological significance of this is therefore 

restricted.

Whatever implications may be drawn regarding the effects 

of valinomycin on stimulated sugar transport in the presence of 

potassium and metabolic inhibitors, potassium involvement in control 

of transport itself is well documented (Clausen,!966; 1969; Ho et al, 

1966; Ho and Jeanrenaud, I967). The nature of this involvement is 

still unclear.
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The Effects of Lectins on Sugar Transport and Insulin-Cell Interaction.

Of the many insulin-mimicking agents which have been 

employed to try and clarify the mechanism of the stimulatory event, 

the lectins wheat germ agglutinin (WGA) and concanavalin A (Con A) have 

been widely used in attempts to probe the membrane dependency of 

stimulation. Either of the two lectins was capable of stimulating 

methylglucose transport, albeit within different concentration ranges, 

(Figure 36), although they had opposing effects on insulin binding 

(Figure 3^). The studies of Cuatrecasas (1973) suggested that the 

differing effects on binding were due to interaction of the lectins 

with different parts of the insulin receptor.

Czech and Lynn (1973) also reported that a concentration 

of Con A which submsLximally stimulated transport in adipocytes was 

additive to the effect of a submaximal, but not maximal, dose of 

insulin, suggesting that the two could possibly act via the same 

system. However, they found that addition of 40mM a-methylmannoside 

to the incubation medium prior to the addition of insulin blocked the 

ability of Con A to stimulate glucose oxidation, while having no 

effect on insulin action. Conversely, trypsinization of adipocytes, 

viiich abolishes insulin binding to surface receptors and subsequently 

prevents stimulation of metabolism (Kono, I969), had no effect on 

the concanavalin A stimulation of fat cells. So although it is 

possible that lectin activates glucose transport via a similar
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mechanism to insulin, the two agents most probably act on separate 

moieties within the membrane, and these may be located on the same 

protein, i.e. the insulin receptor. Indeed, the lectin WGA, which 

both stimulates methylglucose transport and insulin binding in isolat

ed fat cells, is being used as a highly specific affinity ligand for 

the purification of insulin receptors from solubilized plasma membranes 

(eg. see Zick et 1983b). Since WGA does enhance the binding of 

insulin to fat cells (Figure 3^), the possibility is ruled out that 

the lectin is acting via the receptor insulin-binding site to stim

ulate sugar uptake, and it may thus be binding to the receptor at 

another location, possibly allosterically modifying it to stimulate 

insulin binding, and also maybe to stimulate transport.

Although the lectins are now proving useful in obtaining 

and studying the isolated insulin receptor, their usefulness as probes 

of the membrane-linked events in transport stimulation now appears 

limited, particularly since the many insulinomimetic agents (page 33) 

appear to act in such non-specific ways.
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Slde-SpecifIclty of Cytochalasin B in Adipocytes.

It is known that cytochalasin B is a side-specific 

inhibitor of D-glucose transport in a number of cell types, and that 

this side-specificity differs. In erythrocytes, (Devés and Krupka, 

1978a; Taverna and Langdon, 1973) a-nd horse leukocytes (Zigmund and 

Hirsch, 1972) sugar influx is non-competitively inhibited by cyto

chalasin B, ^ile exit and exchange are inhibited competitively, 

indicating an inner binding site for cytochalasin B in these cells. 

Conversely, an outer inhibition site appears to be present in HeLa 

cells (Mizel, 1973; Plagemann and Erbe, 1976), chick embryo fibro

blasts (Kletzien and Perdue, 1973), and Novikoff hepatoma cells 

(Estensen and Plagemann, 1972; Mizel and Wilson, 1972), deduced from 

the competitive inhibition of sugar uptake in these cells.

The experiment depicted in Figure 41 showed that at a 

low cytochalasin B concentration of l.OpM, zero-trans entry of methyl

glucose at various concentrations was inhibited competitively. This

is indicated by an increase in K with no alteration in V (seem max '
pages 49-50) - i.e. the ordinate intercept increases while no change 

is seen in the slope. However, at the higher cytochalasin B concent

ration of 1.7pM, the inhibition appears to shift to being non

competitive in nature, with an alteration in both slope and ordinate 

intercept when compared to control incubations. Competitive inhibition 

of influx indicates an externally-directed cytochalasin B inhibition
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site. In this case, there should also be competitive inhibition of 

equilibrium exchange, as depicted in Figure 42.

Interpretation of the data from studies using two inhibit

ors reveals that, in common with the data from single inhibitor 

studies, cytochalasin B may have a binding site at both sides of the 

membrane.

Devés and Krupka (1978b) have evaluated five different

transport models and have predicted their behaviour with substrate in

the presence of one or two inhibitors. For the purposes of this thesis, 

only three of these models will be considered: i) this consists of a 

two-site model, one site on either side of the membrane, where the 

binding of one substrate molecule induces a conformational change 

which prevents the binding of another molecule; ii) this is also a 

two-site model, but one where substrate can bind simultaneously to 

both sites on both sides of the membrane - only these two models show 

simultaneously available binding sites at the inside and outside of the 

membrane; and iii) a single-site model with alternately available 

sites at the inside and outside of the membrane.

The equations which describe unidirectional flux of 

substrate in the presence of two inhibitors axe (from Devés and 

Krupka, 1978b):-

V
u max/Ko: m 5.
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where the binding of inhibitor at one side of the membrane does not

influence binding at the other, i.e the site is alternately available

at one side or the other but never both simultaneously; and
V /max/ĵ

u . m
" 1 + +K. K. K. K. c ii 12 ii 12

where binding of inhibitor at one site influences binding at the 

other site. In both cases, u^^ refers to unidirectional flux from 

outside to inside (v), S is the substrate concentration, I the inhibi

tor concentration, and the inhibition constants. The subscripts 

1 and 2 refer to either side of the membrane, and c refers to the inter

action between the two sites. If no interaction occurs between the 

two inhibitors with respect to the transporter, as defined by Equation 

5, then a plot of vs. I, in the presence of 1% will reveal a line 

paxallel to that produced in the absence of I2 ; i.e. the slope will 

remain unaltered Ki  ̂' while the y-intercept will increase

by (1 + )» and the interaction will be purely competitive.

On the other hand, a similar plot where the two sites do show inter

action will reveal an alteration in both slope and y-intercept dep

endent on the second inhibitor (slope will increase by (1 + ^/cKi ̂ '

while the y-intercept will increase by (1 + ))• The x-inter-iv!L 2
cept will remain constant. The value of c in Equation 6 is determined

by the degree of influence which inhibitor binding to the first site
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has on binding to the second site. As c increases, the term in c will 

tend towards zero, and Equation 6 will reduce to Equation 5î i.e. inter

action between the two sites will decrease as c— ► oo • If ^  1, 

interaction of inhibitors between the two bindig sites is non

competitive.

Figure 43 shows that 5niM ethylidene glucose appears to 

competitively inhibit methylglucose entry with respect to cytochalasin 

B. At lOmM ethylidene glucose, the inhibition appears to shift towards 

being non-competitive. Similarly, Figure 48 shows that methylglucose 

exit into ethylidene glucose was inhibited competitively by 0.5pM 

cytochalasin B with respect to ethylidene glucose. At l.OpM cyto

chalasin B, the nature of inhibition appeared to shift towards being 

non-competitive. An adequate explanation for this is difficult to 

find, since neither of the Equations 5 nor 6 will predict such an 

abrupt and definite transition. Equation 5 will only predict parallel 

lines as the concentration of second inhibitor is increased, while 

Equation 6 will predict lines of increasing slope and y-intercept 

under the same conditions. If the value of the previously defined 

term c is large, i.e. there is little influence on binding of a 

second inhibitor by the first, then the lines will diverge only 

slightly. Should this be the case, then slight deviation from the 

parallel may go unnoticed due to experimental error, and so at low 

concentrations of [I,]the interaction between inhibitors will appear
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competitive. This deduction is arrived at since the kinetic behaviour 

of a system whereby transport inhibition changes from one form to an

other as the concentration of a second inhibitor increases has not yet 

been adequately described in mathematical terms. Also, such a descrip

tion would have to take into account the fact that cytochalasin B 

alone appeared to show different inhibition characteristics at different 

concentrations (Figure 41). In addition, a more detailed experimental 

analysis would be required involving the use of closely graded conc

entration ranges for both inhibitors under test. These would probably 

reveal that the nature of interaction between cytochalasin B and an 

internally- or externally-specific transport inhibitor would probably

be only partially non-competive, i.e. the value of in Equation 6 
2will be 0 < / <1 and will never reach the limits. c
It has already been mentioned that in some cell types 

including erythrocytes cytochalasin B inhibition of sugar transport 

appears to be asymmetric. In whole erythrocytes, this appears to be 

consistent with the asymmetric nature of the transport system itself. 

Binding inhibition studies by Lin and Spudich (1974) have shown that 

the non-penetrating sugar transport inhibitor p-chloromercuribenzene 

sulphonic acid (PCMBS) inhibited cytochalasin B binding to erythro

cytes by 50^» while the compound p-chloromercuribenzoic acid (PCMB), 

which was capable of penetrating the erythrocyte membrane, inhibited 

completely the binding of cytochalasin B. In addition, PCMBS
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totally inhibited cytochalasin B binding in leaky erythrocyte ghosts. 

These results therefore show that there is binding of cytochalasin B 

at both sides of the erythrocyte membrane, in contrast to the nature 

of inhibition of transport in the intact cell. However, the results 

of Garruthers atnd Melchior (1983) have shown that sugar transport in 

intact erythrocytes may be rendered asymmetric by the presence of some 

low-molecular weight cytosolic factor, such that intrinsic membrane 

transport activity may in fact be symmetric, in agreement with the 

binding results of Lin and Spudich (1974).

Gorga and Lienhard (I98I) have measured the binding of 

cytochalasin B in erythrocytes in the presence of ethylidene glucose 

and propylglucose. Their results suggest that a ternary complex of 

transporter, sugar, and cytochalasin B is not formed, suggesting that 

the transporter exists in the membrane with only one binding site 

exposed alternately at either side. This would fit in with one 

model of transport as proposed by Devés and Krupka (1978b) where a 

substrate binding site is alternately exposed at either the inner 

or outer membrane face, and vdiich would explain the non-competitive 

inhibition of transport by cytochalasin B at the trans face of the 

membrane.

Since the results presented in this thesis demonstrate an 

interaction between cytochalasin B and either propylglucose or 

ethylidene glucose which is very likely to be very near to being
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competitive (at low concentrations), this would indicate a cytochalasin 

B binding site at both sides of the adipocyte membrane, and the 

possible formation of a ternary complex (TLI), in contradiction 

of the predictions of the alternating conformation model of Gorga 

and Lienhard (1981) which can be extended as follows:-

TLL

'I
TLL

Til

z^TLI

where T is the transporter, I is the inhibitor (either ethylidene 

glucose or propylglucose) and L is the ligand (cytochalasin B). The 

possible existence of the ternary complex TLL in erythrocytes has 

been demonstrated by Lin and Spudich (19?4), but Gorga and Lienhard 

(1981) did not report its detection. There is no evidence to suppose 

that this complex cannot be formed in adipocytes, and the data pre

sented here strongly suggest that its formation is likely. Certainly, 

it appears that the formation of the ternary complex TLI is possible.

Overall, it appears that the alternating conformation 

model of transport as proposed by Gorga and Lienhard (I98I) for 

erythrocytes does not strictly apply to the adipocyte transport system, 

since it has been demonstrated here that the inhibitor and substrate
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binding sites in the adipocyte plasma membrane can be exposed at both 

membrane surfaces simultaneously. However, at high concentrations of 

inhibitor, there appears to be interaction between these sites, 

possibly conferred allosterically. Further experiments using paired 

inhibitors on various transport protocols would be necessary to further 

clarify any such interactions.

The Effect of Cellular Disruption on Insulin Action.

Figures 50 and 51 and Table 5 showed the results of some 

experiments carried out on adipocyte subcellular fractions. As 

demonstrated by Avruch et ^  (1972) and shown in Figure 50, stimu

lated transport activity is carried over into plasma membrane vesicles 

isolated from insulin-treated cells, though the degree of stimulation 

observed is much less than that seen in whole cells. Insulin addition 

to disrupted cells, before plasma membrane isolation was carried out, 

showed that the broken cells were unresponsive to insulin (Figure 51)• 

This rules out any effect of insulin on the already existing basal 

transport units in the plasma membrane.

Table 5 showed the results of various reconstitution 

experiments carried out on the subcellular fractions of adipocytes.

It was shown that addition of insulin to a purified membrane 

preparation from unstimulated cells did not show any alteration in 

the basal transport activity, consistent with the previous observ-
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ation of no effect of insulin on a broken cell preparation. Also, 

addition of the cytosolic fraction from insulin-stimulated cells to 

basal membranes showed no alteration of transport activity, illustrating 

that no factor from insulin-stimulated cytosol could confer stimul

ated transport activity on plasma membranes. The only alteration in 

plasma membrane transport activity occurred when the cytosolic fraction 

from either basal or stimulated cells was added to membranes from stim

ulated cells. The effect was to cause a reduction in transport activ

ity compared to untreated, stimulated membranes. The likely explanat

ion here is that the transporter is unstable, and could possibly be 

undergoing degradation by cytosolic enzymes. Alternatively, the 

effect may be one of dilution, where the added cytosolic fraction has 

diluted the plasma membrane fraction to such an extent that the rate 

of transport is affected.

These observations aire consistent with the translocation 

hypothesis of transport, which has already been discussed. Viable, 

intact adipocytes are required for the stimulating effect of insulin 

on membrane transport ; i.e. for the translocation of glucose transpor

ter to the plasma membrane from an intracellular site, and the effect 

cannot be duplicated once the cells have been disrupted. In comp

arison, stimulation of intracellular enzymes by insulin following 

disruption has been demonstrated by a number of workers, but only 

in the presence of plasma membrane, from which a peptidic component
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has been shown to be released upon treatment with insulin. This 

component has been shown to mediate many enzyme activities, though 

no effect on sugar transport has yet to be reported. It remains to 

be seen whether this peptide also controls atdipocyte sugar transport; 

the methodology is necessarily difficult, though the results, if 

applicable, could help to consolidate the data alresidy available on 

insulin action.
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