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Insulin release from cultured B-cells. 

Established RINMSF and IN111 RI and newly available HIT-T1S 

and UMR 407/3 B-cell lines nave been successfully maintained in vitro. 

With the exclusion of UMR 407/3 cells, all lines were continuously 
propagable. Doubling times and plating efficiencies for HIT-T15, 

RINMSF, INI 11 Rl and UMR 407/3 cells were 20hours and 85%, 31hours 

and 76%, 24hours and 80% and 38hours and 94% respectively. All the 
cell lines were anchorage dependent, but only UMR 407/3 cells grew to 

confluence 

Only HIT-TI5 and UMR 407/3 cells produced a true insulin 

response to glucose but glucose markedly increased the rate of 

p-{u! 4cigiucose oxidation by all the cell lines. Glucose induced insulin 
release from HIT-T1S cells was biphasic with an exaggerated first 

phase, Insulin release from HIT-T15, RINMSF and INIJ1 Rt cells was 

stimulated by amino acids and sulphonylureas, 

Glucagon stimulated insulin release from HIT-T1S and RINMSF 
cells while somatostatin and pancreatic polypeptide inhibited release 

These observations suggest that net insulin release from the whole 
islet may be the result of significant paracrine interaction. 

HIT-T1S and RINMSF cell insulin release was stimulated by 

forskolin and inhibited by imidazole ca** channel blockade and 
calmodulin inhibition suppressed insulin release from HIT-T15, 

RINMSF and INI11 Rl cells. In addition phorbol esters stimulated 

insulin release from RINMSF cells. These data implicate cAMP, Ca2* 

and protein kinase-C in the regulation of insulin release from cultured 
B-cells 

Acetylcholine increased insulin release from HIT-T15 and 
RINMSF cells. Inhibition of the response by atropine confirmed the 

involvement of muscarinic receptors. HIT-T15 cell insulin release was 
also inhibited by adrenaline. These observations suggest a possible 
role for the autonomic nervous system in the modulation of insulin 

release : 
Preliminary studies with a human insulinoma maintained in 

monolayer culture have demonstrated a limited life span of some 

seven weeks, a continuous low level of insulin release but no insulin 

response to glucose challenge 

  

KEY WORDS: Cultured B-cells, Human insulinoma, Insulin release, 
Glucose oxidation, Secretagogues, Inhibitors
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|. GENERAL INTRODUCTION. 

i | IN: iT 

In 1909 Ross Harrison published a paper entitled “Observations 

on the live developing nerve fiber’, in which he described the first 

reproducible attempts at tissue culture (1). His pioneering work is 

now generally accepted as the true beginning of tissue culture. Just 

four years after the discovery of insulin by Banting and Best in 1922 

(2), Kapel made the first attempts at culturing foetal chick 

pancreas (3). The cells which grew from these pancreatic explants 

were almost certainly fibroblasts, as he stated that they resembled 

cultures of Rous sarcoma. Subsequent work of Murray and Bradley in 

1935 involving the culture of human islet cell tumours (4) now 

represents one of the major directions for modern attempts to 

culture pancreatic islet tissue. 

Why culture B-cells ?. 

The problems hampering the study of insulin secretion per se 

are great; the islets of Langerhans are small, making up about 1% of 

the total pancreatic tissue, and are dispersed throughout and in 

close connection with the enzyme secreting acinar tissue (5). In 

addition the pancreatic islet is a heterogeneous mixture of at least 

four functionally different cell types: A, B, D and PP cells, secreting 

glucagon, insulin, somatostatin and pancreatic polypeptide 

respectively (6). Thus the preparation of large numbers of islets and 

the subsequent purification of B-cells is a costly and time 

consuming process. The establishment of a continuous 

representative cloned B-cell line could potentially overcome these 

problems and provide a useful tool enabling pure B-cell 

biochemistry and physiology to be more clearly defined.
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The prim lture of isolated I rea ncreati | 

and islet cell monolayers, 

Early work aimed at understanding the endocrine function of 

the pancreas involved investigation of the structure and function of 

the whole (endocrine plus exocrine) pancreas (7,8,9). Today organ 

culture of whole pancreas is a much used preparation, although 

emphasis is now on the production of potentially transplantable 

material (10,11,12). A recent study by Mandel et.al. using foetal 

pancreata obtained from women after hysterectomy and 

prostaglandin abortion has shown the foetal pancreatic explants 

could be maintained in vitro for up to 4 weeks and that the amount 

of insulin released correlated well with the gestational age of the 

foetus (13). 

In the early 1960's the indroduction of mechanical 

microdissection by Hellerstrom (14) and collagenase digestion of 

pancreatic tissue by Lacy and Kostianovsky (15) for the isolation of 

the islets of Langerhans paved the way for the culture of islets and 

the subsequent production of islet cell monolayers. Isolated islets 

are relatively easy to maintain in static culture, their small 

dimensions limiting the amount of central necrosis seen in other 

larger pieces of tissue (16,17). Islets in static culture gradually 

settle to the bottom of culture vessels under unit gravity and attach 

to the substratum via fibroblast outgrowth on the second or third 

day of culture (18). Table 1.1 illustrates the effect of tissue culture 

on the physiology and biochemistry of the islets of Langerhans.
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| Comparison of the characteristics of cultured and fresh} 

isol is} rhans. 

Islet/B-cell function Effect of culture Reference 

islet viability Preserved (18) 

Insulin release Reduced (18) 

Insulin content Reduced (18) 

B-cell granulation Reduced (16) 

Insulin biosynthesis Reduced (18,19) 

Glucose oxidation Reduced (18) 

Oxygen consumption Reduced (18) 

DNA synthesis and 

B-cell replication Increased (20) 

  

The biggest drawbacks associated with the use of isolated 

islets in experimental studies is their cell heterogeneity and their 

  limited life span in vitro. In general islets isolated from adult 

animals have shorter life spans in vitro than foetal islets. 

Turcot-Lemay and colleagues were able to culture adult rat islets 

for 14 days (21) while Jonsson et.al. managed to maintain adult rat 

islets for almost 30 days in culture (22). Mandel and Georgiou have 

reported the maintenance of human foetal islets for periods of up to 

40 days in vitro (23). 

The next logical step from the culture of isolated intact islets 

was their disaggregation and maintenance as monolayers in vitro. 

Three approaches can be employed to dissociate primary tissues 

into single cells and small cell clusters for the initiation of
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monolayer cultures. The three techniques involve either mechanical 

dissociation, enzymatic digestion or a combination of the two (24). 

The most commonly used technique for islet dissociation involves 

the use of trypsin/EDTA (25) although DNA-ase (26), collagenase and 

hyaluronidase have also been used (27). Table 1.2 illustrates some 

of the more commonly used methods for the enrichment and 

purification of B-cells. 

  

  

Je 1 u tho 

purification of islet B-cells. 

Technique Principle Reference 

Use of obese Islets contain increased 

mouse islets numbers of B-cells (28) 

Use of Removes fibroblasts from 

thiomersal primary cultures (29) 

Differential Fibroblasts adhere more 

adhesion rapidly, endocrine cells 

may subsequently be 

poured off (30) 

Cysteine free Inhibits fibroblast 

medium attachment (31) 

Differences in Ficoll gradient separates i 

buoyant density endocrine from acinar cells (31) 
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Primary monolayer cultures of isolated islets are plagued by 

the rapid overgrowth of fibroblastoid cells (29), resulting in 

overcrowding, a rapid build up of toxic metabolites, nutrient 

depletion and subsequent impairment of B-cell function. Although a 

modest amount of DNA-synthesis and B-cell replication has been 

identified in islet cell monolayers, a process that can be increased 

by high glucose and suppresed by dexamethasone (32), islet cell 

monolayers have limited life spans in vitro Such monolayers have 

been maintained for periods of up to 68 days (33). However 

disruption of the normal islet cell stochiometry and 

microenvironment especially cell-cell contact depresses the 

amounts of insulin released compared with intact islets (26). 

Although primary cultures of islet tissue exhibit the same pattern 

of glucose sensitivity observed with freshly isolated islets the 

limited life span and heterogeneous cell make up of this preparation 

are a major disadvantage. 

The primary culture of islet cell tumours. 

The culture of islet cell tumours could potentially provide a 

limitless supply of insulin secreting tissue for basic and clinical 

research. In this section the term ‘insulinoma’ will be used to 

describe the following confusing terminologies; insulin producing 

islet tumour, insulin producing insulinoma, insulin producing 

pancreatic tumour and islet cell adenoma. This simplified 

terminology stresses the fact that the main characteristic of these 

tumours is their ability to produce insulin, although not exclusively, 

while their appearance and origin is not defined (34).
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Adult human insulinomas have proved difficult or impossible to 

maintain in long term culture. The first attempts were reported by 

Murray and Bradley in 1935, though hormone synthesis and release 

by these tumours was not demonstrated (4). Between 1973 and 1975 

three papers by Chick et.al. (35), Yip et.al. (36) and Adcock et.al. (37) 

reported the maintenance of human insulinomas in culture for 

periods of up to 6months. These three reports all concluded that 

human insulinomas have limited lifespans in vitro, continue to 

secrete insulin in vitro, although this declines rapidly during the 

initial culture period, and do not respond to physiological 

concentrations of glucose. Some studies have reported a glucose 

stimulation of insulin release from insulinoma tissue, but these 

observations were obtained with freshly isolated tissue (38,39) or 

tissue that had been cultured for only a short period of time (40). In 

1981 Akagi et.al. maintained 4 human insulinomas in culture for 

periods of up to 10 months (41). Insulin release declined rapidly and 

by 35 days in culture only 4.4% of the initial rate of insulin release 

could be demonstrated. The glucose sensitivity of the tumours was 

not measured (41). The only study to report significant growth of a 

human insulinoma in vitro was documented by Saxe et.al. in 1982.   

This tumour was maintained for over 40 days in culture and had a 

doubling time of 5 days (38). Although the fresh tissue did secrete 

insulin in response to glucose, the cultured tissue did not. Saxe and 

colleagues have also reported the successful cryopreservation of 

human insulinoma tissue, the procedure did not result in a 

significant reduction in the ability of the tissue to secrete insulin 

(38). The major disadvantages of using human insulinomas for 

experimental work is their rarity, finite lifespan and inconsistent 

response to glucose.
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Rakieten and colleagues were first to report that the combined 

intraperitoneal administration of streptozotocin and nicotinamide 

to rats resulted in the induction of insulinomas (42). The induction 

time was lengthy and varied between 14 and 18 months with a 

success rate of about 64%. Kazumi et.al. also induced insulinomas by 

including picolinamide in the induction mixture. This addition did 

not reduce the lengthy induction time which remained on average 

around 12 months. The freshly isolated tissue released insulin in 

response to glucose and perifused insulinoma cells revealed both 

monophasic and biphasic insulin release profiles (43). Masiello et.al. 

were able to maintain streptozotocin/nicotinamide insulinoma cells 

in monolayer culture for some 15 weeks (44). The cultures variably 

secreted large amounts of insulin, glucagon and somatostatin and in 

common with human insulinomas the rate of insulin release declined 

rapidly within the first two weeks. No cell proliferation was 

observed (44). Streptozotocin/nicotinamide insulinomas maintained 

in vitro synthesise insulin (as determined by the incorporation of 
  

Su-leucine into insulin) and release insulin in response to high 

glucose challenge for the first two weeks in culture (45). The major 

disadvantages of using chemically induced insulinomas. in 

experimental studies are their heterogeneous cell composition and 

the extended period of time required for tumour induction. 

Warren and colleagues in 1964 first reported the production of 

an X-ray induced insulinoma in parabiosed NEDH rats (46). In this 

study the right hand parabiont recieved a single supralethal dose of 

1000rads of 250KV X-rays. The induction time was of the order of 

12 months and the incidence of tumour production only 12% (46). 

This original tumour is still being passaged in vivo in the NEDH rat. 

Chick et.al. demonstrated ultrastructurally that the tumours were 

composed of B- and D-cells (47). On transplantation profound
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hypoglycaemia was observed after 2 to 4 months which often lead to 

the death of the host animal. Tumour resection resulted in an 

amelioration of the hypoglycaemia. The transplanted X-ray induced 

tumours appeared to suppress normal islet function in the 

recipients, i.e., normal islets decreased in size and the amount of 

aldehyde-fuchsin staining in B-cells was markedly reduced 

compared with control non tumour bearing rats (47). Masiello et.al. 

(48) have shown that the X-ray induced insulinoma produced insulin 

and somatostatin confirming the work of Chick et.al. (47). In addtion 

it was shown that this tumour also produced glucagon and 

somatostatin (1: 3: 10, glucagon: somatostatin: insulin, in a molar 

ratio). These authors were able to culture this insulinoma as a 

monolayer, the cultured cells containing a small number of 

fibroblasts, formed small clusters a few hours after plating. The 

cultures were only maintained for a period of 5 to 7 days after 

which time, in contrast to fresh tumour cells, they released insulin 

in response to high glucose challenge (48). 

in 1962 Kirkman reported the spontaneous development of well 

defined insulinomas in hamster pancreas which produced profound 

hypoglycaemia in the host animal (49). This insulinoma, passaged in 

vivo secreted substantial quantities of insulin and has been used to 

provide large quantities of tissue for basic research (50,51,52). Rae 

et.al. have been the only workers to attempt to culture the hamster 

insulinoma. After a total of 8 to 9 months culture on mitomycin 

treated fibroblasts as feeder cells the disaggregated insulinoma 

cells were capable of feeder cell independent growth. The cell line 

had an average doubling time of approximately 48 hours (53). The 

basic problem with these insulinoma cells is that they are incapable 

of synthesising and releasing insulin in vitro. 
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initi Nii NmSF, CR 2h ee 

cell lines 

Uchida et.al. reported polyoncogenicity of BK virus infection in 

Syrian hamsters producing ventricular tumours, neuroblastomas, 

pineal tumours, peritoneal tumours, osteosarcomas and malignant 

insulinomas. The incidence of insulinoma production was 92% 

whether BK virus was injected intracranially, intraperitoneally or 

subcutaneously, and the insulinomas were generally malignant with 

hepatic metasteses. These insulinomas could be serially propagated 

in vivo with tumours of 1-3cm developing within periods of 2-5 

weeks. Circulating insulin levels as high as 32QuU/ml and 

circulating glucose levels as low as 0.4mmol/] were observed in 

tumour bearing hamsters. The freshly excised insulinoma could be 

cultured immediately after excision. Two distinct cell types could 

be cloned from this tumour, round cells that secreted insulin and 

designated IN111 R1 and epithelial cells which were not associated 

with insulin release designated IN111 E4 (54). The subsequent work 

of Kikkawa et.al. has shown that the INI11 RI cell line produced 

glucagon and somatostatin in addition to insulin (193: 33: 1, insulin: 

glucagon: somatostatin in a molar ratio). The INI 11 R1 cell line did 

not release insulin in response to glucose (55), and this might 

explain the infrequent use of this cell line in experimental diabetes 

research. 

The RINr and RINm cell lines were developed from the X-ray 

induced insulinoma of the rat (46,47) by Gazdar et.al. in 1980 (56). 

Portions of the tumour were transplanted into rats and athymic nude 

mice to produce the RINr and RINm cell lines respectively. After 

numerous unsuccessful attempts to establish continuous cultures 

from the x-ray insulinoma maintained in rats, Gazdar et.al. elected 

to enhance the growth and attachment of these tumour cells in vitro
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by growing the cells on feeder layers of a rat liver cell line BRL3A 

which had been exposed to a lethal dose of 6K rads of X-rays. After 

some 2 to 3 weeks the RINr cell line resulted but required further 

assistance from feeder layers of BRL3A cells for a period of some 3 

Months for optimal growth. After this time RINr cells could be 

Subcultured onto plastic tissue culture ware without the use of 

further feeder layers. The RINr cell line was cloned by limiting 

dilution to yield five clones, RINr! to RINrS, which have never been 

used for the study of insulin release (56). 

The RINm cell line was established from the fourth nude mouse 

heterotransplant of the X-ray insulinoma. The cells grew 

spontaneously in vitro without the aid of feeder layers. RINm cells 

were also cloned by limiting dilution to yield five clones RINm1 to 

RINMS, one particular subclone RINMSF has been the subject of 

intense study over the last seven years. The characteristics of the 

parent RINr and RINm cell line are illustrated in Table 1.3. 

Table 1.3 Characteristics of cultured RINr and RINm cell lines (56), 

  

Characteristic RINr RINm 

  

Rat X-ray tumour 

transplanted into Rat _ Nude mouse 

Appearance - Epithelioid Epithelioid 

Doubling time 52 hours 60-80 hours 

Split ratio 1:2 1:2 

(every 7 days) (every 7 days) 

Modal chromosome number 40 40 
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Mc Evoy et.al. compared the growth characteristics of RINMSF 

cells cultured by groups in Uppsala, Chicago and New York (57). Cells 

cultured in New York had a greater plating efficiency, growth rate 

and releasd significantly more insulin than cells cultured in Uppsala 

and Chicago. These differences between groups presumably reflected 

differences in handling techniques and culture conditions (57), Praz 

et.al. demonstrated that RINmMSF cells secreted glucagon and 

somatostatin in addition to insulin (38: 6: 1, Insulin: glucagon: 

somatostatin in a molar ratio) and subsequently confirmed the the 

original observations of Gazdar and his group (56) with the parent 

RINm cell line (S8). RINMSF cells are generally accepted as being 

non-glucose sensitive (58). However, Giroix et.al. have demonstrated 

a slight but significant increase in insulin release in response to 

low glucose, 2.8mmol/1 (59). 

The CRI cell line has been recently isolated from the X-ray 

insulinoma of the rat by Carrington et.al. (60). The derivation of the 

CRI cell line was different to that reported for RINr/m cells (55) 

although it could be argued that the CR! cell line merely represents 

another type of RIN cell. Carrington disaggregated the freshly 

excised tumour and maintained the isolated cells in vitro. About 90% 

of these cells died off in the initial culture period whilst the 

remaining 10% were maintained for between 0-49 days. These cells 

were subsequently reinjected into NEDH rats, maintained in vivo for 

25-186 days, then excised and disaggregated as described above. 

Cells that eventually adapted to in vitro growth were cloned by 

limiting dilution and propagated as four cell lines designated 

CR1-G1, GS, D2 and D11. A further cell line CR!I-10P was developed 

by direct culture of the initial tumour (60). These five cell lines 

variously released both insulin and glucagon but did not respond to 

glucose.
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Niesor et.al. in 1979 first reported that infection of rat 

pancreatic islet cell monolayers with Simian virus 40 (SV40) 

resulted in in vitro transformation, although the cells were 

essentially immortalised they did not release insulin (61). 

Subsequently Santerre and co workers at Eli Lilly and Co Ltd 

developed the HIT cell line from SV40 virus transformed hamster 

islet cell monolayers (62). These workers initiated islet cell 

monolayers from the pancreata of 30 Syrian hamsters and 

Maintained them in culture. The monolayers, after pretreatment 

with ethylmethanesulphonate (to induce unscheduled DNA 

synthesis), were transformed with SV40 virus for 1 hour at 37°C. 

After several washings the cells were suspended in nutrient agar. 

Colonies of transformed cells, initially identified by the eighth 

week were isolated and established in monolayer culture, for 

subsequent B-cell cloning. The transformed cells possessed nuclear 

T-antigen (indicative of viral infection) but did not produce 

infectious virus particles. The resulting cell line was designated 

HIT (hamster insulin secreting tissue). Santerre reported the 

development of four HIT cell clones HIT-1B2, SB5, 4C2 and T15, 

HIT-T15 being the main cell line quoted in his paper (62). HIT-T15 

cells proliferate with an ‘islet like’ morphology, have a doubling 

time of 33-34 hours and a plating efficiency 75%. The HIT cell line 

has been reported to be glucose sensitive, secreting insulin in 

response to glucose concentrations of up to !Ommol/1. HIT-T15 

cells appear to be homogeneous in their hormone secretory capacity, 

producing and secreting only-insulin (62). The major disadvantage of 

this cell line appears to stem from the fact that the insulin content 

and subsequent insulin release declines rapidly with time in culture 

(and passage number). The HIT-T!5 cell line remains to be 

extensively characterised.
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In 1987 Ng and co workers described the generation and 

measured insulin release from a cloned precursor B-cell line derived 

from isolated | day old neonatal rat islets. These workers cultured 

freshly isolated neonatal rat islets for 48 hours and subsequently 

cultured these islets in double nutrient agar for 2 weeks. After this 

time individual, well defined islets were removed and cultured as 

monolayers. The epithelioid cells that subsequently grew from these 

islets were used as primary cell cultures. The latter were passaged 

4 times over a period of 6 months and then cloned by limiting 

dilution on rat tail collagen. Eventually nine clones resulted, each 

one capable of growth without collagen. These clones were 

designated UMR 401 to 409. UMR 407 cells were cloned further to 

give 3 subclones UMR 407/1 to UMR 407/3. The UMR 407/3 cells in 

vitro have a doubling time of some 60 hours and release insulin in 

response to glucose concentrations of up to 16.7mmol/1. Ng etal. 

also indicated that these cells had a low insulin content and a 

somewhat limited lifespan of around 27 passages (63). 

The essential characteristics (hormones secreted, life span in 

vitro and sensitivity to glucose) of the presently available insulin 

secreting tissues are summarised in Table 1.4.
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e_|.4 General ch: ristics of the pr vai 

secreting tissues. 

Tissue Hormone(s) Lifespan Glucose 

secreted in vitro sensitivity 

  

Primary islets, 

  

monolayers 1,6,5,PP ie ++(to 16.7mmol/1) 

Insulinomas 16,5 L/UL ri 

INIT RI 1,655 UL ie 

RINMSF ERS) UL a 

CRI 1,G UL 2 

HIT-T15 | UL +(to 10mmol/1) 

UMR 407/3 | A ++(to 16.7mmol/1) 

Key: |, Insulin 

G, Glucagon 

5, Somatostatin 

PP, Pancreatic polypeptide 

+, Glucose sensitive 

-, Not glucose sensitive 

L, Limited 

UL, unlimited
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Clearly the cell heterogeneity and limited life span of isolated 

islets and islet cell monolayers 1n vitro make them less than ideal   

models for the study of insulin release. Nevertheless the whole islet 

has been the experimental mainstay for the study of insulin release 

and the aetiology of diabetes mellitus since the early 1960's. 

There are a number of alternatives to the conventional use of 

isolated islets/islet cell monolayers currently available. One such 

model, the insulinoma, is difficult to maintain long term in vitro 

and generally does not respond to physiological concentrations of 

glucose. However, in the last 8 years three cell lines have been 

developed from insulinoma tissue, the INI11 RI (54), RINMSF (56), 

and CRI (60) cell lines. The RINMSF cell line has been extensively 

characterised since its inception in 1980. Along with the other 

insulinoma cell lines it does not usually respond to glucose and 

variably produces glucagon and somatostatin in addition to insulin. 

These cell lines could be potentially useful tools for biochemical 

studies of insulin release where large amounts of tissue are 

required. 

The present studies have been designed to characterise the 

insulin secretory properties of a newly derived B-cell line HIT-T15 

(62). Preliminary studies with these cells by Santerre et.al. have 

indicated that this cell line produces only insulin and is glucose 

sensitive. A thorough characterisation may lead to the HIT-T15 cell 

line being adopted as an alternative to the conventional isolated 

islet and yield new information on the mechanism of insulin release 

and the aetiology of diabetes mellitus. The characterisation 

protocol employed can be reduced to four sections, wherever 

possible and practicable, parallel] experiments will be carried out 

with RINM5F cells to provide a comparison.
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in the first section attempts will be made to confirm the 

glucose sensitivity reported by Santerre et.al. (62) and to extend 

this work to encompass a range of nutrient secretogogues including 

D-glyceraldehyde, L-leucine and L-arginine and to include three 

sulphonylureas, glibenclamide, chlorpropamide and tolbutamide, 

used in the treatment of non insulin dependent diabetes mellitus. 

Secondly, any possible paracrine role for glucagon, 

somatostatin and pancreatic polypeptide in the control of insulin 

release from the whole islet will be studied using cultured HIT-T15 

and RINMSF cells The cloned B-cell is particularly suited for use in 

such studies. 

Third, a basic evaluation will be made of the roles played by 

cAMP, calcium and inositol triphosphate. This could provide clues as 

to their involvement in the mechanism of insulin release from 

HIT-T15 and RINMSF cells. 

The fourth section will examine the involvement of the 

autonomic nervous system in HIT-T1S and RINMSF cell insulin 

release using the parasympathetic and sympathetic 

neurotransmitters, acetyl choline and adrenaline. 

Preliminary studies of insulin release from the infrequently 

used IN111 RI cell line (54) and a clonal precursor B-cell line UMR 

407/3 (63) developed in April 1987 will be carried out to evaluate 

their suitability for use in the study of insulin release. The in vitro 

maintenance of a human insulinoma has been effected in an attempt 

to develop a human insulin secreting cell line.
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2. GENERAL MATERIALS AND METHODS 

Sources of Chemicals. 

Reagents of analytical grade and double distilled water were 

used throughout. The chemicals and their sources were as follows. 

N-2-hydroxyethy|-piperazine-N'-2-ethane sulphonic acid (HEPES), 

D-glucose, L-leucine, L-arginine, D-glyceraldehyde, colchicine, 

glucagon, somatostatin, pancreatic polypeptide, adrenaline, 

acetylcholine, hexamethonium, atropine, verapamil, diltiazem, 

nifedipine, trifluoperazine, TMB-8, D-myoinositol 1,4,5 triphosphate 

(IP3), imidazole, 4-alpha phorbol-12,13-didecanoate (4PDD), 

12-O-tetradecanoy! phorbol-13-acetate (TPA), dimethylsulphoxide 

(DMSO), glutathione (oxidized), powdered RPMI 1640 and Ham's F-12 

were purchased from Sigma Chemical Co. Ltd, UK. Glibenclamide, 

chlorpropamide, and tolbutamide were purchased from Hoechst 

Pharmaceuticals Ltd, UK Thiomersalate and selenous acid were 

purchased from BDH Chemicals Ltd, UK Sodium metabisulphite and 

chloramine-T were from Hopkins and Williams UK. Porcine 

Monocomponent insulin was purchased from Novo Research 

Institute, Bagsvaerd, Denmark Worthington collagenase Class IV 

(145U/mqg) was purchased from Cooper Biomedical Ltd, UK. Bovine 

serum albumin fraction V was obtained from Miles Laboratories Ltd, 

UK. Forskolin was purchased from Calbiochem Ltd, UK. Compounds 

M&B 13,753 and M&B 40,678 were kind gifts from Dr T. Brown of 

May and Baker, Dagenham UK Human insulin standard RD 13 and 

binding reagent RD 12 were purchased from Wellcome Diagnostic 

Reagents Ltd, UK —Na{!29i]_ (IMS30,100mCi/ml) and 

D-[u-!4c}-glucose (278mCi/mmol) were obtained from Amersham 

International, UK Foetal calf serum, horse serum 

penicillin/streptomycin (SOx concentrate) and trypsin/EDTA were
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purchased from Flow Laboratories Ltd, UK. All tissue culture plastic 

ware was purchased from either Costar, Cambridge, Mass, USA, 

Gibco, UK or Sterilin, UK. All other reagents were purchased from 

Fisons Scientific Apparatus, UK. 

k lutions of gl Y 

fedipi orskolin, TPA and 4P. 

These compounds were not readily soluble in Krebs buffer, pH 

7.4.as a Consequence they were first dissolved in a small volume of 

DMSO to which an appropriate volume of Krebs buffer was 

subsequently added to make up the stock solution. This stock 

solution was so designed such that 10 or 20 ul added to Iml of 

incubation buffer gave the desired final concentration without 

altering the pH. The concentration of the desired stock was 

calculated using the following formula; 

MV \MaVo 

Where: M;= desired final molarity (mmol/1) 

Mo= molarity of stock solution (mmol/1) 

V,= volume of stock required (1) 

Vo= total incubation volume (1) 

The final DMSO concentration never exceeded 0.4% and an 

appropriate amount was always added to each set of controls. It has 

been shown that low DMSO concentrations of this order have no 

significant effect on insulin secretion (64)
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Main in k cell cultures 

HIT-T15 cells. 

Stock cultures of HIT-T15 cells were routinely maintained in 

Ham's F12 medium supplemented with 15% horse serum, 2.5% foetal 

calf serum, 0.1umol/1 selenous acid, 10ug/ml glutathione, 100ug/m1 

streptomycin and 1oo1u/mI penicillin using 250 ml Costar tissue 

culture flasks. 

RINMmSF cell 

Stock cultures of RINMSF cells were routinely maintained in 

RPMI 1640 supplemented with 10% foetal calf serum, 1!00ug/m] 

streptomycin and 100IU/ml penicillin using 250m] Costar tissue 

culture flasks. 

Media Preparation. 

After initial studies using preprepared liquid medium (Flow 

Laboratories Ltd, UK.) economy dictated that subsequent work be 

carried out with powdered media. Powdered Ham's F12 and RPMI 

1640 were prepared as follows, the contents of one bottle of 

powder (sufficient to make up IL) was dissolved in 900m1 of double 

distilled water at 15-20°C. Any remaining powder in the bottle was 

removed by rinsing with SOm1 of double distilled water. Whilst 

stirring 2.0g/1 sodium bicarbonate was added to the RPMI 1640 and 

1.1629/1 was added to the Ham's F12. The pH was then adjusted to a 

level 0.25 units below the desired final pH of 7.4 with IN HCI (the 

pH normally increases 0.2-0.3 units on filtering) The total volume of 

mixture was brought to 1000mi with the remaining distilled water. 

Sterilization was achieved by membrane filtration using a 

0.22um filter (Millipore , UK. Sterivex-GS incorporating a filling
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bell) into 250m] tissue culture flasks. Batch sterility was 

monitored by incubation at 37°C in a vented petri dish and by plating 

on blood agar. Any batches of medium showing bacterial 

contamination were discarded. 

Cell passaging 

Adherent cells were brought into suspension for subsequent 

subculture or passage using a combination of trypsin and EDTA. 

Flasks to be passaged were rocked gently to free any loose or dead 

cells. The spent medium was removed and replaced with 9ml of 

trypsin/EDTA (0.05% w/v, 0.02%w/v). Each flask was incubated at 

room temperature for Iminute and the trypsin/EDTA quickly 

removed. A further !ml was then added and each flask incubated for 

6-1Ominutes to effect the suspension of cells. The action of trypsin 

was inhibited by the subsequent addition of 9ml of serum 

supplemented culture medium. The resulting cell suspension was 

centrifuged at 1,500 rpm (MSE Chillspin) for 3 minutes and the 

supernatant removed. The cell pellet was resuspended in Sml of 

culture medium and enumerated using a haemocytometer. HIT-T15 

and RINMSF cells were reseeded at 4 x 10° and 8 x 10° cells per 

250ml Costar tissue culture flask containing 20m1 of the 

appropriate culture medium 

HIT-T15 and RINMSF cells were routinely passaged once weekly 

and fed twice weekly. All cultures were maintained at 37°C in 5% 

CO>/ humidified air, using a temperature controlled CO. incubator. 

(Flow Laboratories, UK ) All experimental work was performed upon 

passages 47-67 for HIT-T15 cells and 85-105 for RINMSF cells.
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Growth characteristics of cultured cells 

General morphology. 

HIT-T15 cells. 

Cultured HIT-T1S cells assumed an epithelioid appearance, 

tending to self-associate and form large multilayered islet-like 

structures rather than a confluent monolayer, Plate 1.1. 

Immediately prior to passaging large numbers of single cells could 

be observed in suspension, this may be due to overcrowding or 

medium depletion 

RINMSE cells 

Cultured RINMSF cells were also epithelioid in appearance and 

cytoplasmic processes could be seen extending from the free cell 

surfaces. The cultures did not appear multilayered nor did they 

reach confluence, Plate 1.1. When the monolayer reached >80% 

confluence lare numbers of cells became detached (again presumably 

due to overcrowding or nutrient depletion). These detached cells 

could not be replated.
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Plate ||. 3 day cultures of HIT-TI5 and RINMSF cells. The cells 

were cultured on glass coverslips and stained with giemsa. 

Magnification x100. 

  

Plating efficiency. 

To determine the plating efficiency of HIT-T15 and RINmMSF 

cells (defined as the percentage of individual cells which give rise 

to colonies when inoculated into new culture vessels) 2-3x10® cells 

from freshly trypsinised stocks were seeded into Nunc vented petri 

dishes (60 x 15mm) and incubated for 24 hours. After this time any 

cells remaining in the supernatant were estimated using a 

haemocytometer. The plating efficiency P, was calculated using the 

equation below
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P% = (T-S)/T x 100 

Where: T=initial inoculum 

5=cells in the supernatant 

The plating efficiencies of HIT-T15 and RINMSF cells were 

found to be 85.2 + 1.9% (n=4) and 76.3 + 3.8% (n=4) respectively. 

Values are means + SEM. 

Kinetics of cell growth. 

Animal cells in culture display very much the same type of 

growth pattern as micro-organisms. in particular, they show the 

classical growth kinetics of bacteria (65). When cells are taken 

from a stationary culture there 1s an initial lag phase of some hours 

to days before growth commences, depending on the cell strain and 

growth conditions employed. Growth then proceeds steadily in an 

exponential fashion, this second phase is termed the log or 

exponential phase. At the end of the log phase the maximum 

population size is achieved and the cells enter the stationary phase 

(24). Stationary phase growth results from a combination of two 

factors, overcrowding which leads to a build up of toxic metabolites 

and nutrient depletion (65)
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During the log phase growth the cell population increases 

according to the equation | below 

N= No 2kt 

where: No =Initial inoculum 

N =cell number at time,t 

k =a regression constant 

The term kt actually describes the generation number, defined 

as the number of generations involved in the increase by doubling at 

each cell generation, from Nj to N. It follows that the mean 

generation or doubling time is represented by the inverse of k. 

Rearranging equation -1 above for k, 

log N = log Ng + kt log 2 

log N - log No = kt log 2 

since 1/log2=332 

it follows that, 

3.32 (log N - log No) = kt 

Therefore. 

k = 3.32 (logN- logNo)/t and doubling time = 1/k
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This calculation assumes that all the cells in the population 

divide and do so at the same rate. This can be assumed to be true for 

most cell cultures during log phase growth (24). 

Growth curve for HIT-T15 cells 

The growth of HIT-T15 cells was monitored over a seven day 

period by measuring the increase in cell number with time. 

| x 10° cells from freshly trypsinised stocks (stationary 

phase) were plated into 24 well Costar cluster plates containing 

Im] of supplemented Ham's F-12 and maintained at 37°C in 5% 

CO5/air. Four wells were trypsinised and enumerated on days 2-7, 

any remaining cells were refed on days 3 and 6 

The growth curve for HIT-T15 cells illustrated in Figure 21 

exhibits the classic three phases described earlier. Phase 1 the lag 

phase lasted approximately 72 hours In this phase there is a build 

up of growth factors and essential metabolites by the initial 

Innoculum, this process 1s referred to as conditioning (66) Phase 2 

the log phase lasted between 100-140 hours, this phase was used to 

calculate the doubling time which was calculated by direct 

extrapolation from the graph and confirmed as 24 hours The 

stationary phase >140 hours in HIT-T1S cells may be the result of 

overcrowding, In that, medium repletion on day 6 did not return the 

cells to log phase growth
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E 2.1 h curve of HIT-T1 I 

Values are means + SEM with n in parentheses. 
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Calculation of doubling times of HIT-T15 and RINMSF cells 

The doubling times of HIT-TI5 cells has also been estimated 

based on equation | page 35 The doubling time of HIT-T1IS cells was 

found to be 28 hours. A crude estimate ot RINMSF cell doubling time 

was performed based on the number of cell doublings over three 

days (72 hours). Using this method RINMSF cells were found to have 

a doubling time of 31 hours, The estimation of doubling time using 

equation | was the method of choice In so far as no subjective curve 

fitting methods were employed. 

The doubling times observed in the present studies compared 

favourably with those quoted by Santerre et al (62) for HIT-T1I5 

cells (33 hours) and Gazdar et al (56) for RINm-cells (40-80 hours, 

tending to fall in the later passages) 

  

The preservation ot cell cultures in the frozen state offers 

several advantages (67). This procedure enables multiple 

experiments to be performed upon the same cell stock. In addition 

parent and daughter cells can be compared and effective 

transportation of cell stocks can be carried out
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Effects of cryopreservation on biological systems. 

When cells are cooled to below O°C three main changes occur. 

Ice crystals are formed, water is removed and the concentration of 

soluble materials in the cell increases. If cells are cooled 

sufficiently slowly they become dehydrated but do not freeze 

intracellularly. More rapid cooling however, produces intracellular 

ice but with smaller crystal size. Rapid thawing is required to 

prevent the conversion of these small crystals to larger crystals, 

which would occur if thawing was allowed to progress slowly. This 

phenomenon is called the recrystallisation of ice crystals (68). As a 

consequence of intracellular freezing the concentration of 

electrolytes in the rernaining cell water increases. (69). 

Cryoprotectants. 

The two most commonly used cryoprotectants are glycerol and 

dimethylsulphoxide (DMSO). As the mechanisms of freezing damage 

are poorly understood it is not surprising that comprehensive 

explanations of the mechanism of cryoprotection are not yet 

available. The ‘salt-buffer’ hypothesis, advanced by Lovelock is the 

most commonly cited and fully elucidated concept of freezing injury 

and cryoprotection. Lovelock suggested that glycerol or DMSO exert 

cryoprotection by preventing excessive increases in intracellular 

electrolyte concentrations, ie, they act as ‘salt-buffers’ 

(69,70,71). 

Cryopreservation of isolated islets. 

The interaction of cooling rate, warming rate and extent of 

cryoprotectant permeation have been studied during the 

cryopreservation of rat islets (72). Batches of islets were stored at 

-196°C in liquid nitrogen after cooling at rates of 0.3, 3.0,10,30, 

60,150 or >1000°C/minute and then warmed at arate of either 10
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or 50°C/minute. Survival was assessed by measuring the secretion 

of insulin during static incubation. Cooling rates extending over 

three orders of magnitude proved not to be the major criterion for 

survival. When islets were equilibrated with DMSO (and thawed at 

50°C/minute) a survival rate of »50% was achieved at all the 

cooling rates studied. Functional recovery was highly dependent on 

the cooling and warming rates, with peak survival occuring after 

slow cooling and rapid warming. Full permeation of the tissue with 

cryoprotectant offered maximal recovery of secretory function (72) 

Examples of the freezing rates used for the cryopreservation of 

islets from various animal species are shown In Table 2.1 

Table 2.1. Freezing rates employed for the cryopreservation of 

islet tissue. 

  

  

Animal Freezing rate( °C/minute) Reference 

mouse 3725 (73,74) 

dog 60 (75) 

pig |-30 (76,77) 

  

In the present studies cultured HIT-T15 and RINMSF cells were 

frozen at 3.5°C/minute in 10% DMSO and maintained at -196°C in 

liguid nitrogen until required according to the following procedure.
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Freezing down 

4-6 x 10© HIT-T15S or RINMSF cells from freshly trypsinised 

stocks (in log phase of growth) were suspended in Iml of 

supplemented tissue culture medium containing 10% DMSO and 

placed in 1.2m] ampoulles (Nunc, Gibco Ltd, UK.) These ampou les 

were prechilled to 4°C in a refridgerator for 20-30 minutes. The 

prechilling time was sufficient to allow complete equilibration of 

the DMSO a major determinant in the successful cryopreservation of 

islets (72). The chilled ampoulles were loaded onto a Handi Freeze 

35HC freezing tray (Union Carbide, Indianapolis, USA.) set at 

position 3.5, which when placed into the neck tube of a Union 

Carbide 35HC liquid nitrogen freezer produced a freezing rate of 

approximately 3.5°C/minute, Table 2.2. After 20 minutes, ampoulles 

maintained at about -65°C were loaded onto canes and plunged into 

liquid nitrogen at -196°C for storage. 

Table 2.2 Performance characteristics of the Union Car i 

freeze tray when inserted into a 35HC freezer neck tube. (Data 

supplied by the Union Carbide Corporation Ltd, USA) 

  

  

Tray position Temperature after Calculated freezing 

number 20 minutes (°C) rate(°C/minute) 

1 -160 82 

2 -100 5.4 

5 -BO 42 

4 SOO) QU, 

2 -40 22 

6 =10) 0.7 
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hawing the frozen ampoul es 

When required ampoul es at -196°C were rapidly thawed ina 

shaking water bath at 37°C. Thawing was complete in approximately 

3 minutes (Thawing rate 80°C/minute). The contents of the 

ampoulle were transferred to a 250 ml tissue culture flask 

containing 30 mls of medium, diluting the DMSO content to 0.3%. 

After 24 hours the medium was replaced and cell culture continued 

in the usual manner. Cells cryopreserved in this way maintain a 

post-freezing viability in excess of 70% as assessed by trypan blue 

dye exclusion. 

Insulin radioimmunoassay. 

Radioiodination of insulin 

Radioiodine is particularly convenient for the preparation of 

labelled protein tracers as it can be readily substituted into the 

tyrosine residues of proteins and peptides. Two convenient gamma 

emitting radioisotopes of lodine are widely available, 125) ang 131) 

the former being the isotope of choice in that it has a longer half 

life (60 vs 8 days) and a greater counting efficiency. 

For the production of labelled hormones of high specific 

activity without the use of large quantities of radioiodine, small 

quantities of protein need to be used. Methods developed as a 

consequence of this include the use of lodine monochloride (78), 

chemical oxidants (79), electrolytic (80) and enzymatic iodination 

(81)
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The chloramine-T method of Hunter and Greenwood (82) first 

described for the labelling of human growth hormone 1s routinely 

used in our laboratory for the production of 125) monoiodinated 

Insulin of suitable purity and specific activity for use in insulin 

radioimmunoassays. 

Chloramine-T radioiodination of insulin 

Chloramine-T the sodium salt of the N-monochloro derivative 

of p-toluene sulphonarnide breaks down in solution to form 

hypochlorous acid (a mild oxidising agent). At pH 7.4 in the presence 

of chloramine-T, Na! 25) 1S oxidised to form the cationic iodine 

species, 125+) Tyrosine molecules in insulin at this pH will be only 

very slightly ionized due to the pK of the phenolic group of tyrosine 

being greater than 10. The iodination reaction proceeds through this 

small proportion of ionized groups, the iodine atom being 

substituted at the ortho-position to the hydroxyl group on the 

phenolic ring of tyrosine , 80% of the tyrosine being incorporated 

into tyrosine Al4, the remaining 20% being incorporated into 

tyrosines B16 and B26 (83). 

The amount of chloramine-T used in the reaction depends upon 

the amount of insulin to be 1odinated and to the particular batch of 

Na!25) used. Any excess chloramine-T remaining in the reaction is 

reduced by the addition of sodium metabisulphite (SMB) and free 

iodine is reduced to iodide. The quantity of SMB added is limited to 

twice that of chloramine-T. Albumin is also added to the reaction to 

act as a carrier for the labelled insulin. The concentration of 

chloramine-T was kept low and the reaction time was short 

(15-20seconds) to minimise the exposure of insulin to 

chloramine-T. The resulting reaction mixture was separated by gel 

filtration on Sephadex G50 fine
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Reagents for iodination 

5 
es 

ce
a 

Phosphate buffers, 0.5 and 0.05 mol/1, Appendix Al page 228 

Column eluant, 0.5% BSA and 0.1% sodium azide (as a 

preservative) were dissolved in 0.05 mol/1 phosphate buffer, pH 

74 

Colurnn primer, 2.5% BSA dissolved in 0.05 mol/1 phosphate 

buffer, pH 7.4 ; 

Porcine insulin (0.25 mg/ml). 0.25mg of porcine 

monocomponent insulin was dissolved in Imi of 0.05 mol/] 

phosphate buffer, pH 7.4 and aliquoted into 25 microfuge tubes, 

which were stored frozen at -15°C until required. A fresh tube 

of insulin was used for each lodination 

Chloramine-T (0.25 mg/ml). 25 mg of chloramine-T was added 

to an LP3 tube wrapped in foil to exclude light (84) 

immediately prior to 1odination the chioramine-T was diluted 

to 100m] with 0.05 mol/] phosphate buffer, pH 7.4. 

Sodium metabisulphite (0.5 mg/ml). 50 mg of sodium 

metabisulphite was added to an LP3 tube wrapped in foil. Prior 

fo lodination the sodium metabisulpnite was dissolved in 

100m] of 0.05 mol/1 phosphate buffer, pH 7.4. 

Na 125) (1 mCi). 1OuL of Na '25) was supplied by Amersham 

International (UK) in a small reactivial made up in dilute 

sodium hydroxide, pH 7-11, 100uL of 0.5 mol/1] phosphate buffer 

was added to the reactivial to bring the pH close to 7.4, the 

optimum required for the chloramine-T reaction (85).
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1 1on pr 

The iodination of porcine insulin was carried out two or three 

days after batch synthesis. lodinations are carried out in the 

standard conical glass reactivial supplied. The quantities of insulin 

and chloramine-T used in the reaction depended upon the age of the 

Na !25). The 1OuL aliquot of Na !25) employed for the iodination of 

insulin had a projected activity of | mCi on the ‘activity reference 

day’ The ‘activity reference day’ is 15 days after batch synthesis, 

therefore on days 2 and 3 after synthesis (the iodination days) more 

than 1 mCi of Na!25) was present. On this basis the concentrations 

of the various reactants, especially insulin, were adjusted 

accordingly, Table 2.3 

Table 2.3 Relative proportions of porcine insulin and chloramine-T 

(Chi-T) required in the reaction mixture for days 1-3 after Na!25) 

batch synthesis 

  

  

Days after 125) Insulin Chl-T SMB Phosphate 

synthesis (mCi) (uL) (uL) (uL) buffer (uL) 

| 176 11.76 23:92 20 200 

(2.94ng)  (5.88ng) 

2 1,162 11.62 23.24 20 200 

(2.91ng) — (5.82ng) 

3 1.149 11.49 22.98 20 200 

(2.87ng) (5.78ng) 

  

SMB, sodium metabisulphite. Phosphate buffer 0.05 mol/1, pH 7.4 

contained 2.5% BSA.
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The following additions were made to the reactivial containing 

1,162 mCi Na! 25) (day 2) in the following order. 

1 100uL 0.5 mol/1 phosphate buffer to bring the pH to 7.4. 

2.  11.62uL porcine insulin, (0.25 mg/ml) 

3. 23.24uL chloramine-T, (0.25 mg/ml) 

THEN AFTER 20 SECONDS REACTION TIME 

4. 20uL sodium metabisulphite, (0.5 mg/ml) 

THEN AFTER 15 SECONDS STABILIZATION TIME 

5. 200uL 0.05 mol/1 phosphate buffer, pH 7.4 containing 2.5% BSA. 

The labelled insulin was separated from unreacted iodine and 

damaged insulin fragments by gel filtration on Sephadex G-5O fine. 

The column was purged with 8ml of column primer to remove 

material remaining from the previous iodination and to prevent the 

adsorption of freshly generated labelled insulin onto the column 

surface itself. A 10uL aliquot was removed from the reactivial at 

the end of the reaction for the assessment of the percentage of !2>) 

incorporation into insulin. The remaining reaction mixture was then 

transferred to the column and eluted at a flow rate of approximately 

Iml/minute. Sixty, one-minute fractions were collected in LP3 

tubes on a Serva linear 2 fraction collector and each counted for 3 

seconds using a gamma counter (ICN, Tracerlab), with a counting 

efficiency of 72%. 

Four well defined peaks could be identified in the elution 

profile, Figure 2.2. Peak | (fractions 14-18) represented the high 

molecular weight fraction probably containing insulin aggregates 

(86) Peak Il (fractions 19-30) contained monoiodinated insulin and
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Figure 2.2 Typical elution profile of jodi ract rarat 

sephadex_G50 fine from the chloramine-T _iodinati Pci 

insulin. 

125 

104 

~ 
o 

s 
x 84 
e 

& 
2 
2 
5 
$ 6) 

~~ 
> 
e 
> 
* 
8 

{i 
. 

2 
2 
3 
% 

24 

0 4 
0 50 

  

Fraction number



-48- 

demonstrated maximum activity associated with insulin. Peak III 

(fractions 31-36) represented free unreacted !25) mixed with small 

damaged insulin fragments. Peak IV (fractions 37-40) contained 

free unreacted 129), 

[ f ivi ania: f 

125) -insulin preparations 

A 1OuL aliquot removed at the of the reaction to assess the 

percentage incorporation of '251 into insulin and the specific 

activity of the preparation. 1OuL aliquots were also removed from 

each fraction representing the apex of peak I] to assess the 

percentage of iodination damage. 0.5m! of column eluant and 0.5ml 

of 10% trichloroacetic acid were added to each 1OuL aliquot. The 

BSA present formed a visible precipitate which co-precipitated the 

undamaged intact '29|-insulin. After counting the radioactivity of 

this sample followed by centrifugation (1Ominutes/2000rpm, MSE 

Mistral 4L) the supernatant was aspirated and the activity 

associated with the precipitate determined. The percentage of 

incorporation of '!25) into intact undamaged insulin (%1) or the 

percentage of undamaged insulin in peak || (%UD) was calculated as 

follows; 

%\ or %UD = Radioactive count of the precipitate x 100 

Radioactive count of the total mixture 

Since the total amount of !25) (mCi) and insulin present (ng) in 

the reaction mixture and the percentage incorporation of 125) into 

insulin (calculated above) were known the specific activity could be 

calculated using the following equation.
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Specific activity (uCi/ug) = % incorporation x uCi of lodine 

ug of porcine insulin 

A typical lodination generated about 40 tubes each containing 

SOuL aliquots of '25\-insulin (= 2-3 uCi/tube) with characteristics 

summarised in Table 24 

  

Table 2.4 Percentage incorporation of 125 into porcine insulin. 

rcent f_undam insulin } 

125) -insi lin 

lodination characteristics n Mean + SEM 

  

% incorporation of 125, 6 62,85.4'3:76 

into insulin 

% of undamaged Insulin 6 94.35 + 1.22 

Specific activity (uCi/ug) 6 250.83 + 14.99 

  

nis the number of 1odinations 

Repurification of 125) —-insuhin 

Repurification of any remaining 125)-insulin was carried out | 

month after synthesis when the lodination damage of the stored 

1251-insulin had increased by about 5%. Repurification was effected 

to preserve the activity for an additional month for use in 

radioimmunoassays. Repurification was carried out by gel filtration 

on Sephadex GSO fine as described previously page 46. Three peaks
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were obtained In the elution profile, Figure 2.3. Tubes containing the 

maximum radioactivity associated with repurified monoiodoinsulin 

were identified in peak II (fractions 19-32). Peak | (fractions 

12-18) represented aggregated iodination products of high 

molecular weight and peak ||! (fractions33-39) free unreacted 

iodine 

Four fractions from the apex of peak || were assessed for 

damage as described previously, page 48. Fractions from peak 1! 

containing less than 5-6% darnage were pooled and distributed into 

10-30 tubes (100-200uL and *2uCi/tube, specific activity 

remaining unchanged). The routine generation of !25|-insulin using 

the chloramine-T method 1s an effective and economical means for 

the production of sufficient high quality 125\-insulin for use in 

insulin radioimmunoassays over a period of approximately 2 months. 

Principle of the radioimmunoassay for insulin 

Radioimmunoassay 1s dependent upon the competition between 

labelled and unlabelled antigen for binding sites on specific 

antibodies (87). Increasing amounts of unlabelled antigen in. the 

sample produce a proportional decrease in the binding of labelled 

antigen to the antibody (88) Thus the level of radioactivity 

associated with the antibody-antigen complex 1s related to the 

concentration of unlabelled antigen in the original sample. 

In the present work insulin was measured using a modification 

of the double antibody technique of Hales and Randle (89) where 

bound (to guinea pig anti porcine insulin precipitated with rabbit 

anti guinea pig globulin) and free 125) jabelled insulin were 

separated by centrifugation
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Figure 2.5 Typical elution profile of iodinated fractions separated 

on Sephadex G50 fine from the repurification of '25)-insulin 

prepared by chloramine-T iodination. 
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Preparation of reagents for insulin radioimmunoassay 

Diluent buffer. The following reagents were added to IL of 

double distilled water: 6.2g sodium dihydrogen orthophosphate 

(NaH>P04 . 2H50), 0.25g thiomersalate (as a preservative) and 

5.19 of BSA. The pH was adjusted to 7.4 

Insulin binding reagent (RD 12) The lyophilised reagent 

consisted of guinea pig anti porcine insulin serum precipitated 

with rabbit anti guinea pig globulin. The reagent was 

reconstituted in 8m1 of double distilled water on the day of 

the assay, 

125)-1odinated Insulin. 125) -yysulin was prepared to an 

average specific activity of 250 + 15 (n=6) uCi/ug using the 

Chloramine-T method, page 43. The specific activity (of a 

50-200uL aliquot) was reduced to 50 uCi/ug by the 

addition of a calculated amount of ‘cold’ unlabelled porcine 

Insulin. The count rate was reduced with diluent buffer such 

that a SOuL aliquot used in the assay contained 

9,500-11,000cpm 

Insulin standards.The contents of | bottle of Wellcome human 

Insulin standard RD13 (2'5-3.5 miU) was diluted to ImiU/ml 

with diluent buffer. 0.2m] aliquots of this solution were 

dispensed into LP3 tubes and stored at -15°C. When required on 

the day of the assay one of these tubes was diluted with 0.8m] 

of diluent buffer to provide a top standard insulin 

concentration of 200ulU/ml. Five further serjal dilutions were 

made from this stock standard tube to provide a range of 

standard insulin concentrations from 6.25-200uIU/ml. HIT-T15 

and RINMSF cell insulin release was expressed in terms of 

human insulin equivalents. Since hamster insulin was not 

commercially available rat insulin standard (lot R8303081 

NOVO) was also included in some assays.
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Procedure for the radioimmunoassay of insulin 

Assay reagents were added to LP3 tubes in the order indicated 

in the reaction protocol summarised in Table 2.5 below. 

Tt : 1_for_ th ition r nts _in the double 

antibody radioimmunoassay of insulin. 

  

  

Tube Tube Initial Binding lodinated 

description number reactants reagent insulin 

Total counts 1-3 = > + 

Blank 4-6 Buffer Buffer + 

7-9 6.25 # + 

Insulin 1O=p2 12:3 + + 

standards VS=15. 25.0 + + 

(ulU/m1}) 16-18 50.0 + + 

19-21 100.0 + + 

22-24 200.0 + + 

Unknown 24-n + * + 

samples 

  

All reactants were added in 50 uL aliquots 

Insulin standards, total counts and blanks (containing buffer instead 

of standards and binding reagent) were assayed in triplicate. SOuL 

aliquots of insulin standards (human or rat) and unknown samples 

were transferred to LP3 tubes. A 5OuL aliquot of insulin binding
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reagent was added to all tubes (except totals and blanks). The 

contents of each tube was vortex mixed without frothing and 

incubated at 4°C for 4 hours. A SOuL aliquot of 125)-insulin 

(9,500-11,000 cpm,specific activity SOuCi/ug) was then added to 

all tubes, After gentle vortex mixing, all tubes were incubated for a 

further 16-18 hours at 4°C. After this second incubation 0.5m] of 

diluent buffer was added to all tubes except the totals and the 

contents vortex mixed. Free and antibody bound 125)-insulin were 

separated by centrifugation (1,500g Mistral MSE, coolspin) for 30 

minutes at room temperature. The supernatant containing free 

labelled insulin was carefully decanted by inverting the tubes and 

the remaining drops of buffer aspirated from the rim of the inverted 

tube with the aid of a pasteur pipette connected to a vacuum pump. 

The tubes were then left at an angle of 30° for approximately 4 

hours to dry at room temperature. The 125) -activity associated 

with the precipitate was counted for | minute on a Compu-gamma 

gamma counter (LKB Instruments Ltd, Sweden), with a counting 

efficiency of 82%. 

mputation of results. 

The construction of standard curves and the computation of 

results was performed using an RIA package associated with the 

gamma counter. L0g;g of the standard insulin concentration was 

plotted against the counts per minute in the bound fraction (spline 

plot) and the sample unknown insulin concentratign was determined 

automatically by direct extrapolation from the graph ( A copy of a 

typical printout is given in appendix, page 229). A typical standard 

curve is illustrated in Figure 2.4. Computation of the correlation 

coefficient and the minimal sensitivity was achieved using a BBC 

computer software package (appendix, page 231) In the present 

studies no significant differences could be detected between human
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Figure 24 Typical standard curve for the double antibody 

radioi of human insulin. 
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and rat standard curves, Figure 25. Thus insulin values stated in 

this thesis are expressed in terms of human insulin equivalents, 

(uU/ml). Quality control assessment of the data obtained in the last 

Six assays using human insulin standards is shown in table 2.6. In 

the present studies the insulin assay had an intra- and interassay 

coefficient of variation of 4.83 and 9.49% respectively. 

  

  

E : ality control essment of i In thi x 

insulin assays. 

Parameter Mean + SD CV% 

Blank/total counts 22 5.62 + 0.98 % 15.90 

Minumum sensitivity 2.54+0.11 uU/ml] 430 

Correlation coefficient 0.99 + 0.01 1.02 

(p<0.05) 

  

CV %, correlation coefficient (SD/Mean x 100 %) 

5 Biank/total counts is an estimate of non antibody specific 125) 

binding 1.e., to the assay tubes. 

Criteria required for a satisfactory assay 

|. There must be good agreement between replicate values for all 

standards, blanks and total counts. The coefficient of variation 

should be around 5%. Where appropriate replicate sample count 

rates should be maintained around 5%. 

np
 

The nonspecific binding (blank/total) should be between 5-7.5% 

of the total counts
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Fi 2.5 Comparison of ndar fe 

human insulin standards in the double antibody radioimmunoassay. 

Data are means of 3 separate assays. For clarity SEM’s are not 

shown but in all cases were <8 %, p > 0.05, no difference between 

standards at all concentrations. 

    

1.05 

0.84 

” > Rat 

£ -* Human 

* 064 

i 
o 

0.44 \ 

0.2 T 7 
0 100 200 

Standard insulin concentration (uU/ml) 

a, counts in the bound fraction for each standard were expressed as 

a ratio of the 6.25uU/ml standard. This maneouvre reduces the 

effect of slightly differing amounts ot total label added in different 

assays.
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C-peptide radioimmunoassay 

C-peptide determinations were kindly performed by Dr M. 

Nattrass of Birmingham General Hospital using a kit designed for 

the estimation of human C-peptide (Novo, Bagsvaerd, Denmark.) The 

protocol 1s a modification of that used by Heding (90) involving the 

use of synthetic human C-peptide as the standard and 

125) synthetic Tyr-C-peptide as label. Bound and free radioactivity 

was separated by centrifugation. All samples were assayed in 

duplicate. Differences between duplicates was below 5% and the 

Minimum sensitivity of the assay was 0.02pmol/ml. 

Insulin release from statically incubated HIT-T15 and RINMSF cells 

Choice of incubation regimen. 

The most frequently used incubation procedure used for 

isolated islets has involved preincubation for 30 minutes followed 

by a 60 minute test incubation using a basic Krebs bicarbonate 

buffer (91,92). Lindstrom and Sehlin have recently shown that the 

omission of the bicarbonate/CO. buffer system results in 

intracellular alkalinization and an impairment of insulin release 

(93) 

In the present studies HIT-T15 and RINMSF cell insulin release 

was determined in monolayer culture. This regimen was chosen to 

enable normal contact between B-cells, which 1s believed to be 

Important in the regulation of insulin release (25). In order to avoid 

cell detachment by repeated changes of media monolayers of 

cultured B-cells were incubated for 90 minutes in the presence and 

absence of test agents without prior preincubation
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HIT-T15 and RINMSF cell incubation protocol 

2 x 10° HIT-TI5 or RINMSF cells from freshly trypsinised 

stocks were transferred to each well of a 24 well Costar cluster 

plate containing either Iml| of Ham's F-12 (HIT-T15) or RPMI 1640 

(RINMSF). Plates were incubated at 37°C in S%CO05/humidified air 

for 48 hours to allow adhesion and proliferation. Cultures were then 

washed in Krebs/bicarbonate/HEPES buffer, pH7.4 containing BSA, 

0.2g/1 (Appendix A2 page 228) and subsequently test incubated for 

90 minutes in im] of fresh buffer, supplemented with the test 

agents at the appropriate concentrations. After incubation 0.2m] of 

the mildly agitated and centrifuged (1000rpm) supernatant was 

frozen at -15°C for the subsequent estimation of insulin by double 

antibody radioimmunoassay 

In order to determine the mean number of HIT-T15 and RINMSF 

cells present in each well during secretory experiments, 4 wells in 

every cluster plate were trypsinised and the cell concentration 

confirmed using a haemocytometer. This value was used for both the 

quantification of insulin release and the extent of sample dilution 

for optimal radioimmunoassay. Control wells containing zero (basal) 

and 7.Smmol/1 glucose for HIT-T!1S and zero (basal) glucose for 

RINMSF cells were included in every batch experiment. 

Insulin release was expressed as either uU insulin/ 10°cells/ 

90 minutes or as the percentage change from hasal (absence of 

glucose)
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Insulin release from perifused HIT-T15 and RINMS Is. 

The dynamic release of insulin in response to glucose, 

glibenclamide, colchicine and acety! choline was monitored using a 

perifusion system (94). 

5 x 10° HIT-T15 or RINMSF cells were seeded into individual 

multiwell chambers containing a 15mm round Thermanox coverslip 

(Miles Laboratories, Ltd, UK.) and incubated at 37°C in 5% 

CO>/humidified air for 48 hours to allow adhesion and proliferation. 

After this time coverslips carrying 3 x 10° cells (HIT-T15: 2.99 + 

0.53 x 10°, n=5; RINMSF: 3.27 + 0.33 x 10°, n=3) were transferred to 

25mm swinnex filter chambers (Millipore Ltd, UK.) filled with 

Kreos/HEPES buffer, pH 7.4 containing BSA, 0.2g/1 

Cells were preperifused for 30 minutes with basal 

Krebs/HEPES buffer (or with Buffer containing Immol/1 colchicine 

In colchicine experiments) and then test perifused for a further 60 

minutes with Krebs/HEPES buffer containing the test agents at the 

appropriate concentrations 

The perifusion system consisted of a Gilson minipuls 2 pump 

(Anachem Ltd, UK.) and an LKB 2212 helirac fraction collector fitted 

with a number | cassette (LKB Instruments, Bromma, Sweden.) Im] 

fractions were collected throughout and the perifusion system had a 

dead volume of 25ml, which at a flow rate of Iml/minute gave a 

respone time of 25 minutes. The rate of insulin release was 

expressed as uU insulin/minute/(coverslip = plate)
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Measurement of the rate of glucose oxidation 

As the circulating concentration of glucose is the primary 

physiological stimulus for insulin release and biosynthesis (95) the 

measurement of glucose oxidation may yield evidence as to the 

control of these processes. The rate of glucose oxidation, the 

conversion of D-glucose to carbon dioxide and water, can be 

assessed by measuring either the rate of oxygen consumption (96) or 

glucose oxidation. Two methods are currently available for the 

Measurement of glucose oxidation employing either the 

measurement '4c0, production from D-{'4c} glucose or $0 

production from D-[5H] glucose (95) The stoichiometry of both of 

these reactions 1s illustrated below 

1605 production; 

(19C-C5) H} 90g + 609 <2 !4c05 + 5CO5 + 6H50 + Energy. 

3H production; 

Col SH-Hy 1] 0g + 609 2 6CO5 + [H-HO] + SH90 + Energy. 

In the present studies the rate of HIT-T15 and RINMSF cell 

glucose oxidation was estimated by determining the rate of '4co, 

production from D-[U'4c} glucose using a modification of the 

method of Ashcroft et.al. (92,95) 

Measurement of HIT-T15 and RINMSF cell glucose oxidation. 

Batches of either 10° HIT-T1S or 102 RINMSF cells were 

incubated in small plastic reaction tubes (5 x 35mm, Luckhams Ltd, 

UK.) containing 100ul of Krebs/HEPES buffer, pH7.4 supplemented 

with BSA (0.2g/1). The incubation medium contained either glucose
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(2 or 7.5 mmol/}) alone or in combination with a variety of test 

agents at the appropriate concentrations and a tracer amount of 

p-[u! 4c} glucose (4uCi/ml). The reaction tubes were placed inside 

glass scintillation vials and the atmosphere gassed with 

95%05:5%CO5. The scintillation vials were then sealed using rubber 

subaseal lids and incubated at 37°C in a shaking water bath (100 

cycles/minute) for 90 minutes After incubation the vials were 

removed and chilled over ice Iml of NaOH (mol/l) was injected 

through the subaseal into the outer compartment and B-cell 

metabolism stopped by the injection of 200ul of HCI (0.immol/1) 

Into the reaction tube. The vials were then left at room temperature 

overnight to allow the absorption of '4c05 Into the NaOH. 

Radioactivity trapped in the NaOH was measured by liquid 

scintillation counting. (Tricarb 2260, Packhard Instruments Ltd, UK.) 

using 10m] of NE260 scintillant (Nuclear Enterprises Ltd, UK). The 

counting efficiency was in excess of 97% estimated by reference to 

a preprepared quench curve Figure 2.6 (quenching was achieved 

artificially using chloroform) 

Calculation of HIT-T15 and RINMSF cell glucose oxidation rates : 

A blank consisting of Iml1 of NaOH and 10ml of scintillant was 

included in each experiment. This value was automatically 

subtracted from the experimental values prior to multiplication by 

the counting efficiency. The rate of glucose oxidation expressed as 

umol/1 of p-{u! 4c} glucose oxidised per 10> cells per 90 minutes 

was computed using the following formula: 

D-{U! 4c} glucose oxidation = '4co. formed (dpm) 

(umol) Specific activity of 

p-[U! 4c]glucose (dpm/urnol)
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Figure 2.6 Chloroform quench curve for 14¢ showing the relationship 
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Isolation of Lean mouse islets of Langerhans using collagenase 

di jon. 

Pancreatic islets were isolated from from lean (HO) mice by a 

modification of the technique first described by Lacy and 

Kostianovsky (15). Mice were culled by cervical dislocation, 

positioned ventral side up and the viscera displayed using a mid 

ventral incision. The viscera were displaced to the left to reveal the 

full extent of the pancreas. The latter was distended with 

Krebs/HEPES buffer, pH7.4 using a syringe and a 24 gauge needle and 

removed from its points of contact with the stomach and duodenal 

loop with butterfly scissors. The excised pancreas was trimmed of 

fat and connective tissue, washed and cut into small pieces with 

round ended scissors. Pieces of pancreas derived from two mice 

were transferred to a conical flask (25m1) containing 8ml of 

Krebs/HEPES buffer and 40mg of Worthington collagenase. The 

contents were then vigorously shaken in a shaking water bath (120 

cycles/minute) at 37°C for 20-30 minutes. The digest was 

subsequently made up to 15 ml with ice cold Krebs/HEPES buffer to 

prevent any further digestion. The contents were then transferred to 

a centrifuge tube (15m) and the contents allowed to sediment. This 

procedure was repeated to remove all traces of collagenase. The 

final sediment was resuspended in !0m1 of Krebs/HEPES buffer and 

transferred to a glass petri dish. At this stage DNA-ase 

(200ug/digest) was added to prevent clumping of the debris. Islets 

free from acinar tissue could be picked out using a pasteur pipette 

under a dissecting microscope (magnification x 10). Approximately 

150 clean islets could be harvested from the pancreata of two mice 

by this method.
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Insulin rel from ically incubated mouse 1s] f 

angerhans 

Immediately after isolation islets were preincubated ‘en 

masse’ in Krebs/HEPES buffer, pH7.4 supplemented with BSA, 0.2g/1 

and glucose, 5.6mmol/1, at 37°C in S%CO5/humidified air for 30 

minutes to establish.a steady state of insulin release. After this 

preincubation batches of 10 islets were transferred to each well of 

a Costar 24 well multitray containing Im] of the appropriate test 

buffer and incubated for a further 90 minutes At the end of the 

incubation 100ul of buffer was removed and stored at -15°C for the 

subsequent determination of insulin by double antibody 

radioimmunoassay 

Determination of the number of cells per lean mouse islet. 

In order to make a quantitative comparison between islet data 

and data obtained using cultured B-cells six batches of 50-100 

Islets were disaggregated for 8 minutes with trypsin/EDTA 

(0.05%w/v : 0.02%w/v) to yield single cell suspensions. Enumeration 

of these cell suspensions using a haemocytometer indicated that 

lean (HO) mouse islets contained 4280 + 547 cells/islet (mean 

values + SEM, n=6) 

t sentation and statistical analys) 

Results are expressed throughout as means + SEM with the 

number of determinations in parentheses. Student's t-test was used 

for statistical comparisons and the differences were considered 

significant if p<0.05. In perifusion experiments statistical 

significance of the differences between secretory profiles was 

computed using an analysis of the areas under the secretory profiles 

(Appendix AS, page 235)
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THE EFFECTS OF ICOSE, AMINO ACID PHON AS_A 

OLCHI UPON INSULIN RELEASE FROM _HIT-T ND_RI 

CELLS. 

INTRODUCTION. 

The effect of gl on insulin release. 

Insulin release from the islets of Langerhans in response to 

extracellular glucose 1s classically sigmoidal in nature, this 

relationship is illustrated in figure 3.1 (97). Glucose concentrations 

<3mmol/1 fail to stimulate insulin release, the threshold being 

close to 4mmol/l. The most marked increase in insulin release 

occurs between 4 and |7mmol/1, with the secretory rate reaching a 

plateau at glucose concentrations in excess of 17mmol/I. Half 

Maximum insulin secretory rates sccur at glucose concentrations of 

6-8mmol/1. (97,98) 

Glucose recognition by the pancreatic B-cell. 

The mechanism by which the pancreatic B-cell recognises 

glucose, the major physiological stimulus for insulin release, has 

remained largely unknown. Two main hypotheses have been advanced 

in an effort to explain this process. The first theory, the fuel, or 

substrate site hypothesis suggests that stimulus recognition is the 

consequence of glucose metabolism in the B-cell (99). The second 

hypothesis, the regulator site hypothesis, postulates that glucose 

combines with a specific membrane bound receptor on the B-cell 

leading to the initiation of insulin release (100).
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FE | Ch teristics 0 iC In insulin release from 

isolated islets of Langerhans. (97) 
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The major experimental evidence supporting the fuel 

hypothesisis is based on the following observations. The 

insulinotrophic capacity of sugars correlates with their capacity to 

be metabolised in the B-cell, table 3.1 (98,101,102). Insulin release 

can be stimulated by provoking the production of endogenous glucose 

via glycogenolysis from B-cell glycogen stores (104). The metabolic 

inhibitor, mannoheptulose inhibits glucose oxidation and insulin 

release (105). Phloretin, a competitive inhibitor of glucose 

transport also inhibits insulin release (106). 

In intact islets there are two components involved in the 

process of glucose utilization, a high Km component associated with 

with insulin release, reflecting glucokinase (EC 2.7.1.2 ) activity 

and a low Km component reflecting hexokinase (EC 2.7.1.1 ) activity 

(107). Figure 3.2 illustrates some of the early steps in the 

Metabolism of glucose by pancreatic islets, 

Figure 3.2 Schematic view of the early stages of glucose 

metabolism by the pancreatic B-cell. (Modified from Sener et al, ref 

108). indicates major pathway 
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} | The effect of various sugars uj islet 

insulin release. (modified from Aschcroft, ref 103). 

Sugar Effect upon islet 

metabolism Insulin release 

Glucose aa t 

N-acetylglucosamine + + 

N-acetylmannosamine * 5 

Allose = = 

Altrose zs . 

Arabinose = c 

2-deoxyglucose a = 

Fructose fe +/- 

Fucose r = 

Galactose z - 

L-Glucose 5 = 

Galose S = 

Idose > = 

Mannose + + 

3-methylglucose = = 

Ribitol y = 

Ribose = = 

Sorbitol e - 

Sucrose % = 

Talose = = 

xylitol = = 

  

All sugars are D-sterioisomers unless otherwise stated.
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In islet homogenates hexokinase accounts for 80-90% of the 

total rate of glucose phosphorylation, in the presence of 8.3mmol/1 

glucose. Yet, in intact islets, the rate of glucose utilization in the 

presence of low glucose concentrations, sufficient to saturate 

hexokinase, represents only one third of that observed in the 

presence of 8.3mmol/1 glucose. This difference can be accounted 

for by the fact that hexokinase is inhibited by glucose-6-phosphate 

(109). The high Km glucokinase may thus play a vital role in the rate 

of glucose phosphorylation by islets. It has been proposed that 

glucokinase may be the pancreatic B-cell glucoreceptor (110). 

However, Malaisse and Sener have suggested that the anomeric 

specificity of hexose utilization in pancreatic islets and the 

perturbation of glucose catabolism in islets from fasted rats 

illustrate the relevance of regulatory steps beyond glucose 

phosphorylation in the control of glucose metabolism and that it is 

unlikely that glucokinase is the pancreatic B-cell glucoreceptor 

(111). Ashcroft has proposed that an increase in glucose 

concentration leads, via an enhanced rate of glucose metabolism, to 

Increased concentrations of phosphoenolpyruvate (PEP) and of 

reduced pyridine nucleotides. The latter influence membrane 

permeability to potassium leading to depolarization and consequent 

calcium influx into the B-cell. The resultant increase in 

intracellular calcium which is accentuated by the restraining effect 

of PEP on mitochondrial calcium uptake stimulates insulin release 

(103). Figure 3.3.
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Figure 3.3 Proposed metabolic model for glucose stimulus insulin 

secretion coupling in the pancreatic B-cell. (103). 
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The putative glucoreceptor protein in the B-cell membrane has 

been defined by Ashcroft as ‘the molecular species in the B-cell, 

that, by virtue of its ability to bind glucose, confers on the B-cell, 

sensitivity to changes in extracellular glucose concentrations’ 

(112). It is thought that the binding of glucose to its receptor leads 

to a conformational change in the receptor which activates the 

secretory machinery via second messengers such as calcium, cAMP 

and inositol phospholipids. The major experimental evidence 

supporting this regulator site hypothesis can be summarized as 

follows. The alpha anorner of D-mannose is a more potent insulin 

secretagogue than the beta anomer, yet mannose-6-phosphate 

isomerase (EC 5.3.1.7 ) exerts a preferrential affinity for the beta 

anomer (113). Insulin release has been demonstrated from an 

accellular composite secreting system which was not accounted for 

by an increase in glucose metabolism. The system required ATP and 

calcium for the secretory system to function. (114). The 

Giabetogenic effect of alloxan can be protected by glucose, 

alpha-D-glucose providing more protection than beta-D-glucose. 

(100,115,116) Also the diabetogenic effect of streptozotocin can be 

protected by 4,6-O-ethylidene glucose, a glucose transport inhibitor 

(117). Digitoxose, the sugar moiety of digitoxin inhibits glucose 

stimulated insulin release from islets without affecting either 

their glucose oxidation or oxygen consumption (92). Glucose 

saturated lentil lectin stimulates insulin release. The complex is 

not transported into B-cells and the lectin alone did not stimulate 

insulin release (118). Several attempts have been made to 

characterize the putative glucoreceptor. Price demonstrated that 

solubilized B-cell membranes of dog pancreatic islets, in contrast 

to membranes of acinar cells, include a component which forms 

complexes with the insulin secretagogues glucose, mannose and 

fructose. Galactose and 3-O-methylgiucose, which are not insulin
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secretagogues do not form complexes (119). Similar observations 

have been noted by Kobayashi et.al, these workers found that D-[! 4c} 

glucose binding to rat islet cell membranes was inhibited by 

D-glucose but not by L-glucose. In addition D-galactose, 

3-O-methyliglucose, phloridzin and alloxan were found to inhibit the 

binding of D-{!4c} glucose (120). The major disadvantage of such 

studies 1s their inability to differentiate between the glucose 

transporter in the B-cell (121) and the putative glucoreceptor. It is 

possible however, that the glucoreceptor and transporter may be 

closely linked. 

The effect of amino acids on insulin release 

In man, protein meals (122) or the intravenous infusion of 

amino acids (123) have been shown to enhance plasma insulin levels. 

Intraduodenal administration of a mixture of amino acids induces 

higher circulating insulin levels than intravenous administration 

(124), possibly suggesting a modification of amino acid induced 

insulin release by gastrointestinal hormones (125). A wide variety 

of amino acids have been shown to stimulate insulin release, Table 

3.2. In the present studies L-arginine and L-leucine were used as 

representative amino acids 

The effect of L-arginine and L-leucine on insulin release. 

Of the individual amino acids known to stimulate insulin 

release, L-arginine 1s the most potent (133) and its effect appears 

to be dependent upon the prevailing glucose concentration. Arginine 

is unable to stimulate insulin release in the absence of glucose 

(135). The insulinotropnic action of L-leucine has been 

demonstrated by many authors (126,134), and these studies express 

the view that leucine can stimulate insulin release in the absence of 

glucose. Amaximum effect is observed at around 20mmol/1 (136).
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Table 3.2. The effect of amino acids on insulin release 

  

  

Amino acid Effect on insulin release Reference 

Arginine sh (126) 

Leucine Ke (126) 
Alanine +/= (127,128) 

Glutamate iz (129) 

Glycine ti (130,131) 

Histidine +/0 (132,133) 

Lysine +o (133) 

Methionine +/0 (130,133) 

Ornithine * (133) 

Phenylalanine : (130) 

Proline + (134) 

Threonine + (122) 

Tryptophan +/0 (122,126) 

  

+, stimulation, -, inhibition, 0, no effect 

1*, 2, 3” denotes the degree of potency on insulin release. 

Possible mechanisms for leucine and arginine induced insulin 

release 

Via amino acid induced glucagon release 

Milner suggested that amino acid induced insulin release may 

be the result of amino acid induced glucagon release (126), Figure 

3.4. Certainly arginine has been shown to stimulate the release of 

glucagon from isolated pancreatic islets (137).
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Figure 3.4 Possible mechanism for amino acid induced insulin 

C é via amino acid induced glucagon release. (+, stimulation.) 
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Arginine and leucine metabolism as a trigger for insulin release 

Arginine metabolism per se does not appear to be the trigger 

for insulin release, this 1s supported by the observation that the 

rate of arginine oxidation by the B-cell is extremely low (138). 

However, this observation does not rule out the possibility that an 

early metabolite of arginine may be the trigger for insulin rlease 

Guanidinoacetic acid, the transamination product of arginine, Figure 

3.5a does not stimulate insulin release from isolated rat islets 

(139). On the other hand, leucine metabolism appears to play a role 

in the capacity of the amino acid to stimulate insulin release. (140). 

Certainly, leucine is both transported into (141) and metabolized by 

(142) islet cells. Alpha-ketoisocaproate, the transamination product 

of leucine, Figure 3.5b, is a potent stimulator of insulin release 

(143). The most significant argument against leucine metabolism 

being involved in the insulinotrophic action of leucine is the fact 

that 2-aminobicyclo [2,2,1] heptane-2-carboxylate (BCH), a 

Nonmetabolizable analogue of leucine stimulates insulin release 

(144).
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Ee 3.5. Catabohi [_a/ arginine to 1 t 1d and 

Jeucine to alpha-ketoisocaproic acid. 

a/ Arginine 

Arginine 

Glycine Glycine amidinotransferase 

(EC 2.1.4.1) 

Ornithine 

Guanidinoacetic acid 

b/ Leucine 

Leucine 

Alpha- Leucine transaminase 

ketoglutarate (EC 2.6.1.6) 

glutamate 

alpha-ketoisocaproic acid 

Possible intracellular mechanisms for arginine and leucine induced 

insulin release 

Calcium has been shown to be required for the stimulation of 

insulin release by amino acids (145). In the absence of extracellular 

calcium or in the presence of cobalt (146) or verapamil (147) the 

amino acids do not stimulate insulin release. Both leucine and 

arginine increase the net retention of calcium by isolated islets 

(140,145). Using rat islet cell homogenates, Howell and Montague 

have demonstrated that leucine and arginine have no effect on 

adeny] cyclase activity (148).
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the effect of sulphonylureas on insulin release 

The development of sulphonylurea drugs was the result of 

investigations on the antibiotic properties of sulphonamide 

derivatives, The so called first generation sulphonylureas developed 

in the early 1950's and 1960's, were superceeded by a second 

generation of far more potent compounds (149). Table 3.3. 

Table 3.5 Characteristics of first and eneration 

sulphonylureas. (from Lebovitz and Feinglos, 149) 

  

FIRST GENERATION COMPOUNDS (longer acting) 

  

Name Effective dose range (mg) 

Tolbutamide 500-3000 

Chlorpropamide 100-500 

Tolazamide 100-750 

Acetohexamide 500-1500 

  

SECOND GENERATION COMPOUNDS (more potent shorter acting) 

  

Name Effective dose range (mg) 

Glibenclamide 25-20 

glipizide 25-40 

Glibornuride 12.5-100 

  

Although hypoglycaemic sulphonylureas may have several 

extrapancreatic effects which are beneficial to the diabetic 

(150,151), the stimulation of insulin release appears to be their 

essential property (152)
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The binding of sulphonylurea to the B-cell 

In a recent study by Hellman et. al. six hypoglycaemic 

sulphonylureas  (carbutamide, tolbutamide, chlorpropamide, 

glibornuride, glipizide and glibenclamide) were compared with 

regard to their ability to bind to B-cell rich pancreatic islets of 

obsese (ob/ob) mice (153). All of the sulphonylureas tested bound 

rapidly to the islets. There was no correlation between the 

insulinotrophic potency and binding characteristics. Glibenclamide 

was found to be exceptional among the sulphonylureas tested 

because it did not rapidly reach uptake equilibrium. Instead it 

accumulated progressively in large amounts within the B-cell. This 

accumulation of glibenclamide was resistent to washing with 

sulphonylurea free medium. The intracellular accumulation of 

glibenclamide could be inhibited by 4-acetamido-4'-isothiocyanate 

-stilbene-2, 2'-disulphonic acid (SITS), an inhibitor of anion 

channels in the B-cell membrane (154). It has therefore been 

suggested that glibenclamide accumulation after initial binding 1s 

via anion channels. The intracellular uptake of glibenclamide may 

explain why prolonged exposure to this agent results in functionally 

deficient B-cells (155). Since the insulin releasing action of these 

drugs appears to be due to an interaction with the B-cell membrane, 

it is important to consider the mechanism of sulphonylurea binding. 

Hellman has proposed a model to describe sulphonylurea binding to 

B-cells, Figure 3.6. The model pays particular attention to the fact 

that sulphonylureas at physiological pH, have a net negative charge, 

and that there 1s an increased binding of sulphonylureas with large 

Non-polar groups. Thus sulphonylurea binding to B-cells can be 

assumed to be the product of hydrophobic interactions counteracted 

by electrostatic repulsion from fixed negative charges at the B-cell 

surface (156).
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Figure 3.6 Putative model to explain sulphonylurea binding to the 

N 

3 

=cell membrane (156 

ONE CELL MEMBRANE eS 
a SEN t 

1 

4 
+ 

SULPHONYLUREA - - - - - 

1, negative charge repulsion 

2, hydrophobic binding 

3, anion channel permeation (glibenclamide) 

The possible intracellular mechanisms of sulphonylur: 

insulin release 

Early work by Matthews and Dean reported that tolbutamide 

depolarises the B-cell membrane (157). Subsequent work 

demonstrated that both glibenclamide (158) and tolbutamide (159) 

evoked electrical depolarization of the B-cell membrane as well as 

spike activity in the presence of 3mmol/| glucose. In glucose free 

medium tolbutamide (<7Sumol/1) slightly depolarizes the B-cell 

membrane without inducing any spike activity (159). Studies on ion 

fluxes in isolated islets have been performed to elucidate the 

electrical and insulin secretory properties of sulphonylureas. Lebrun 

et.al. concluded that the electrical activity induced by tolbutamide 

Could not be attributed to the inhibition of either Ca2*-sensitive K* 

permeability or ouabain sensitive Na’, K’-ATP-ase (160).
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The fact that sulphonylureas can raise the intracellular 

concentration of CAMP may explain their general potentiating action 

upon glucose stimulated insulin release (161), It would appear from 

the binding characteristics of sulphonylureas that the observed 

Increase in the concentration of intracellular cAMP is not due to 

phosphodiesterase inhibition but rather to an activatiion of 

membrane bound adenylate cyclase. 

The requirement for extracellular calcium in sulphonylurea 

induced insulin release 1s well established (162). Malaisse et. al. in 

1971 showed that there is an almost perfect correlation between 

the rate of sulphonylurea induced insulin release and the 

radioactivity retained by islets after incubation with 45¢q (163). 

The rapidly initiated sulphonylurea stimulated er] uptake, which 

decays with time, suggests that Ca@* enters the B-cell through 

voltage dependent channels that are subject to progressive 

inactivation (164). 

The present work sets out to characterise nutrient and 

sulphonylurea induced insulin release from HIT-T1IS and RINMSF 

cells, Attempts have been made to answer the following questions. 

Is the glucose sensitivity of HIT-T1IS cells observed by Santerre 

et.al. (62) reproducible and is it accompamied by an Increase in the 

rate of glucose oxidation ?. How does the response of HIT-T15 cells 

compare with RINMSF cells ?. Secondly, are HIT-T15 cells capable 

of responding to glucose in a biphasic manner ?. Finally are HIT-T15 

and RINMSF cells responsive to amino acids, L-leucine and 

L-arginine and sulphonylureas, tolbutamide, glibenclamide and 

chlorpropamide ?. Further elaboration of the dynamics of insulin 

release have been carried out using the first phase stimulator 

glibenclamide (165) and the second phase inhibitor colchicine (166).
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RESULTS 

I Tfect Upon In. | t 

oxidation from cultured HIT-T15 and RINMSF cells. 

Glucose stimulated insulin release from statically incubated 

HIT-T1S cells, maximum and half maximum stimulation occurring at 

7.5 and 2.9 mmol/] respectively, Figure 3.7. RINMSF cells did not 

consistently respond to glucose challenge. In experiment | raising 

the glucose concentration from 0-7.Smmol/1 produced a marginal 

(37%) but significant increase in insulin release, whilst this 

observation was not repeated in experiment ||, Table 3.4 

Table 3.4 The effect of glucose on insulin release from statically 

incubated RINMSF cells 

  

  

Experiment {Glucose} n Insulin release 

mmol/1 uU/10>cells/90minutes 

0 22 16,38 +0.70 

a 9 2262+2868 

Oo
 

uw
 

11.58 ¢ 1,33 

12.90 + 1.50 M
 

wn
 

Ww 

  

a, p<0.05 significantly increased compared with 0 mmol/1 glucose.
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re 3.7 The effe t nsul | fr tical 

incubated HIT-TIS cells. Values are means + SEM with n in 

parentheses. 

* p<0.05 significantly increased compared with basal (zero glucose) 
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when isolated islets were used, raising the glucose 

concentration from O-16.7 mmol/| significantly stimulated insulin 

release, Table 3.5. When insulin release from islets 1s expressed as 

uU/10°cells/90minutes (based on the observation that mouse islets 

contain 4280 cells/islet Chapter 2 page 65), islets release 5 fold 

more insulin than HIT-T1S cells and 100 fold more insulin than 

RINMSF cells in the absence of glucose. 

  

  

Table 3.5. The effect of glucose upon insult r taticall 

incubated mouse islets of Langerhans 

[Glucose] n INSULIN RELEASE 

mmol/1 uU/islet/90min —_ WU/10°cells/90min 

0 4 47.16+ 3.03 1101.82 + 70.80 

16.7 5 99.57 + 16.824 2326.41 + 392.994 

  

a, p<0.05 significantly increased compared with Ommol/1 glucose 

Raising the glucose concentration from 2-7.5 mmol/1 caused a 

marked and significant increase in the rate of glucose oxidation by 

both HIT-T15 and RINMSF cells. This increase in glucose oxidation 

was accompanied by an increase in insulin release from HIT-T15 but 

not RINMSF cells, Table 3.6.The increase in the rate of glucose 

oxidation by RINMSF cells was more than double that shown by 

HIT-T15 cells.
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Table 3.6. The effect of giucose on the rate of p-[u! 4c glucose 

oxidation and insulin release from HIT-T lis. (n is 

in parentheses) 

  

  

Cell {Glucose} Glucose oxidation Insulin release 

line mmol/l umol/10°cells/90min uU/10°cells/90min 

AT om ee 0 714+ 1.14(12) 29.11 + 7.42 (6) 

75 11.88 + 2.53 (9)4 91.69 + 15 40 (6)4 

RINMSF 2.0 1.59 + 0.06 (3) 20.27 + 4553) 

21.83 + 35.68 (3) ~ u h
o
 G © SI \+ » ca
e a & 

  

a, p<0.05 significantly increased compared with 2mmol/1 glucose 

Insulin release from cultured HIT-T1IS cells is strongly 

affected by the passage effect, described by, Santerre et.al. (62) and 

Ashcroft et.al (167) In the present studies this phenomenon was 

represented by a reduction in the basal (absence of glucose) and 

glucose (7.5mmol/1) stimulated insulin release with increasing 

passage number, Figure 38 Regression analysis of 75mmol/1 

glucose stimulated insulin release compared with passage number 

revealed a 35. 25uU drop in insulin release per passage. No such 

reduction in basal (absence of glucose) insulin release was observed 

for RINMSF cells with increasing passage number. At passage 61, 

HIT-T15 cells had an insulin content of 283.4 uU/10°cells. At 

passage 100, RINMSF cells had an insulin content of 1844 

uU/10°cells Basal insulin release from HIT-T15 cells at passage 61 

and RINMSF cells at passage 100 accounted for some 11 and 8% of 

their insulin contents respectively
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EF 3: fect of passage num 

glucose) and glucose stimulated (7 5mmol/1) insulin release from 

statically incubated HIT-T15 cells. Values are means + SEM with n 

in parentheses. 

* p<0.05 significantly increased compared with basal. 
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Throughout this thesis data obtained from work performed 

using either a single or up to 3 consecutive passages were 

expressed as uU/10°cells/90minutes. The results of experiments 

performed over more than 3 consecutive passages were expressed 1n 

terms of the percentage stimulation from basal. This maneouvre 

reduced the Influence of the passage effect and 1s consistent with a 

similar manipulation of data carried out by Ashcroft etal. (167) 

The ef [ D-glyceraldehyde upon in: | | 

in |T-T15 and RINMSF cel 

Glyceraldenyde stimulated insulin release frorn statically 

incubated RINMSF cells, maximum and half maximum stimulation 

occurring at 20 and 466 mmol/l respectively, Figure 3.9. 

Glyceraldenyde did not stimulate insulin release from statically 

incubated HIT-T15 cells, Table 3.7 

Table 3.7 The effect of D-glyceraldenyde upon insulin release from 

statically incubated HIT-T15 cells 

  

  

[D-glyceraldehyde] n Insulin release 

mmol/1 uU/10°cells/90minutes 

0 6 39.16 + 9.66 

5 6 49.34+ 0.77 

10 5 S191 +214 

1S 6 29.40 + 1.01 

20 6 42.21 + 0.43 
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Figure 3 he effect of D-gi ide 1 int f 

statically incubated RINMSF cells. Values are means + SEM with n in 

parentheses. 

* p<0.05 significantly increased compared with basal (absence of 

glyceraldehyde). 
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The effect of L-leucine and L-arginine upon insulin release from 

1 Incub. HiT=T15 and RINMSF 

Both L-leucine and L-arginine, in the absence of glucose 

stimulated insulin release from statically incubated HIT-T15, 

Figure 3.10 and RINMSF cells, Figure 3.11. The maximum observed 

release of insulin from both cell lines occurred in response to an 

amino acid concentration of ISmmol/1. L-arginine and L-Leucine 

were not significantly different as regards their ability to 

stimulate the release of insulin from HIT-T15 cells. However with 

RINMSF cells, L-leucine was a significantly more potent insulin 

secretagogue than L-arginine (p<0.05) when used at concentrations 

of 15 and 20 mmol/1. 

Insulin release from HIT-T15 cells in response to 7.5mmol/1 

glucose was significantly enhanced by the addition of either 

1Smmol/1 L-arginine, or 1Smmol/} L-leucine alone or by the two in 

combination, Table 3.8. This combination of amino acids in the 

absence of glucose produced a significantly greater release of 

Insulin than either amino acid or 7.Smmol/1 glucose alone.
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if fect of L-leucin -argim) Nin: 

release from statically incubated HIT-T15 cells. Values are means + 

SEM with n in parentheses. 

* p<0.05 significantly increased compared with basal (absence of 

amino acid). 
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Figure 3.11 The effect of L-leucine and L-arginine upon insulin 

release from statically incubated RINMSF cells. Values are means + 

SEM with n in parentheses. 

  

* p<0.05 significantly increased compared with basal (absence of 

amino acid) 

$ p<0.05 significantly increased compared with L-arginine. 
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Ta 8. The effect of glucose, L-arginine and L-1 lone or in 

combination upon insulin release from statically incubated HIT-T15 

cells. 

  

Treatment n Insulin release 

% from basal 

  

Glucose, 7.5mmol/] 37 118.81+ 9.20 

L-leucine, 1Smmol/1 13 63.95 + 12.91° 

L-arginine, 1Smmol/1 14 90.73 + 13.44 

L-leucine + L-arginine 5 170,52 + 16.3240 

Glucose + L-leucine 6 220.06 + 48.514 

Glucose + L-arginine 6 303.92 + 63.624 

Glucose + L-leucine + L-arginine 6 342.69 + 38.454 

  

a, p<0.05 significantly increased compared with 7.5mmol/1 glucose. 

b, p<0.05 significantly increased compared with either amino acid 

alone 

¢, p<0.05 significantly decreased compared with 7.5mmol/1 glucose 

The effect of tolbutamide, glibenclamide and chlorpropamide upon 

insulin release _and the rate of glucose oxidation by cultured 

HIT-T15 and RINMSF celis 

In the absence of glucose tolbutamide stimulated insulin 

release from HIT-T!IS cells, maximum and half maximum 

stimulation occurring at 100 and Sumol/1 ‘respectively. The 

stimulation of insulin release was linear over the whole range of 

concentration used (r=0.98, p<0.05), Figure 3.12. This stimulation of 

insulin release from HIT-T1S cells by tolbutamide was not 

accompanied by an increase in the rate of p-(u!4c} glucose 

oxidation, Table 3.9
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Figure 3.12 The effect of tolbutamide upon insulin release from 

Statically incubated HIT-T15 cells. Values are means + SEM with n 

in parentheses. 

* p<0.05 significantly increased compared with basal (absence of 

tolbutamide) 
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Table 3.9 The effect of tolbutamide upon the rate of 

  

  

D-[U! 4cigiucose oxidation by HIT-T15 cells 

(Tolbutamide] n D-[u'4c] glucose oxidation 

umol/] umol/10°cells/90minutes 

0 12 714+ 1.14 

0.1 4 4.48 + 1.28 

1.0 5 5.34 + 1.32 

10.0 4 5.25 + 1,95 

100.0 6 7.75 + 1.91 

  

The rate of D-[U!4C] glucose oxidation was measured at a glucose 

concentration of 2 mmol/] 

Glibenclamide and chlorpropamide at concentrations of 8umol/1 

(the concentration most commonly used for isolated islets, (92) 

stimulated the release of insulin from both RINMSF, Table 3.10 and 

HIT-T15 cells, Table 3.11.
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Table 3.10. The effect of glibenclamide and chlorpropamide upon 

Insulin relea' r tatically incubated RINMSF cells. 

  

  

Treatment n Insulin release, %from basal 

Glibenclamide, 8umol/1 5 68.10 + 7,094 

Chlorpropamide, 8umol/1 6 41.12 * 1,798 

  

a, p<0.05 significantly increased compared with basal (zero glucose) 

Table 3.11 The effect of glibenclamide and chlorpropamide upon 

insulin release from statically incubated HIT-T15 cells. 

  

  

Treatment n insulin release, %from basal 

Glucose, 7.5mmol/] 37 118.80+ 9,204 

Glibenclamide, 8umol/1 7 119.83 + 18,354 

Chlorpropamide, 8umol/1 8 72.36 + 17.13? 

Glucose + glibenclamide 8 143.18 + 25,034 

Glucose + chlorpropamide 6 246.04 + 37,314° 

  

a, p<0.05 significantly increased compared with basal (zero glucose) 

b, p<0.05 sigmificantly reduced compared with 7.S5mmol/1 glucose 

c, p<0.05 significantly increased compared with 7.5mmol/1 glucose.
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Glibenclamide was the more potent of the two sulphonylureas 

used for both cell lines (p<0.05, compared with 8umol/] 

chlorpropamide). Insulin released in response to both glibenclamide 

and chlorpropamide was greater from HIT-T15 cells than RINMSF 

cells. Of the two sulphonylureas used only chlorpropamide 

significantly potentiated 7.Smmol/] glucose stimulated insulin 

release from HIT-T 15 cells 

Dynamics of insulin release from HIT-T15 cells in response to 

glucose, glibenclamide and colchicine. 

Dynamic insulin release from perifused HIT-T15 cells in 

response to 7.5mmol/| glucose revealed a reproducible biphasic 

profile, Figure 3.13. The total area under the mean glucose 

stimulated profile was 620 + 40 uU/hr/plate (n=5) compared with a 

total area of 345 + 37 UU/hr/plate (n=5) obtained in the absence of 

glucose, p<0.05. Maximum rates of release during phase | (12.4+ 1.8 

uU/min/plate, n=5) and phase |! (11.7 + 1.7 uU/min/plate, n=5) 

occurred some 10 and 41 minutes respectively after increasing the 

perifusate glucose concentration to 7.5mmol/1. 

Glibenclamide at S8umol/! specifically and significantly 

stimulated insulin release from HIT-T1!5 cells in the absence of 

glucose, Figure 3.14. The maximum mean rate of insulin release 

(12.8 + 1.5 uU/min/plate, n=5) occurred 20minutes after adding the 

sulphonylurea. The total area under the mean glibenclamide 

stimulated phase | profile was 582 + 30 uU/hr/plate (n=5) compared 

with a total area of 345 + 37 uU/hr/plate (n=5) obtained in the 

absence of glucose, p<0.05.
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Figure 3.13 The effect of glucose (7,5mmol/1) upon insulin release 

trom perifused HIT-T!5 cells. Values are means + SEM with n in 

parentheses 

*p<0.05 significantly increased compared with basal (absence of 

glucose), when analysing the areas under the secretory profiles. 
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Figure 3.14 The effect of glibenclamide (8umol/1) upon insulin 

release from perifused HIT-T15 cells. Values are means + SEM with 

Nin parentheses. 

*p<0.05 significantly increased compared with basal (absence of 

glucose or glibenclamide), when analysing the areas under the 

secretory profiles. 
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Pretreatment of HIT-T15 cells with Immol/1 colchicine for 30 

minutes, and subsequent exposure during perifusion eliminated the 

phase || insulin response to 7.Smmol/] glucose but did not 

significantly affect phase | insulin release, which still showed a 

healthy maximum mean rate of insulin release of 147 + 2.1 

uU/min/plate (n=6), Figure 3.15. The total area associated with the 

mean glucose stimulated phase | profile remaining after colchicine 

Inhibition of phase Il was 567 + 44 uU/hr/plate (n=6) compared with 

a total area of 270 + 87 uU/hr/plate (n=5) obtained for colchicine 

treated cells in the absence of glucose, p<0.05. Colchicine treatment 

did not significantly affect basal insulin release from HIT-T15 cells 

perifused in the absence of glucose, p<0.05. 

Comparison of insulin and C-peptide release f atical 

In ted HIT-TIS cells in response. ne_an 

chlorpropamide 

Glucose  (7.5mmol/l), — L-arginine (1Smmol/1), and 

chlorpropamide, 8umol/1 all stimulated the release of insulin and 

C-peptide from statically incubated HIT-T15 cells, Table 3.12. 

Values for C-peptide release were considerably lower than those for 

Insulin. Raising the glucose concentration from 0 to 7.5mmol/] 

caused a 1.25 fold increase In Insulin release but only a 0.77 fold 

Increase in the release of C-peptide. This difference might have 

been due to a poor cross reactivity between hamster and human 

C-peptides in the radioimmunoassay.
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Figure 3.15 The effect of colchicine (immol/l) upon glucose 

We, /\)_stimulated insulin release f f 2 

cells. Values are means + SEM with n in parentheses. 

* p<0.05 significantly increased compared with basal (absence of 

glucose), when analysing the areas under the secretory profiles. 
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Table 3.12 The effect of glucose, L-argin) ind ch r 

the release ot C-peptide and insulin from statically incubated 

HIT-T15 cells. (nis in parentheses). 

Treatment C-peptide release Insulin release 

pmol/102cells/90min —_ pmol/10°cells/90min 

  

Basal 0.022 + 0.002 (5) 0368+ 0.035 (13) 

Glucose, 

7.5mmol/1 0.039 + 0.004 (9)4 0.828+ 0.127 (14)4 

L-arginine, 

1Smmol/1 0,043 + 0.002 (4)4 0.702 + 0.103 (14)4 

Chlorpropamide, 

8umol/1 0.033 + 0.001 (4)4 0.634+ 0.150( 8)4 

  

a, p<0.05 significantly increased compared with basal absence of 

glucose.



-102- 

DISCUSSIONS. 

The present studies confirm the modest glucose sensitivity of 

cultured HIT-TI5 cells (62,167), maximum release occurring in 

response to 7.Smmol/] glucose. The stimulation of insulin release 

compares rather poorly with the maximum stimulation of insulin 

release from mouse islets of Langerhans which occurs at glucose 

concentrations in the region of 16.7-22.2mmol/1 (98). Certainly 

glucose releases 30fold more insulin from intact rat islets than 

from single B-cells (168) and hamster islets release 46fold more 

insulin than HIT cell monolayers in response to 7.5mmol/1 glucose 

(62). 

Stimulation of the rate of HIT-T15 cell glucose oxidation by 

glucose has been reported by Ashcroft et.al. (167) Although the 

absolute rates of glucose oxidation were considerably higher in the 

present study. This increase may reflect differences in culture 

conditions and the passage number of cells used. Arecent study by 

Meglasson et.al. (169) reported that glucose transport in HIT-T15 

cells was slow and that intracellular and extracellular glucose 

concentrations are not equalised, even after 30 minutes. These 

authors suggested that the glucose transport step in HIT-T15 cells 

is a nonequilibrium reaction and contributes to the regulation of 

glucose metabolism in this cell line. It may be that in the presence 

of 7.5mmol/1 glucose, the maximum stimulatory concentration for 

insulin release, that the glucose transporter is saturated. This 

possibility could also be used to account for the modest glucose 

sensitivity of HIT-T15. 

The amount of insulin released by HIT-TI5 cells in culture 

declined steadily with time in culture, this phenomenon, the passage 

effect, has previously been described by Santerre et.al. (62) and
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Ashcroft etal. (167) and is believed to be the result of a 

progressive reduction in the insulin secretory pool and total insulin 

content. Although the amount of insulin released did vary 

considerably with time in culture, in the present study glucose 

consistently produced at least a doubling in the basal insulin 

secretory rate 

The RINMSF cell line proved unreliable in its response to 

glucose. This is consistent with the previous observations of Praz 

et.al. (S8) who described the glucose insensitivity of RINMSF cells. 

Groix et.al. has described a slight but significant secretory response 

to 2.8mmol/l glucose (59). The lack of a reproducible and 

Physiologically meaningful insulin response to glucose may reflect 

abnormal glucose metabolism in these cells (170) or possibly the 

lack of specific membrane bound glucoreceptors (100). The glucose 

transport mechanism in RINMSF cells appears to be intact (169) and 

glucose has been shown to increase the cytosolic NADH/NAD” ratio, 

the rate of oxygen uptake and the ATP/ADP ratio (171). The vast 

excess of hexokinase 2 activity over glucokinase activity in RINMSF 

cells makes it highly unlikely that glucokinase could act as the rate 

limiting enzyme in these cells. Even assuming profound inhibition of 

hexokinase by glucose-6-phosphate, the contribution of glucokinase 

to the overall rate of glucose phosphorylation would remain small 

which 1s in contrast to the situation in islets. Under these 

circumstances, no sizeable change in the rate of glycolysis, 

resulting from a glucose concentration effect on the velocity of the 

glucokinase reaction, should be expected. Thus, genetic 

overexpression of hexokinase 2 may explain the unreliability of an 

insulin response to glucose in RINMSF cells (172).
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The stimulation of insulin release from RINMSF cells by 

glyceraldehyde is consistent with that previously reported (58) and 

compares favourably with data obtained using isolated islets (173). 

In addition Ashcroft et.al. has shown that 10mmol/1 glyceraldehyde 

stimulates insulin release from HIT-T15 cells (167). In the present 

work no such stimulation of insulin release could be demonstrated. 

This discrepancy is ‘difficult to explain since the cells were of the 

same origin. Different culture regimens seem the most likely 

explanation, i.e, Ashcroft etal. (167) use RPMI 1640, in the present 

study HIT-T15 cells were cultured in Ham's F12 medium. 

Cultured HIT-T1S cells did release insulin in response to 

conventional concentrations of the amino acids L-leucine and 

L-arginine in the absence of glucose. The stimulation of HIT-T1S 

cell insulin release by 20mmol/1 L-leucine has also been reported by 

Ashcroft etal (167), who in addition indicated that 

2-ketoisocaproate, the transamination product of leucine, also 

stimulated insulin release, while L-glutamine and L-isoleucine were 

without effect. 

RINMSF cells also release insulin in response to L-leucine and 

L-arginine. This finding is consistent with the work of Praz et.al. 

(58) who used 20mmol/| L-leucine and L-arginine, although their 

study involved the use of media containing glucose at 2.8mmol/1. 

RINMSF cells have also been shown to release insulin in response to 

both L-leucine methylester (174) and BCH (171). In contrast to 

glucose, BCH also reduced the rate of oxygen consumption and 

lowered the ATP/ADP ratio. These data suggest that L-leucine 

metabolism 1s not an essential requirement of the secretory 

response to L-leucine in RINMSF cells.
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The present studies with HIT-TIS and RiINmMSF cells have 

indicated that insulin release in response to amino acids does not 

require the presence of glucagon, normally secreted from adjacent 

A-cells in the islets, It should be noted however that RINMSF cells 

have been shown to contain minute amounts of glucagon (58). 

Glucose induced insulin release from HIT-T1IS5 cells was 

potentiated by L-leucine and L-arginine alone or in combination. 

This observation 1s consistent with the provision in vivo of 

enhanced insulin release in response to a mixed meal. The 

insulinotrophic effect of L-leucine and L-arginine in combination 

was synergistic rather than additive. Similar synergism between 

L-leucine and L-arginine upon insulin release from isolated islets 

has been reported by Khalid and Rahman (175). 

Glibenclamide and chlorpropamide stimulated insulin release 

from HIT-T1S and RINMSF cells, tolbutamide also stimulated insulin 

release fron HIT-T15 cells in the absence of glucose. These 

observations are consistent with the effects of these 

sulphonylureas on mouse Islets (153) and the effects of tolbutamide 

and glibenclamide upon HIT-T1I5 cells (167). The posibility that 

tolbutamide might stimulate insulin release by interacting with 

glucose metabolism in the B-cell prompted the examination of the 

effect of this sulphonylurea upon the rate of !4c glucose oxidation 

by HIT-TI5 cells. In the past tolbutamide has been shown to 

stimulate (176), inhibit (177) or have no effect (177) on the rate of 

glucose oxidation by pancreatic islets. The present studies suggest 

that tolbutamide induced insulin release from HIT-T15 cells may 

result from the release of a readily available insulin secretory 

granule pool, possibly associated with the plasma membrane. The 

Initiation of insulin release by tolbutamide does not require glucose 

metabolism
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It is now well established that the release of insulin from the 

B-cell is biphasic in nature (111,178). In arecent study, the insulin 

response of perifused HIT-T15 cells was shown to be monophasic 

whether carried out in the presence of low or high glucose (94). A 

biphasic response could only be demonstrated using a combined 

stimulus of high glucose and 3-isobutyl-|-methylxanthine. In the 

present studies perifused HIT-T15 cells generated a reproducible 

biphasic insulin release in response to square wave glucose 

(7.5mmol/1) challenge. Similar observations have been reported by 

Ashcroft et.al. (167) in response to 10mmol/] glucose. Compared 

with the usual biphasic insulin release profiles of normal B-cells to 

glucose, the first phase of insulin release was pronounced and 

sustained whilst the second phase was reduced and of slower onset. 

This observation might reflect a difference in the size and 

distribution of secretory granule pools in HIT-T15 cells compared 

with normal B-cells (179). The pronounced first phase may be the 

product of rapid intracellular transport and emiocytosis of readily 

available insulin secretory granules associated with the 

microtubular-microfilamentous system of the HIT-T15 cells. The 

reduced second phase may well reflect either a decrease in. the 

subsequent association of stored and newly formed B-granules with 

this system or a decrease in insulin biosynthesis per se in HIT-T15 

cells. Certainly, ultrastructural studies have demonstrated modest 

numbers of secretory granules in HIT-T1S cells (62) which in 

appearance were characteristic of mature beta granules of normal 

hamster B-cells (180).The monophasic phase | stimulation of insulin 

release from HIT-T1IS cells in response to glibenclamide, 

demonstrated in the present study 1s consistent with the presence 

of a substantial readily available insulin secretory granule pool 

which is not rapidly restored by subsequent insulin biosynthesis and 

granule margination.
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Colchicine, an agent which inhibits microtubule polymerisation 

(181), did not affect the first phase of glucose induced insulin 

release from HIT-T15 cells, but did produce a significant inhibition 

of the second phase. The absence of an effect of colchicine on the 

first phase may be releated to the length of pretreatment and the 

concentration of colchicine used which were limited to 30-minutes 

and Immol/1 respectively to prevent cell damage (182) and possible 

effects on cell metabolism (181). The inhibition of phase II of 

glucose induced insulin release by colchicine suggests a role for the 

microtubular system in the phasic mechanism of insulin release 

from HIT-T15 cells. 

The results of the initial characterisation of the insulin 

secretory responses of cultured HIT-T15 and RINMSF cells have been 

summarised 1n Table 3.13
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3 of the initial characterisation of th 

secr responses of cultured HIT-T15 R | 

  

INSULIN RELEASE IN STATIC CULTURE 

  

  

Secretagogue , Effect on insulin release from 

HIT-T15 RINMSF 

D-Glucose 2 +] 

D-Glyceraldehyde = 7 

L-Leucine + + 

L-Arginine + * 

Glibenclamide + + 

Chlorpropamide + + 

Tolbutamide + 

  

INSULIN RELEASE FROM PERIFUSED HIT-T15 CELLS 

  

  

Secretagogue Effect on phase 

| UI 

D-Glucose + ‘ 

Glibenclamide : 

Colchicine = 

  

+, Stimulation, -, Inhibition
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4. PARACRINE MODIFICATION OF INSULIN RELEASE FROM R 

HIT-T15 AND RINMSF CELLS. 

INTRODUCTION. 

The close anatomic relationships between islet A,B,D and PP 

Cells has led to the suposition that these islet cells might influence 

one another in a paracrine fashion (183). Paracrine regulation of 

insulin release can be simply defined as the direct effect of an 

agent(s) secreted by an islet cell into the islet interstitium without 

entry into the vascular space. Pipeleers put forward a possible 

paracrine mode] for islet cell interactions, In which he suggested 

that islet cells interact either by direct contact or via their 

released products (184). 

The effect of insulin on the release of glucagon, somatostatin and 

pancreatic polypeptide. 

The fact that insulin can suppress glucagon secretion 1n vitro 

and In vivo has been well documented (185,186). Suppression of 
  

circulating glucagon levels in man by 20-30% is readily achieved by 

raising the circulating insulin levels by sorne 30-200uU/m1 during 

normoglycaemia (187,188). Studies with mammalian pancreasnave 

failed to show any significant reproducible effect of exogenous 

insulin on pancreatic somatostatin secretion (189,190). In spite of 

this, specific insulin receptors have been identified on islet cells 

maintained in monolayer culture. These studies showed 50%, 30%, 

and 15% specific 125)-insulin binding to B, A, and D cells 

respectively (191). These data also suggest an autocrine regulatory 

function for insulin upon insulin secretion (188).Interestingly 

C-peptide, the cleavage product of proinsulin has also been shown to 

inhibit insulin release (192). Insulin does not appear to influence 

the release of pancreatic polypeptide (189).



-111- 

effect of glu Non the rele ft insulin, som in_an 

ner ial 

In contrast to the suppression of glucagon release by insulin, 

exogenous glucagon has been shown to stimulate insulin release in 

vivo (193). This stimulatory effect has been elegantly demonstrated 

Invitro by Trimble and Renold (194) who compared glucose induced 

insulin release from glucagon poor and glucagon rich islets of 

Langerhans form different regions of the same pancreas (194). 

Islets from the ventral primordium derived part of the pancreas 

contain more pancreatic polypeptide secreting cells and 

proportionately less glucagon secreting A-cells than islets from the 

dorsal primordium derived pancreas (195). The observation that 

glucose stimulated up to 50% more insulin release from dorsally 

situated islets than from ventrally situated islets, strongly 

suggests the possibility that glucagon exerts paracrine effects in 

islets and that endogenous glucagon amplifies glucose induced 

Insulin release from islets (194). Exogenous glucagon has also been 

shown to stimulate somatostatin release from D-cells (196,197). 

Raised glucose concentrations potentiate glucagon induced 

stimulation of insulin release, as mentioned earlier, but do- not 

potentiate the stimulation of somatostatin release. Glucose alone 

does, however, stimulate the release of somatostatin (198), this 

response being of the utmost importance in the the suppression of 

glucagon secretion (199). Glucagon has no effect on pancreatic 

polypeptide secretion (189).
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The effect of somatostatin on the release of insulin, glucagon and 

creatic polypepti 

Somatostatin rapidly inhibits the release of insulin (200), 

glucagon (201), and pancreatic polypeptide (202). Somatostatin 

appears to be equipotent as an inhibitor of glucagon and insulin 

release with weaker effects on the release of pancreatic 

polypeptide (202). Although there 1s evidence that the pancreas 

contains several molecular species of somatostatin (203) the major 

proportion of pancreatic islet somatostatin in the D-cell appears to 

be identical to hypothalamic somatostatin, 5514, containing 14 

amino acids. The presence of a natural SS28 as a minor component 

of pancreatic D-cells has been reported by Benoit et. al. (204), SS28 

is about 10-100 times more potent than SS14 as an inhibitor of 

arginine stimulated insulin release from the B-cell but equipotent 

with SS14 with respect to the arginine stimulated release of 

glucagon from A-cells (205) 1.e., SS28 appears to be a selective 

inhibitor of insulin release from the B-cell 

The effect of pancreatic polypeptide on the release of insulin 

glucagon and somatostatin. 

Pancreatic polypeptide at 8ug/100g body weight inhibits 

insulin release from fed rats by some 46%. Pancreatic polypeptide 

at a concentration of 12ug/100g body weight also inhibited insulin 

release by 42% from fasted rats. Pancreatic polypeptide had no 

effect upon the release of glucagon (206). In the isolated perfused 

rat pancreas pancreatic polypeptide has also been shown to inhibit 

the release of somatostatin by between 40 and 60% (207).
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The effect of gastric inhibitory polypeptide (GIP) on the release of 

Insulin, glucagon, somatostatin and pancreatic polypeptide. 

The major physiological role ascribed to GIP appears to be the 

potentiation of insulin release in hyperglycaemic situations 

(208,209). It has long been established that glucose taken orally 

causes amore marked elevation in serum insulin levels than glucose 

given intravenously (210). The term ‘incretin’ was first coined by La 

Barre in 1932 to designate the presumed agent(s) responsible for 

the stimulation of insulin release via the entero-insular axis 

(211),The glucose dependence of GIP stimulation of insulin release 

taken in concert with the observation that glucose stimulates GIP 

release (212) constitutes the main experimental evidence for the 

proposal that GIP is the ‘incretin’ described by La Barre (213,214). 

The major source of GIP appears to be localised in cells of the 

duodenum and jejunum (215). However, Smith et.al. have reported 

GIP immunoreactivity in A-cells of the islets of Langerhans (216). 

The effect of GIP on glucagon release from A-cells is far from clear. 

Conflicting reports have been presented to suggest both a 

stimulation of glucagon secretion (217) and no effect on secretion 

(208). There 1s no information on the effect of GIP on pancreatic 

polypeptide secretion 

Summary. 

Aside from the anatomical juxtaposition of islet cells to one 

another suggestive of interaction between these cells information 

to date suggests that the hormones released by A, B, D and PP cells 

of the islet influence each others secretion in a specific and 

coordinated fashion, Table 4.1
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Table 4.1 Summary of the effects of insulin, glucagon, somatostatin 

ancreatic polypeptide (PP) and GIP upon the secretor f 

islet cells.[modified from Montague (218)] 

  

Hormone Secretory activity 

  

Insulin Glucagon Somatostatin PP 

  

release release release release 

Insulin =) = NE ND 

Glucagon + ND + NE 

Somatostatin  - = ND e 

Pp zs NE = ND 

GIP + + (2) ND ND 

  

Key: -, inhibits, +, stimulates, (7), speculative. 

NE, no effect, ND, no data. 

This section examines the effect of glucagon, somatostatin, 

pancreatic polypeptide and GIP upon insulin release from cultured 

HIT-T1S and RINMSF cells. Cultured cloned B-cells are particularly 

suited to the dissection of any possible potential paracrine control 

of insulin release presumed to occur in the islets of Langerhans, 

since exogenous hormone addition would act directly on the B-cell 

bypassing any indirect or combined effect on adjacent islet cells.
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Materials and methods 

The islet hormones, their sources and concentration ranges 

used in the present work are illustrated in Table 4.2. 

  

  

Table 4. islet hi 

ranges used. 

Islet hormone Source Concentration used 

Glucagon Bovine/Porcine 0.01-2.5umol/1. 

mixture 

Somatostatin Synthetic, human 107 !9-1077moi/1. 

Pp Bovine 10-1000pg/ml. 

GIP Synthetic, porcine 1-100pg/ml. 

  

Glucagon was tested upon basal insulin release from HIT-T15 

and RINMSF cells. Stock solutions of glucagon contained 250KIU/ml 

trasylol. The effect of sornatostatin and pancreatic polypeptide was 

evaluated upon 7.5 mmol/l! glucose induced insulin release from 

HIT-T15 cells and because of the relative glucose insensitivity of 

RINMSF cells, upon |Ommol/] glyceraldehyde induced insulin release 

from these cells. The effect of GIP in the absence and presence of 

glucose was investigated on the release of insulin from HIT-T15 

cells
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RESULTS. 

The effect of glucagon on insulin release from statically incubated 

T-T15 and RINMSF cell 

Glucagon stimulated insulin release from statically incubated 

HIT-T1S, Figure 4.\ and RINMSF cells, Figure 4.2. Maximum 

stimulation occurred at Jumol/! glucagon for HIT-T15 cells and 

2.Sumol/] glucagon for RINMSF cells. Glucagon at a concentration of 

lumol/l generated an insulin response from HIT-T15 cells 

equivalent to that generated by 7.Smmol/1l glucose. Glucagon at 

concentrations of | and 2.5umol/] generated an insulin response 

from RINMSF cells equivalent to that generated by !Ommol/1 

glyceraldehyde. Values for the half maximum stimulation of insulin 

release from both cell lines were comparable, i.e., 0.28umol/1 

glucagon for HIT-T15 cells and 0.32umol/1 glucagon for RINMSF 

cells. lumol/1 glucagon also potentiated glucose induced insulin 

release from HIT-T15 cells, Figure 4.3 

The effect of somatostatin on insulin release from statically 

incubated HIT-T15 and RINMSF cells 

Somatostatin inhibited 7.5mmol/1 glucose induced insulin 

release from HIT-T15 cells, Figure 4.4 and 10mmol/1 glyceraldehyde 

Induced insulin release fron RINMSF cells, Figure, 4.5, maximum 

inhibition occurred at a somatostatin concentration of 10° ’mol/I. 

However, maximum statistically significant Inhibition of insulin 

release occurred at somatostatin concentrations in excess of 

10° '!9moi/i for HIT-T1S and 1078moi/1 for RINMSF cells, 

Somatostatin at concentrations of 10°19, 1078 and 107’mol/1 

reduced glucose stimulated insulin release from HIT-T15 cells to 

below basal values



=117- 

Figure 4.1. The effect of glucagon on insulin release from statically 

incubated HIT-TI5 cells. Values are means + SEM with n in 

parentheses 

*, p<0.05 significantly increased compared with basal. 

(basal secretion was 40,37 + 2.11 uU/10°cells/90minutes, n=14) 

$, p>0.05 not significantly different from lumol/1 glucagon. 
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Figure 4.2. The effect of glucagon on insulin rel from staticall 

incubated RINMSF cells. Values are means + SEM with n in 

parentheses. 

*, p<0.05 significantly increased compared with basal. 

(Basal secretion was 12.56 + 0.53 uU/10°cells/90minutes.) 

$, p>0.05 not significantly different from |umol/1 glucagon. 
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Figure 4.3, Potentiation of glucose (7.Smmol/l) induced insulin 

release from statically incubated HIT-TI5 cells by glucagon 

(lumol/1). Values are means + SEM with n In parentheses. 

*, p<0.05 significantly increased compared with 7.5mmol/1 glucose. 
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44.7 matostatin on gl 7Smmol/| 

in insulin release from stati incubat: = Is. 

Values are mean + SEM with n in parentheses. 

* p<0.05 significantly reduced compared with 7.Smmol/1 glucose. 

$ p<0.05 significantly reduced compared with basal. 

p<0.05 

(14) 
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Figure 4.5. The effect of somatostatin on glyceraldehyde (1Ommol/ 

Induced insulin release from statically incubated RINMSF cells. 

Values are mean + SEM with n in parentheses. 

*, p<0.05 significantly reduced compared with 10mmol/| 

glyceraldehyde. 
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The effect of pancreatic polypeptide on insulin release from 

statically incubated HiT-T15 and RINMSF cells. 

Pancreatic polypeptide inhibited 7.Smmol/1 glucose induced 

insulin release from HIT-TIS cells, Figure 4.6 and 10mmol/] 

glyceraldehyde induced insulin release from RINMSF cells, Figure 

4.7. Significant inhibition of 7.5mmol/1 glucose stimulated insulin 

release from HIT-T15 cells was achieved with all pancreatic 

polypeptide concentrations in excess of 10pg/ml. Only 1000pg/ml 

pancreatic polypeptide was able to significantly inhibit 10mmol/1 

glyceraldehyde stimulated insulin release from RINMSF cells. 

The effect of somatostatin and pancreatic polypeptide in 

combination on insulin release from statically incubated HIT-T15 

and RINMSF cells 

The combination of 10°/mol/1 somatostatin and 1000pg/m1 

Pancreatic polypeptide significantly inhibited 7.S5mmol/] glucose 

induced insulin release from HIT-T15 cells to below basal values 

(70% reduction in basal secretion). The combination of somatostatin 

and pancreatic polypeptide also inhibited 10mmol/1 glyceraldehyde 

induced insulin release from RINMSF cells the effect being Jess 

marked than that observed for HIT-T15 cells, Table 4.3
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Figure «7. The effect of pancreatic polypeptide on glyceraldehyde 

(1Ommo!/1) duced insulin release from statically incubated 

RINMSF cells, Values are means + SEM with n in parentheses. 

*, ps0.05 significantly reduced compared with 10mmol/] 

glyceraldehyde. 

p<0.05. 
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| he ef f O 

PP) in combinati lucose induced _insuli f 

IETS | cer: je ind: i 

RINMSF cells. 

Treatment insulin release (uU/10°cells/90minutes) 

n HIT-T15 n RINMSF 

Basal 14 40.37+ 2.11 VW 12.56 + 0.53 

Glucose, 7.5mmol/1 

or Glyceraldehyde, 

1Ommol/1 14 14752 11,168 2 8 2450.41,76" 

+ Somatostatin 

10° ’mol/1 and PP 

1000pg/m1 6 11.914 2312 4 1909+0,734 

  

a, p<0.05 significantly increased compared with basal. 

b, p<0.05 significantly reduced compared with 7.5mmol/1 glucose. 

C, p<0.05 significantly reduced compared with basal. 

d, p<0.05 significantly reduced compared with glyceraldehyde, 

1Ommol/1. 

Tf f somatostatin an Nn 1 epti | in 

combination on glucagon induced insulin release from statically 

incubated HIT-T15 and RINMSF cells. 

Somatostatin 10°/mol/1 and pancreatic polypeptide 1000pg/m| 

alone or in combination significantly inhibited glucagon induced 

insulin release from HIT-T15 cells. The effect in combination was 

additive, 1.¢, somatostatin and pancreatic polypeptide alone 

inhibited insulin release by 36 and 35% respectively giving a total
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additive inhibition of 71% inhibition. The actual observed effect of 

this combination was a 69% reduction in glucagon stimulated insulin 

release. Somatostatin but not pancreatic polypeptide inhibited 

glucagon induced insulin release from RINMSF cells. The effect of 

these hormones in combination produced a significantly greater 

Inhibition of glucagon stimulated insulin release than somatostatin 

alone, Table 44. 

le 4. eff of somatost in ea 

PP) al inati ii 

= lis. 

  

Treatment Insulin release (% from basal) 

n HIT-T15 n RINMSF 

  

Glucagon, lumol/] 14 19421+16.164 5 103.02+ 12,308 

+ Somatostatin, 

10°/mol/1 5 125.03+27.112 5 6651+ 6.72) 

*PP, 1000pg/ml 5—«128.47+ 11.992 5 87.70 + 12.10 

+ somatostatin 

and PP 5 6097+ 8732 5 27.71 + 1.982 

  

a, p<0.05 significantly increased compared with basal (absence of 

glucose) 

b, p<0.05 significantly reduced compared with !umol/1 glucagon.
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I f GIP on insulin re fr | Cc 

HiT-T1 ui 

GIP stimulated insulin release from statically incubated 

HIT-T15 cells, figure 4.8, maximum and half maximum stimulation 

of insulin release occurring at 100 and 9.4ng/ml respectively. A 

fresh ampoulle of HIT-TIS cells confirmed the stimulation of 

insulin release in the absence of glucose (GIP, 100ng/ml produced a 

75,34 + 9.32% stimulation from basal, n=4 this value did not differ 

from that shown in Figure 4.7 ). The effect of GIP on glucose induced 

insulin release was additive rather than synergistic. GIP did, 

however, potentiate |Smmol/] arginine induced insulin release, 

Table 45 

Table 45 Potentiation of arginine induced insulin release from 

HIT-T15 cells by GIP. 

  

Treatment n Insulin release 

(%from basal) 

  

Glucose, 7.5mmol/1 6 346.82 + 24669 

GIP, 100ng/ml 6 121.14+ 27.414 

Glucose + GIP 6 423.04 + 77.644 

Arginine, 1Smmol/1 6 77.97 + 6.004 

Arginine + GIP 6 400.18 + 43,008 

  

a, p<0.05 significantly increased compared with basal. 

b, p<0.05 significantly increased compared with arginine or GIP 

alone
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Figure 4.8; The effect of GIP on insulin release from statically 

incubated HIT-T15 cells. Values are means + SEM with n in 

parentheses. 

*, p<0.05 significantly increased compared with basal. 

(Basal secretion was 25.50 + 456 uU/10°cells/90minutes, n=6) 

$, pr0.05 not significantly different from 50ng/ml GIP 
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The stimulation of HIT-T15 and RINMSF cell insulin release in 

the present work by glucagon was consistent with the stimulatory 

effect of this hormone previously observed with isolated islets 

(193,194), HIT cells (62,167) and RINMSF cells (219). The 

concentration of glucagon required for the half maximum 

stimulation of insulin release from HIT-T15 and RINMSF cells was 

similar 1.e., 0.28umol/1 and 0.32umol/1 respectively. This value for 

RINMSF cells compares favourably with the previous value obtained 

by Korman et.al. of O.Sumol/1 also using RINMSF cells. It was also 

reported by these authors that glucagon stimulated the production 

of cAMP and that the dose-response relationships for cAMP 

formation and insulin release were superimposible. The glucagon 

receptor on RINMSF cells does not appear to be coupled to adenylate 

cyclase (219). The potentiation of glucose induced insulin release by 

glucagon observed with HIT-TI5 cells 1s consistent with the 

situation in vivo (167). A possible paracrine effect for glucagon on 

insulin release should be considered when working with isolated 

islets. For example, 1t has been sugested that certain amino acids 

might stimulate insulin release via amino acid induced glucagon 

release. However previous work with HIT-T15 cells (Chapter 5.) 

82) has indicated that glucagon secreting A-cells are not a 

necessary prerequisite for insulin release. The recent work of 

Fujimoto et.al. using antisomatostatin and antiglucagon serum has 

indicated that, although exogenous glucagon stimulates insulin 

release the effect of endogenously released glucagon from adjacent 

A-cells upon islet B-cells may be a restraining one which 1s 

probably mediated through an effect upon D-cells and their release 

of somatostatin (220)
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Somatostatin inhibited both glucose and glyceraldehyde induced 

insulin release from HIT-TIS and RINMSF cells respectively. 

Santerre et.al. have demonstrated that 10°8mo1/1 somatostatin 

inhibits insulin release from 96 hour cultures of HIT-T15 cells by 

some 80% (62). In the present studies 10° 8mo1/1 somatostatin also 

Inhibited glucose stimulated insulin release from HIT-T15 cells by 

exactly 80%. Similar effects have been noted with 2 day rat islet 

cultures (221), and somatostatin has also been shown to inhibit 

bombesin stimulated insulin release from HIT-T15 cells (222). The 

somatostatin inhibition of glyceraldehyde induced insulin release 

from RINMSF cells is not as marked as the hormone inhibitory effect 

on glucose stimulated insulin release from HIT-T15 cells. This 

discrepancy could be due to the presence of either reduced numbers 

of somatostatin receptors or a reduction in existing receptor 

affinity on the RINMSF cell membrane, or due to low somatostatin 

concentrations used in the present studies. Reduced receptor number 

seems a more likely candidate since Pipeleers has calculated the 

somatostatin concentration in the islet venous capillary to be of the 

order 107! Omo1/1. 

The inhibition of glucose induced insulin release from HIT-T15 

cells and glyceraldehyde induced insulin release fron RINMSF cells 

by pancreatic polypeptide follows a similar pattern to the inhibition 

shown by somatostatin. Glucose induced insulin release from 

HIT-T15 cells was more sensitive to the inhibitory effects of this 

peptide than glyceraldehyde induced insulin release from RINMSF 

cells. Physiologically glucose has been shown to have a weak 

inhibitory effect upon pancreatic polypeptide secretion (199), thus 

coinhibiting any inhibitory effect of pancreatic polypeptide upon 

insulin release. The reduced effect of pancreatic polypeptide upon 

glyceraldehyde induced insulin release from RINMSF cells may be a
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result of reduced receptor numbers or a reduction in existing 

receptor affinity for pancreatic polypeptide. The inhibitory effect 

of somatostatin and pancreatic polypeptide in combination on 

insulin release from HIT-T15 and RINM5F cells does not appear to be 

additive, Table 46 

it 4.6 Percenta' 1 1 = 

RINMSF cells by somatostatin and pancreatic polypeptide (PP) in 

combination. 

  

Treatment % inhibition of glucose or glyceraldehyde 

stimulated insulin release 

  

HIT-T15 RINMSF 

Somatostatin, 

10° ?mol/1 80 20 

PP, 1000pg/ml sig? 29 

Theoretical combined 

effect 157 49 

Observed combined 

effect 92 22 

  

This discrepancy between theoretical and observed effects 

might result if each individual concentration of somatostatin and 

pancreatic polypeptide employed produced a near maximal inhibition 

of insulin release.
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Glucagon stimulated insulin release from HIT-TIS cells was 

Inhibited by both somatostatin and pancreatic polypeptide and by the 

two in combination. Somatostatin and pancreatic polypeptide were 

more effective inhibitors of glucose and glyceraldehyde induced 

insulin release than of glucagon induced insulin release from 

HIT-T1S and RINMSF cells. In contrast to glucose, the inhibitory 

effect of somatostatin and pancreatic polypeptide in combination on 

glucagon induced insulin release was additive. Somatostatin alone 

and in combination with pancreatic polypeptide inhibited glucagon 

induced insulin release from RINMSF cells. Pancreatic polypeptide 

alone, however, did not reduce glucagon stimulated insulin release. 

These data for RINMSF cells suggest that glucagon induced insulin 

release is not affected by pancreatic polypeptide and this may be 

the result of receptor deficiency. 

The data presented above suggest the involvement of a 

significant islet cell paracrine interaction in the net release of 

insulin from the pancreatic islet. 

The stimulation of insulin release from isolated islets by. GIP 

has been shown to be dependent on the presence of glucose 

concentrations in excess of Smmol/] (208,209). However the 

present study demonstrates that GIP will stimulate insulin release 

from HIT-T15 cells in the absence of glucose. It might be suggested 

that the observed stimulation of insulin release in the absence of 

glucose from HIT-T1I5 cells is the result of a breakdown in the 

normal integrity of the intra-islet paracrine microenvironment. 

Since GIP has been shown to stimulate the release of both insulin 

and glucagon (209), the elevated glucagon levels might then 

stimulate the release of somatostatin which would inhibit insulin 

release. Glucose on the other hand inhibits glucagon secretion from
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A-cells (199) and stimulates somatostatin secretion from D-cells 

(197). Clearly the effect of GIP on net insulin release from isolated 

islets is the result of a coordinated release of pancreatic hormones. 

In the present studies GIP is able to interact directly with cultured 

HIT-T15 cells to stimulate insulin release in the absence of glucose. 

The absence of a potentiating effect of GIP upon glucose induced 

insulin release from HIT-T15 cells may reflect the reduced glucose 

sensitivity of this cell line when compared with the glucose 

sensitivity of isolated islets. The potentiation of glucose induced 

insulin release by GIP may be a pharmacological rather than 

physiologiacal phenomenon. Sarson et.al. have recently demonstrated 

In man that the infusion of 10 or 20g iv glucose (which produced 

blood glucose levels of 4.7 and 9.6 mmol/| respectively) and GIP at 

O.Spmol/Kg/min (which produced circulating levels of 0.2ng/ml) 

failed to augment insulin release compared with glucose infusion 

alone. However, at supraphysiological levels of glucose and GIP 

(15.5 mmol/] and 0.5ng/m1) there was a significant augmentation of 

insulin release. These data were taken to indicate that the 

augmentation of glucose Induced insulin release by GIP may be a 

pharmacological rather than physiological phenomenon (223). 

Although GIP did not potentiate glucose stimulated insulin 

release from HIT-T15 cells it did potentiate arginine induced 

insulin release from these cells. In a series of hyperglycaemic 

clamp studies in man, the release of endogenous GIP stimulated by 

oral glucose was found to exert an additive effect upon arginine 

induced insulin release. This observation may provide evidence of a 

common mechanism for arginine and GIP induced insulin release 

(224).
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5. STUDIES ON THE INTRACELLULAR MECHANISM OF INSULIN ASE 

FROM HIT-T15 AND RINMSF CELLS 

INTRODUCTION. 

he involvement of cAMP in the mechanism of insulin release 

The idea that cAMP might act in the pancreatic B-cell as a 

second messenger was first suggested by Samols et.al. (225), who 

reported that glucagon, an agent known to increase the intracellular 

concentration of cAMP, stimulated insulin release. When the 

concentration of cAMP in the B-cell 1s increased, the the rate of 

Insulin release in response to glucose 1s enhanced. In the presence 

of nonstimulatory concentrations of glucose, CAMP levels can be 

raised without stimulating insulin release. As the concentration of 

glucose is increased however, the ability of cAMP to enhance the 

response to glucose is unmasked, i.e., the effect of CAMP is greatest 

in the presence of high glucose and least in the presence of low 

glucose concentrations. (226-229). In the isolated islet as in other 

tissues, the intracellular concentration of cAMP is expressed as a 

balance between its rate of synthesis via adenylate cyclase and its 

rate of breakdown via cAMP dependent phosphodiesterase enzymes. 

Adenylate cyclase is localised in the B-cell exclusively and 

almost uniformly in the plasma membrane (230). The enzyme 

converts ATP to cAMP with a Km for ATP of 0.07mmol/1 (231). 

Excluding hormone receptor proteins adenylate cyclase consists of 

two functionally distinct subunits; the catalytic subunit which 

converts ATP to cAMP and two guanine nucleotide binding proteins 

(Nj inhibitory and N, stimulatory), which are the required mediators 

of receptor input (232). Most investigators have failed to detect any 

direct effect of glucose upon adenylate cyclase activity (148,233).
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cAMP dependent phosphodiesterase, the enzyme that catalyses the 

breakdown of cAMP to S’-AMP is located in the islet cytosol. There 

appears to be two phosphodiesterase enzyme systems in islets 

referred to here as phosphodiesterase | and phosphodiesterase ||. 

They differ in their Km values for cAMP, PDE | and PDE || have Km 

values of 2-9 and 30umol/| respectively (234,235). The low Km 

enzyme (PDE 1) is believed to be largely in control of cAMP 

breakdown, this assumption being based on the fact that 

intracellular cAMP levels have been found to be of the order of 

6umol/1, close to the Km of PDE | (179). The integration of adenylate 

cylase and cAMP phosphodiesterase activities in the control of 

intracellular cAMP levels is illustrated in Figure 5.1. 

cAMP responsive target systems in the B-cell 

cAMP dependent protein kinase A activity has been identified in 

islet homogenates by many authors (236,237). It is generally 

believed but not unequivocally proven that cAMP exerts its 

Insulinotrophic action via the activation cAMP dependent protein 

kinase A The bulk of evidence suggests that cAMP induced insulin 

release is not the result of nutrient catabolism in islet cells (238). 

It has been suggested that cAMP dependent protein kinase A may 

stimulate microtubule polymerisation and subsequently insulin 

release (239). The majority of evidence also implicates an 

interaction between cAMP and calcium fluxes in the stimulation of 

insulin release, Incubation of islets in the presence of dibutry] cAMP 

(which 1s able to penetrate the cell membrane) induces a modest 

calcium uptake into B-cells (240). Brisson et.al. have proposed that 

cAMP acts on the secretory sequence by causing the intracellular 

redistribution of calcium to favour cytosolic accumulation rather 

than net uptake (241).
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Figure 5.1 Integration of adenylate __cyclase__and__ cAMP. 

sphodiesterase activities in the control of intracellular iP 

evels. 
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The involvement of calcium in the mechanism of insulin release 

Sustained insulin release 1s evoked by glucose only in the 

presence of sufficient amounts of extracellular calcium (Ca**), The 

threshold concentration in vitro is approximately 0.1mmol/1. 

Maximal effects of glucose occur with Ca2* concentrations of the 

order 1!-Smmol/1 (242,243,244). Very high Ca@* concentrations 

inhibit insulin release (243) 

ci ndling by the B-cel 

At the B-cell plasma membrane two processes are involved: a 

Ca“* pump which derives its energy from ATP hydrolysis and a 

Na*/Ca2* countertransport, driven by an inward Na* gradient 

(245,246), The Ca2*-ATPase enzyme has a high affinity for Ca2*, is 

activated by Ca**-calmodulin and is magnesium dependent (247). 

Na‘/Ca2* countertransport, although not directly energy dependent, 

relies upon the maintenance of a steep inward Na” gradient. This 

steep inward Na’ gradient is dependent upon the activity of the 

Na*/K*-ATPase. The inhibition of this enzyme in the B-cell leads to 

a decrease in Ca¢* efflux (248). Various intracellular organelles 

such as mitochondria, the endoplasmic reticulum and secretory 

granules also participate in the overall buffering of intracellular 

Ca2*. These intracellular organelles have been termed intracellular 

Ca“* stores (249) Stimulators of insulin release may also raise 

intracellular Ca¢* levels by the opening of receptor mediated (250) 

or voltage dependent Ca2* channels (251). A summary of the various 

mechanisms for Ca2* handling in the B-cell is illustrated in Figure 

aye
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Figure 5.2 Summary of the various mechanisms for calcium handling 
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The involvement of calmodulin in the mechanism of insulin release. 

Calmodulin was first described by Cheung in 1970 as an 

activator of brain cyclic nucleotide phosphodiesterase (253). Nine 

years later Sugden et.al. (254) and Valverde et.al. (255) identified 

and quantified the arnount of calmodulin in islets. These reports 

estimated the calmodulin content of rat islets at between 0.11-0.13 

pmol/islet. The important features of the calmodulin molecule is its 

ability to bind Ca2* (4 x Ca“*/mol with high affinity), with a 

dissociation constant in the micromolar range, and to undergo 

significant conformational changes as a result of Ca2* binding. This 

conformational change enables the Ca2* -calmodulin complex to bind 

to and activate cellular enzyme systems (256). Figure 53 

illustrates the possible mechanisms involved in the activation of 

calmodulin and the subsequent binding of calmodulin with inactive 

receptor proteins (257). 

Calcium and calmodulin responsive target systems. 

Ca**-calmodulin has been shown to activate both adenylate 

cyclase (255) and cAMP-phosphodiesterase (258) in islet tissue. The 

activation of adenylate cyclase by calmodulin might explain -how 

glucose increases intracellular cAMP levels independently of the 

direct activation of adenylate cyclase. Cheung has suggested that 

adenylate cyclase and cAMP-phosphodiesterase are activated 

sequentially in the brain. In this hypothesis the passage of Ca2* 

through the membrane would activate membrane bound calmodulin 

which in turn would activate adenylate cyclase and generate cAMP. 

The subsequent rise in intracellular Ca2* would activate cellular 

calmodulin which in turn would activate cAMP-phosphodiesterase 

converting CAMP to S'-AMP, and terminating the cAMP signal (257), 

Figure 5.4. The existence of such a regulatory system in pancreatic 

B-cells remains to be determined
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Figure 5.3 Mechanism by which calmodulin mediates the biological 

actions of calcium ions (257) 
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Figure 5.4 Proposed sequential activation of adenylate cyclase and 

cAMP dependent phosphodiesterase in the brain (257). 
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Calmodulin has been shown to inhibit the Ca**-ATPase in the 

B-cell plasma membrane (which indirectly controls the Na*/Ca2* 

countertransport, Figure 5.2), this inhibition results in an increase 

in intracellular Ca2* levels (259). The inhibition of this enzyme may 

be important in the maintenance of high intracellular ca2* levels 

required for the stimulation of insulin release. 

A calmodulin sensitive protein kinase has been isolated from 

rat islet homogenates (260). This calmodulin sensitive kinase has 

been shown to carry out two major functions. Firstly it 

phosphorylates the alpha and beta subunits on tubulin (261) and 

secondly it phosphorylates myosin, permitting interaction with 

actin which allows the microfilarnent to contract (262). Calmodulin 

has also been shown to increase the binding of secretory granules to 

inverted plasma membrane vesicles (263) 

The involvement of phosphoinositides in the mechanism of insulin 

release. 

Hokin and Hokin were first to report an increase in phospholipid 

turnover in pancreatic exocrine tissue in response to acetyl choline 

(264). This increase in phospholipid turnover, particularly of the 

inositol containing phospholipids was called the 

phosphatidylinositol or Pl effect (265). Subsequent work by Fex and 

Lernmark (266) and Freinkel et.al. (267) showed that glucose 

stimulated pancreatic islets exhibited an increased 32p-jabelling 

of phospholipids when preincubated in 32p-containing medium. The 

consequence of stimulated phospholipid turnover appears to be 

threefold. Glucose activation of membrane bound phospholipase-C 

(268) increases the intracellular concentrations of D-myoinositol 

1,4,5 triphosphate (1Pz), diacylglycerol and phosphatidic acid (269). 

2+ 
Diacylglycerol activation of Ca and phospholipid dependent
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protein kinase-C (270,271) and IP3 induced Ca** mobilisation from 

intracellular stores (271,272), stimulate the insulin secretory 

machinery in asynergisticfashion. Laychock has shown that glucose 

also stimulates phospohlipase-A> (273), causing an increase in the 

intracellular concentration of arachidonic acid. Arachidonic acid can 

be converted via the lipoxygenase pathway to leukotrienes and by 

the cyclo-oxygenase pathway to prostaglandins (265). Data obtained 

from studies investigating the effect of arachidonic acid 

metabolites on insulin release is contradictory. For example, 

prostaglandins have been shown to both stimulate (274) and inhibit 

(275) insulin release. Figure 5.5 summarises the interrelationships 

between phospholipid metabolism and the stimulation of insulin 

release. 

The involvement of the microtubular-microfilamentous system in 

the mechanism of insulin release. 

Lacy etal. first suggested that glucose stimulated insulin 

release might involve the microtubular-microfilamentous system, 

these observations were based on the fact that colchicine, a potent 

inhibitor of microtubule formation, inhibited insulin release (276). 

These observations were later confirmed using vinblastine, 

deuterium oxide (277), nocodazole (278) and taxol (278), agents that 

also disrupt microtubule function. The ultrastructural studies of 

Orci et.al. (6) and Dean (279) have shown association between 

microtubules and insulin secretory granules in the B-cell. Evidence 

for the involvement of microfilaments in the mechanism of insulin 

release comes from studies using cytochalasin B which causes 

hypercontraction of microfilaments and a stimulation of insulin 

release (280)
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Figure 5.5 The relationship between phospholipid turnover and 

ucose stimulated insulin release. (27 
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The three major proteins associated with the microtubular 

microfilamentous system in islets are tubulin (281), actin (282) 

(globular and filamentous) and myosin (283). Two microtubule 

associated proteins (Maps | and ||) have also been identified in other 

tissues (284,285). The sites and presumed modes of action of these 

proteins are illustr ated in table 5.1 

  

  

le 5.1 proteins associated wit | il 

system. 

Protein Proposed role 

Tubulin polymerises to form microtubules. 

Maps | believed to mediate Ca** induced 

tubulin polymerisation. 

Maps || believed to mediate cAMP induced 

tubulin polymerisation 

Actin (globular) polymerises to form microfilaments 

(filamentous actin). 

Myosin ATPase activity enhanced after 

phosphorylation and by association 

with actin (actomyosin). 

  

A summary of the proposed role played oe microtubules and 

microfilaments in the process of insulin release is shown in figure 

5.6. Globular actin, released from actin binding proteins (e.g. 

actinogelin [286], gelsolin [287], fragmin [288] and villin [289] ) is 

polymerised to form filamentous actin (290). The latter interacts 

with phosphorylated myosin (that may be located in the B-granule
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Figure 5.6 Mechanism of the interaction between microtubules and 

microfilaments in glucose stimulated insulin release. Glucose 

generates increased Caz", ATP and cAMP (291). 
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membrane) to form the activated actomyosin complex (292), 

Microtubules are assembled in a Ca“* (261) and cAMP (281) 

dependent process from tubulin subunits. The interaction of 

actomyosin and microtubules results in granule movement and 

insulin release by exocytosis. 

In the present work the possible roles played by cAMP, Ca2*, IPs 

and protein kinase C in the mechanism of insulin release from 

HIT-T15 and RINMSF cells have been evaluated by examining the 

effect of forskolin, a powerful stimulator of adenylate cyclase 

(293) and imidazole, a presumed CAMP phosphodiesterase activator 

(294) upon insulin release The effect of raising and lowering 

extracellular Ca** concentrations, in conjunction with studies using 

cae* antagonists (verapamil, diltiazem, nifedipine, TFP, M&B 13753, 

TMB-8 and M&B 40678) and the phosphoinositide IPz (that may 

enhance Ca“* release from intracellular stores [272]) have been 

used to establish a role for Ca2* in the mechanism of insulin 

release from HIT-T15 and RINMSF cells. The phorbol esters TPA and 

4PDD have been used as probes to directly stimulate the Ca2* and 

phospholipid dependent protein kinase C and elucidate any possible 

role for this kinase in RINMSF cell insulin release.
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RESULTS 

The effect of forskolin and imidazole on insulin release from 

statically incubated HIT-T15 and RINMSF cells. 

}Oumol/1 forskolin stimulated insulin release In the absence of 

glucose from statically incubated HIT-T1S and RINmSF cells. 

HIT-T15 cells produced significantly (p<0.05) more insulin than 

RINMSF cells in response to this agent. 7.Smmol/1 glucose induced 

Insulin release fron HIT-T15 cells and 1Ommol/1 glyceraldehyde 

induced insulin release from RINMSF cells was significantly 

suppressed by 0.1mmol/] imidazole, Table 5.2. In view of the general 

glucose insensitivity of RINMSF cells, glyceraldehyde at a 

concentration of |Ommol/] was chosen as a suitable insulin 

secretagogue (this concentration consistently produces a near 

doubling in basal insulin release), 

The effect of extracellular calcium and calcium antagonists on 

insulin release from statically incubated HIT-T15 and RINMSF cells 

In the absence of glucose, calcium stimulated insulin release 

from HIT-TIS cells, maximum and half maximum stimulation 

occurred at 2.04 and 1.26mmol/1 calcium respectively, Figure 5.7 

The ommission of calcium from the incubation buffer completely 

abolished glucose induced insulin release, the response was reduced 

to below basal values. The combined effect of glucose and 

2.04mmol/1 calcium on insulin release was additive rather than 

synergistic. Insulin release in response to either 2.04mmol/1 

calcium or 2.04mmol/] calcium in combination with 7.5mmol/] 

glucose was suppressed by |5umol/1 verapamil, Table 5.3.
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Figure 5.7. The effect of extracellular calcium upon insulin release 

from statically incubated HIT-T15 cells 

Values are means + SEM with n in parentheses 

a, calcium concentration in regular Krebs buffer (0.68mmol/1) 

*, p<0.05 significantly increased compared with 0.68mmol/1 Caz". 
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Table 5.2 The effect of forskolin on basal and imidazole on glucoase 

ni lyceraldehyde induced insulin relea from Nie falp id 

RINMSF cells.(n is in parentheses) 

  

Treatment Insulin release % from basal 

  

HIT-T15 RINMSF 

Forskolin, }Oumol/1 9455 + 20,25%10) 53,10 + 8.08%5) 

Glucose, 7.5mmol/1 169.54 + 10.65%(48) - 

+ imidazole, 0.lmmol/1 46.71 + 23.93% 5) - 

Glyceraldehyde, 1Ommol/]  - 90.31 + 8.5346) 

+ imidazole, 0.1mmol/1 - 66.30 + 4.065) 

  

a, p<0.05 significantly increased compared with basal. 

b, p<0.05 significantly reduced compared with glucose. 

c, p<0.05 significantly reduced compared with glyceraldehyde.
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T 5.3 Insul lease trom statically inc Teh} 

Calcium dependent and inhibited by verapamil 

  

  

Treatment n Insulin release % from basal 

Glucose, 7.5mmol/1 48 169.54 + 10.654 

Glucose in Ca*” free 

medium 5 -17.21+ 7.81% 

Ca?*, 2.04mmol/1 6 45.88 + 436%° 

Ca@* + glucose 5 171.90+ 6,068 

Ca’ + verapamil, 1Sumol/] 5 753+ 7,93¢ 

Ca’ + verapamil + glucose 7 28.84+ 42540 

  

a, p<0.05 significantly increased compared with basal. 

b, p<0.05 significantly reduced compared with basal 

c, p<0.05 significantly reduced compared with 2.04mmol/1 cae". A 

d, p<0.05 significantly reduced compared with 7.5mmol/1 glucose 

and 2.04mmol/1 Ca2* 

e, p<0.05 significantly reduced compared with 7.Smmol/1 glucose
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Glucose induced insulin release from HIT-TI5 cells and 

glyceraldehyde induced insulin release from RINmSF cells was 

significantly inhibited by calcium channel blockade, using |Sumol/1 

verapamil, diltiazem and nifedipine and calmodulin antagonism, 

using ISumol/} TFP and M&B 13,753 (a new May and Baker 

calmodulin inhibitor). The effect of Ca** sequestration blockade, 

using |Sumol/] TMB-8 and M&B 40,678 (a new May and Baker 

sequestration blocker) upon glucose stimulated insulin release from 

HIT-T15 cells was contradictory, in that TMB-8 but not M&B 40,678 

Inhibited glucose stimulated insulin release, Tables 5.4 and 5.5. 

Table 5.4 The effect of calcium antagonists upon glucose induced 

insulin release from statically incubated HIT-T15 cells 

  

  

Treatment n insulin release % from basal 

Glucose, 7.5mmol/1 48 169.54 + 10.654 

+ verapamil, |Sumol/1 5 46.70 + 15.275 

+ diltiazem, 1Sumol/1 5 38.82 + 12.730 

+ nifedipine, |Sumol/1] Ss 46.81 +2474 

+ TFP, 1Sumol/1 6 39.88 + 8,29? 

+M&B 13,753, 1Sumol/1 5 5217+ 9.912 

+ TMB-8, 1Sumol/1 = 5497 + 17.07% 

+M&B 40,678, 1Sumol/1 5 144.48 + 15.17 

  

a, p<0.05 significantly increased compared with basal. 

b, ps0.05 significantly reduced compared with 7.5mmol/1 glucose.
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Table 55 the effect of caicium antagonists on glyceraldehyde 

Induced insulin release from statically incubated RINMSF cells 

  

  

Treatment n Insulin release % from basal 

Glyceraldenyde, |Ommoi/] 6 90.30 + 8.334 

+ verapamil, |Surnol/| 5 41.20 + 3,430 

+ diltiazem, 1Sumol/1 6 17.52 + 1.33? 

+ nifedipine, 1Sumol/1 5 49.72 + 4.66" 

+ TFP, 1Sumol/1 5 63.31 + 1.062 

+M&B 13,753, ISumol/i 5 37.53 + 2.46" 

  

a, p<0.05 significantly increased compared with basal. 

b, p<0.05 significantly reduced compared with 10mmol/1 

glyceraldehyde 

The effect of D-myoinositol 1.4.5 triphosphate (IP3) on insulin 

release from statically incubated HIT-T15 cells 

2.S5umol/1 IPs , the concentration Biden et.al, found sufficient 

to mobilise intracellular calcium in RINMSF cells, failed to 

stimulate insulin release from HIT-TI5 cells in the present 

studies, Table 5.6
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able 5.6 The effect of |IPz on Insulin release from statically 

incubated HIT-T15 cell 

  

  

Treatment n Insulin release % from basal 

Glucose, 7Smmol/1 48 16954+ 10654 

IPz, 2Sumol/} 19 -26.77 + 9.00 

  

a, p<0.05 significantly increased compared with basal. 

The effect of 12-0-tetradecanoy|phorbol-13-acetate (TPA) and 

4-alpha-phorbol-12,13-didecanoate (4PDD), tumour promoting 

phorbol esters, on insulin release from statically incubated RINMSF 

cells. 

Both TPA and 4PDD, in the absence of glucose, stimulated 

insulin release from statically incubated RINMSF cells, maximum 

insulin release occurring at about 1079 mol/1 for both phorbol 

esters. TPA was significantly (p<0.05) more potent than 4PDD at 

concentrations of 107” and 10° 8moi/1. Half maximum stimulation of 

insulin release occurred at concentrations of 8nmol/1 and 0.6umol/1 

for TPA and 4PDD respectively, representing a near 100-fold 

difference, Figure 5.8. The insulin response to 10° ’mol/1 TPA and 

10°©mol/1 4PDD was not significantly inhibited by either imidazole 

or TFP. Imidazole did, however, significantly enhance (p<0.05) the 

response to TPA, Table 5.7
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Figure 5.8. the effect of TPA and 4PDD upon insulin release from 

statically incubated RINMSF celis. 

Values are means + SEM with n in parentheses. 

*, p<0.05 significantly increased compared with basal 

(Basal secretion was 23.46 + 1.85 uU/10°cells/90mins [n=15}). 
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Table S7 The effect of imidazole and TFP on TPA and 4PDD induce: 

Insulin release from statically incubated RINMSF cells. 

Treatment n Insulin release % from basal 

TPA, 10° /mol/1 5 131.30 + 8.498 

+ imidazole, 0.Immol/1 184.75 + 14.6042 a 

+ TFP, |Sumol/1 5 132.24 + 24734 

4PDD, 10° ©moi/1 5 119,50 + 20.034 

+ midazole, 0. Immol/1 4 7421+ 5.084 

+ TFP, 1Sumol/1 5 11523+ 9524 

  

a, p<0.05 significantly increased compared with basal 

b, p<0.05 significantly increased compared with 107 /mol/1 TPA.
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DISCUSSIONS 

The stimulation of HIT-T15 and RINMSF cell insulin release by 

forskolin, a widely known and powerful stimulant of adenylate 

cyclase (293), suggests a role for the adenylate cyclase system in 

the mechanism of insulin release from these cells. The stimulation 

of cAMP production by forskolin in adipocytes has been shown to be 

via a direct activation of the adenylate cyclase catalytic subunit 

rather than the stimulation of cAMP-phosphodiesterase (295). 

Yamamoto et.al. have shown that forskolin stimulates insulin 

release and cAMP generation dose-dependently in isolated islets, 

with maximum stimulation of secretion occurring at !Oumol/1 

forskolin (296) Ashcroft et.al. have demonstrated that 10umol/1 

forskolin stimulates insulin release and cAMP formation in HIT-T15 

cells both in the absence and presence of glucose. In addition 

forskolin potentiated glucose stimulated insulin release (167). 

Forskolin has also been reported to stimulate the release of insulin 

from RINMSF cells (297) 

Imidazole has been shown to stimulate cAMP dependent 

phosphodiesterases in a variety of tissues including heart (294), 

adipose tissue (298), parathyroid (299) and ileum (300). Imidazole 

1s most effective at high concentrations of the order of 0.1mmol/1 

and its activation of cAMP dependent phosphodiesterase 1s Mn2* 

dependent (301). The specificity of imidazole has been called into 

question since 1t has also been shown to inhibit cGMP dependent 

Phosphodiesterase (302). However any resultant increase in cGMP 

would additionally activate cAMP phosphodiesterase (303). The net 

effect of imidazole is to reduce the intracellular concentration of 

cAMP. The existence of a cGMP activated cAMP dependent 

phosphodiesterase 1n islet tissue remains to be determined. In the
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present studies O.Ilmmol/] imidazole inmibited glucose induced 

insulin release from HIT-T15 cells and glyceraldehyde induced 

Insulin release from RINMSF cells further supporting a role for 

cAMP in the regulation of insulin release from these cells. 

The stimulation of insulin release from HIT-T15 cells by high 

extracellular Ca2* in the absence of glucose, and its inhibition by 

the Ca** channel blocker verapam1| suggests that Cae*may enter the 

B-cell by passive diffusion along a steep electrochemical gradient 

(304), possibly through the B-cell Ca** channel. The resultant 

increase in intracellular Ca2* would trigger the insulin release 

mechanism. The omission of Ca~” from the incubation medium did 

not inhibit basal insulin release but did significantly inhibit 

7.5mmol/1 glucose induced insulin release from HIT-T15 cells 

confirming earlier observations by Ashcroft etal. (167) 

The involvement of Ca2* entry, via membranal Ca2* channels, 

In the mechanism of glucose stimulated insulin release from 

HIT-T1S cells and glyceraidenyde induced insulin release from 

RINMSF cells was evaluated using three ca2* channel blockers, 

verapamil, diltiazem and nifedipine’ These channel blockers 

Inhibited glucose and glyceraldehyde stimulated insulin release 

from both HIT-T15 and RINMSF cells respectively, suggesting Ca* 

entry 1s an essential step in the initiation of the secretory sequence 

in these cells. Verapamil has previously been shown to inhibit 

glucose stimulated insulin release from islets (305) and HIT-TIS 

cells (306). In addition to the specific inhibition of Ca2* channels, 

Triggle has shown that verapamil also inhibits fast Na” currents, 

and muscarinic, adrenergic and opiate receptor binding in various 

muscle tissue (307), Similar non specific actions of the other Ca2* 

channel blockers, diltiazem and nifedipine should not be ignored.
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Calmodulin inhibitors, TFP and M&B 15,753 also significantly 

inhibited glucose stimulated insulin release from HIT-T15 cells and 

glyceraldehyde induced insulin release from RINMSF cells. M&B 

13,753 1s a phenoxypropanolamine derivative recently develped by 

May and Baker and described as a specific calmodulin inhibitor (Dr 

T. Brown. May and Baker. Personal communication) Recently it has 

been suggested that lt may also be a beta adrenergic receptor 

antagonist (308). The calmodulin inhibitor TFP has been widely used 

in secretory studies using isolated islets (309,310). Fleischer et.al. 

using a Syrian hamster insulinoma has shown that TFP may also act 

as a Ca¢* channel blocker. In this study TFP at <lOumol/] was 

reported to block the entry of 45ca while »1Oumol/1 TFP appeared to 

enhance “ca entry into insulinoma cells (311). 

The Ca" sequestration blocker TMB-8 (a trimethoxybenzoate 

derivative which has been shown to reduce Ca?" availibility in 

skeletal and smooth muscles by stabilising ca binding to cellular 

stores ([312]) but not M&B 40,678 (a trimethoxybenzoate derivitave 

and putative Cae* sequestration blocker from May and Baker, Dr T. 

Brown, Personal communication) inhibited glucose stimulated 

insulin release from HIT-T15 cells. Any role a sequestration blocker 

such as TMB-8 right play in the mechanism of insulin release needs 

to be viewed with extreme caution. Especially in view of the 

potentiating effect of TMB-8 upon IBMX stimulated insulin release 

from isolated islets, recently reported by Weidenkeller and Sharp 

(313).
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The incubation of HIT-T15 cells with 2.Sumol/1 IP3 did not 

stimulate insulin release Biden et.al demonstrated that 2Sumol/1 

IP3 was sufficient to mobilise intracellular calcium in digitonin 

permeabilised RINMSF cells, where 50% of the maximum response 

was observed within 15 seconds (272). Any possible role for IPs 

induced Ca2* mobilisation in the mechanism of insulin release from 

intact cultured B-cells will require further study. 

Castagna et.al has shown that TPA, phorbol-12,13-didecanoate, 

-dibutyrate and -dibenzoate but not 4PDD or phorbol stimulate rat 

brain protein kinase-C (314). Virji etal. was the first to report that 

TPA stimulated insulin release from isolated pancreatic islets. 

These workers showed that the stimulation of insulin release was 

dependent upon substimulatory concentrations of glucose (315). 

Subsequent work by Malaisse et.al. demonstrated that TPA could 

stimulate insulin release in the absence of glucose (316). In the 

present studies TPA and the structurally related 4PDD both 

stimulated insulin release in the absence of glucose from RINMSF 

cells, suggesting a role for protein kinase-C in the mechanism of 

insulin release from these cells. TPA has also been shown to 

stimulate insulin release frorn the X-ray induced insulinoma of the 

rat, the parent tumour of the RINmSF cell line (317). The half 

maximum value for TPA stimulated insulin release from RINMSF 

cells of 8nmol/] determined in the present studies compares 

favourably with that recently quoted by Arcoleo and Weinstein of 

d4nmol/1 for purified protein kinase-C (318). Since imidazole and 

TFP had no effect on TPA and 4PDD induced insulin release in the 

present studies it can be inferred that these phorbol esters are 

probably acting via protein kinase-C to stimulate insulin release, 

rather than on cAMP dependent protein kinase-A or calmodulin
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dependent protein kinase. The enhancement of the RINMSF cell 

Insulin response to TPA by imidazole might well be the result of a 

reduction in protein kinase-A activity. The possibility that 4PDD 

may influence other parts of the insulin secretory process in 

RINMSF cells can not be excluded 

The effects of cAMP, Ca?* and inositol containing phospholipids 

upon insulin release should be viewed as an Integrated system. Hill 

etal. have shown that an increase in adenylate cyclase activity in 

HIT-TIS cells induced by forskolin increases the levels of cAMP 

without altering the concentration of cytosolic free Ca2* (319). Yet 

increasing the intracellular Ca@* concentration in islets with the 

Ca2* jonophore A23187 increases the intracellular cAMP levels 

(320). Certainly Ca@* and calmodulin can activate adenylate cyclase 

in isolated islets (321,322). Stimulated phospholipid turnover could 

conceivably increase the intracellular Ca2* concentration via IP3 

induced Ca@* release from intracellular stores. The resultant 

co-ordinated increase in CAMP, cae? and phospholipid levels would 

activate their respective protein kinases to produce the finely tuned 

Insulin response to a spectrum of insulin secretagogues. A possible 

model representing such an integrated system for the control of 

Insulin release from cultured HIT-T15 and RINMSF cells is 

Illustrated in Figure 59
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Figure 5.9 Putative mechanism for the integrative roles played b' 

CAMP, calcium/calmodulin, phospholipids and protein ki in th 

  

echanism of insulin release from HIT-T15 and RI F cells. 
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6 CHOLINERGIC AND ADRENERGIC MODULATION OF INSULIN RELEASE 

FROM HIT-T1S AND RINMSF CELLS. 

INTRODUCTION 

innervation of the pancr: ind the 1s\ f 

The early experiments of Clark in 1925 (323) and La Barre in 

1927 (324) suggested that vagal nerve stimulation provoked insulin 

release. Subsequently in 1958 Coupland (325) demonstrated an 

anatomic relationship between the autonomic nervous system and 

both the endocrine and exocrine pancreas. 

Preganglionic, parasympathetic cholinergic nerve fibers which 

innervate the pancreas originate in the dorsal motor nucleus of the 

vagus. These nerve fibers travel in the vagus and terminate in 

ganglia either within the exocrine pancreas or at the islet borders 

or directly at the surtaces of islet cells (326). Sympathetic nerve 

fibers from the splanchnic nerve traverse the coeliac ganglion and 

enter the pancreas. These fibers are closely associated with the 

blood vessels supplying the islets and also impinge upon. the 

surfaces of individual islet cells (326). The general layout of the 

autonomic innervation to the pancreas and the islets of Langerhans 

1s illustrated in Figure 6.1
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Figure 6.1 Au mic innervation of ( hi in thi 

islets of Langerhans 
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Cholinerg) ulation of islet hormone secretion. 

Stimulation of the vagus nerve has been shown to stimulate 

insulin, glucagon and pancreatic polypeptide secretion In dogs, pigs 

and calves. The role of vagal nerve stimulation in the release of 

somatostatin 1s not clear cut, in that a stimulation of somatostatin 

release has been observed in the dog whilst inhibition has been 

observed 1n the pig, (327-332), Table 6.1. 

Table 6.1 The effect of vagal nerve stimulation on the release of 

INSULIN, glu atostatin and pancreatic pol 1 

  

Species Effect of vagal nerve stimulation on the release of 

Insulin glucagon somatostatin PP 

  

Dog +(327) +(327) +(330) +(332) 

Pig +(328) +(328) 351) +(332) 

Calf +(329) +(329) NM +(329) 

  

PP, pancreatic polypeptide 

+, stimulation, -, inhibition, NM, not measured. 

Insulin and glucagon release in response to vagal nerve 

stimulation is inhibited by atropine in dogs and calves (327,329) 

suggesting muscarinic receptor stimulation. Vagal induced 

somatostatin release in the dog 1s only partly blocked by atropine 

(327), suggesting some non- muscarinic actions of acetly choline. In 

the pig (332), dog (327) and calf (329) vagal induced pancreatic 

polypeptide secretion 1s also Inhibited by atropine. Direct
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stimulation by the cholinergic agents acetylcholine (333), carbamy| 

choline (333), methacholine (334) and carbachol (335) causes a 

Marked increase in insulin release both ijn vivo and in vitro. 

Intrapancreatic infusion of acetyl choline also stimulates the 

release of glucagon, somatostatin and pancreatic polypeptide (336). 

The cholinergic receptor 

Early studies of the biological actions of acetylcholine and its 

congeners on the clam heart (Venus mercinaria) has lead to the 

current understanding of cholinergic receptor structure (337). The 

binding of acetyl] choline (whose structure is illustrated below in 

Figure 6.2,) to the cholinergic receptor is believed to occur at two 

distinct sites, the cationic nitrogen species binds electrostatically 

with an anionic cavity in the receptor (a) and the aldehyde group 

May either hydrogen bond or interact with electron donor groups at 

the receptor surface (b) [338]. 

Figure 6.2 Structure of acetylcholine 

CHs CHs 
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The main antimuscarinic agent, atropine, an alkaloid of the 

deadly nightshade (Atropa belladonna) exhibits sufficient similarity 

with acetylcholine, 1.e., it contains a cationic nitrogen group and an 

aldehydic group separated by a carbon chain, to interact directly 

with the cholinergic receptor blocking any subsequent binding and 

actions of acetylcholine. Isiet cells clearly possess muscarinic 

receptors since L-[N-methy1-9H) scopolamine, a specific muscarinic 

agonist, will bind to isolated islets (339,340) and to islet A-and 

B-cells (341). The binding of L-{N-methy1-3H] scopolamine to 

isolated islets 1S inhibited by the cholinergic agonist 

carbamylcholine (340). Acetylcholine may also interact with 

nicotinic receptors (342), however, no such receptors have been 

identified on pancreatic B-cells. Nicotinic receptors do occur in the 

intrapancreatic ganglia where nicotinic actions of acetylcholine 

may stimulate insulin release (343). 

Adrenergic modulation of islet hormone secretion. 

Stimulation of the splanchnic nerve (or mixed pancreatic nerve 

after atropine pretreatment) inhibits insulin release in dogs (344), 

and calves (345) and glucagon release in dogs (344), calves (345) 

and pigs (328). Splanchnic nerve stimulation inhibits somatostatin 

and pancreatic polypeptide release in the dog (346), but produces an 

Increase 1n pancreatic polypeptide secretion in the calf (347). The 

addition of exogenous adrenaline has been shown to inhibit insulin 

release from pieces of rat pancreas (333), isolated rat islets (348) 

and the perfused rat pancreas (349). Adrenaline also inhibits 

somatostatin release from isolated islets (350). In contrast to 

splanchnic nerve stimulation, exogenous adrenaline stimulates 

glucagon secretion from the perfused pancreas (351).
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Adrenoreceptors and insulin rejease. 

Ahiquist first described the existence of two types of 

adrenoreceptors, which he designated alpha and beta (352). Lands 

etal, showed that two subclasses of beta receptors exist, beta, and 

betas (353). Subsequent work by Drew et.al. and Hoffman and 

Lefkowitz demonstrated the existence of alpha; and alphao 

subclasses of the classical alpha-adrenoreceptor (354,355). On the 

pancreatic B-cell adrenaline exerts its Inhibitory action upon 

insulin release via direct activation of alpha-adrenoreceptors, this 

mode of action is suggested by the following evidence. Adrenaline 

induced inhibition of insulin release is abolished by alpha receptor 

blockade with phenoxybenzamine and phentolamine but not by beta 

receptor blockade with propranolol or nethalide (333). The alpha 

adrenergic agonist clonidine inhibits insulin release, and the 

Inhibition is abolished by phentolamine (356). Nakaki et.al. have 

demonstrated that adrenaline acts specifically via alpha 

adrenoreceptors on the basis that yohimbine, an alphas receptor 

antagonist abolished adrenaline induced inhibition of insulin 

release, while prazosin, an alpha; receptor antagonist was 

ineffective (357). Malaisse and Moratinos have confirmed that the 

pancreatic B-cell is virtually devoid of alpha, adrenoreceptors 

(358). A physiological role for beta receptor activation in the 

regulation of insulin release is difficult to ascribe, certainly the 

binding of the beta adrenergic ligands (H) dihydroalprenolol and 

{'25)) cyanoiodopindolol would suggest that pancreatic islets 

possess beta adrenoreceptors (91) Any stimulation of insulin 

release by beta receptor activation 1s only possible when 

simultaneous alpha blockade 1s imposed (91,359), indicating the 

relative efficacies of the two receptor populations.
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Central nervous system regulation of insulin release 

In 1849 Claude Bernard demonstrated that puncturing the floor 

of the fourth ventricle in dogs resulted in hyperglycaemia and 

glycosuria (360). This study provided the first evidence for central 

nervous system (CNS) control of glucose homeostasis. There 1s 

evidence for the presence of glucose sensitive (361,362) and insulin 

sensitive (363,364) areas within the hypothalamus. Intravenous 

glucose Infusion increases electrical activity in the ventromedial 

hypothalamus (VMH) and decreases electrical activity in the 

ventrolateral hypothalamus (VLH), while insulin infusion has the 

opposite effects (365). Frohman and Bernardis have showed that 

electrical stimulation of the VMH results in hyperglycaemia, 

Increased glucagon and decreased insulin levels (366). It has been 

suggested that the VLH and the VMH may be the parasympathetic and 

sympathetic centres involved in the control of glucose homeostasis 

respectively (367). Possible interrelationships which might exist 

between the VLH and the VMH In the control of insulin release are 

illustrated in Figure 6.3 

The role of neuropeptides in the control of insulin release. 

Many peptides have been identified in pancreatic nerves, where 

they presumably act as as neurally controlled regulators of 

pancreatic islet function. Ahren et.al. have suggested five criteria 

for the identification of neuropeptides active in the endocrine 

pancreas (368), Table 6.2
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Figure 6.3 interrelationships between the ventromedial (VMH) and 

ventrolateral (VLH) hypothalamus in the control of insulin release. 
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Table 6.2 Criteria for the identification of pancreatic neuropeptides 

(368) 

  

Criterion | Pancreatic localisation 

Criterion Z Pancreatic release during neural stimulation 

Criterion 3 Ruling out classical neurotransmitters 

Criterion 4 Effects on islet hormone secretion 

Criterion 5 Neural effects inhibited by specific neuropeptide 

antagonists 

  

Ahren et.al. has recently described seven neuropeptides; 

vasoactive intestinal polypeptide (VIP), cholecystokinin (CCK), 

gastrin releasing peptide (GRP), galanin, neuropeptide-Y (NPY), 

calcitonin gene-related peptide (CGRP), substance-P and enkephalin 

(368). These presumptive neuropeptides satisfy criteria 1,2 or 4 as 

illustrated in Table 63 and these three criteria represent the 

mainstay of neuropeptide research to date. In order to rule out 

classical neurotransmitters (criterion 3) any change in islet 

hormone secretion during autonomic nervous system blockade will 

need to be monitored and fulfiliment of criterion S will depend upon 

the subsequent development of specific neurpoeptide antagonists. In 

general terms, galanin, NPY, and CGRP are thought to be inhibitory 

and VIP, CCK, and GRP are thougnt to be stimulatory neuropeptides. 

The physiological significance of these opposing actions remains to 

be determined
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Table 6.3 \dentification of the presumptive neuropeptides which 

satisfy the criteria |, 2 and 4 proposed by Ahren et.al.(368) in 

Table 6. 

  

Peptide Criterion 

\/ Pancreatic 2/ Release during 4/ Effect on 

localisation neural stimulation insulin release 

  

VIP +(369) +(376) +(378) 

cck +(370) +(370) 

GRP +(371) +(377) +(379) 

Galanin +(372) S(5772). 

NPY +(373) =(375) 

CGRP +(374) -(374) 

Substance-P +(375) +/-(380,335) 

Enkephalin +(375) +/-(381) 

  

Examination of the literature, therefore, provides four possible 

levels for the neural control of insulin release involving the CNS, 

cholinergic, adrenergic and peptidergic axes. The present work 

examines two of these axes, cholinergic and adrenergic. The effects 

of acetylcholine the PSNS neurotransmitter have been studied upon 

the static and dynamic release of insulin from HIT-T15 and RINMSF 

cells together with studies using the muscarinic blocker, atropine 

and the micotinic blocker hexamethonium (to delineate muscarinic 

and nicotinic effects). Any involvement of ca2* entry and cAMP 

metabolism have been evaluated using verapamil and imidazole. The 

effect of adrenaline, the SNS neurotransmitter has been examined on 

basal and 7.5 mmol/l glucose stimulated insulin release and 

7.5mmol/1 glucose stimulated glucose oxidation by HIT-T15 cells.
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RESULTS 

h T_acetylcholine on insulin ms 

tatically incubated HIT-T15 and RINMSF cells. 

In the absence of glucose acetylcholine stimulated insulin 

release from statically incubated HIT-T15, Figure 6.4 and RINMSF 

cells, Figure 6.5, Maximum and half maximum stimulation occurred 

at 1000 and 8.9umol/] for HIT-T1I5 and 100 and 4.2umol/1 for 

RINMSF cells. Acetylcholine also stimulated the release of 

C-peptide from HIT-TIS cells, maximum and half maximum 

stimulation occurring at 1000 and 19.9umol/1 respectively, Figure 

6.6. C-peptide values from HIT-T15 cells were considerably lower 

than the corresponding insulin values, possibly due to the poor 

crossreactivity of hamster and human C-peptides in the C-peptide 

radioimmunoassay. Although the release of C-peptide and insulin 

were not equimolar, there was a strong positive correlation 

between their respective release rates (p<0.05), Figure 6.7. 

The effect of acetylcholine on giucose stimulated insulin release 

from statically incubated HiT-T15S and RINMSF cells. 

Raising the glucose concentration to 7.5mmol/1 significantly 

stimulated the release of insulin from HIT-T15 cells. Interestingly, 

this batch of RINMSF cells (passage 93) also released insulin in 

response to 7Smmol/l glucose. The insulin response of RINMSF 

cells was some six fold lower than the corresponding insulin 

response of HIT-T!5 cells. Immol/| acetylcholine generated a 

stimulation of insulin release that was equivalent in magnitude to 

that generated by 7.Smmol/] giucose from both cell lines. In 

addition Immol/| acetylcholine potentiated 7.5mmol/1 glucose 

induced insulin release from HIT-T15 but not RINMSF cells, Table 

64,
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Figure 6.4 The effect of acetylcholine upon insulin release from 

tatically incubated HIT-T15 cells 

Values are means + SEM with n in parentheses. 

*, p<0.05 significantly increased compared with basal. 

(Basal release was 54.53 + 5.29uU/1 0°cells/90mins ([n=13]) 
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Figure 65 The effect of acetylcholine upon insulin release from 

statically incubated RINMSF cells 

Values are means + SEM with n in parentheses 

*, p<0.05 significantly increased compared with basal. 

(Basal release was 16.38 + 0.70uU/10°cells/90mins [n=22]) 
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Figure 6.6 The eff ft acetylchol 5 

statically incubated HiT-T15 cells 

Values are means + SEM with n in parentheses 

*, p<0.05 significantly increased compared with basal. 

( Basal release was 0.022 + 0.002pmol/ 102cells/90mins {n=5]) 
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Figure 6.7 Positive correlation between C-peptide and insulin 

release from statically incubated HIT-T15 cells challenged with 

tylcholine, the concentrations of which are given 

Data are mean values. 
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Table 6.4 The effect of acetyicholine on gl nsulin 

  

  

re fro tically incubated HIT-T15 and RiNm ui 

Treatment insulin release uU/ 10°cells/90mins 

fi eens) n — RINMSF 

Basal 13" 545549 2922" 1058+ 0,70 

Glucose, 7.5mmol/1 14 12480+ 12209 9 2262+2.864 

Acetylcholine, Immol/1 8 129.70+19779 5 27,00+0594 

Glucose + Acetylcholine 6 175:76'* 16.622 5 30.76 + 5.10 

  

a, p<0.05 significantly increased compared with basal. 

b, p<0.05 significantly increased compared with 7.5mmol/1 glucose. 

The effect of atropine, hexamethonium, verapamil and imidazole 

upon acetylcholine induced insulin release from statically incubated 

HIT-T15 and RINMSF cells. 

Acetylcholine, Immol/1, induced insulin release from HIT-T15 

and RINMSF cells was inhibited by some 32.7 and 33.1% respectively 

using Immol/] atropine, a muscarinic receptor antagonist. The 

nicotinic receptor antagonist, hexamethonium, at a concentration of 

Immol/] had no effect upon acetylcholine induced insulin release 

from either cell line. Acetylcholine induced insulin release from 

HIT-T1S and RINMSF cells was also inhibited by the calcium channel 

blocker verapamil (iSumol/!) and the cAMP-dependent 

phosphodiesterase activator imidazole (0.!mmol/1), Table 6.5.
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Table 65 The effect of atropine, hexamethonium, verapamil and 

  

mi le upon a Icholine ind sulin rel f tatical 

HIT- RINMSF cells. 

Treatment Insulin release uU/10>cells/90mins 

nh HIT-T15 n_ RINMSF 

  

Acetylcholine, |mmol/| 8 129.70+19.772 5 27.00+0594 

+Atropine, Immol/1 6 8682+1088 6 18,06+0,77> 
+Hexamethonium,Immol/] 6 121.26+ 404 S257 5 2t5 

+Verapamil, 1Sumol/1 GO wees 3.72 4 20.06 + 2.039 

+Imidazole, O.Immol/) 6 7792+ 5.115 5 1831+1.659 

  

a, p<0.05 significantly increased compared with basal 

b, p<0.05 significantly reduced compared with Immol/] 

acetylcholine 

Dynamics of acetylcholine stimulated insulin release from perifused 

HIT-T1 RINMSF cell 

The dynamic release of insulin from perifused HIT-T15 cells in 

response to Immol/] acetylcholine produced a monophasic release 

pattern which reached a maximum of 15.9 + 32 uU/min/plate 15 

minutes after the addition of Immol/1 acetylcholine. The total area 

under the mean acetylcholine stimulated profile was 5845 + 61.1 

uU/60mins/plate (n=5) compared with a total area of 281.8 + 17.1 

uU/60mins/plate (n=5) obtained in the absence of glucose, p<0.05, 

Figure 6.8.
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Figure 6.8 The effect of acetylcholine (Immol/1) upon insulin 

release from perifused HIT-T15 cells. 

Values are means + SEM with n In parentheses. 

*, p<0.05 significantly increased compared with basal (absence of 

acetylcholine), when analysing the areas under the secretory 

profiles 
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Perifusion of RINMSF cells revealed a more modest (but of the 

same order of magnitude) multiphasic pattern of insulin release. The 

total area under the insulin release profile in response to Immol/1 

acety! choline ammounted to 372.9 + 20.5 uU/60mins/plate (n=4) 

and was significantly increased, p<0.05 compared with the total 

area of 2643 + 33.4 uU/60mins/plate (n=4) obtained in the absence 

of acetylcholine, Figure 6.9 

The effect of adrenaline upon basal and 7.5mmol/1_ glucose 

timulated insulin release from statically 1 HIT=El 

Adrenaline at concentrations up to 100umol/] caused a 

marginal but non-significant reduction in basal insulin release, 

Table 6.6 

Table 66 The effect of adrenaline upon basal insulin release from 

statically incubated HIT-T15 cells 

  

  

[Adrenaline] umol/} n Insulin release % from basal 

| 4 -19.80+ 7.38 

10 4 -21.24+ 446 

100 4 -23.44+ 675 

1000 4 +45.93 + 21.52 

  

On the other hand, insulin release from HIT-T1I5 cells in 

response to 7.S5mmol/l glucose was significantly reduced by 

adrenaline at all concentrations ranging from 1-1000umol/1, Figure 

6.10
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Figure 6.9 The effect of acetylcholine (Immol/1l) upon insulin 

release from perifused RINMSF cells 

Values are means + SEM with n in parentheses. 

*, p<0.05 significantly increased compared with basal (absence of 

acetylcholine), when analysing the areas under the secretory 
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Figure 6.10 The effect of adrenaline upon glucose (7.5mmol/1) 

release from statically in NEST i 

Values are means + SEM with n in parentheses. 

*, p<0.05 significantly reduced compared with 7.5mmol/1 glucose. 

(16) 
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The effect of adrenaline upon the rate of p-(ul 4c glucose oxidation 

by HIT-T15 cells 

Raising the glucose concentration from 2 to 7.5mmol/1 

produced a marked and significant (p<0.0S) increase in the rate of 

p-{u! 4c] glucose oxidation. The rate of glucose oxidation in the 

presence of 7Smmol/1 glucose was significantly (p<0.05) inhibited 

(50.8%) by adrenaline at a concentration of Immol/I, Table 6.7. 

Table 6.7 The effect of adrenaline on the rate of D-| u! 4cigiucose 

xidati -T15 cells 

  

  

Treatment Rate of glucose oxidation 

n umol/10°cells/90mins 

Glucose, 2mmol/1 i 4.81 +0.45 

Glucose, 7.5mmol/1 5 17.74 + 1.764 

Glucose, 7.5mmol/1 

+ Adrenaline, Immol/l 9 9102 + 1.80? 

  

a, p<0.05 significantly increased compared with 2mmol/1 glucose. 

b, p<0.05 significantly reduced compared with 7.5mmol/1 glucose.
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The stimulation of insulin release from cultured HIT-T15 and 

RINMSF cells by acetylcholine 1s consistent with the observed 

effects of this agent on isolated islets (382). However, previous 

studies using Islets have suggested that cholinergic agents do not 

stimulate insulin release In the absence of glucose (333,382). The 

glucose requirement for acetylcholine stimulated net insulin 

release from islets may be a feature of the paracrine interaction 

between islet cells (Chapter 4, page 116), glucose being a potent 

stimulator of somatostatin release, and an inhibitor of glucagon and 

pancreatic polypeptide release (199). This paracrine interaction 1s 

not Imposed on cultured HIT-T15 and RINMSF cells. A potentiating 

effect of acetylcholine upon giucose stimulated insulin release from 

HIT-TIS cells in vitro has been reported by Ashcroft et.al 
  

(167). The potentiating effect of acetylcholine upon 

Insulin release In vivo Is believed to be the result of a combination 
  

of vagal activity, initiated by the sight, smell and anticipation of 

food and a postprandial elevation in blood glucose (323). This 

combined effect makes rapid and efficient use of absorbed 

nutrients 

Since acetylcholine has been shown to stimulate glucagon 

release (327,336) it could be argued that acetylcholine stimulates 

insulin release via the release of glucagon from adjacent A-cells in 

the islet. In the present work (Chapter 4, page 116) glucagon was 

found to be a potent stimulator of insulin release from both HIT-T15 

and RINMSF cells. in these studies acetylcholine stimulated insulin 

release in the absence of glucagon secreting A-cells, although 

RINMSF cells have been shown to secrete minute amounts of
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glucagon (S8). This observation would suggest that glucagon 1s not a 

necessary prerequisite for the acetylcholine stimulation of insulin 

release from B-cells, and confirms our previous findings for 

L-arginine (Chapter 3, page 82) and GIP (Chapter 4, page 116). 

The monophasic pattern of insulin release from HIT-T15 cells 

observed 1n response to acetylcholine (in the absence of glucose) 

was consistent with the observations of Kimura et.al, using the 

perfused rat pancreas (383). This sustained monophasic release 

pattern confirmed the presence of a substantial readily available 

insulin secretory granule pool in HIT-T15 cells. The much reduced 

multipnasic insulin release profile observed with RINMSF cells 

could concievably suggest a failure of the normal synthesis and 

Margination of B-cell granules, although ultrastructural studies 

would be required to contirm this. 

Acetylcholine mediated insulin release from both HIT-T15 and 

RINMSF cells clearly involves muscarinic receptor activation. This 

was confirmed by the inhibitory effect of atropine, a muscarinic 

receptor antagonist and the absence of an effect for hexamethonium, 

a nicotinic receptor antagonist on acetylcholine stimulated insulin 

release 

The stimulation of insulin release from HIT-T15 and RINMSF 

cells by acetyl choline appears to be dependent upon calcium uptake, 

In so far as verapamil, a calcium channel blocker (305,306) 

inhibited insulin release. This observation 1s consistent with the 

calcium dependency of acetylcholine induced insulin release 

reported by Wollheim and Biden using RINMSF cells (384). The 

inhibitory effect of imidazole, a cAMP dependent phosphodiesterase 

activator (298-300) upon acetyl! choline induced insulin release
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from both HIT-T1S and RINMSF cells is more difficult to explain. 

Especially since acetylcholine does not appear to increase the 

intracellular concentrations of cAMP in isolated islets of 

Langerhans (385). In addiyion acetylcholine does not increase the 

intracellular concentration of cGMP (385). It is conceivable that 

imidazole may interfere with phospholipid turnover in the B-cell 

membrane and there 1s much evidence to suggest that acetylcholine 

induced insulin release 1s mediated by increased phospholipid 

turnover (386). Occupation of muscarinic receptors has been shown 

to result in the activation of phospholipase-C (387) and to increase 

the influx of extracellular calcium. (388). Increased turnover of 

phospholipids (386) ultimately leads to an increase in the 

concentrations of diacylglycerol and IPz (269,386). Increased 

concentrations of diacylglycerol would activate protein kinase-C 

and stimulate insulin release (386,389). The increase in IP3 induced 

calcium mobilisation brought about by cholinergic agents may not be 

sufficient to stimulate insulin release, since acetyl choline induced 

insulin release is dependent upon extracellular calcium (382) 

Adrenaline has been reported to inhibit 10mmol/1 glucose 

induced insulin release from HIT-TI5 cells [result of a@ single 

experiment] (167) and lOmmol/1 alanine induced insulin release 

from RINMSF cells (390). RINMSF cells have been shown to possess 

both alpha, and alphao-adrenoreceptors (390), and the usual 

cellular response to the activation of alphas receptors is the 

inhibition of plasma membrane adenylate cyclase and a decrease in 

the intracellular concentration of cAMP (391). Certainly using 

isolated islets, alpha. receptor activation with clonidine inhibited 

adenylate cyclase and the production of CAMP (392). Adrenaline also
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Innibits potassium induced insulin release from RINmSF cells a 

process which presumably involves the hyperpolarisation of the 

B-cell membrane (58). Adrenergic inhibition of insulin release has 

also been shown to alter calcium fluxes in the B-cell, certainly 

adrenaline inhibited glucose induced calcium entry (393) and 

reduced calcium retention (394) 

The results of the present studies suggests that the adrenergic 

Inhibition of glucose stimulated insulin release from HIT-T15 cells 

May be the result of an inhibition of glucose oxidation, in so far as 

adrenaline inhibited '4co, production from D-[U'4c) glucose. This 

Inhibition of glucose oxidation would reduce the capacity to 

manufacture reducing equivalents and ATP to fire essential parts of 

the secretory machinery, such as the B-cell Na’/K*-ATPase and the 

Ca2*-ATPase, but gives no information as to how adrenoreceptor 

occupancy 1s linked to the inhibition of glucose metabolism
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L | ASE FROM CULTURED INI 11 Ri AND UMR 407/3 CELLS 

AND A HUMAN ISLET CELL ADENOMA 

INTRODUCTION 

The INI 11 R1 cell line and its derivation 

The induction of insulinomas by BK virus (395) infection in 

Syrian hamsters has been well documented. Uchida et.al. 

demonstrated that after intracranial injection of BK virus, 47% of 

animals developed malignant pancreatic insulinomas (396). Corallini 

etal. reported that intracranial or intraperitoneal injection of BK 

virus resulted in the production of pancreatic islet cell tumours, 

however, the success rate of 12% (397) was lower than that 

reported by Uchida et.al. (396). These tumours were shown 

histologically to contain insulin, C-peptide, glucagon, calcitonin and 

gastrin immunoreactivity (397). 

In an attempt to confirm their earlier findings Uchida et.al. 

repeated the BK virus infection studies. intraperitoneal, intracranial 

or subcutaneous injection of BK virus resulted in the production of 

malignant insulinomas (usually with hepatic metasteses) in up to 

92% of animals. One of these tumours INI11 was serially 

transplanted in vivo. After 2 to 5 weeks, tumours measuring | to 3 

cm in diameter could be identified. These tumours were associated 

with blood giucose levels as low as 0.4mmol/1 and serum insulin 

levels as high as 320uU/ml (54) 

The IN1!1 tumour maintained in vitro was composed of two 

morphologically different cell types, round and epithelial cells. 

These cell types were subsequently cloned to yield INI11 RI and 

INT11 E4 cell lines. Insulin release and the development of
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insulinomas in vivo was only associated with the round INI11 RI 

cells (54). During continuous passage, the characteristic round cells 

May subsequently be replaced with epithelial cells which no longer 

produce insulin and instead switch to the production of glucagon (Dr 

S. Watanabe, Department of Enteroviruses, NIH, Tokyo, Japan, 

Personal communication). Despite the potential for insulin 

production and the ability to be continuously passaged this cell line 

has been little used and 1s seldom quoted in the literature. 

The UMR 407/3 cell line and its derivation. 

In 1987 Ng et.al. described the production and insulin release 

from from a cloned precursor beta cell line derived from isolated | 

day old neonatal rat islets (63). Freshly isolated islets were 

cultured for 2 days as loose monolayers, after which time they were 

gently removed with a pasteur pipette and subsequently cultured in 

double nutrient agar for 2 weeks. After this time the remaining 

individual islets were picked out and cultured as monolayers. Cells 

that subsequently grew from these islets were used as the primary 

cell cultures. These cells were passaged 4 times over the 

subsequent 6 months and then cloned by limiting dilution on rat. tail 

collagen. Eventually nine clones resulted, each one capable of 

growth without collagen. These clones were designated UMR 401 to 

409, UMR 407 was further cloned to give three subclones UMR 407/1 

to UMR 407/3. (63). The ability of these cells to form colonies in 

soft agar and their limited life span (up to 27 passages) suggested 

that these cells were likely to be progenitor or precursor B-cells 

(398,399). UMR 407/3 cells characteristically grow to a confluent 

monolayer and can be maintained for up to 27 passages after which 

time the cells begin to crenate and detach, such features are 

characteristic of the development of in vitro senescence(63).  
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e culture of insulinomas 

In the past adult Insulinomas have proven difficult or 

Impossible to maintain long term Jn vitro (35-41). This difficulty 1s 

accentuated by the low frequency of occurrence. Creutzfeldt et.al. 

reported the biochernical and histological findings of some 30 

insulinomas collected over a seven year period from six university 

medical schools (34). The previous attempts to culture human 

insulinomas (reviewed in Chapter 1, page 10) based on the length of 

culture period, continued insulin release In vitro and glucose 

sensitivity have been summarised 1n Table 7.1. 

Table 71 Summary of the previous attempts to culture human 

insulinoma tissue 

  

Study Maximum Insulin release Glucose 

culture period %of day | value sensitivity 

  

Murray et.al.(4) S-6bweeks ND ND 

Chick etal.(35) 2months 26.8% by 34d = 

Yip et.al.(36) >2months 6.3% by 20d - 

Adcock et.al.(37) >7months 5.0% by 50d = 

Akag) et.al.(41) >1Omonths 4.4% by 35d ND 

Saxe et.al.(38) >40days By 30d IRI had =(e)* 

Increased by75% 

of 10d value 
  

ND, not determined 

(+)*, fresh but not cultured tissue was glucose sensitive up to 

16. 7mmol/1
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The present work describes the Initial characterisation of 

Insulin release from INI11 RI cell line, in terms of glucose 

sensitivity (of both insulin release and glucose oxidation), and 

responsiveness to a range of insulin secretagogues (glyceraldehyde, 

L-arginine, glibenclamide and chlorpropamide) and inhibitors 

(adrenaline, TFP and verapamil). In addition initial studies 

confirming the glucose sensitivity of the newly derived UMR 407/3 

cell line together with the effect of tolbutamide on insulin release 

from these cells and their rate of glucose oxidation have also been 

included. Attempts have been made to culture a human islet cell 

adenoma in vitro. The tumour, one of ten identified following partial 

pancreatectomy was obtained at surgery from Birmingham General 

Hospital. A preliminary evaluation of the culture characteristics, 

insulin release and the capacity for cryopreservation are presented.
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MATER AND METHODS 

Mai ir | 

Stock cultures of IN111 R! and UMR 407/3 cells were routinely 

Maintained in RPMI 1640 supplemented with 10% foetal calf. serum, 

100ug/ml streptomycin and 100IU/ml penicillin at 37°C in 5% 

CO>/humidified air using 250m! Costar tissue culture flasks. 

Stock cultures were passaged once weekly and fed twice 

weekly. INI 11 RI and UMR 407/3 cells were reseeded at 4 x 10° and 

2x 108 cells per flask respectively. All experimental work was 

performed with passages 27 to 30 for INI11 R1 cells and passages 

10 to 14 for UMR 407/3 cells. Aliquots of INI11 RI at passage 27 

and UMR 407/3 cells at passage 10 were frozen in liquid nitrogen 

(Chapter 2, page 38) for future use 

Insulin release from statically incubated INI11 RI and UMR 407/3 

cells 

Either 2 x 10° INII1 RI or 4.x 10° UMR 407/3 cells from 

freshly trypsinised stocks were transferred to each well of a 24 

well Costar cluster plate containing Iml of supplemented RPMI 

1640 medium. Plates were incubated for 48 hours to allow adhesion 

and proliferation. After this time UMR 407/3 cells formed a 

confluent monolayer. Cultures of INI11 R1 and UMR 407/3 cells 

were then washed in Krebs/bicarbonate/HEPES buffer, pH 7.4 

containing BSA, 0.2g/1 (Appendix, page 228) and subsequently test 

incubated for 9Ominutes with the test agents at the appropriate 

concentrations. After incubation 0.2m] of the mildly agitated and 

centrifuged (1000rpm) supernatant was frozen at -15°C for the
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subsequent estimation of insulin by double antibody 

radioimmunoassay. The number of cells present in each well during 

secretory experiments was determined as described previously 

(Chapter 2, page 38). Insulin release was expressed as 

uU/10°cells/90minutes. 

Measurement of the rate of glucose oxidatio | 

7/ ] 

Batches of either 10> INI11 RI or 10° UMR 407/3 cells were 

incubated in small plastic reaction tubes containing 100uL of 

Krebs/bicarbonate/HEPES buffer, pH 7.4 supplemented with BSA, 

0.2g/1. The incubation medium contained either glucose (5.6 or 16.7 

mmol/1) alone or in combination with a variety of test agents at the 

appropriate concentrations and a tracer amount of D-[U'4c] glucose 

(4uCi/m1). The incubation protocol and the calculation of the rates 

of glucose oxidation have been described previously (Chapter 2, page 

61) 

Origin and maintenance of the human insulinoma. 

Clinical background. 

A 21 year old caucasian male presented with an I8month 

history of intermittent altered consciuosness, particularly after 

exercise or missing meals. Diagnosis of insulinoma was confirmed 

by the finding of a 24hourfastedblood glucose of 1.5mmol/1 with a 

simultaneous serum insulin concentration of49.9mU/1. Serum 

calcium was elevated at 2.8-3.0mmol/1 with a parathyroid hormone 

concentration of 0.35ng/ml (normal value <0.2ng/ml), consistent 

with primary hyperparathyroidism and multiple endocrine 

adenomatosis type |. Histology following partial pancreatectomy 

revealed multiple adenomata of the islets of Langerhans. This 

tumour is referred to hereafter as ‘insulinoma’.
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insulinoma disaggregation and culture protoco 

A cross sectional segment of an excised 0.7cm diameter 

insulinoma was transported from the operating theatre to the 

laboratory and maintained overnight at 37°C in an atmosphere of 

5%CO>/humidified air using RPM! 1640 supplemented with 10% 

foetal calf serum, 100ug/m1 streptomycin and 100IU/ml penicillin 

The following morning the insulinoma was disaggregated by 

vigorous shaking in 10 ml of fresh supplemented RPMI 1640 until 

only the fibrous capsule remained. The resultant cell suspension and 

any debris from the overnight culture period were pooled, 

centrifuged (1000rpm/3minutes) and resuspended in supplemented 

RPM! 1640. Prior to attempts at extended culture the cell yield, 

viability (trypan blue exclusion), ability to release insulin in 

response to glucose and insulin content were determined using a 

small number of cells ~7 x 10° in total 

All of the isolated cells were plated into a 250ml Costar tissue 

culture flask containing 20m] of supplemented RPMI 1640. Spent 

culture medium was replaced every two days, at which time insulin 

released into the medium was determined by double antibody 

radioimmunoassay and expressed as uUinsulin/flask/2days. Cultures 

were passaged at a split ratio of 1:1 on days 7 and 24 and at aratio 

of 1:2 on day 34 into 50m1 tissue culture flasks. On day 24 the 

detached cells were frozen in liquid nitrogen (Chapter 2, page 38) 

for a period of 1 month over the Christmas break until required.
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asurement of insulin rele: from_hi } 1 | 

response to glucose. 

10> freshly disaggregated insulinoma cells were incubated for 

| hour in LP3 tubes (Luckhams Ltd, UK.) containing Iml of 

Krebs/bicarbonate/HEPES buffer, pH 7.4 supplemented with BSA, 

0.2g/1 and either 5.6 or 16.7 mmol/1 glucose. After incubation the 

tubes were centrifuged (1000rpm) and 0.2m] of the supernatant was 

removed and stored at -15°C for the subsequent estimation of 

insulin by double antibody radioimmunoassay. Insulin release was 

expressed as uU/ 1 0>cells/hour.
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RESULTS 

Characteristics of INIJ1 RI cells in culture 

Cultures of INI11 RI cells were mainly composed of round 

cells, although a very small number of epithelial cells could be 

detected, The round cells tended to self associate to form diffuse 

islet like structures (comparable with HIT-T15 cell cultures) never 

reaching confluence. The INI11 RI cells had a plating efficiency of 

80.1 + 3.4 % (n=3) and a doubling time of 24 hours (estimated based 

on the number of cell doublings over 48 hours). This figure compared 

favourably with the 30 hour doubling time obtained by Kikkawa et.al. 

Tor these cells (55). 

The effect of glucose on insulin release and the rate of glucose 

oxidation by cultured INII1 RI cells 

Raising the glucose concentration from 0 to 16.7mmol/1 failed 

to significantly stimulate insulin release from statically incubated 

INIT] RI cells, Figure 7.1. Raising the glucose concentration from 

5.6 to 16.7mmol/] did, however, significantly increase the rate of 

INI 11 RI cell glucose oxidation, Table 7.2 

Table 7.2 The effect of glucose on the rate of gluco: xidati 

insulin release from cultured IN | 11 RI cells 

  

  

{Glucose} n Glucose oxidation n Insulin release 

mmol/1 umol/10°cells/90min uU/10°cells/90min 

5.6 6 75.50 f6ali) 2 12.12 + 2.06 

16.7 6 22279% 12.787 6 10,99+3.53 

  

a, p<0.05 significantly increased compared with 5.6mmol/1 glucose
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At passage 29 INI}! RI cells had an insulin content of 

159 2uU/10°cells, Insulin release in response to 5S.6mmol/1 glucose 

from this passage accounted for some 7.6% of the total insulin 

content per 90mins. 

The effect of glyceraidehyde, L-arginine, glibenclamide _and 

hlorpropam insulin release trom statically 1 

Ri cells 

In the absence of glucose, |!O0mmol/l D-glyceraldehyde, 

1Smmol/1 L-arginine, and 8umol/] glibenclamide and chlorpropamide 

Significantly stimulated insulin release, Table 7.3. At the 

concentrations used in the present work glibenclamide was the most 

potent insulin secretagogue followed by L-arginine, chlorpropamide 

and glyceraldehyde 

Table 7.5 The effect of glyceraldehyde, L-arginine, glibenclamide 

and chlorpropamide on insulin release from statically incubated 

INI11 RI cells 

  

Treatment n Insulin release 

uU/10°cells/90mins 

  

Basal (no glucose) 10 7.42 + 1,66 

Glyceraldehyde, 1Ommol/1 5 12.74+ 1.664 

L-arginine, 1Smmol/1 5 15.19 + 2.974 

Glibenclamide, 8umoi/1 6 17.21 + 3.804 

Chlorpropamide, 8umol/1 6 13.87 + 1.694 

  

a, p<0.05 significantly increased compared with basal
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[fect of adrenaline, TFP, and verapam) | 

Induced insulin release from statically incubated INI11 Ri cells. 

Since INI11 RI cells do not release insulin in response to 

glucose glyceraldehyde was chosen as a suitable secretagogue for 

the subsequent use of adrenaline, verapamil and TFP. Adrenaline at a 

concentration of Immol/1, the calcium channel blocker verapamil 

and the calmodulin antagonist TFP, at |Sumol/l, all inhibited 

1Ommol/1 glyceraldehyde induced insulin release from statically 

incubated IN111 RI cells, Figure 7.2 

Characteristics of UMR 407/3 celis in culture 

UMR 407/3 cells were epithelioid in appearance and grew to 

form a confluent monolayer with a plating efficiency of 94 + 1% 

(n=4) and a doubling time of 38 hours (based on the number of cell 

doublings over 120 hours) This value was considerably lower than 

the value of 60 hours previously recorded by Ng et.al. (63). However, 

these workers maintained their cells in alpha modified MEM rather 

than RPM! 1640, the higher glucose concentration in RPMI 

(1}.Immoi/1) compared with alpna modified MEM (S.6mmol/1) may 

have caused the increased the growth rate. 

The effect of glucose on insulin release and the rate of Q ucose 

oxidation by cultured UMR 407/3 cells. 

Raising the glucose concentration from 5.6 to 16.7 mmol/] 

significantly stimulated the rates of insulin release and glucose 

oxidation by cultured UMR 407/3 cells, Table 7.4. At passage 12 UMR 

407/3 cells had an insulin content of 0.28uU/10°cells and the 

amount of insulin released in response to 5.6mmol/1 glucose 

accounted for 314% of the insulin content per 90mins.
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Fi seeTnevery f adrenaline (Immol/1), TFP (5 / 

verapamil (1Sumol/l) upon glyceraldehyde (1Ommol/1) induced 

nrelease i Qn | 

Values are means + SEM with n in parentheses. 

*, p<0.05 significantly reduced compared with 10Ommol/1 

glyceraldehyde 
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74 [fect of glucose on insulin rel he f 

glucose oxidation by cultured UMR 407/3 cells. 

  

  

{Glucose} n Glucose oxidation n Insulin release 

mmoi/1 umol/10°cells/90mins uU/10°cells/90mins 

5.6 7 1601+ 3.19 5 0.88+0.12 

16.7 7 63,99+ 14744 5 Mi49# 0.222 

  

a, p<0.05 significantly increased compared with 5.6 mmol/1 glucose 

The effect of tolbutamide on the rates of insulin release Juco’ 

oxidation by cultured UMR 407/53 cells 

In the absence of glucose, tolbutamide stimulated insulin 

release trom UMR 407/3 cells, maximum and half maximum 

stimulation occurring at concentrations of 10 and 2 umol/) 

tolbutamide respectively, Figure 7.3. The stimulation of insulin 

release from UMR 407/3 cells by tolbutamide was not accompanied 

by an increase in the rate of p-(u! 4c} glucose oxidation, Table 7.5.
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Table 7.5 The effect of tolbutamide on the rate of glucose oxidation 

by UMR 407/3 cells. (the incubation buffer contained 5.6mmol/1 

glucose as a substrate) 

  

  

[Tolbutamide] n Glucose oxidation 

umol/1 : umol/10°cells/90mins 

0 7 16.01 +319 

Ol 7 19.04 + 5.60 

1.0 7 16.98 + 3.31 

10.0 7 13.50 + 3.57 

100.0 7 13.70 + 3.58 

  

Characteristics of the disaggregated human insulinoma 

The disaggregated cross sectional segment of insulinoma 

yielded a total of 35 x 10° cells with a viability of 64.3% (assessed 

by trypan blue exclusion) and a plating efficiency of 66.5%... The 

gross morphology of an adjacent insulinoma removed from the same 

pancreas 1s shown In plates 7.1 to 7.4. 

The effect of glucose on insulin release from freshly disaggregated 

ind statically incubated human insulinoma cell ispens!ons. 

Raising the glucose concentration from 5.6 to 16.7 mmol/] 

failed to stimulate insulin release from statically incubated human 

insulinoma cells. Based on an insulin content of 22.9uU/10°cells, 

Insulin release in response to 5.6mmol/1 glucose accounted for 

15.6% of the insulin content per hour, Table 7.6.



-208- 

Plate 7.1 Haematoxylin/Eosin sections of a human insulinoma 

excised from a 21 year old male caucasian at partial 

pancreatectomy.(magnification X 6.25) 

Key: a, Insulinoma tissue 

b, Fibrous capsule 

c, Surrounding area of normal pancreatic exocrine tissue 

d, Small insulinoma beginning to develop. 
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a xy ins n [ 1 

r 21 ol ee € 

pancreatectomy showing the boundary between the insulinoma and 

the normal pancreatic tissue (magnification X10) 

Key: a, Insulinoma tissue 

b, Fibrous capsule 

c, Normal pancreatic exocrine tissue 

d, Normal pancreatic islet 
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Plate 7.3 Haematoxylin/eosin section of a human insulinoma excised 

trom a 21 year old male caucasian at partial pancreatectomy 

en the 1 Nn in 

exocrine tissue (magnification X25) 

Key: a, Insulinoma tissue 

b, Fibrous capsule 

c, normal pancreatic exocrine tissue 

d, normal pancreatic islet 

 



. 7211- 

Plate 7.4 High magnification haematoxylin/eosin sections of a 

human insulinoma excised from _a 2! year old male caucasian at 

| ct ow) 

(magnification X100) 

The cells in this plate were shown immunohistochemically to be 

mainly insulin producing cells with some scattered glucagon and 

somatostatin producing cells in the minority. 
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Table 7.6 The effect of glucose on insulin release from freshly 

  

  

isagar' statically incu human insul ls. 

(Glucose] n Insulin release Insulin release 

mmol/1 uU/10°cells/hour % of contents/hour 

5.0 s 3.58 + 0.40 15.63: 1,75 

16.7 3 471 +031 20.57 + 1.35 

  

Monolayer culture of celis from a human insulinoma, 

During the first week of culture cell numbers declined rapidly 

from 35 x 10° to 1.1 x 10®cells/flask and Insulin released into the 

medium declined from 6.3 to 0.05mU/flask/2days, Figure 7.4. During 

the subsequent six weeks the cells secreted on average 0.077+0.023 

mU/flask/2days, n=6 (range 0.033-0.159 mU/flask/2days). The cells 

which were epithelioid in appearence and grew as scattered 

monolayer colonies did not visibly increase over the entire culture 

period. Cells passaged on day 24, Figure 7.4, and frozen for a period 

of | month retained their morphology and continued to release 

insulin when thawed and returned to culture. The cells were 

passaged a third time on day 34 at a split ratio of 1:2, Figure 7.4. 

The quantity of insulin accurnulated in the medium by these two cell 

cultures 1s shown In Figure 7.5, The amount of insulin released into 

the medium increased steadily over the seven day period. After a 

total of seven weeks in culture the insulinoma cells began to 

crenate and detach, indicating the development of in vitro 

senescence
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Figure 7.4. T. lecline_ in insulin rel cell number (in: 

for culture nsulinoma cells. 

Arrows indicate where the cultures were passaged and the split 

ratios employed 
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Figure 7.5, Accumulation of insulin in the medium of cultured human 

n ls ov K 

Insulin release at day 7 was calculated as the sum of the insulin 

released over days 0-2 + days 2-7. 

Values are means of two separate cultures, 

(2) 

(2) 
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DISCUSSIONS. 

The present study confirms the lack of glucose sensitivity of 

INI11 Ri cells first described by Kikkawa etal. (55). However, In 

the present work glucose did cause a marked and significant 

increase in the rate of glucose oxidation by these cells. The 

insensitivity of the insulin release mechanism to glucose may be 

the result of the absence of steriospecific membrane bound 

glucoreceptors (100) or abnormal glucose metabolism by these 

cells. 

INI11 Rl cells did release insulin in response to commonly 

used concentrations of D-glyceraldehyde, the amino acid L-arginine 

and the sulphonylureas glibenclamide and chlorpropamide. The 

shorter acting glibenclamide was a more effective insulin 

secretagogue than the longer acting chlorpropamide. The stimulation 

of insulin release by L-arginine in the absence of glucose further 

supports the suggestion that amino acids can interact directly with 

the pancreatic B-cell to release insulin and not act via the 

subsequent release of glucagon from adjacent A-cells. (126,137). It 

must be noted, however, that INI11 R1 cells have been reported to 

contain small amounts of glucagon and somatostatin [193:33:1 in a 

molar ratio for insulin: glucagon: somatostatin] (55). 

Glyceraldehyde induced insulin release from INI11 RI cells 

was siginificantly inhibited by the sympathetic nervous system 

(SNS) neurotransmitter, adrenaline, indicating the possible 

existence of adrenoreceptors at the level of the B-cell membrane, 

and a role for the SNS in the regulation of insulin release. The
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calcium channel blocker, verapamil (305), and the calmodulin 

antagonist, TFP (309) also significantly inhibited glyceraldehyde 

induced insulin release suggesting that calcium entry and 

calmodulin activation may play a part in the mechanism of 

glyceraldehyde induced insulin release from INI 11 R1 cells. 

Glucose stimulated Insulin release could be demonstrated with 

UMR 407/3 cells confirming the original report of Ng et.al. (63). The 

stimulation of insulin release by glucose from these cells 1s 

accompanied by an increase In the rate of glucose oxidation. The 

absolute amount of insulin released by UMR 407/3 cells 1s minute 

compared with that release by isolated islets and cultured HIT-T1S 

and RINmMSF cells (Chapter 3, page 82). Ng et.al. have suggested that 

the low insulin content, rate of insulin release and rate of insulin 

biosynthesis (~5% of isolated islets) 1s due to the fact that UMR 

407/3 cells are precursor B-cells 1.e., not terminally differentiated 

(63). In the present study Insulin release was well in excess of the 

cellular insulin content. This has also been reported for cultures of 

CR1 cells by Carrington et.al. (60), and may result from a 

combination of the low insulin biosynthetic rate and a possible 

defect in the storage of insulin secretory granules. Insulin release 

frorn UMR 407/3 cells decreases with time In culture and by passage 

27 these cells no longer secrete detectable levels of insulin in 

response to glucose (63). 

Insulin release from UMR 407/3 cells could also be elicited by 

tolbutamide, the observed stimulation did not involve an increase in 

the rate of glucose oxidation by these cells, This observation is 

consistent with the lack of dependence on glucose oxidation for 

insulin release from HIT-T15 cells (Chapter 3, page 82). The fact 

that tolbutamide did not influence the rate of B-cell glucose
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oxidation comfirms the earlier work of Kawazu et.al. (177), but is at 

varience with observations made by Panten et.al. who reported that 

tolbutamide increases the rate of oxygen consumption by isolated 

islets (400) 

The present work on disaggergated cultured human insulinoma 

cells confirms the ‘general insensitivity of this tissue to glucose 

and the presence of a low insulin content (37,41). However, in some 

studies fresh insulinoma tissue has shown modest responsiveness 

to glucose while other studies have failed to demonstrate glucose 

sensitivity (38,39). The unresponsiveness of cultured insulinoma 

  tissue to glucose may represent in vitro dedifferentiation. Human 

insulinomas release insulin in vitro but this capacity rapidly 

declines (37,41). In the present study after 7 days only 1.2% of the 

amount of insulin initially released at day 3 was released. This 

rapid decline in insulin release 1s probably due to the detachment 

and death of large numbers of cells unable to adapt to the in vitro 

environment and culture. Insulinomas in general tend to have a finite 

life span in culture. The only evidence of significant cell 

proliferation in vitro is that reported by Saxe et.al. who reported a 
  

doubling time of 5 days (38). The generalised lack of proliferation in 

these insulinomas may reflect their benign nature. The ability to 

proliferate in vitro could be used by the clinician to establish the 
  

possibility of malignancy in vivo. Insulinoma tissue can be 
  

cryopreserved in the usual way and fresh and cryopreserved tissue 

behave identically in terms of general morphology and the capacity 

to release insulin.
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In the past studies directed towards understanding the precise 

mechanisms involved in the requiation of insulin release have been 

hampered by certain fundamental problems. Isolated islets and islet 

cell monolayers are laborious to prepare and in order to obtain 

sufficient tissue for biochemical studies large numbers of 

experimental animals are generally required. Islets and islet cell 

monolayers maintained in vitro have limited lifespans of the order 
  

40 days for islets (23) and 70 days for islet cell monolayers (33) 

islet cell monolayers still contain the constituent cells present in 

the islet (6) and are invariably contaminated with and subsequently 

overgrown by fibroblasts (29). Tissue culture medium from islet 

cell monolayers contains high concentrations of insulin, glucagon, 

somatostatin and pancreatic polypeptide 

Besides the X-ray induced insulinoma of the rat (46), 

chemically induced insulinornas (42) and spontaneous hamster 

insulinomas (49), there are a number of insulin secreting cell lines 

currently appearing that could potentially provide large numbers of 

B-cells quickly and cheaply for use in biochemical studies of the 

mechanism of insulin biosynthesis and release. These cell lines 

include RINMSF (56), INI11 RI (54), HIT-T1S (62) and UMR 407/3 

(63). The RINMSF cell line has been well characterised and although 

it does not reliably release insulin in response to glucose it is 

widely used In studies of the mechanism of insulin release (58).
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in the present studies the growth characteristics of these 

cultured cell lines was found to be strikingly similar. UMR 407/3 

cells grew to confluence but had the slowest growth rate, with a 

doubling time of 38 hours. The INI11 RI cell line demonstrated the 

fastest growth rate, with a doubling time of only 24 hours and like 

the RINMSF and HIT-T15, cell lines did not grow to confluence. The 

plating efficiencies. of all the cell lines exceeded 76%, but the 

human insulinoma (a primary culture) had a reduced plating 

efficiency of only 67%. 

The insulin contents of the cultured cells varied considerably, 

taking into account the fact that differing passages of the various 

cell lines were used, HIT-T15 cells (passage 61) demonstrated the 

greatest insulin content of 283 4uU/10°cells whilst UMR 407/3 

cells (passage 12) had the lowest insulin content of only 

O.3uU/ 10° cells, Despite these differences in insulin content all the 

cell lines retained the capacity to release insulin in vitro. 

In the present studies, HIT-T1S and RINMSF cells (and to a 

lesser extent INI11 Rl and UMR 407/3 cells) proved capable of 

releasing insulin in response to a variety of insulin secretagogues 

in addition insulin release from these cells could be reduced by well 

established inhibitors of insulin release. The generalised effects of 

the various secretagogues and inhibitors used in the present work 

have been summarised In Table 8.1 

The greatest variability In insulin release from these cell lines 

was that generated in response to glucose. Whilst an elevation in 

the glucose concentration stimulated the rate of glucose oxidation 

by all the cell lines, glucose did not increase the rate of insulin 

release from all cell lines. HIT-T1S and UMR 407/3 cells did release
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able 8.1 The effects of secretagogues and inhibitors upon insulin 

release from cultured HIT-T15, RINMSF, INI1! RI and UMR 407/3 

cells. 

  

Secretagoque/ Inhibitor Effect on insulin release from 

HIT-TIS RINMSF INIT] RI UMR 407/3 

  

a/ Nutrients. 

D-glucose + +/- = € 

D-glyceraldenyde = + + 

L-leucine + + 

L-arginine + + + 

b/ Sulphonylureas. 

Glibenclamide * + + 

Chlorpropamide . + + 

Tolbutamide + ‘ 

c/ Pancreatic hormones. 

Glucagon + + 

Somatostatin a = 

Pancreatic polypeptide - a 

GIP : 

d/ Pharmacological agents. 
Forskolin + + 

imidazole = = 

Calcium + 

Verapam1| = = a 

Diltiazem = - 

Nifedipine = = 

TFP = = > 
M&B 13,753 " = 

TMB-8 = 
M&B 40,678 NE 

IP3 NE 
TPA # 

4PDD + 
e/ Neurotransmitters. 

Acetlycholine + + 

Adrenaline 5 = 

  

+, stimulates, -, Inhibits, NE, no effect
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Insulin in response to glucose [confirming the previous observation 

of Santerre et.al (62) and Ng et.al. (63)]. The glucose response of 

HIT-T1S cells was biphasic in nature with an exaggerated first 

phase. Human insulinoma cells and INI11 RI cells did not release 

insulin in response to glucose. RINM5SF cells proved unpredictable in 

their responsiveness to glucose, In one study glucose did cause a 

slight but significant Increase in the rate of insulin release. The 

absence of an insulin response to glucose by RINMSF cells, INI 11 RI 

cells and human insulinoma cells might be attributed to abnormal 

glucose metabolism in these cells or the absence of membrane bound 

glucoreceptors. A recent study by Ashcroft et.al have suggested that 

the glucose transporter in HIT-T15 cells is the glucose sensor. This 

Tinding was based on the nonequilibrium between extracellular and 

intracellular glucose (confirming the earlier work of Meglasson 

etal [169]) and the inhibitory effect of phloridzin and phloretin 

(glucose transport inhibitors) upon insulin release. It was concluded 

that glucose transport into HIT-T15 cells 1s the rate limiting step 

and therefore the glucose transporter 1s the glucose sensor in these 

cells (401). Studies to identify the glucose sensor in UMR 407/3 

cells remain to be carried out. D-glyceraldehyde markedly 

stimulated insulin release from RINMSF and INI 11 RI cells, but not 

HIT-T15 cells, This effect of glyceraldehyde may implicate glucose 

metabolism in the stimulation of insulin release and that an early 

defect in the conversion of glucose to glyceraldehyde may be 

manifest in RINMSF and IN111 RI cells. 

Glucose and glyceraldehyde induced insulin release from 

HIT-T15 and RINMSF cells respectively was Inhibited by the calcium 

channel blockers verapamil, diltiazem and nifedipine and the 

Calmodulin inhibitor trifluoperazine. These data implicate calcium 

entry through specific membranal calcium channels and the
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subsequent activation of a calciurn sensitive regulator protein 

calmodulin in the process of insulin release from these cells. A role 

for intracellularly sequestered calcium in the mechanism of insulin 

release proved difficult to demonstrate, since two apparently 

specific sequestration blockers exerted opposite effects on insulin 

release from HIT-T15 cells. TMB-8 inhibited insulin release while 

M&B 40,678 was without effect. The sequestration agonist IPz 

which 15 believed to facilitate calcium release from intracellular 

stores (269) failed to stimulate insulin release from HIT-T15 cells 

at a concentration of 2Sumol/| Yet Biden et.al. have demonstrated 

that this concentration of IP3 1s sufficient to mobilise intracellular 

calcium in cultured RINMSF cells, although insulin release was not 

measured (272). These observations suggest that IP3 induced 

calcium mobilisation alone may be insufficient to trigger the 

release mechanism and may only act as a positive modulator of 

Insulin release in the presence of secretagogues which increase the 

turnover of inositol phospholipids 

Studies using isolated islets over the years have confirmed 

that glucose induced insulin release involves an increased turnover 

of CAMP (226-229). In the present work the stimulation of insulin 

release by forskolin and inhibition by imidazole confirmed a role for 

cAMP in the process of insulin release and the integrity of adenylate 

cyclase and cAMP phosphodiesterase in cultured HIT-T15 and 

RINMSF cells. Since no direct effect of glucose on B-cell adenylate 

cyclase has yet been demonstrated (148, 233) it may be that the 

observed increase in B-cell cAMP levels observed after glucose 

stimulation of isolated islets (226-229) may be due to an activation 

of adenylate cyclase by the calci-calmodulin complex. (255).
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The combined actions of elevated cAMP, calcium and inositol 

containing phospholipids could stimulate insulin release via the 

activation of protein kinase-A, calcium calmodulin dependent 

protein kinase and protein kinase-C (237). Certainly the stimulation 

of insulin release from RINMSF cells by the phorbol ester TPA in the 

present work indirectly demonstrates a role for protein kinase-C in 

the initiation of insulin release from these cells. 

Not only does insulin release appear to be the product of a 

co-ordinated series of intracellular events, net release from the 

islet Involves a co-ordinated paracrine intraislet interaction 

Involving the hormonal products of A, B, D and PP cells (183,184). 

Cultured HIT-T1S and RINMSF celis were found to be particularly 

suitable systems for unravelling the paracrine interactions between 

islet cells. Insulin release from HIT-T1S and RINMSF cells was 

stimulated by glucagon while glucose and glyceraldehyde induced 

insulin release from these celis was innibited by both somatostatin 

and pancreatic polypeptide. in addition glucagon induced insulin 

release from both cell lines was inhibited by somatostatin and 

Pancreatic polypeptide. These studies strongly suggest that. net 

Insulin release from the whole islet may be the result of a 

significant paracrine interaction. An interaction that appears to be 

essential for the normal in vivo function and integrity of the islet 
  

(184), A paracrine involvement had been suggested for the effects of 

L-arginine, gastric inhibitory polypeptide and acetylcholine on 

insulin release since all three agents stimulate the release of 

glucagon (137,209,327). The present studies indicate that a 

paracrine effect of glucagon (i.e., glucagon stimulation of insulin 

release) does not occur in this instance. However the stimulation of 

Insulin release by these three agents was thought to depend on the 

Presence of glucose, no such glucose dependence could be
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demonstrated In these studies. The direct stimulation of insulin 

release from HIT-TI5 cells by GIP would appear to confirm the 

observations of Sarson etal. (223) and may result from a 

pharmacological rather than physiological phenomenon. This is 

supported by the fact that GIP concentrations of less than Ing/ml 

have been reported in human serum after oral glucose loading. In the 

present studies significant insulin release from HIT-T15 cells could 

only be produced by GIP at concentrations 1n excess of 5Ong/ml. The 

precise mechanisms involved in the paracrine regulation of insulin 

release from the islet remain to be determined but may involve a 

sequential activation of A, B, D and PP cells. 

There is a great deal of evidence to support the existence of a 

neural control for insulin release Jn vivo. Stimulation of the vagus 
  

(327-332) or splanchnic nerves (344,345) initiates a stimulation 

and inhibition of insulin release respectively. As with conventional 

islets (333), cultured HIT-T15 and RINMSF cells also respond to 

cholinergic stimulation with acetylcholine. The stimulation of 

insulin release by acetylcholine 1s mediated via muscarinic 

receptors, based on the Inhibitory effect of atropine but .not 

hexamethonium. The insulin response of HIT-T1S and RINMSF cells 

to acetylcholine appears to be calcium dependent since it was 

inhibited by verapamil. The inhibition of acetylcholine induced 

Insulin release by imidazole may be a phenomenon exclusive to 

cultured B-cells and confirmation of a role for cAMP in 

acetylcholine induced insulin release would require the 

Measurement of CAMP turnover in these cells. Both insulin release 

and glucose oxidation by HIT-T15 cells was inhibited by adrenaline, 

indirectly suggesting the presence of adrenoreceptors at the level 

of the plasma membrane.
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All of the cultured cells used in the present studies were of 

animal origin, recently however, the opportunity arose to evaluate 

the insulin response of human B-cells obtained from a human 

insulinoma. The insulinoma was removed during surgery at 

Birmingham General Hospital, and maintained in monolayer culture 

for some seven weeks. Continued insulin release was observed dung 

this period. However the cells did not proliferate and were 

unresponsive to glucose challenge. These observations are entirely 

consistent with the reports of Chick et.al. (35), Yip and Schimmer 

(36), Adcock etal. (37) and Akagi etal. (41). Reports of the 

successful culture of human insulinoma cells are few and far 

between but in 1982 Boyd and co workers managed to immortalise a 

human insulinoma by hybridising the insulinoma cells with 

LMTK CIID, an anchorage dependent murine fibroblastoid cell line. 

The cocultures were hybridised with polyethylene glycol (PEG 1000) 

One of the resulting hybrid clones 1-1C-8h secreted proinsulin like 

material for some seven months in vitro Immunoreactive insulin 

release from the hybrid cells was minimal (402). This technique 

successfully immortalised the insulinoma cells but it also 

apparently interfered with the normal biosynthesis of insulin. 

Insulin release in response to glucose by this hybrid clone was not 

determined 

The studies presented in this thesis involving cultured B-cells 

confirm the glucose sensitivity of HIT-T15 and UMR 407/3 cells and 

indicate their usefuiness in the study of insulin biosynthesis and 

release, and go some way to providing legitimate B-cell models for 

use in unravelling the aetiology of diabetes mellitus.
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APPENDIX 

Al. Preparation of phosphate buffers for radioiodination. 

1/ 0.5mol/1: 73g NagHPO, combined with 14.04g NaHoP0, 2H20 

and made up to | litre with 2 x distilled water, pH adjusted to 7.4 

with Imol/1 NaOH 

2/ 0.05mol/1: 7.3g NagHPO, combined with 1.404g NaHoPO, . 

2H20 and made up to | litre with 2 x distilled water, pH adjusted to 

7.4.with Imol/| NaOH. 

2. Basic Krebs/bicarbonate/HEPES incubation buffer. 

The incubation medium used throughout this thesis was 

Krebs/bicarbonate/HEPES with the following composition, molarity 

(mmol/1) 1s shown In parentheses 

NaHoPO4 (0.2), NaHCOz (20), NagHPOg (1.8), KCI (45), MgSO4 

(1.2), and CaClo (2.56), After gassing the buffer for 20-30 minutes 

with 95% Oo : 5% C05, HEPES (16) was added and the pH adjusted to 

7.4 with either 2mol/1 NaOH or 2mol/) HCI.
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leroc uter programm Cc te Qn 

Insulin concentrations and estimate the correlation coefficient of 

ard curves obtained in the doub! re) 

of insulin. 

1OREM** Original program devised by ** 
2OREM** S.G, Howitt ** 
SOREMK® Adapted for HEC microcomputer by ** 
4OREM** K. Hughes =* 
SOREM DATA 
60DATA "Mouse", "ng/ml",5,.5,1,2 

  

549,10 
7OCLS 
BODATA "Human", "UU/ml",6,6.25, 

  

5,25,50,100,200 

FOREPEA | 
JOOPRANTSPRING: INPUT "DO YOU WANT PRINTOUT "PRE 
Lio 

  

oLS 
LZOUNTIL PRE="Y" OR PRES"YES" OR PRES"NO" OR FRE="N" 
ISOTF PRE="Y" OR PRES 

      

" THEN 140 ELSE 190 
RIMEN(AL TITLE ETC. FOR PRINTOUT "    PPRINTHPRINT?PRINT "EXP 

it 
16QINPUT 114: PRUCPRINTI 
L70REM 
18OREM 
L9OREPEAL 
200CLS 

      

OPRINT? PRINT: PRINT 
20LF MHbe="iM" THEN 

IF 

  

PRINT: INPUT “STANDARDS = Mouse or Human. (M or H) ",MHBS 
SO 

MHes="H" THEN 290 

  

240UNTIL MHBE="M" OR MHBS="H" 
250G0SUB 

LET INM= tN 
7OLET SLM 
64 

  

      

    

  

40   

SL 
"M" THEN 800 

1O R% 

40GOSUE 390 
SSOLET INH=IN 
360LET SLH=SL    7OGOTOBO0 

410PRINT: PRINT Sp 
   

  

SINT "Stds." 
PRINT 

44OPRINI Unt; TAK(B);"cpm (if value unknown enter “O°)" 
4501F FRE="N" OR PRE   NO" THEN 470 

  

490FUR J%=1 TO StN% 
SOOREAD StCo 
SIOPRINT TAR(O) ;StCo; TAB(6)3" "3 3 
S2OLNPUT StCpm 
SQOLF StCpm <> O THEN S60 
S40LF PR: 
SSOPROCER INE 
S60IF PRE="N 

  

N" OR PRE="NO" THEN 650 
:GUTOE! 
OR PRE=    

  

  NG" THEN S80 

S7OPRUCFRINT4 
SBOLET StCa = LOG(StCa) 
SPOLET X=%+StCpm 
SOOMSO+S tC pM Z
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610¥=¥4Stlo 
620S=S+StCo°2 
620W=W+StCo*StCpm 
SAONKENZ +L 
@5ONEXT J% 
BOOSL = (WHX*Y/NK) / (UX °2/NZ) 
S7O1N= (Y-SLAX) NK 
6BOCOCO= (VHX #Y /NK) (SOR ((O=X°2/NA) #(S-¥°2/NA) ) 

  

S90CLS 
JOOPRINT?PRINT "Best line : " 
JAOPRINT TAB(4);"Intercept (cpm=0) = "pIN 
7ZOFRINT TABCIB); "Slope = ";SL. 

  

7S0OPRINE "Correlation coefficient = ";CoCo 
7401F bRoe="N" GR PRE="NO" THEN 760 
7SOPROCPRINIS 
76ORE 1 URN 
77 OREM 
/BOREM 
7FOREM 

   

  

BOOPRINT:PRINT “Input sample name, or END’ to stop program or ‘DIL’ to ch 
ange dilution factor or SUKH to insert subheading for printout tollowed 
by cpm." 

B1OIF PRE="N" OR PRE=     NO" THEN 820 
@ZOPRINI:PRINI "'* indicates result outside linear region of curve and wi 

ll be incorrectly calculated by this pragram" 
BSOREM 
B401F MHBE="E" THEN 960 
ASOPRINT?PRINT TAB(S8),"Unsulin concn." 
B6OPRINT TAH(38),"ref. ";Sp#;" standard” 
870IF FRE="N" OR PRE="NO" THEN 890 
SBOPROCPR 

S90IF MHBF 
FOOPRINI 
FIOLF PREE"N 
920PROCFRINT7:GO1G1030 
930PRINT "Sample"," cpm"," U/ml" 
9401F PRE="N" THEN 1030 
9SOPROCPRINTS: GUTOLO50 

     

      

ng/mi","  aU/ind" 
THEN 1030 

   
    

     
FOOPRINTIPRINT TAB(SS), "Insulin concentration Insulin cocn. 

  970OPRINT “Sample” W/m 
9BOIF PRE="N" GOR PR 

cpm"," na/mi","uu/mi", 
"NO" THEN 1030 

  

     
F9OPROCPRINTS 
1OOOREM 

  

  LO4OLET Mx$="#" 
LOSOINFUT Samt; 
1060IF Samt <> "SUBH" THEN LoBO 
LO7OPRINT: INPUT TI$:PROCPRINT10:G010 1050 
10801F Sam# = "END" THEN 1 
10901F Sam# = "DIL" THEN 10350 
1100PRINT" NFUT Cpm: 
L1101F MHES="H" THEN 1210. 
11ZOLET CoM=INT (EXP ((INM+SLIM*Cpm) #LN (10) ) x LO0#.5) 710 
JISOIF CoM < .5 THEN 1160 
L1401F CoM > 12.8 THEN 1160 
JISOLET Mx 
11601F MHE: THEN L210 
LL 7OPRINT TAB (20) 5MX#; TAB (21) DF CoM; TAB (30 
1180IF PR="N" OR PR#="NO" THEN 1200 
LIPOPRGCPRINT LL 
L2001F MHBE="M" THEN 1040 
1Z1OLET CoH=INl (EXP ((1NH+SLH®Cpm) *LN(10))+,5) 
1220 IF CoH < 12.5 THEN 1250 
1250 IF CoH > 320 THEN 12% 

ET HX$="%"     

    

    INT Sam#; 1AB(12);Cpms 

      

    

     

MX $3 TAB (31) 5 25*DF *COM
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1240 LET HX a 
12501F MHBs="E" THEN 730 
1260PRINT TAE(25) HX#; TAB (27); DF #COH 
12701F PRE" GOR PRE="NO" THENIO40 
L280PRUCPRINT 1226011040 
1290P RINT FMBIS,MXx#,DF®CoM,Mxt, 25*%COM,Hx+,DF*COH 
1S001F PRE=" OR PR#="NO" THEN 1040 

LSLOPROCPRINT (15) 
13206010 1040 
13301F PRE="N" OR PRE="NO" THEN END 
1340 END 
1S5ODEr PROCPRINTS 
1340#F XO 
S7OVDUZ 
380F RINT TLS 

OP RINT PRINTS 

    

   
  

  

    

    

DEF PROCPRINT2 

PRINT Sp# 
1460FRINT "Standards" 
L47OPRINT TAB (9) Und; TAB (22) 4 "cpm" 
1480VDUS 
1490VDUS 
15Q0ENDPROC 
1S1ODEF PROCPRINTS 

  

1S40PRINT StCo 
LSSOYDU6 
1560VDUS, 
1570EMDPROC 
1SSQDEF PROCPRINT4 
1S9OVDU2 
1400VDU21 
1S1OPRINT TAEB(9) ;StCo3 TAB 22) ;StCpm 

  

1640ENDPROC 
1650DEF PROCPRINIS 

  

tomputed best line : Intercept (cpm=0) = 
L700PRINT TAR(S3); "Slope = "3SL 
171OPRINE TAR (LS); "Correlation coefficient = "3CoCo 
17 20VDU6 
1 730VDUS 
1740ENDPROC 
1750DEF PROCPRINTS 
1760VDU2 
17/0VDU21 
L78OPRINT? PRINT? 
1790PRINT TAB(39)z"Insulin concentration” 
1GOOPRINT (AH (26) "Dilution"; TAB(39) "ret. "3Sp#3" standard" 
1810VDUS 
1820VDU3 
183OENDPROC 
1840DEF PROCPRINT7 
1e50VbUZ 
1g60VpUZ1 
IS7OPRINT SAMPLE"; TAE(1S) 3 "cpm"s TAB (27); "Factor"; TAB (44) 3 "ng/ml" TAB(S4) 3 "UU/m1 

   



-234- 

L8BORRINT 
1897OVDUS 
1YOOVDUS, 
19 LOENDPROC 
1P20DEF PROCPRINTS 
L7sovDUz 
AP4AOVDUL1 
19S0PR INT" Sample"; TAB( 13) 3 "cpm"; TAB (27) "factor"; FAB (48) 3 "UU/mi" 

L9S0PRINT 
197 0VDU6 
19BOVDUS 
1990ENDPROC 
2000DEF PRUCPRINT? 
2OLOYDUZ 
2OZOVDU2 1. 
2OZOPRINT 
O4OPRINT 
OP RINT 

  

    

  

207 0NDUS 
NOVDUS 
OFOENDFROC 

2100DEF PROUPRINI LO 

    

   PRINT2PRINT' “371 : 
2140YDU6 
21 5OVDUS 
2160ENDPROL 
2170DEF PROCPRINTI1 
21BOYDUZ 
2190V0Ue1 
2u00PRINT  Sam#; TAB (13) ;Cpm3 TAB(29) 3 DF 3 TAB (42) 3PX+; TAB (44) 3 DF*COM; TAB(S2) 3 MX#3 7 

AB(S4) 3 25*DF*CoM 
2210YDUS 

VDL 
22350ENDPROC 
2240DEF PROCPRINTL2 

»YDU2 
26OVDU2 1 

INT Sam#;TAB(13) ;Cpm; TAR (29) 3 DF 3 TAB (43) HX#; TAB (49) 3 DF*COH 
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A r ter programm. e | C 

t rve for tained during perifus) Tl | F 

cells. 

LIST 
LOCLS: PRINT: PRINT: , 
2OPRINT CHRE(141);"THIS PROGKAM WAS WRITTEN BY K,HUGHES" 
SOPRINT CHR#(141);"THIS PROGRAM WAS WRITTEN BY k.HUGHES” 
4OPRINI CHR# (141); TAB(12) "NOVEMBER 1965" 
SOPRINT CHR# (141); 7TAB(12) "NOVEMBER 1735)" 
SOINPUT TAB(7,20) "PRESS RETURN WHEN RE@DY “;Aas: IFAS=INKEY$(-74) THEN 70 ELSE 

10 
7ODIM A(100)2DIM BXCLOO) 
GOCLS:PROCstimul ated: PROCbasal 2FROCtest:PROCprinti: 
SOINFUT bU YOU WANT TO PRINT GUT OF THESE RESULTS "3 

ye 
1O01F Y$="YES" OR Y#="¥" THEN PROUprint2 ELSE 110 
LLOPRINT: PRINT: 
J2OINPUT"DO YOU WANT TO ENTER MORE DATA ";D#:IF Dt="YES" OR D&="¥" THEN 80 ELS 

INT:PRIN INT"END GF THE PROGRAM" 
1SOPRINT: PRIN| 2 END 
140DEF PROUstimulated 
150CLS 
1OO0PRINT? PRINT: 
17OINPUT" INPUT NUMBER GF STIMULUS EXPT ’S 
1801F Nc2 THEN PROCerrort 
19OPRINT: PRINT 

      

        

      
  

    

    

TIME (MINS) "; fAB 
240FOR T=31 TO 91 STEPS 
250PRINT Ts 
2OOINFUT TAR (20) "INPUT VALUE "3 BX <T) 
27OLF NEXT T 

OAREA=AREA+ ( (EX (T-5) +BX (1) #265 
T 

  

Dy; " INSULIN (uU/min) * 

  

    
   

O PRINT “DATA FOR EXPERIMENT " NOW BEING STORED!" 
PRINT: PRINT? 
LET A(1)=AR 

T40A=AtA CT) 
SSOB=B+A (1) °2 
3@ONEXT I 
70C=A/N 

W= CB (CA) / (N= 1) 
39OD=SOR (V) 
400F ORX=1TOL000 
4LONEXT X 
420ENDPROC 
430DEF PROCbasal 
440CLS 
450PRINT: PRINT? 
460INPUT"INFUT NUMBER GF BASALS ";Nt 
4 THEN PROCerror é 

  

     a 

   

    

    

  

   

    

To Ni 

PRINT " TIME (MINS) "3 TAB (20); "INSULIN (uui/min) 
FOR T=31 TO 91 STEPS 

SAOPRINT T; 
SSOINFUT TAB (20) "INPUT VALUE 
SOOIF T=31 THEN NEXT T 
S7QAREA=AREAt ( (BX (1-5) +BX(T)))*2.5 

BXCT) 
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SBONEXT 1 
SYOCLS 
600 PRINT "DATA FOR EXPERIMENT ";13" NOW BEING STORED!" 
S1OPRINT? PRINT: 
6Z0LE1 ACL) =AREA 
630A=AtA CT) . 
O4OR=B+A (1) 2 
SSONEXT I 
66OC1=A/N1 
70V= (BH (CLA) 7 / (N11) 
680D1=SOR (VY) 
S7OFORX=1TOLOOO 
7ZOONEXT X 
7LOENDPROG 
720DEF PROCtest 
73BOT=(C-C1) /SOR (D"2/N+D1 
740ENDPROC 
7SQODEF PROCprinti 
760CLS 
77OPRINT EPRINTS 
JBOPRINT "MEAN FOR STIMULATED = "30 

    

NL) 

    

/POPRINT 
BOOPRINT"S.D, FOR STIMULATED = "3D 
S1OPRINT 
B2OPRINI"NO. GF STIMULATED = "3N 
SSOPRINT 
B40PRINT"MEAN FOR BASAL =o tC 
8SOPRINI 
S60PRINT"S.D. FOR BASAL = %3D1 

   
PRINT 

OPRINT'NO. OF BASAL = "EN1 
B9OPRINT 
GOOFRINT"RESULT OF T TEST = 
FLOPRINT 
920PRINI "DEGREES OF FREEDOM = " 
SOPRINT: PRINT: 

940ENDPROC 
FSODEF PROCprint2 
F60CLS 
F7OPRINT? PRINT 
9BOINPUT"ENTER EXPERIMENTAL TITLE "sEX# 
FFOVDU2 
1000*F X6. 
101L0VDU21 

PRINT: PRINT 
SOPRINT TAB C2 

1O4OPRINT? PRINT: 
1O5OPRINT TAB (1S) 
LOGOPRINT TABR(1S) 

  

  3 (N#NL) —2 

      

10: )3EX# 
  

IEAN FOR BASAL 
+D. FOR BASAL 

NUMBER OF BASAL    w
a
e
 

  

1O70PRINT TAB (15) 3 
LOSOPRINT: FRINT 
LO9OPRINT TAB(15)   "MEAN FOR STIMULUS 

    $.0. FOR STIMULUS = "3D 
"NUMBER OF STIMULUS = "3N 

LL2OPRINT: PRINT 
JIZOPRINT TAB(15);"RESULT OF T.TEST = "31 
LL40PRINT TAB(1S) 
1150VDU6 
1160YDU3 
11 70ENDPROC 
1180DEF PROCerror 1 
L19OPRINT: PRINT 

EGREES OF FREEDOM = "3 (N+N1)-2 

  

1200VDU7 
1210PRINT"YOU MUST ENTER AT LEAST TWO EXPERIMENTAL RESULTS AT A TIME. THE COMPU 

TER CAN'T DIVIDE BY ZERO '": PRINT: PRINT 
1 

  

NPUT"PRESS RETURN WHEN READY "3x#:1F X#=INKEY#(-74) THEN CLS: GOTO 160
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1.230ENOPRUC 
ODEF FROCerror2 

   

    

L250PRINT: PRINT 
OVDUT 

1270PRINT"YOU MUST ENTER AT EAST TWO BASAL RESULTS AT A TIME. THE COMPUT 
ER CAN T DIVIDE BY ZERO !":PRINT:PRING 

    

1280 INPUT"PRESS RETURN WHEN READY " X$:1F X#=INKEY#(-74) THEN CLS:GOTO 450 
1250ENDPROC
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A6. Publications arising from this thesis 

Regular papers. 

\/Lambert, D.G., Hughes, K. and Atkins, T.W (1986) Insulin release 

from a cloned B-cell line (HiIT-T15). The effects of glucose, amino 

acids, sulphonylureas and coichicine. Biochem. Biophys. Res 

Commun. 140(2): 616-625. 

2/Lambert, D.G., Hughes, K. and Atkins, T.W (1986) 12-O-tetradecano 

ylphorbol-|3-acetate and 4 alpha phorbol-12, 13 didecanoate 

stimulate insulin secretion from a cloned B-cell line RINMSF. IRCS. 

Med. Sci 14, 922-923 

3/Lambert, D.G, Douglas, J.P. and Atkins, T.W (1986) C-peptide 

parallels insulin release from a cloned B-cell line HIT-T15. IRCS 

Med. Sci. 14: 1137-1138 

4/Lambert, D.G. and Atkins, T.W (1987) Modification of insulin 

release from cloned B-cell lines HIT-T1S and RINMSF by agents 
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15: 139-140 

S/Lambert, D.G. and Atkins, T.W (1987) Nutrient induced insulin 

release from an insulinoma derived B-cell line. Acta. Diabetologica. 

Latina. In Press. 

Reviews and articles 

1/Atkins,T.W. and Lambert, D.G (1986) Diabetes research with 

cultured cells. Balance 94: 15-16
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2/Lambert, D.G. and Atkins, T.W (1987) Cultured insulin secreting 
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Published conference abstracts. (P=poster, O=oral) 

\/Lambert, D.G. and Atkins, T.W. (1985) Potentiation of glucose 

induced insulin release from a cloned B-cell line (HIT-T15) by 

arginine and leucine. Diabetic. Med. 2(6): SISA P 

2/Lambert, D.G. and Atkins, T.W. (1986) Modification of insulin 

release from a cloned B-cell line (HIT-1T15) by forskolin, imidazole 

and sulphonylureas. J.Endocr. 107(Suppl). 122. P 

3/Lambert, D.G. and Atkins, T.W. (1986) The effects of calcium 

antagonists and IP3 on insulin release from a clonal B-cell line 

(HIT-T 15). J.Endocr. 108(Supp!): 296. P 

4/Lambert, D.G, Hughes, K. and Atkins, T.W. (1986) Biphasic insulin 

release from a cloned B-cell line (HIT-T15). Diabetic. Med. 3(4): 

373A. P 

5/Coleman, A., Lambert, D.G. and Atkins, T.W. (1986) The effect of 

colchicine on insulin release. Diabetic. Med. 3(4): 372A. P 

6/Lambert, D.G., Hughes, K and Atkins, T.W. (1986) Paracrine 

modulation of insulin release from cloned B-cell lines HIT-T15 and 

RINMSF. J.Endocr. 11 1(Suppl): 96. 0 

7/Lambert, D.G., Douglas, J.P. and Atkins, T.W. (1986) Cholinergic 

stimulationof insulin release from cloned B-cell lines, HIT-T15 and 

RINMSF. Diabetic. Med. 3(6): S69A. P
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8/Lambert, D.G., and Atkins, T.W. (1987) Insulin release from a 

cloned B-cell line RINMSF: The effects of glyceraldehyde, forskolin, 

imidazole and calcium antagonists. J.Endocr. 112(Suppl): 81. P 

9/Lambert, D.G., Hughes, K. and Atkins, T.W. (1987) Gastric 

inhibitory polypeptide stimulates insulin secretion from HIT-T15 

cells in the absence of glucose. Diabetic. Med. 4(4): 338A. P 

10/Lambert, D.G., Atkins, T.W., Hale, P., Nattrass, M., Baddeley, M. and 

Bailey, CJ. (1987) Human islet cell adenoma maintained in 

monolayer culture. Diabetic. Med. in Press. P 
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stimulationof insulin release from HIT-T15 and UMR 407/3 cells 
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