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ABSTRACT 

A nonrecirculatory liver slice perifusion system has been 

developed and utilized for investigating glucagon-stimulated 

glycogenolysis in normal and diabetic states. It has been shown here 

that slices maintained in this system experience a controlled 

envir'onment with respect to temperature and pH and remain viable 

throughout a three-hour experimental period based upon their maintenance 

of intracellular potassium levels. Although glycogen content falls by 

40/., slices exhibit significant glycogenolysis in a dose-response manner 

upon challenge with glucagon, with maximal concentrations eliciting a 

2.2-fold stimulation. This system, which permits nonrecirculatory 

challenge of liver tissue and subsequent analysis of both intracellular 

events and overall physiological responses, is extremely useful for 

examining hormonal mechanisms operating for glucagon, particularly at 

low concentrations. 

Using this methodology, liver slices challenged with glucagon 

exhibit a biphasic dose-response for glycogenolysis. While the second 

phase parallels cAMP (cyclic adenosine 3J:5J-monophosphate) accumulation 

and cAMP-PI< (cAMP-dependent protein kinase) activation, the first is 

mediated independent of cAMP. Trinitrophenylhistidine-1, homoarginine-

12-glucagon (THG), which can antagonize glucagon-stimulated adenylate 

cyclase, exhibits 50/. partial agonist activity for cAMP production and 

cAMP-PI< but full agonism for glycogenolysis. Separation between these 

events is only tWo-fold indicating a cAMP-mediated process. 

xii 
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[Des-amino-fYRKI<E)-glucagon, ([Des-amino-His 1,D-Phe4 , Tyr5,Arg 12,Lys 17,18 ,G1U21)

glucagon), another adenylate cyclase antagonist, does not stimulate cAMP 

or cAMP-PK up to 2SJ,LM yet still elicits glycogenolysis. These 

results demonstrate that glucagon does indeed stimulate both cAMP

independent as well as cAMP-dependent glycogenolysis in normal liver. 

In diabetic systems, glucagon elicits attenuated adenylate 

cyclase activity in liver plasma membranes with reduction in basal 

activity and extent of stimulation. Maximal stimulation of cAMP 

production is also reduced by half in liver slices, but in both systems 

(normal vs. diabetic) ECSO values for cAMP production are identical. 

Neither THG nor [des-amino-fYRI<KE]-glucagon stimulate cAMP production or 

cAMP-PK in diabetic liver slices. While THG lowers blood glucose levels 

~ vivo, [des-amino-fYRKKE)-glucagon acts as an agonist. These 

results suggest that the mechanisms which operate for glucagon

stimualted glycogenolysis in normal liver are attenuated in the diabetic 

state. Furthermore, antagonism of cAt4P production alone is insufficient 

to antagonize glucagonJs overall physiological action. 



CHAPTER ONE 

INTRODUCTION 

Glucagon is a polypeptide hormone which is synthesized and 

secreted by the a-cells of the pancreas (Baum et al. 1962) and 

extrapancreatic cells in the gut. It is best known for its Key role in 

maintaining glucose homeostasis in animals. Secretion of glucagon is 

primarily regulated by the blood glucose level and during the 

hypoglycemic state (below 80 mgt. glucose) glucagon is rapidly released 

into the blood. Via the circulation, glucagon is delivered to its 

target organs, and exerts its major effects at the liver by stimulating 

glucose production via the processes of glycogenolysis and 

gluconeogenesis (Johnson et al. 1972). Aside from its action at the 

liver, glucagon stimulates lipolysis in fat cells (Harris et al. 1979; 

\,/itters, Kowaloff 8: Avruch 1979) and has been reported to exert effects 

on heart and Kidney tissue (GlicK et al. 1968; Bailly et al. 1980). In 

addition, it has been suggested that glucagon may be involved in the 

pathogenesis of diabetes mellitus (Unger 8r. Orci 1975, 1983; Unger 1978). 

Physical Properties of Glucagon 

Glucagon (Figure 1) is a single polypeptide chain containing 29 

amino acid residues having a molecular weight of 3485 (Bromer et aJ. 

1957) and a molar absorptivity (pH 2, 278 nm) of 8310 M-1cm-1 

(Gratzer, Bailey and Beaven 1967). It is comprised of 16 different 

amino acids and characterized by high amounts of serine, glutamine, 
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Figure 1. The primary structure of glucagon. 
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threonine and aspartic acid. The isoelectric point of glucagon in 

dilute aqueous solutions lies near pH 7 and its solubility in the 

physiological pH range is quite low (Bromer 1972). Indeed, the 

solubility oT glucagon in aqueous media at 250 C is 50 Ilg/ml or 

less for the pH range of 3.5 to 8.5, whereas between pH 2 to 3 and pH 9 

to 11 glucagon is soluble at concentrations in excess of 10 mg/ml 

(Staub, Sinn & Behrens 1955). 

Glucagon crystallized at basic pH exists as a rhombic 

dodecahedron containing twelve molecules pacKed in cubic symmetry (Staub 

et al. 1955; King 1965). X-ray analysis shows glucagon adopts mainly a 

helical conformation in crystals which is stabilized by hydrophobic 

interactions between molecules related by three-Told symmetry (SasaKi et 

al. 1975). At physiological concentrations (10- 11 to 1O-8M) 

glucagon exists as a monomer. In dilute aqueous solution, this peptide 

does not have-' a stable tertiary structure but exists in equilibrium 

between random coil, a-helical, and ~-sheet structural states 

(Gratzer et al. 1968; Edelhoch 8: Lippoldt 1969; Panijpan & Gratzer 

1974). Increasing concentration results in a more ordered structure 

with glucagon self-associating into trimers (Gratzer, Creeth & Beaven 

1972; Johnson, Hruby &. Rupley 1979) and possibly higher oligomers when 

crystaHized (Srere & BrooKs 1969; Swann 8: Hammes 1969). Various 

spectroscopic techniques indicate that an increase iri helical 

conformation accompanies molecular association (Blanchard & King 1966; 

Srere 2. Brooks 1969; Panijpan 8: Gratzer 1974). In addition, helical 

content is also thought to increase marKedly upon interactions with 

pl1ospholipids (Epand, Jones & Sayer 1977). A model for glucagon 



structure has been suggested in which the molecule exists in dilute 

solutions as an equillbrium population of conformers with little 

retention of structure. and in which the helical conformation is 

stabilized by hydrophobic interactions either as an oligomer or as a 

complex with the receptor (SasaKi et al. 1975). 

Physiology 2.f Glucagon 

4 

Glucagon plays two main physiological roles in man and other 

animals. First. glucagon plays a homeostatic function participating in 

the maintenance of normal blood glucose levels, and second, glucagon 

produces hyperglycemia during stress providing a readily available 

source of fuel for the brain and muscle tissue. These responses are the 

result of glucagonJs potent ability to stimulate the processes of 

glycogenolysis. gluconeogenesis. and Ketogenesis. The effects of 

glucagon balance those of its antagonist, insulin, so that fluctuations 

in blood sugar levels in response to sudden changes in fluxes of fuels 

are prevented. 

Two forms of glucagon are known. Pancreatic glucagon is 

secreted from the alpha cells of the islets of Langerhans in the 

pancreas. Gut glucagon. which appears to be similar to pancreatic 

glucagon by both biological and immunological methods. is formed in and 

secreted from e><trapancreatic cells in the stomach and other portions of 

the digestive tract. These cells are ultrastructurally 

indistinguishable from pancreatic alpha cells (Baetens et al. 1976). 

Glucagon is synthesized from a larger precursor molecule that is 

estimated in some species to have a molecular weight of 18,000 to 19.000 
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daltons (Lund et al. 1980j Tager 1981). This preprohormone is converted 

to glucagon through a series of selective proteolytic cleavages 

" (Heller strom et a1. 1974j Noe & Bauer 1975j Patzelt et al. 1979) and 

its secretion is controlled by a number of factors. Since the primary 

physiologic role of glucagon is the preservation of normoglycemia, the 

major stimulus of glucagon secretion is hypoglycemia, whether the result 

of starvation, alcohol infusion, or insulin administration (Iversen & 

Hermansen 1977). Secretion is also stimulated by various amino acids 

although the effect is glucose dependent and release is best seen at low 

glucose concentrations (Assan et al. 1977). The most potent stimulator 

is arginine, closely followed by ornithine, with glycine, homoserine, 

valine, alanine, glutamiC aCid, serine, asparagine, and tyrOSine also 

being effective. Both rising blood glucose levels and free fatty acids 

exert inhibitory eff'ects on glucagon secretion (Lefebvre 1972). Since 

glucagon increases glucose production and lipolysis and decreases the 

level of circulating amino aCids, these regulators act to ensure 

secretion only under conditions requiring fuel mobilization. 

Glucagon: Mechanism of Action 

Since the classical \'Jork of' Sutherland and collaborators 

(Sutherland & Rail 1960j Sutherland, Robison & Butcher 1968) it has been 

accepted that most, if not all, of' the metabolic actions of glucagon are 

mediated via the formation of 3':5'-cyclic adenosine monophosphate 

(cAMP). Glucagon initiates its action (Figure 2) by binding to specific 

receptors on the external surface of' target cells (Rodbell et al. 1971b) 

which is subsequently translated into enhanced intracellular cAMP levels 



Figure 2. 

Phosphorylase kinase 
(inactive) 

Glucagon 
I 
I 
I .-

Adenyl cyclase 
I 
I 
I 

oj, 

ATP ---+ Cyclic AMP + PPj 

I 
I 
I 
~ 

Protein kinase +-- Protein kinase 
(active) (inactive) 

ATP : ADP 

\.. 1 2- Phosphorylated 
phosphorylase kinase 

(active) 

ATP : ADP 

\..L./ Phosphorylase b ---~--~~I Phosphorylase a 
(inactive) (active) 

I 
I 
I 

.j.. 

Glycogen -> Glucose-1-phosphate 

Cascade regulation of glycogen phosphorylase and activation 
of glycogenolysis by glucagon. 
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by activation of the membrane-bound enzyme adenyl ate cyclase (Rodbell et 

al. 1971c. 1971d). This alteration of the cAMP concentration causes 

various changes in cellular metabolism by altering the phosphorylation 

state of numerous cellular proteins (Garrison 1978; Garrison et al. 

1979). Evidence in support of the "second messenger" role for cAMP in 

glucagon action includes 1) an increase in intracellular cAMP following 

glucagon administration, 2) an increase in labeling with phosphate of 

total and specific phosphoprotein substrates of cAt-1P-dependent protein 

kinase (cAMP-PK), 3) enhancement of metabolic effects of glucagon by 

phosphodiesterase inhibitors, 4) reproduction of metabolic effects of 

glucagon by exogenous cAMP. and 5) presence of a glucagon-stimulatable 

adenylate cyclase in plasma membrane fractions of liver (for review see 

Exton and Harper 1975). 

The consequence of an increase in cAMP levels is a direct 

activation of the enzyme cAMP-dependent protein K:nase (cAMP-PK) (Corbin 

et al. 1978). In the absence of hormonal stimulation, cAMP-PK exists 

as an inactive holoenzyme in which a regulatory subunit dimer is bound 

to two catalytic subunits. \Vhen the cAMP concentration increases. the 

nucleotide binds to the regulatory dimer resulting in activation of the 

catalytic subunits which occurs upon their dissociation from the 

complex (for review see Rubin b: Rosen 1975). These subunits catalyze 

phosphorylation of a variety of intracellular enzymes (Garrison 1978j 

Garrison et al. 1979) which alters their activity leading to a 

physiological response. 
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Glucagon and Liver Glycogen Metabolism 

It is generally accepted that glucagon stimulates hepatic 

glycogenolysis and glucose production by a cAMP-PK phosphorylation and 

activation of glycogen phosphorylase 'b' kinase (Friedmann 1976). This 

enzyme in turn phosphorylates glycogen phosphorylase 'b' converting it 

to its active form phosphorylase 'a/. Since glycogen phosphorylase is 

the rate limiting enzyme for glycogen breakdown in the liver, its 

activation causes an increase in production of glucose-i-phosphate from 

glycogen which is rapidly converted to glucose for export from the cell. 

Glucagon also acts to increase hepatiC glucose output by 

inhibiting glycogen synthesis. cAMP-PK phosphorylates the active 'a l 

form of liver glycogen synthase, converting it to the inactive 'b ' form 

(Jett & Soder ling 1979). Phosphorylation produces a large decrease in 

the sensitivity of the 'bl form of the enzyme to activation by glucose-

6-phosphate and also alters the responsiveness of the enzyme to adenine 

nucleotides and other allosteric effectors. 

Glucagon and Gluconeogenesis 

The stimulation of gluconeogenesis by glucagon is more complex 

than that seen in the regulation of glycogen metabolism. In general, 

glucagon stimulates gluconeogenesis by increasing the rate of 

phosphoenolpyruvate production and decreasing the rate of its disposal 

by the enzyme pyruvate· kinase. Glucagon inhibits pyruvate kinase 

activity directly via a cAMP-PI< phosphorylation (Engstrom 1978; Pilkis 

et al. 1982). This covalent modification lowers enzymatic activity by 

decreasing substrate binding and modifying the influence of its various 



9 

allosteric effectors. Glucagon inhibits pyruvate kinase activity 

indirectly by controlling the hepatic level of fructose-i,6-diphosphate 

(F -1,6-P2), an allosteric activator of pyruvate kinase (Claus and 

Pilkis 1981). Although glucagon alters the phosphorylation states of 

phosphofructokinase and fructose-1,6-bisphosphatase which regulate the 

cellular level of F -1,6-P2, the activity of these enzymes appears to 

be regulated predominantly by the level of fructose-2,6-diphosphate 

instead of phosphorylation (Van Schaftingen & Hers 1980j Pilkis et al. 

i981b). Indeed it has been shown that the hepatic level of this 

regulator is dramatically decreased by glucagon treatment (Pilkis et al. 

1981a). Finally, the gluconeogenic enzymes pyruvate carboxylase and 

phosphoenolpyruvate carboxykinase are activated by glucagon not by 

phosphorylation, but by changes in the levels of their substrates and 

effectors (Siess et al. 1977j MacDonald, Bentle and Lardy 1978). 

Evidence for cAMP-Independent Actions of Glucagon 

A number of investigators using a variety of experimental 

approaches have obtained evidence that glucagon can stimulate hepatic 

glucose production independent of the second messenger cAMP. In 1971, 

glucagon was shown to stimulate glycogenolysis in perfused liver at 

concentrations lower than those required to produce a measurable 

elevation of tissue cAMP (Exton et al. 1971). Okajima and Ui (1976) 

using liver infusion studies, demonstrated that low doses of glucagon 

produce significant lowering of glycogen synthase activity, elevation of 

glycogen phosphorylase activity, and reduction of glycogen levels all 

without significant elevation of cAMP levels in the liver. These 



10 

observations were not restricted to whole or'gans, and investigators 

using isolated liver cells found that low concentrations of glucagon 

also stimulate giycogen phosphorylase without any detectable increase in 

cAMP or protein kinase activity (Birnbaum & Fain 1971). And in related 

studies, it was found that 2.1:5.1-deoxyadenosine could significantly 

inhibit cAMP production without effecting glycogen phosphorylase 

activity and glucose production in response to glucagon (Fain & Shepherd 

1971). Although these observations were made, those opposing this 

evidence for glucagon-stimulated cAMP-independent mediated 

glycogenolysis (and even those providing it) contend that only small 

concentrations of cAMP are necessary to elicit the overall cellular 

response. Consequently, the techniques utilized could suffer from a 

lack of sensitivity to observe such small but effective changes in cAMP 

levels stimulated by glucagon. 

In stUdies with glucagon analogues, Cote and Epand (1979) have 

reported that although [NCX-TNP-His1]-glucagon can inhibit 

glucagon induced. stimulation of adenylate cyclase, it is capable of 

activating glycogenolysis in isolated hepatocytes. 

His1,Ne:-PTC-L ys12]-glucagon has essentially 

Similarly, [des-

no effect on 

liver plasma membrane adenylate cyclase activity and can competitively 

inhibit the action ot' glucagon on this enzyme in the same to vitro 

system (Bregman, Trivedi &. Hruby 1980). However, in the perfused rat 

liver, this compound does not inhibit glucagon stimulr:lted glycogenolysis 

but instead shows weakly potent but full activity in stimulating liver 

glycogenolysis (I(han et al. 1980). Finally, the potent glucagon 
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antagonist [NO- TNP- His 1,hArg12 J-glucagon, THG, which can 

antagonize glucagon-stimulated adenylate cyclase activity (Bregman, 

Trivedi & Hruby 1980) and lower blood glucose levels in diabetic rats 

(Johnson et al. 1982), is a full agonist for glycogenolysis arid 

gluconeogenesis in hepatocytes isolated from normal livers (Corver2 et 

al. 1984). These studies also suggest that glucagon at low 

concentrations may mediate its effects via a cAMP-independent mechanism. 

Furthermore, glucagon analogues which act as cAMP antagonists may still 

activate hepatic glucose production by this cAMP-independent pathway. 

Since these studies employ semisynthetic analogues of glucagon, the 

possibility always exists that the agonist activities observed for these 

derivatives in whole cell systems are due to minor contamination of the 

analogue preparation with native peptide. 

Aside from the apparent cAMP-independent glycogenolysis elicited 

by glucagon, quite recently it has been shown that both glucagon and THG 

are capable of stimulating the breaKdolfJn of phosphatidylinositol with 

the concomitant increase in cytosolic inositol triphosphates (V/aKelam et 

al. 1986). Furthermore, this response seems to be responsible for 

glucagon-stimulated desensitization of adenylate cyclase (Murphy et al. 

1987). Although at this pOint it is questionable whether or not 

glucagon mediates cAMP-independent hepatic glycogenolysis, it is clear 

that this peptide activates both the adenylate cyclase and 

phosphatidylinositol transduction systems in liver and thus is indeed 

capable of eliciting cA~1P-independent events. 
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Glucagon Activation of Adenylate Cyclase 

The mechanism by which the glucagon binding event results in 

activation of adenylate cyclase is unknown, but considerable 

advancements have been made in the last several years. There are three 

membrane components postu~ted to transform the hormone s~naL These 

entities are the receptor (R) to which glucagon binds, the catalytic 

unit (C) that converts A TP to cAMP, and regulatory or signal transducing 

proteins (Ns and Ni) that act as a coupler between the receptor 

and the catalytic unit to form the complete holoenzyme complex (for 

reviews see Birnbaumer and Iyengar 1982j Rodbell 1983j Ross and Gilman 

1980). Studies on the biochemical characteristics and structure of the 

individual components of this system have begun to provide a molecular 

description of the signal transduction process. 

In 1914 a highly purified glucagon binding protein was isolated 

from a liver membrane preparation (Giorgio, Johnson 8: Blecher 1914) 

having a molecular weight of 190,000 and a high specificity for 

glucagon. Johnson, MacAndrew and Pilch (1981), and Iyengar and Herberg 

(1984) have covalently attached 1251-labeled glucagon to its 

receptor using the cross-linking reagent hydroxysuccinimidyl-p

azidobenzoate. The cross-linKed material was isolated as a 63,000 

dalton protein with four N-Iinked glycans accounting for 18,000 daltons 

of its mass. Upon solubilization, the receptor was determined to be a 

dimer but unfortunately does not display any functional interaction with 

Ns (Herberg et al. 1984). It has also been shown that only a small 

region of the receptor is required for both hormone-binding and Ns 



interaction suggesting that the receptor may perform other yet 

unrecognized functions (Iyengar 1986). 
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Aside from the fact that the catalytic unit, C, forms cAMP plus 

MgPPi from the substrate MgATP, relatively little is known as the 

protein has yet to be purified from mammalian cells. In contrast, the N 

proteins have been purified (Codina et at. 1984a; Northrup et al. 1980; 

BoKoch et at. 1980) and are both formed of a, b, and y subunits 

(Hildebrandt et al. 1984). These proteins interact with magnesium, bind 

GTP and its analogues, and possess GTPase activity (Codina et al. 

1984b). Upon treatment with Mg and the nonhydrolyzable GTP analogue 

GNP-P(NH)P (which irreversibly activates the complex), purified Ns 

protein in detergent solution undergoes subunit dissociation to give a 

complex of i>y subunits and a guanine nucleotide bound a subunit 

of N which stimulates C (Northrup et al. 1983; Northrup, Sternweis & 

Gilman 1983). Despite this, it is not yet clear whether the subunit 

dissociation reaction occurs with the natural activator, GTP, whether it 

is obligatory for stimulation of C, or if it happens at all within the 

normal phospholipid environment of the plasma membrane where regulation 

of C by Ns normally occurs. In any case, it has been proposed that 

the specific role of the hormone occupied receptor is to catalyze the 

GTP-dependent activation and subunit dissociation of the N protein which 

results in the production of cAMP (Birnbaumer et at. 1986). There are 

now indications that under some circumstances Ni may also be 

affected by glucagon (Murphy et at. 1987) to elicit glucagon-induced 

desensitization of adenylate cyclase. This N protein is structurallY 

and functionally similar to Ns but acts to inhibit the activity of C 
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either by inhibition of the NsC complex (I<atada et al. 1984a; Katada 

et al. 1984b) or by direct inactivation of C by Ni itself 

(Hildebrandt et al. 1983; Hildebrandt, Codina & Birnbaumer 1984). 

Glucagon: Structure-Function Relationships 

A striKing feature of glucagon is the high degree of amino acid 

sequence conservation seen throughout mammalian evolution. Except for 

the guinea pig (Sunby 1976), all mammals investigated to date synthesize 

the identical glucagon peptide. Those studied thus far include the pig 

(Bromer, Sinn & Behrens 1956), ox (Bromer, Boucher Be Koffenberger 1971), 

man (Thomsen et al. 1912), rat (Sunby & Markussen 1911), rabbit (Sunby & 

MarKussen 1912). and camel (Sunby, Markussen Be Danho 1914). Avian 

glucagons are only Slightly modified with chicken and turkey glucagon 

differing from the mammalian peptide by having serine instead of 

asparagine in position 28 (Pollock & Kimmel 1915; MarKussen et al. 

1912). Duck glucagon has an additional substitution of threonine 

instead of serine in position 16 (Sunby et al. 1912). This high degree 

of primary structure conservation exhibited by glucagon reflects 

stringent functional requirements for almost all residues of the 

molecule. 

In addition to evolutionary conservation of structure, results 

from structure-function studies also support that most of the molecule 

is required for full biological activity (Rodbell et al. 1911ai Epand et 

al. 1981; Bromer 1983; Hruby et al. 1986a). Early studies e)(amining 

glucagon and semisynthetic derivatives and fragments led to the general 

conclusions that the carboxy-terminal region of glucagon is important 
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for receptor recognition and binding, whereas the amino-terminal region 

is primarily responsible for transduction of the biological system 

(Hruby 1982). More recent worl< has verified this original hypothesis 

and clarified various roles for other portions of the molecule. 

Importance of N-Terminal Region for Transduction 

Glucagon fragments containing sequence-deletions of four to five 

residues at or near the N-terminal region result in little or no 

. adenylate cyclase activity but retentiori of significant binding activity 

(Frandsen et al. 1981). The widely studied C-terminal fragment [des

His1)-glucagon is a 601. partial agonist for adenylate cyclase with 

only 21. the potency of the native peptide (Hruby et al. 1976; Hruby 

1982; Lin et al. 1975). These studies clearly demonstrate the 

importance of the 1-4 sequence, particularly the N-terminal histidine 

residue, for complete transduction of adenylate cyclase bioresponse. 

Importance of C-Terminal Region for Receptor Recognition 

Fragments containing sequence-deletions in the C-terminal region 

of glucagon result in nearly complete loss of receptor binding activity 

(Fransden et al. 1981; Frandsen et aJ. 1985), although glucagon1_6 

and glucagon1_15 have been shown to recognize the glucagon receptor 

without eliciting biological activity even at millimolar concentrations 

(Pelton, Trivedi 8: Hruby 1983; Hruby et al. 1986a). [Asn15)-

glucagon1-17 is the smallest fragment synthesized to possess 

significant but very minimal biological activity (Hruby et al. 1986b) 

whereas glucagon1_26 is the smallest N-terminal fragment with 

reasonable potency for full bioactivity (Frandsen et al. 1981). 



C-terminal fragments containing the last 9 to 11 residues of glucagon 

demonstrate no receptor binding activity and consequently are 

biologically inactive (Rodbell et al. 1971aj Edelhoch and Schneider 
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1973j Carrey and Epand 1983). The C-terminal analogue prepared by 

treatment of glucagon with cyanogen bromide, [homoserinelactone27]

glucagon1_27, and several of its derivatives all are ful1 agonists 

but exhibit low potencies for receptor binding and hepatic adenylate 

cyclase activity (Hruby et al. 1976j Lin et al. 19"75j Hruby et al. 1981j 

\tJright, Hruby 8& Rodbel1 1980j England et al. 1982). In contrast, 

binding and biological activities are not affected by removal of the C

terminal threonine residue but both are reduced 20-fold when the 

penultimate asparagine residue is also omitted (England et al. 1982). 

Thus it appears that neither the polar side chain of Thr-29 nor the 

terminal carboxylate charge is necessary for full activity, but Asn-28 

seems to be critical either directly through its role in binding or 

indirectly through its role in preserving the hormone structure 

appropriate for binding. Clearly a large number of C-terminal residues, 

presumably 24 or so, are necessary for good receptor recognition. 

Conformational Features of Glucagon 

The importance of specific conformational features of glucagon 

for receptor binding and biological activities have also been 

investigated through the use of numerous glucagon fragments and 

analogues. In general, shorter N-terminal fragments such as 

glucagon1_12 and glucagon1_15 have no a-helix structure as 

determined by circular dichroism (Hr uby et al. 1986a) whereas larger 
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N-terminaJ fragments such as glucagon,-21 and C-terminal fragments 

of residues 19-29, 20-29, and 21-29 have substantial OI-helix 

character (Edelhoch and Schneider 1973j \flu and Yang 1981). Based on 

glucagon1s x-ray structure and numerous structure-function studies it 

has been proposed that an a-helix in the C-terminal region is 

important for recognition of its hepatic receptor (Hruby 1982). In 

addition, analysis of the C-terminal helix indicates that it is 

amphiphilic in nature (SasaKi et al. 1975j Hamed, Robinson & Mattice 

1983; Epand 1983; I<aiser & Kezdy 1984). To test this hypothesis, a 

highly modified analogue designed primarily for enhanced amphiphilic 

helical potential in the C-terminal region was synthesized, 

[Leu 19 ,23,27,Gly2i,Ala2.6,Gln2.8)-glucagon (Musso et al. 

1983). The weaK but significant receptor binding activity exhibited by 

this analogue provides support for this postulate (Musso et al. 1984). 

Additional investigations to test this premise have been carried 

out by designing and synthesizing analogues with increased OI-helical 

and reduced t>-sheet potentials (as measured by the method of Chou 

and Fasman (1978» in the C-terminal region with a minimum of structural 

changes compatible with Known structure-function studies. The analogue 

[Lys 17,18,G lu2.1)-glucagon which contains substitutions to 

enhance a-helix and decrease 'b-sheet structure in both the 15-18 

and 19-2.7 regions of the native peptide indeed supports this hypothesis. 

This analogue, which has increased a-helical content relative to 

glucagon as determined by circular dichroism experiments, was the first 

synthesized to exhibit greater potency than the native hormone for both 

receptor binding (500~) and adenylate cyclase (700~) activities 



(KrstenansKy et al. 1986). Clearly the C-terminal region of glucagon 

prefers an a""helical conformation with amphiphilic character for 

maximal binding activity. 

Importance of 10-13 Region for Receptor Interaction and Biological 
Activity 
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The same approach has been used to examine the central region of 

glucagon and assess its role in hormonal function (KrstenansKy. Trivedi 

& Hruby 1986). \\then either or both of the tyrosines at positions 10 and 

13 are replaced with phenylalanine the a-helix potential is 

increased and the 'b-sheet potential is decreased relative to 

glucagon in the 10-13 region of the analogue. These derivatives exhibit 

reduced potency for both receptor binding and adenylate cyclase 

activities and in addition, the Phe-1O analogue is only a partial 

agonist for the biological response. Thus, it appears that while 

enhancement of the a-helical potential in this region is not 

favorable for receptor interaction, the phenolic group of Tyr-10 is 

important for transduction of the full biological response. \\then the 

11-13 residues are replaced with a highly flexible pseudo-isosteric 

bacKbone spacer group lacKing the side-chain functionalities and amide 

groups of the native tripeptide, an analogue results with reduced 

potency but full ability to activate the adenylate cyclase system. This 

indicates that none of these residues are essential for transducing the 

biological message, but instead are important for permitting the 

biological activity message portion of the hormone to interact properly 

with the receptor since relatively simple modifications at the 11 and 12 

positions result in partial agonist analogues. From these studies it 
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appears that the 10-13 region of glucagon not only provides functional 

groups important for maximal binding of the hormone to its receptor but 

also acts as a "hinge" directing the interaction of the biological 

activity message for proper activation of the receptor (Krstenansky, 

Trivedi 8: Hruby 1986). 

Development of Glucagon Antagonists 

Partial agonist analogues of glucagon have provided important 

leads into the structural modifications likely to produce glucagon 

antagonists. Analogues in which the N-terminal histidine residue has 

been deleted, replaced, or modified are partial agonists for adenylate 

cyclase activity which demonstrate the importance of N-terminal 

histidine to the transduction process (Hruby et al. 1976; Lin et al. 

1975; McKee et al. 1986; Bregman, Trivedi & Hruby 1980; Hruby et al. 

1986a). In addition, the structural relationship betw.een the two amino 

groups of glucagon, the N-terminal and the lysine-12 side chain, also 

appears to be important for full biological activity. Substitutions 

made at lysine-12 which retain a positive charge at this position such 

as arginine or homoarginine result in full agonist analogues with 

somewhat decreased potency (Bregman, Trivedi 8: Hruby 1980; Ross et aJ. 

1979; Hruby et al. 1981; Suerias-Diaz et al. 1984; Flanders et al. 

1982; \"right 8: Rodbell 1980). In contrast, when the positive charge is 

neutralized, inactive or partial agonist analogues result (Bregman, 

Cheng 8: Levy 1978; Carrey 8: Epand 1982). The substitution of sterically 

small groups at both amino positions such as in bis-amidinated and bis

carbamoylated analogues results in weak partial agonists or very Vleak 
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antagonists firmly establishing the important interrelationship between 

these two sites for transduction of the hormonal message (Wright & 

Rodbell 1980j Ross et al. 1979j Bregman, Trivedi &. Hruby 1980). 

\'Ihen replacements are made at these sites with larger 

substituents such as phenylthiocarbamoyl (PTC) and trinitrophenyl (TNP) 

on partial agonist analogues, potent glucagon antagonists result 

(Bregman & Hruby 1979j Cote & Epand 1979j Epand et al. 1981j Bregman, 

Trivedi & Hruby 1980). Indeed, [NOITNP-His 1,hArg12 ]-

glucagon not only inhibits glucagon-stimulated cAMP production, but also 

is potent in lowering blood glucose levels in diabetic animals (Johnson 

et al. 1982). Clearly, the relationship between the amino terminal 

histidine and the positive charge at position 12 is critical to 

activation of adenylate cyclase. 

More recent worK combining the leads from these semisynthetic 

antagonists and the conformational requir~ments discussed for glucagon 

above has resulted in the production of several new antagonists prepared 

by solid phase peptide synthesis (Gysin et al. 1986j Gysin et al. 1987j 

Zechel, Trivedi &. Hruby, unpublished results). Modification of the 

'b-turn potential in the 1-5 region of glucagon leads to very 

weaK partial agonists and in some cases antagonists such as 

[D-Phe 4 ,Tyr 5 ,Arg 12 ]- and [A sp 3,D-Phe 4 ,Ser 5 -

Lys 17, 18]-glucagon. Other analogues which combine the increase in 

N-terminal 'b-turn potential with an increase in C-terminal 01-

helix character are inactive for adenylate cyclase activity and can 

antagonize glucagon-mediated hyperglycemia in normal rats (Gyain et al. 

1987). These analogues demonstrate structural and conformational 



properties of glucagon which are necessary for transduction of the 

adenylate cyclase response. 

Glucagon and Diabetes Mellitus 

Diabetes mellitus is a complex degenerative disease that 

afflicts 12 million Americans and each year kills 300,000 of its 

victims. It starts insidiously with excessive thirst, frequent 
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urination and fatigue. With time, the disease damages blood vessels, 

nerves, the heart, kidneys and eyes. Diabetics are twice as liKely as 

normal people to suffer from coronary heart disease and stroKes. They 

may die of Kidney failure, are often blinded and have an amputation rate 

40 times higher than that of nondiabetics. \vith its complications, 

diabetes ~<.iIIs more Americans than all other diseases except heart 

disease and cancer. 

Diabetes is a chronic, metabolic disorder which occurs when 

there is a malfunction in the secretion of the hormones which control 

fuel distribution throughout the body. Consequently, the body is unable 

to convert digested food into usable energy. It is generally 

characterized by impaired· metabolism of carbohydrates and enhanced 

metabolism of proteins and fats. An untreated diabetic exhibits 

hyperglycemia and glucosuria since the level of glucose in the blood 

e)cceeds the reabsorptive capacity of the renal tubules. The loss of 

glucose during hyperglycemia results in depletion of the carbohydrate 

stores and consequently fats and proteins are utilized as energy 

sources. The accelerated mobilization of lipids and fats results in the 

formation of large amounts of acetyl-coenzyme A (acetyl-CoA). Ketone 
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bodies (acetoacetate, acetone, and hydroxybutyrate) are formed when 

acetyl-CoA cannot enter the citric acid cycle due to insufficient 

biosynthesis of oxaloacetate. The production of large amounts of ketone 

bodies results in ketoacidosis of the blood which in severe cases can 

result in coma and even death if left untreated. 

It has been classically viewed that all the metabolic 

abnormalities associated with diabetes are due to a lack of insulin 

secretion or insulin action at its target tissues. This unihormonal 

postulate is based on two early experiments, the first of which 

demonstrated that removal of the canine pancreas results in 

manifestation of the diabetic syndrome (von Mering &. MinkowsKi 1889), 

and the second of which demonstrated that injection of an insulin

containing pancreatic extract can reverse the metabolic abnormalities 

which result from pancreatectomy (Banting &. Best 1922). The bihormonal 

hypothesis of diabetes mellitus, first suggested in 1975 by R. H. Unger 

and L. Orci (1975), contends that not only insulin deficiency but also 

inappropriately high levels of glucagon are important for development of 

the full diabetic syndrome. This hypothesis is based on the recognition 

that total pancreatectomy in dogs, as performed by von t4ering and 

MinKowsKi, is rapidly followed by an increase in glucagon secretion 

originating from extrapancreatic a-cells located in the gastric 

fundus (Dobbs, et al. 1975). Furthermore, administration of insulin, as 

performed by Banting and Best, suppresses this extrapancreatic 

hyperglucagonemia (Blazques et al. 1976). This hypothesis specifically 

states that the relative or absolute deficiency of insulin is 

responsible for impairment of glucose utilization by insulin-sensitive 
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tissues, increased lipolysis by adipocytes, and increased release of 

amino acids from muscle, while the massive overproduction of glucose and 

Ketones by the liver is primarily mediated by relatively high 

circulating levels of glucagon. Indeed, in patients where both insulin 

and glucagon are absent, the extensive hyperglycemia and hyperKetonemia 

observed in the presence of glucagon does not occur (Unger 1978). 

Three major lines of evidence implicate glucagon as an essential 

cofactor in the pathogenesis of this disease. First, endogenous 

hyperglycemia has never been observed in the absence of glucagon. Every 

form of diabetic and non-diabetic hyperglycemia, including spontaneous 

diabetes in man and in all animal models with experimental diabetes, is 

accompanied by relative or absolute hyperglucagonemia (Aguilar-Parada, 

" Eisentraut & Unger 1969; Unger et al. 1970; Muller et al. 1970; 

Buchanan & McCarroll 1972). Second, somatostatin treatment which 

suppresses both insulin and glucagon release reduces glucose levels to 

normal except during concomitant infusion of glucagon (SaKurai, Dobbs & 

Unger 1974). Third, the onset of diabetic Ketoacidosis is delayed upon 

treatment with somatostatin suggesting the requirement for glucagon in 

this metabolic consequence of the disease (t4cGarry, \\fright & Foster 

1975; Gerich et al. 1975). Thus, it appears that full expression of the 

diabetic syndrome requires impairment of insulin secretion and/or action 

plus the presence of glucagon at levels that are high relative to the 

amount of insulin activity. 

The evidence in support of the bihormonal abnormality hypothesis 

as well as the controversy surrounding it have been extensively reviewed 

(Unger 1978; Lefebvre & LuycKx 1979; Unger & Orci 1981). Given the 
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considerable amount of clinical evidence supporting the role of glucagon 

in the pathogenesis of diabetes, investigation of this hypothesis at 

both molecular and cellular levels is merited. 

Objectives 

In light of the above discussion, it is evident that glucagon 

may in fact mediate some cellular responses independent of the classical 

second messenger cAMP. Although clear cAMP-independent mediation of 

glucagon-induced desensitization has been reported, it remains 

questionable whether or not glucagon is capable of eliciting hepatic 

glucose production by a similar cAMP-independent mechanism. Previous 

studies addressing this question have yielded cautionary results. Those 

investigating glucagon-stimulated glycogenolysis in static incubations 

of isolated hepatocytes and recirculating perfused livers have 

demonstrated a small and consequently questionable separation between 

the concentration of glucagon required for the production of cAMP and 

that necessary to elicit hepatic glucose production. Others utilizing 

the same ttJ vitro techniques have employed glucagon analogues which 

can efficiently antagonize glucagon-stimulated cAMP production and 

have found that despite this inhibitory activity, they still stimulate 

the overall cellular response. Although these compounds do indeed 

inhibit the production of cAMP, their semisynthetic origin does not 

eliminate the possibility that agonist activity elicited by these 

analogues in whole cell systems may be the result of a small glucagon 

contamination. 
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It was the purpose of the studies described herein to 

investigate the operation of glucagon--stimulated cAMP-independent 

mechanisms for hepatic glycogenolysis. The first objective was to 

develop reliable and sensitive methodology for the measurement of 

parameters obligatory to any cAMP-mediated event utilizing a system 

which alleviates the serious problems associated with the static and 

recirculatory techniques previously employed. The need to overcome 

peptide degradation during challenge with glucagon, particularly at loVi 

concentrations, is of primary importance for proper dose-response 

examination and correlation with cAMP-mediated events. 

Once this system was standardized and characterized, the second 

goal of this project was to challenge liver tissue with both the native 

hormone and glucagon analogues which can antagonize glucagon-stimulated 

cAMP production. [NOI- TNP-His 1,hArg12)-glucagon, THG, is 

a semisynthetic glucagon analogue which can antagonize glucagon

stimulated cAMP production in liver plasma membranes and isolated 

hepatocytes, yet still is a full agonist for both glycogenolysis and 

gluconeogenesis in the whole cell system. In addition, this agonist 

activity has been reported to be mediated independent of cAMP. [Des

amino-His1,D-Phe4,Tyr5,Arg12,Lys17,18,Glu21)-

glucagon, [des-amino-fYRKKE)-glucagon, is the most potent of a recent 

series of totally synthetic glucagon analogues which can also antagonize 

glucagon-stimulated adenylate cyclase activity in liver plasma 

membranes. These molecules which can specifically inhibit adenylate 

cyclase and consequently any cAMP mediated events are extremely valuable 

tools and offer important advantages over studies utilizing glucagon 
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alone for investigating cAMP-independent actions of this glucogenic 

hormone. Since [des-amino-fYRKKE]-glucagon is prepared by total 

synthesis, the possibility of contaminating glucagon contributing to any 

agonist activity associated with this analogue has been eliminated. By 

correlating the overall cellular response with events obligatory to the 

cAMP-dependent pathway, more conclusive results concerning the 

mechanisms operating for glucagon-stimulated glycogenolysis can be 

provided. 

Finally, in light of the possibility that glucagon may be 

involved in the pathogenesis of diabetes mellitus, the third goal of 

this project was to examine the same set of peptides utilized in the 

normal investigations and compar:e these actions with those observed in 

the diabetic liver. Since THG has been shown to lower blood glucose 

levels in diabetic animals, these studies should identify the mechanism 

responsible for the [) vivo antagonist activity associated with this 

analogue. Paral1el investigation of glucagon-specific cAMP antagonists 

on both normal and diabetic systems provides insight into the 

differences in glucagon-stimulated glycogenolysis between these two 

states. Furthermore, it demonstrates the properties of glucagon 

analogues required to antagonize the hyperglycemic activities of the 

high levels of circulating glucagon present in the diabetic patient. 

Such information is important to the development of true glucagon 

antagonists for critical biochemical testing of the bihormonal 

abnormality hypothesis of diabetes mellitus. 



CHAPTER TWO 

A PERIFUSION SYSTEM FOR THIN LIVER SLICES 

F or most studies designed to investigate hormonal actions at the 

liver. four !!! vitro systems are employed. These are isolated liver 

plasma mem~ranes, isolated hepatocytes, liver slices, and perfused 

livers. 

In Vitro Systems for Investigating Liver Metabolism 

Liver plasma membranes have proven excellent for assessing 

events which occur at the cell surface, and particularly those mediated 

at the glucagon receptor--adenylate cyclase complex (Pohl, Birnbaumer & 

Rodbell 1971; Birnbaumer, Pohl 8: RodbelJ 1971; Rodbell et aJ. 

1971b, 1971c, 1971d). This assay system has been extremely important in 

the search for glucagon-stimulated adenylate cyclase inhibitors since 

receptor binding affinity. relative potency for cAMP production, and 

maximal stimulation can be measured. 

Isolated hepatocytes are likely the most widely used UJ 

vitro system for investigating intracellular events of glucagon 

action. Upon the introduction of collagenase as a liver-dispersing 

enzyme (Howard et al. 1967) and the use of phYSiological liver perfusion 

to make the tissue uniformly accessible to its action (Berry 8: Friend 

1969), it became possible to prepare intact liver cells in high yield. 

Since then, many investigations have been directed toward the 

biochemical reactions of these cells (Wagle and Ingebretsen 1975; Seglen 

27 
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1976; Tager, S8ling and ItJilliamson 1976; Harris & Cornell 1983). This 

system has several advantages over other preparations, including rapid 

and direct manipulation of the cellular environment, and the ability to 

obtain numerous identical samples from one liver allowing parallel 

comparisons to be made between untreated and treated cells. Such a 

situation provides the most appropriate of controls. 

There are two main disadvantages associated with isolated 

hepatocytes which prohibit their use in the investigation of hormonal 

mechanisms for glucagon proposed here. First, the collagenase 

preparation commonly used for tissue dispersion is a crude extract which 

contains proteolytic impurities (Seglen 1976). This treatment results 

in cells which are poorly responsive to glucagon, but the effects of 

cAMP are not impaired (Johnson et al. 1972). This is most likely 

because of proteolytic damage to the glucagon receptors which are 

exposed at the external surface of the cell membrane (Iyengar 1986). 

This problem can be corrected by culturing the cells (Krebs 1979), 

presumably by replacement of damaged receptors with newly synthesized 

ones. Unfortunately, their rapid transition to a more fetal-like state 

characterized by phenotypic change, production o·f fetal proteins, and 

increase in hepatic DNA synthesis (Leffert et at 1978; Sirica et al. 

1979; Bissell &. Guzelian 1980) introduces additional variables which may 

interfere with data interpretation from hormonal challenge experiments. 

Second, the minimal time required for preparation of cells is one hour 

and the procedure is technically quite difficult. Most of the glycogen 

content is lost during the procedure (Schimassek et al. 1974), and with 
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low substrate concentrations, glucagon-stimulated glycogenolysis cannot 

be reliably measured. 

For the study of intact liver functions under controlled 

conditions, the isolated perfused liver has been extensively used (Ross 

1972). This experimental system is excellent for assessing hepatic 

metabolism, particularly the effects of an agent on overall cellular 

events. The extreme sensitivity of this preparation is likely due to 

the facts that 1) there is very little manipulation of the tissue prior 

to use, and 2) the functional heterogeneity of the liver is not 

destroyed. Indeed, several kinds of cell-cell contact present in the 

liver contribute importantly to normal liver function (Bissell 1983). 

Unfortunately the liver is not completely homogeneous and it is 

difficult to obtain many identical samples from one organ. In addition, 

it is impossible to test different experimental treatments 

simultaneously, and differences between individual animals become more 

important requiring considerably more experiments to be done. 

Ever since the introduction of the microtome, investigators have 

attempted to prepare viable liver slices for the purpose of studying 

hepatic metabolism. Such an in vitro system is desirable since it 

should bridge the gap between the functional capacity of isolated 

hepatocytes and the functional heterogeneity characteristic of the 

intact organ. Up until quite recently, the Oxford vibratome and the 

Stadie-Riggs microtome (Stadie & Riggs, 1944) were the instruments of 

choice for preparing liver slices. Unfortunately, . with both of these 

instruments it is difficult to prepare slices of uniform thickness and 

dimenSion, and the conditions utilized for slice preparation are quite 
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traumatic (Smith i985). Although they consist mainly of intact cells, 

they have generally proved unsuitable as a hepatic iD vitro system 

since some essential components of liver metabolism become greatly 

impaired upon slicing. For example, the biochemical capacity for 

gluconeogenesis from lactate and amino acids in liver slices is 3 to 5 

times lower in slices than in the perfused liver (Krebs, Not ton & Hems 

1966; Ross, Hems & Krebs 1967), and the oxidiation of fatty acids to 

ketone bodies is as much as ten-fold lower in slices (Krebs 1970). This 

appears to be due to an inability of slices to maintain normal 

concentrations of the adenine nucleotides (Krebs 1970). 

In 1980, the Krumdieck tissue slicer was introduced which had 

been designed to overcome the problems associated with earlier 

instruments (KrumdiecK, Dos santos & Ho 1980). The slicer consists of a 

motor-driven vibrating blade submerged in an isotonic medium so that the 

tissue is cut directly into a phYSiological buffer. An internal current 

within the system supplied by a pump rapidly removes the cut slice from 

the blade and gently carries it to a reservoir. This organization has 

important advantages over the earlier instruments. First, it simplifies 

the tasK of the operator and greatly speeds up the preparation time. 

Second, adhesion of the tissue to the blade and the resulting wear and 

tear on the tissue are eliminated by the continuous lubrication provided 

by the circulating buffer. Finally, dessication and osmotic insult of 

the tissue are eliminated, and by proper oxygenation of the buffer, 

tissue anoxia is avoided. 

These improvements in liver slice preparation have shown to be 

critical to obtaining an in vitro system suitable for biochemical 
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investigation. Slices prepared by this method are consistent in size 

and surface area and thus can be used as individual experimental units 

(Krumdieck, Dos Santos &. Ho 1980; Smith et al. 1985). They incorporate 

radiolabeled acetate into cholesterol and carbon dioxide (Krumdieck, Dos 

Santos &. Ho 1980), and histological evidence iftaicates that when 

maintained in a dynamic organ culture system, they appear to remain 

viable for at least 20 hours (Smith et al. 1985). Additional studies 

have indicated that they 1) maintain in vivo levels of potassium and 

A TP for up to 20 hours in culture, following an initial recovery period 

of approximately two hours; 2) demonstrate linear protein synthesis and 

protein secretion for 20 and 16 hours, respectively; and 3) synthesize 

glycogen between four and twelve hours in culture. In addition, there 

is a two-fold stimulation in glucose production upon challenge with 

ma)(imal doses of glucagon over the same 20 hour period (Smith 1985; 

Smith et al. 1986). 

~ Nonrecirculatory Perifusion System for Thin Liver Slices 

The superiority of liver slices prepared by this method, 

combined with the advantages of using slices over isolated cells, led to 

the development of a perifusion system for thin liver slices for the 

purpose of investigating mechanisms of glucagon-stimulated hepatic 

glucose production. At the onset, it was decided that the system must 

meet the following basic requirements. 1) Slices must remain viable for 

a minimum of three hours as any given experiment would be completed 

within this period of time. 2) A precise environment for the slices 

must be maintained for the purpose of reproducibility. This includes 
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maintenance of constant temperature, pH, and oxygen supply to the 

tissue. 3) Slices must be accessible for sampling when intracellular 

parameters are to be assessed. 4) For experiments involving prolonged 

hormonal challenge with concomitant sampling of perifusate, the 110rmone 

must be continually supplied to compensate for peptide degradation but 

at a flow rate such that changes in metabolite concentrations over basal 

are detectable and reliable. 

Of primary importance to the success of this system is the 

ability to investigate effects of hormones present at low 

concentrations. Indeed, it is under just such circumstances that the 

first suggestions of cAMP-independent effects of glucagon were made 

(Exton et aJ. 1971i OKajima & Ui 1976; Birnbaum & Fain 1977; Fain & 

Shepherd 1977). Static incubation systems are not suitable for these 

studies since peptides are rapidly degraded when incubated with liver 

preparations (Pohl et al. 1972; Barazzone et al. 1980; Hagopian & Tager 

1984). This is particularly important at low concentrations where 

hormonal effects can be masKed. In addition it is not possible to 

maintain steady-state concentrations of substrates and products. For 

these reasons a nonrecirculatory system was developed. By using a flow 

through system, the extracellular environment of the slices can be 

easily manipulated, physiological (low) levels of hormones can be used 

and Kept constant, and determination of both intracel1ular and 

extracellular concentrations of metabolites is facilitated. 

The perifusion system developed and utilized for the studies 

described herein satisfies the requirements outlined above necessary to 

address the biochemical questions. The system itself consists of a 
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perifusion plate, a heating unit, and a multichannel peristaltic pump 

(Technicon Autoanalyzer, Tarrytown, NY) (Figure 3). The perifusion 

plate, fabricated from a stainless steel block (12" x 9 1/2" x 1"), is 

divided into two chambers, a heating/oxygenation chamber and a 

perifusion chamber, and consists of seven independent perifusion lanes 

(Figure 4). The heating/oxygenation chamber contains seven elongated 

posts, 1/2" high, milled from within the stainless steel block. 

Silastic tubing for each lane is threaded through holes in the end of 

the plate and is wrapped around its respective post several times before 

exiting through slots at the opposite end. The chamber is sealed on top 

by a clear Plexiglas plate which has been glued and bolted into place. 

Oxygen enters this chamber at six sites on the Plexiglas lid through 

lines which radiate from a manifold which is connected to the gas 

source. The silas tic tubing for each lane ends in its respective tr'ough 

in the perifusion chamber. This compartment consists of seven troughs 

milled from the block, 1/4" deep, with the bottom of each containing 

four narrow channels. At the end of each trough is a 1/8" conical 

depression in which the end of a 14 gauge needle is immersed. Bent at a 

900 angle, the needle exits the chamber through slots in the end of 

the plate. This needle is connected with flexible intramedic tubing to 

another one, also bent at 900 , with a flared piece of tubing 

inserted over the end. A Plexiglas block containing seven nylon screws 

lined up over each of the ultimate needles is bolted to the end of the 

plate and serves to regulate their height. The peri fusion chamber has a 

removable black Plexiglas lid which insulates this compartment from the 

laboratory environment. In addition, the overflow of oxygen from the 
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heating/oxygenation chamber exits through tubing which terminates in the 

lid ensuring an adequate supply of oxygen to the tissue. 

In order to maintain constant temperature, a light box Vias 

constructed which warms the perifusion plate by facilitated convection 

heating (Figure 3). The plate sits over a dual compartment Plexiglas 

box in which air warmed by a 40 IN light bulb in the lower compartment is 

circulated to the perifusion plate by a small electric fan. A 

temperature probe inside the box is connected to a thermoregulator 

(Dynasense, Cole-Parmer Instrument Co., Chicago IL) which switches the 

bulb off and on maintaining the temperature of the system at 37oC. 

Perifusion of slices (Figure 5) is accomplished as follows: 

Initially, perifusion buffer is pumped at a constant flow rate via the 

multichannel peristaltic pump into the heating/oxygenation chamber. The 

buffer flows through the silastic tubing and is brought to physiological 

temperature via contact of the tubing with the II/armed posts. In 

addition, it is oxygenated by diffusion of oxygen through the silas tic 

tubing from gas which is continually flushed through the sealed 

compartment. After this preconditioning period, the buffer flows into 

the perifusion chamber containing the liver slices. The slices, which 

rest upon individual stainless steel screens, are arranged sequentially 

in the channeled trough and perifused with the preconditioned buffer 

(Figure 6). The flow rate of the perifusate is governed by the 

peristaltiC pump and the volume in the troughs by hydrostatic pressure, 

i.e. the height of the terminal needles. The perifusate from each lane 

can be collected and assayed for cellular exports such as glucose. In 

addition, slices can be easily retrieved for analysis of intracellular 
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Figure 5. Laboratory perifusion system for thin liver slices. 

Figure 6. Perifusion of liver slices in perifusion plate. 



products and enzyme activities at selected times after hormonal 

challenge. 
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The methodology described here for perifusion of thin liver 

slices overcomes significant disadvantages associated with other 

techniques previously utilized for investigating hormonal mechanisms 

operating for glucagon. Most importantly, peptide degradation during 

hormonal challenge is minimized and the environment of the biological 

material is precisely controlled by employing nonrecirculatory 

perifusion. In addition, the use of precision cut thin liver slices as 

the hepatic !D vitro material eliminates the observed decrease in 

glucagon sensitivity due to exposure of hepatocytes to proteolytic 

enzymes during their preparation. Finally, this technique facilitates 

measurement of both intracellular biochemical events and overall 

cellular responses allowing direct comparisons to be made. As detailed 

below, these advantages have indeed been important to providing new 

information concerning the mechanisms operating for the stimulation of 

hepatic glycogenolysis by glucagon. 



CHAPTER THREE 

MATERIALS AND METHODS 

Treatment of Animals 

Adult male Vlistar rats (175-225g) obtained from Harlan-Sprague 

Dawley (Madison \vl) were used in all experiments. All animals were 

maintained in a controlled environment at 230 C wittl a 12 hour 

light/dark cycle. They were housed up to four per cage either on wood 

shavings or in hanging cages and allowed food (Wayne Lab Blox) and water 

ad libitum. For experiments utilizing diabetic liver tissue, rats 

were made diabetic by a single intravenous injection of streptozotocin 

(Junod et aJ. 1967) into the tail vein after an overnight fast with free 

access to water. Two hours after injection, animals were fed and daily 

measurements of urine glucose were made. Five to ten days later when 

the rats were sacrificed, a plasma glucose level was also determined. 

Plasma and urine glucose levels were determined by the glucose oxidase 

method using a glucose analyzer (Model Glucose I, Beckman Instruments, 

Fullerton CAl or quantified enzymatically with the Glucose HI< Kit (Sigma 

Chemical, St. Louis MO). Animals were terminated by decapitation. 

Reagents 

Streptozotocin was obtained from the Upjohn Company, l<alamazoo, 

Michigan. \tJaymouth/s MB 752/1 culture media and fetal bovine serum, 

mycoplasma tested and virus screened, was purchased from GIBCO 

Laboratories, Grand Island, New York. The following were purchased from 

39 
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Sigma Chemical Company, St. Louis, Missouri: HEPES, Tris-HCI, EDTA, L

glutamine, BSA Fraction V (both standard and RIA grades), ATP, GTP, 

phosphocreatine, creatine phosphoKinase, cAMP-dependent protein Kinase 

from bovine heart, histone (type IIA), amyloglucosidase from rhizopus 

mold, Kemptide, insulin from bovine pancreas, and crystalline glucagon. 

[3H]-CAMP, 34.5 Ci/mmole, [a- 32 P]-ATP, and [y_32p]_ 

ATP, 2 to 10 Ci/mmole, were purchased from New England Nuclear, Boston, 

Massachusetts. ACS scintillation fluid was obtained from Amersham 

Corporation, Arlington Heights, Illinois. Norit Ultra C charcoal was a 

gift from the Norit Company, Amersfoort, the Netherlands. IBMX was 

purchased from Aldrich Chemical Company, MilwauKee, It/isconsin. 

[ 125I]-glucagon was prepared by the method of Hagopian &. Tager 

(1984). All other reagents used were of the purest analytical grade 

commercially available. 

Preparation of Liver Slices 

Rat liver slices were routinely prepared using a modified 

version of the KrumdiecK tissue slicer (Figure 7, KrumdiecK, Dos Santos 

&. Ho 1980) in a manner similar to that reported by Smith (1985). Upon 

harvesting, the fresh liver was immediately placed in 250 ml of ice-cold 

Slicing buffer which had previously been aerated for 60 minutes with 

i00/. 02' Tissue cylinders were prepared with a sharpened stainless 

steel tube, 1 cm in diameter, by slowly turning and advancing the steel 

with light pressure into the liver lobes which were spread out on a 

cardboard support (Figure 8). Generally, 7 to 8 uniform cylinders could 

be cut from a single liver which were then immediatedly transferred to 
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Figure 7. The KrumdiecK Tissue Slicer used for preparation of 
liver slices. 
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Figure 8. Tissue cylinders (right) and liver slices (left). 
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250 ml of fresh cold slicing buffer. To cut slices, individual tissue 

cylinders were placed in a tubular plastic holder on top of which was 

placed a weighted plastic piston. This assembly was positioned in the 

arm of the slicer. which was previously immersed in cold slicing buffer. 

The immobilized tissue cylinder was pulled across a vibrating razor 

blade (Schick "Plus Platinum", Warner-Lambert, Morris Plains NJ), and 

the freshly sectioned slices were collected after being carried via a 

circulating channel of buffer to a collecting sieve (Figure 8). During 

the interim between slicing and perifusion, approximately fifteen 

minutes, the slices were placed in cold oxygenated slicing buffer. All 

slice preparations were carried out between 7 and 8 A.M. 

The slicing buffer utilized for this procedure has the following 

composition: 112.9 mM NaCI, 4.8 mM KCI, 0.95 mM KH2P04, 1.2 mM 

MgS04. 2.89 mM CaCI2' 10 mM HEPES, and 27.8 mM D-glucose. It 

was prepared by dissolving all components in H20, except for the 

magnesium and calcium salts which were dissolved individually in small 

amounts of water prior to addition. The pH of the solution was adjusted 

to 7.4 @ 4oC, it Vias stored in a refrigerator, and used within two 

days of preparation. On the mornings of experiments utilizing livers 

from normal animals, insulin at a concentration of 2 \.Lg/ml was 

added. 

Perifusion of Liver Slices 

Prior to challenge with glucagon or analogues, liver slices were 

cultured in the perifusion plate for two hours. Freshly prepared liver 

slices were floated onto stainless steel screens (7/16" square with one 
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end raised to serve as a handle) and placed in the perifusion apparatus. 

During the two hour culture period the slices were perifused at 370 C 

with a high-glucose, insulin-supplemented medium at a flow rate of 0.42 

ml/minute. Oxygen was flushed through the system at a rate of 225 

ml/minute. 

The medium utilized for the culture period is a modified 

Way mouth's MB 752/1 medium (with L-glutamine and without sodium 

bicarbonate) in which the sodium bicarbonate buffering system is 

replaced with 10 mM HEPES and tl1e osmolarity is retained with 16.7 mM 

NaC!. It was prepared from a prepacKaged dry powder by addition to 

H20 with gentle stirring at room temperature, followed by addition 

of the HEPES buffer and supplemental NaCI. The pH of the medium was 

adjusted to 7.4 with 10 N NaOH and brought to 951. of its final volume. 

The medium was sterilized by membrane filtration through a Nalgene 

sterilization unit (0.20 IJ.m, Nalge, Rochester NY) and stored in 

autoclaved 500 ml glass bottles at 4oC. On the morning of the 

experiment, fetal bovine serum was added to the medium to a final 

concentration of 51.. VJhen experiments utilizing livers from normal 

animals were performed, insulin at a concentration of 2 119/ml was 

also added. In cases where the medium was to be stored for more than 

one weeK, L-glutamine was added at a concentration of 2.4 IJ.M. Media 

were generally used within one to two months of preparation. 

Measurement of Liver Slice Potassium Content 

For experiments investigating the viability of slices maintained 

in the peri fusion apparatus, potassium, glycogen, and protein contents 



were determined on the same slice. Culture conditions utilized for 

these studies were identical to those used during routine hormonal 

challenge experiments with normal animals. Specifically, during the 

first two hours slices were perifused with high-glucose insulin

supplemented medium. During the final hour they were perifused in 

challenge buffer (detailed below). Following appropriate times in 

culture, slices were rinsed in normal saline (0.91. NaCI) in order to 

eliminate external potassium and glucose contained in the perifusion 

medium. They were then transferred to microfuge tubes (1.5 ml, A-G

onics, BrooKlyn NY) containing 1 ml H20, and sonicated for 15 

seconds with a micro-ultrasonic cell disruptor (Kontes, Vineland NJ). 

500 J..L1 of the sonicate was transferred to another microfuge tube 

containing an equal volume of 2.751. PCA to precipitate the protein. 
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This mixture was vortexed and then centrifuged (10,000 x g, 1 min.) 

in a microfuge (Model B, BecKman Instruments, Palo Alto CAl and the 

supernatant assayed for potassium. The potassium levels were measured 

on a flame photometer (Model CA-51, PerKin Elmer, Danbury CT) set in the 

urine potassium mode based on a standard curve which ranged from 0 to 2 

mM (for slices having protein contents of approximately 2.5 mg). The 

sample potassium concentrations were calculated from the standard curve 

(see Appendix A) by linear regression analysis of the line in which 

concentration (J.Lmoles/ml) was plotted against photometer output (2 

mM = 1001.). 

The slice potassilJm and glycogen contents were normalized per 

mg of protein. Protein content was measured by the modified Lowry 

method for determination in membrane-containing samples as described by 
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t1arl<.well et al. (1978). Sample protein concentrations were extrapolated 

from a standard curve ranging from 0 to 100 I-Lg of 8SA. The standard 

curve (see Appendix A) was constructed from the values for Known protein 

concentrations by linear regression analysis in which I-Lg of 8SA were 

plotted against absorbance at 660 nm. Data for potassium content were 

calculated as I-Lmoles potassium/mg protein and expressed as the 

percent present in fresh tissue. 

Measurement of Liver Slice Glycogen Content 

From the remaining sonicate prepared for the determination of 

potassium content, a 450 111 aliquot was added to a microfuge tube 

containing 50 I-LI of 10 N NaOH. The samples were vortexed, cellular 

glycogen was e><tracted by heating at 1000 C for 15 minutes, and after 

cooling were stored overnight at 4oC. Protein was precipitated from 

the extract with 500 I-Ll of 1.5 N acetic acid and sedimented at 

10,000 x g in the microfugej 400 I-Ll of the supernatant was 

pipet ted in duplicate to tubes on ice; 100 111 of a 2.0 mg/ml 

solution of amyloglucosidase (exo-1,4-a-D-glucosidase, EC 3.2.1.3) 

was added to each tube and subsequently incubated for 10 minutes at 

37oC. After returning the tubes to ice, the glucose generated was 

quantified enzymatically (Glucose HK ~<it, Sigma Chemical, St. Louis MO) 

using the hexo~<inase/glucose-6-phosphate dehydrogenase couple and 

following the production of NADH at 340 nm in a spectrophotometer (Model 

25, Beckman Instruments, Palo Alto CAl. Glycogen standards were treated 

identically to the samples and the un~<nown glycogen contents were 

extrapolated from a standard curve. The standard curve (see Appendix A) 



was constructed from values for known glycogen contents by linear 

regression analysis in which glycogen content was plotted against 

absorbance at 340 nm. Data for glycogen content were calculated as 
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\.Lg glycogen/mg protein and expressed as the percent present in fresh 

tissue. 

Determination of Washout Profile for Perifusion Apparatus 

Studies investigating the washout profile of radio labeled 

glucagon were employed to determine the time required for an incoming 

stimulus or a secreted product to be washed from the perifusion 

apparatus. A dry trough of the perifusion plate was filled with 1 ml of 

[ 1251]-glucagon in a 1.01. BSA buffer (challenge buffer, defined 

below) having 500,000 cpm/ml. Glucagon-free buffer was pumped in at a 

flow rate of 0.42 ml/min and samples were collected every three minutes 

for one half-hour. The samples were .counted in a gamma counter (Model 

1197, Tracor Analytic, Des Plaines IL) for one minute and the data 

plotted as time (in minutes) versus the logarithm of the cpm eluted. 

Preparation of Glucagon and Analogue Solutions 

Both glucagon and analogue solutions for hormonal challenge 

experiments were prepared in a challenge buffer with the following 

composition: 126.3 mM NaCI, 4.8 mM KCI, 0.95 mM KH2P04, 1.2 mM 

MgS04, 2.89 mM CaCI2' 10 mM HE PES, and 1.01. BSA. This was 

prepared by dissolving the NaCI, I<CI, KH2P04, and HEPES in water 

followed by the magnesium and calcium salts which were dissolved 

individually in small amounts of water prior to addition. The pH of 

this solution was adjusted to 7.5 @ 250 C with 10 N NaOH, it was 
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stored in a refrigerator, and used within two weeks of preparation. On 

the day of the experiment, BSA was added and the pH adjusted to 7.4 @ 

Glucagon and analogues were initially dissolved in 2 mM sodium 

carbonate to a concentration of 1O-4M (determined spectrophoto-

metrically), aliquoted in known amounts into polystyrene 12 x 75 mm 

culture tubes (F alcon, Becton-Dic~inson, Oxnard CAl, frozen in a dry 

ice/ethanol bath, and lyophilized before storage at -200C. On the 

day of the experiment, a small volume of water was used to dissolve the 

peptide, which was subsequently diluted with challenge buffer to 

concentrations required for the stimulation experiments. Extreme care 

was taken to prevent loss of peptide to surfaces by utilizing the 1.01. 

BSA buffer and handling in plasticware or siliconized glassware whenever 

possible. 

Measurement of Glucagon- and Analogue-Stimulated 
cAMP Accumulation in Liver Slices 

After a two hour culture period with perifusion medium, slices 

were challenged with glucagon or analogue for measurement of cAMP 

content, cAMP-PI< activation, and glycogenolytic activity. For 

measurements of hormone-stimulated cAMP production and cAMP-PI< 

activation, slices were removed from the perifusion plate, rinsed in 

hormone-free challenge buffer, and transferred to Teflon stirring 

chambers (Figure 9) containing the challenge buffer with a known 

concentration of hormone. Measurements for these parameters utilizing 

the stirred system were found superior to those made during challenge 

with hormone in the perifusion plate. Most importantly, with the 
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stirred system it was possible to investigate both cAMP accumulation and 

cAMP-PK activation on slices prepared from the same animal. In 

addition, twice as many doses could be examined than if the perifusion 

apparatus were employed. Furthermore, the precise time for hormonal 

exposure was easily controlled since slices could be placed into and 

removed from hormone-containing buffer within a few seconds. In 

contrast, the flow through system is limited to one control lane and at 

most six hormone concentrations, and does not lend itself to such rapid 

changes in slice environment. Indeed, with respect to the measurement 

of hormone-stimulated cAMP accumulation, the exposure time of the slice 

to hormone is critical (see below). Perhaps the most important 

disadvantage of the stirred system is the possibility of peptide 

degradation during the static incubation. This factor was considered, 

and upon selection of a relatively large incubation volume (6 ml of 

challenge buffer per slice), glucagon degradation over a 30 minute 

incubation was negligible (as determined by radioimmunoassay), even at 

the lowest glucagon concentration (0.1 nM) used. 

For measurement of hormone-stimulated cAMP accumulation, slices 

were removed from the peri fusion plate, rinsed in hormone-free challenge 

buffer, and at one minute intervals transferred to individual Teflon 

stirring chambers containing challenge buffer with a known concentration 

of hormone. Prior to the start of the assay, all chambers were loaded 

with hormone containing buffer (except controls), placed on a 

submersible fifteen position stirplate, and capped to prevent change in 

hormone concentration due to evaporation. The entire setup was 

maintained at 370 C either by submersion in a water bath or by 
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facilitated convection heating in which the stirplate and chambers are 

housed in a dual compartment light box (constructed similarly to the one 

described for the perifusion plate). After the desired time, the slices 

were removed from the chambers, rapidly rinsed in normal saline, and 

each sonicated in a microfuge tube containing 1 ml of H20. 600 

JJ.I of each sonicate was immediately transferred to a 12 x 75 mm 

glass culture tube (VWR Scientific, San Francisco ·CA) containing 600 

J.LI of 20% TCA. After all slices were processed, the tubes were 

vortexed and the precipitated protein was pelleted at 1,000 x 9 on a 

tabletop centrifuge (Model T J-6R, Beckman Instruments, Palo Alto CA). 

1 ml of each supernatant was transferred to a glass 13 x 100 mm culture 

tube and extracted ten times with three volumes of water-saturated 

die thy I ether to remove the TCA. The samples were then heated at 

800 C for two minutes to remove residual ether, frozen in a dry 

ice/acetone bath, and lyophilized. The unused portion of the sonicate 

was saved for measurement of protein content. 

The samples were taken up in 200 J.LI of Tris/EDT A buffer (50 

mM Tris, 4 mM EDT A, pH 7.5 @ 250 C) and assayed for cAMP content by 

the method of Gilman (1970) utilizing charcoal adsorption to separate 

bound from free cAt~P as described by Brown, et al. (1971). Briefly, 50 

J.LI of standard or sample was added to 10 x 75 mm glass culture tubes 

and placed on ice. Fifty J.LI of 3H-cAMP (18 nM prepared in 

Tris/EDTA buffer with a specific activity of 34,500 cpm/pmole) was 

added, followed by the addition of a 100 J.LI aliquot of cAMP-PK (60 

J.Lg/ml prepared in Tris/EDT A buffer supplemented with 0.11. BSA). 

After the mixtures were incubated on ice for two hours, the reaction was 
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stopped by addition of 150 111 of ice cold activated charcoal 

solution (17.3 mg/ml in Tris/EDT A buffer supplemented with 21. BSA) and 

centrifuged for 20 minutes at 1,000 x 9 at 40 C. 200 111 of 

each supernatant was pipetted into glass scintillation vials (20 ml, 

Research Products International, Mt. Prospect IL), 8 ml of scintillation 

fluid was added, and the samples were counted on the tritium channel of 

a liquid scintillation counter (Model MarK III, Tracor Analytic, Des 

Plaines IL) for 10 minutes. In each assay standards containing 0 to 128 

pmoles of cAMP/tube and blanKs lacKing protein Kinase were run. The 

dose-response curve generated from the standard values was constructed 

by the method of Bowman and Rand (1980). Treatment of the data 

considers that the binding response of cAMP to cAMP-PK is directly 

proportional to the logarithm of the cAMP concentration when between 20 

and 801. of the maximal response. The regression line of this linear 

region was used for extrapolation of cAMP concentrations for unKnown 

samples (see Appendix A for standard curve and Appendix B for computer 

program used in calculation). Data are calculated and reported as 

pmoles of cAMP /mg protein. 

It has been shown that glucagon stimulates a rapid and transient 

rise in cAMP content in isolated hepatocytes (Birnbaum & Fain, 1977j 

Corvera et al. 1984). Furthermore, the peaK in cAMP accumulation occurs 

between two and five minutes after exposure to hormone. As this 

parameter has not previously been examined in liver slices prepared by 

the KrumdiecK method and perifused as described above, the time-course 

of glucagon stimulated cAMP production in liver slices was investigated. 



52 

It was found that maximal cAMP accumulation occurs eight minutes after 

exposure to hormone and the peaK is relatively broad (Figure 10). This 

observation, different from the sharp, narrow peaK observed with 

isolated hepatocytes, is likely due to the diffusion time required for 

glucagon to reach the internal cells of the slice. Based on this 

observation, all subsequent experiments assessing glucagon- or analogue-

stimulated cAMP accumulation employed an eight minute incubation period. 

Measurement of Glucagon-Stimulated Adenylate Cyclase Activity 
to Normal and Diabetic Liver Plasma Membranes 

Adenylate cyclase activity was determined by the procedure of 

Lin et al. (1975) with the standard incubation medium containing the 

following in a final volume of 0.1 ml: 

(approximately 50 cpm/pmole)j 5 mM MgCI2j 1 mM cAMP plus 10,000 cpm 

[3H]-CAMPj 10 IJ.M GTPj 25 mM Tris-HCI, pH 7.5 at 25 0 Cj i/o 

BSAj 1 mM EDT Ai 30 IJ.g of liver plasma membrane proteinj and an A TP 

regenerating system consisting of 20 mM phosphocreatine and 0.72 mg/ml 

(100 units/ml) creatine phosphoKinase. Labeled cAMP was determined by 

the method of Salomon et al. (1976) using Dowex 50 and alumina 

chromatography. 

Liver plasma membranes were prepared according to the method of 

Neville (1968) with modifications as described by Pohl et al. (1971). 

The final membrane pellet was resuspended with 10 ml of 25 mM Tris-HCI 

buffer and aliquots containing apprO)(imately 1-2 mg of protein were 

stored in liquid nitrogen for use within 3 months. 



c 12 

/i~1 
Q) -0 
"-
Co 

0'10 
E 

....... 

~ 
a.. 
~ 8 
<l: 
(,) 

If) 
Q) 

(5 6 
E 
Co 

I- 4 z 
W 
l- I::!. Z 
0 2 u 
a.. 
~ 
<l: 0 (,) 

0 2 4 6 8 10 12 14 
TIME (Minutes) 

Figure 10. Time-course of glucagon-stimulated cAMP accumulation 
in liver slices. Slices were challenged with 500 nM 
glucagon for the times indicated and assayed for cAMP 
as described under Materials and Methods. Values shown 
are the means ± SEM from three experiments. Values 
for cAMP content of slices incubated in glucagon-free 
buffer for the corresponding time periods remained 
constant at 2.6 ± 0.4 pmoles cAMP /mg protein. 
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Measurement of Glucagon- and Analogue-Stimulated 
cAMP-Dependent Protein Kinase Activity 

Evaluation of Published Techniques 
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Reliable methodology for t~e measurement of cAI"1P-PK activity in 

liver slices is critical to identifying any cAMP-independent mechanism 

operating for glucagon and glucagon analogues. In this assay, the 

transfer of phosphate from A TP to a protein substrate catalyzed by cAMP-

PK is quantitated. Initially, the method described by Cherrington, et 

al. (1976) using isolated hepatocytes as the source of enzyme was 

adapted for use with liver slices. In this method, enzyme activity is 

monitored by quantitating the amount of 32p incorporated into 

histone from [y_32PJ-ATP in the presence of magnesium. The 

phosphorylated protein is separated from the labeled precursor by 

precipitation and adsorption of the protein on filter paper disKs 

(2.3 cm, Type 3MM, ,Whatman, Maidstone, England) and washing the disKs 

free of unreacted ATP. Samples are assayed in both the absence and 

presence of cAMP, and Kinase activity is reported as the activity ratio 

(-cAMP /+cAMP). Expression of protein kinase data in this manner tends 

to increase the magnitude of any changes as well as dramatically 

diminish the variance (Corbin, Keely & ParK, 1975). 

Several problems were found to be associated with this method. 

The major difficulty by far was high blanK values. In a series of 14 

experiments in which conditions were modified in an attempt to reduce 

blanK values, blanK counts ranged from 15 to 66% of the total cpm and 

anywhere from 7 to 74 pmoles of phosphate were incorporated into histone 

in the absence of any enzyme. Since overall activity is expressed as 
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the activity ratio, and the numerator is extremely sensitive to 

nonspecific counts when blanK values are excessively high, basal and low 

activity ratios are subject to great error.. The exact biochemical 

reasons for high blanK values were not discerned, but a combination of 

factors appears to be responsible. 

First, it is liKely that the substrate, calf thymus histone, 

Type IIA, is contaminated with protein Kinase since blanK values drop as 

the concentration of substrate is reduced. Second, the separation of 

phosphorylated products from unreacted A TP is not efficient. In this 

method the reaction is stopped by pipetting a Known amount of reaction 

mixture onto cellulose filter paper disKs and washing them extensively 

in 10% TeA. Theoretically, the precipitated proteins will remain 

adsorbed to the filter paper and the soluble A TP will be washed off. 

\vhen blanks were run without substrate and without enzyme significant 

counts were detected on the filters, sometimes as high as 20% of the 

total blank value. Although filters were routinely washed in acid four 

times for 15 minutes, blank values did not change after the first two 

washes. Finally, it does not appear that any endogenous substrates 

present in the slice homogenate contribute greatly to the blanK value. 

Homogenates assayed in the absence of histone do not have values 

statistically different from blanks run without both enzyme and 

substrate. 

Even under conditions in which blank values were minimized, 

glucagon-stimulated cAMP-PK activity was still less than impressive 

(Table 1). Incubating liver slices with glucagon for a short period (10 

minutes) is sufficient to achieve maximal stimulation of protein Kinase. 



TABLE 1 

Measurement of cAMP-PK Activity in Liver Slices Using 
the Method of Cher'rington I et al. 1976 

Protein Kinase Activity Ratio ( -cAMP / +cA~IP ) 
Time in Challenge 

Buffer (min) o nM Glucagon 500 nM Glucagon 

0 0.32 ± 0.05a 

10 0.35 ± 0.02 

20 0.47 ± 0.08 

30 0.60 i:. 0.06 

a Values are the means t. SEM for duplicate slices in a 
representative experiment. 

0.32 ± 0.05 

0.68 ± O.O~ 

0.78 t. 0.05c 

0.70 i:. 0.07 

b Statistically different from basal activity observed over the same 
incubation period I p < 0.025. 

c Statistically different from basal activity observed over the same 
incubation period I p < 0.05. 
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In addition, slices incubated in the absence of glucagon during this 

same time period yield low basal values. Under these conditions, there 

is only a 2.1-fold stimulation of enzyme activity over basal, one-half 

that reported by other laboratories for the liver enzyme (Cherrington et 

al. 1976; Byus et at. 1979; Hayes et al. 1982). As the incubation time 

is increased the stimulated ratio does not change but there is a steady 

increase in basal activity. Thus, when incubated for thirty minutes the 

difference between stimulated and non-stimulated slices becomes 

insignificant. This observation is not due to a nonspecific activation 

of the enzyme but is rather a result of limitations of the method for 

measurement of small activity ratios (see below). 

Given the importance of this measurement to the overall project, 

an alternative method for assaying cAMP-PK was sought. The 

phosphocellulose method for assaying protein Kinases was introduced by 

RosKosKi in 1983. This method has two important differences from the 

Cherrington method. First, instead of precipitating the phosphorylated 

proteins in cellulose strips and washing extensively in TCA, phosphoric 

acid is used to convert the proteins into positively charged forms which 

are adsorbed onto phosphocellulose paper. ATP and its metabolites fail 

to bind to the phosphocellulose and consequently blanKs remain 

exceptionally low. Second, this method suggests using the synthetic 

Ser-peptide (Leu-Arg-Arg-Ala-Ser-Leu-Gly, also Known as Kernptide) as an 

alternative substrate to histone. This eliminates the possibility of 

any contaminating Kinases which can also contribute to high blanK 

values. 
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This method was adapted for use with liver slice homogenates and 

proved to be superior. Blanks obtained in this study were consistently 

low at around 350 cpm. In contrast, total counts for unstimulated 

homogenates were 1,400 in the absence of cAMP and 20,500 in its 

presence. Those for stimulated homogenates were 7,700 and 20,600 

\'/ithout and with cAMP, respectively. Thus, this method solves the 

problem of inconsistent and excessive blank values associated with the 

Cherrington technique. Consequently, the sensitivity of cAMP-PK to 

glucagon stimulation can be observed (Figure 11). It can be seen that 

the activity in liver slices becomes near maximal by 10 minutes of 

exposure to hormone and that glucagon, at 512 nM, stimulates the enzyme 

6.8 fold. This stimulation is approximately 501. greater than that 

reported by other laboratories for the liver enzyme (Cherrington et al 

1976; Byus et al. 1979; Hayes et aJ. 1982). This increase is most 

likely due to reduction in blank values and thus improvement in the 

sensitivity of the measurement. In addition it can be seen that in 

contrast to that observed using the Cherrington method, the cAMP-PK 

activity remains quite low and constant for unstimulated slices for a 

period of up to thirty minutes. Since treatment of slices using this 

technique was identical to that using the Cherrington method prior to 

measurement of enzyme activity, the rising basal activity and the 

insignificant difference between stimulated and unstimulated slices 

listed in Table 1 are not due to some nonspecific activation of cAMP-PK. 

This observation is clearly artifactual and a result of poor 

methodology. 
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Figure 11. Time-course of glucagon-stimulated cAMP-PI< activation 
in liver slices using a modification of the phosphocellulose 
method described by Roskoski (1983). Slices were incubated 
in challenge buffer alone (A) or with 512 nM glucagon 
(LI.) for the time periods indicated and assayed for cAMP
PK as described under Materials and Methods. Values shown 
are the means ± SEM from two experiments. Error bars are 
within the shapes of the symbols. 
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Modified Phosphocellulose Method for Measurement of cAMP-PI< Activity in 
liver Slices 

Based on the above study, a modification of the phosphocellulose 

method described by Roskoski (1983) was employed for measurement of 

cAMP-PK activity in liver slices. After the two hour culture period in 

the perifusion plate, slices were removed, rinsed in hormone-free 

challenge buffer, and at one minute intervals transferred to individual 

Teflon stirring chambers containing challenge buffer with a known 

concentration of hormone. After a desired time (fifteen minutes for 

glucagon and analogue dose-response experiments), the slices were 

removed from the chambers, rapidly rinsed in normal saline, and each 

sonicated for 10 seconds in a microfuge tube containing 1 ml of ice cold 

sonicating buffer (150 mM KCI, 10 mM KH2P04, 10 mM EDTA, and 0.5 

mM IBMX, pH 6.8 @ 250 C). The tubes were immediately returned to ice 

where they remained until assay for protein kinase activity, within 30 

minutes. The phosphate transfer reaction was initiated by addition of 

20 J.L1 of cold homogenate to 10 x 75 mm glass culture tubes which had 

previously been loaded with 30 J.LI of protein kinase reaction mixture 

(having a final concentration in the assay of 50 mM Tris, 10 mM 

MgCI2' 0.25;;: BSA, 100 J.LM Kemptide, 10 J.LM cAMP, and 100 

J.LM [y_32p]-ATP, 120-150 cpm/pmole). After incubation in a 

water bath at 300 C with gentle shaking for 8 minutes, the reaction 

was terminated by pipetting 25 IJ.I of the mixture onto a 1 x 2 cm 

phosphocellulose strip (Type P8i, Whatman, Maidstone, England) and 

transferr'ing it to a beaKer containing 75 mM phosphoric acid. The 

strips were swirled gently in the phosphoric acid (10 ml/strip) for 2 
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minutes, allowed to settle, and the acid was decanted into a radioactive 

waste container. This wash procedure was repeated three more times. 

After the final decantation, the strips were dried in a 1100 F oven 

and transferred to scintillation vials. 8 ml of scintillation fluid was 

added to each vial and the samples counted on a liquid sCintillation 

counter for 10 minutes on the 32p channel. The pmoles of 

phosphopeptide generated for each sample was calculated (see Appendix 8) 

and data are reported as the protein kinase activity ratio as described 

above. 

Measurement of Glucagon- and Analogue-Stimulated Glycogenolysis 
in Perifused Liver Slices 

For the measurement of hormone-stimulated glycogenolysis, the 

initial two hour culture period was followed with hormonal challenge in 

the perifusion apparatus. Prior to addition of hormone solutions, the 

pumping of high-glucose, insulin-supplemented medium was discontinued 

and was removed from the system by aspiration. Eacl1 of the lanes was 

then filled with hormone-free challenge buffer from a Pasteur pipet and 

also pumped through the system for ten minutes in order to remove any 

residual glucose. After this wash, pumping of challenge buffer was 

discontinued and that for the hormone-containing solutions was begun. 

Ten seconds before the hormone solutions were to reach the Slices, the 

remaining challenge buffer was aspirated off and the lanes filled with 

their respective hormone-containing solutions. This step was found 

necessary so that the hormone solution challenging the slices was not 

diluted by residual hormone-free buffer and that all slices in a given 

lane were stimulated at the same time. Once the lanes were filled and 
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the emptying flow rate equilibrated (approximately one minute), 

collection of perifusate was begun. Hormone-stimulated glycogenolysis 

was measured using five slices per lane. The perifusion rate was 

maintained at 0.42 ml/min and samples from each lane were collected 

every fifteen minutes for one hour. 

Following the hormonal challenge, the slices from each lane were 

removed from the apparatus, rinsed in normal saline, and pooled in tubes 

containing water (1 ml/slice). These were then sonicated and assayed 

for protein content as described above. The perifusate samples were 

assayed for" glucose by the enzymatic method detailed above under 

measurement of glycogen content. Standard glucose solutions from 0 to 

10 mgX were also measured and a standard curve was constructed by linear 

regression analysis of these values in which the concentration of 

glucose was plotted against absorbance at 340 nm. Glucose values for 

the perifusate samples were determined by extrapolation from the 

standard curve (see Appendix A). 

After the glucose and protein contents were determined, the 

time-course of glucose output for each concentration of hormone was 

plotted as time versus J,J.g glucose/mg protein. The purpose of this 

was to verify whether or not a constant rate of glucose production was 

observed throughout the one hour hormonal challenge. For most cases, 

constant rates were observed during the last 45 minutes of challenge. 

It was noted though, that when glucose production rates were high, the 

rate was often constant during 15 and 45 minutes but fell during the 

last 15 minutes of hormonal challenge. For this reason, glycogenolytic 

data were calculated in terms of I-Lg glucose released/mg protein/30 
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minutes, where the time period reported is indicative of a constant rate 

of glucose production for a given concentration of peptide. For 

comparison, the data are reported as percent glycogenolytic activity of 

control slices. 

Statistical Analyses 

Except where stated otherwise, data are presented as the mean 

± the SEM from values compiled from three or more animals. Statistical 

differences between control means and specific treatment means were 

evaluated by a one way ANOVA or the Student's t-test. \'Jhen not 

specified, "statistically different" values are those significant at the 

95/. or above confidence level. Correlation coefficients were determined 

by linear regression analysis. 



CHAPTER FOUR 

RESULTS 

The perifusion apparatus detailed in chapter two outlines the 

physical characteristics of the system and the general procedure 

utilized for perifusing liver slices is detailed in chapter three. 

Prior to its use in the analysis of glucagon and glucagon analogues for 

their mechanisms of glucose production in normal and diabetic liver, 

certain properties of the system had to be characterized and 

standardized for the purpose of reproducibility between experiments. 

Maintenance of Liver Slice Environment During Perifusion 

Important environmental parameters which can effect hepatic 

response to hormonal stimuli include pH, temperature, and oxygen supply. 

In the case of glucagon-stimulated glycogenolysis, a number of enzymatic 

reactions are activated including adenylate cyclase and cAMP-PK which 

are sensitive to these factors. Initial studies were done to 

characterize any variation in these parameters and establish standard 

procedures for their precise control. 

Establishment of uniform temperature for all lanes in the 

perifusion plate was initially a significant problem. Early methods to 

heat the system included placement of the stainless steel plate directly 

onto a heating element and warming to 37oC. Several types of 

elements were investigated but despite the style, temperature gradients 

between the perifusion lanes were consistently observed, some as large 

64 



65 

as 7 0 C. In an effort to alleviate this problem, whether or not 

heating of the perifusion buffer prior to entry into the 

heating/oxygenation chamber could minimize these temperature variations 

was investigated. No differences between buffer pre warmed to 370 C 

and that maintained at room temperature were observed indicating that 

perifusion temperature is governed solely by the temperature of the 

perifusion plate. Although heating in a water bath is among the most 

efficient methods, this technique was impractical given the system's 

design. Consequently, the facilitated convection heating unit shown in 

Figure 3 was constructed. This method provided the most uniform 

temperature distribution of all those investigated and once at 

equilibrium, the temperature gradient observed in the plate was limited 

to 1.50 C. Under these conditions, the central three lanes were at 

constant temperature and the outer four slightly lower. It was 

postulated that this gradient was due to heat loss from the extremities 

of the plate to the laboratory environment. Indeed, when the sides of 

the plate were insulated with foam weather stripping, a temperature 

gradient could not be detected. Since the time required for the plate 

to warm from room temperature to 370 C was 3.5 hours, the system was 

left on continually and the temperature maintained by the 

thermoregulator. 

t·1aintenance of extracellular pH and adequate oxygen supply are 

critical to the functioning and viability of hepatic tissue. 

Pre Iiminary experiments using bicarbonate buffered perifusion media and 

aerating the system with 95% 02, 5% C02 resulted in a consistent 

fall of perifusate pH. The drop was on the average 0.4 pH units, and 
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dependent upon the number of slices being perifused with greater numbers 

of slices resulting in a larger fall in pH. This indicated that the 

buffering capacity of the perifusate at the given flow rate was not 

sufficient to cope with the actively metabolizing liver tissue. In 

contrast, upon substitution of the sodium bicarbonate with 10 mM HEPES 

and gassing the system with 100/. 02' buffer pH was maintained at 7.4 

both before and after exposure to slices. 

Variations in the rate of oxygen delivery to the system were 

eliminated by installation of an in-line flowmeter between the gas tanK 

and the manifold entering the plate. The meter was calibrated and 

experiments were routinely performed at" a reading determined to be 

equivalent to a flow rate of 225 ml 02/minute. Since the solubility 

of 02 in physiological buffer is J.Lmole/ml (Umbreit, Burris & 

Stauffer 1972), and liver tissue exhibits uptaKes of around 2.5 

J.Lmoles/minute/g wet weight (Cornell 1983), then the minimum flow 

rate of the perifusate must be at least 2.5 ml/minute/g liver to ensure 

sufficient oxygen delivery to the tissue. Consequently, the flow rate 

used throughout was 0.42 ml/minute for perifusion of at most 100 mg of 

liver. Oxygen tensions of the perifusate before and after exposure to 

liver slices were not measured but oxygen availability was concluded to 

be adequate based on the maintenance of slice viability throughout the 

experimental period (see below). 

Flow Characteristics of the Perifusion System 

After the perifusion system was assembled, it was tested for its 

performance with respect to adequate perifusion of liver slices. 
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Initially, the floor of each trough was flat except for rounding of the 

corners with a 1/16" radius. This feature was incorporated after 

studies with earlier prototypes (in which the flow of a colored solution 

through the system was monitored) revealed that square corners resulted 

in selective flow of liquid down the sides of the troughs with the 

centers remaining nearly dry (Figure 12A). Although rounding the 

corners yielded some improvement, performance was still not satisfactory 

(Figure 128). In an effort to improve the flow properties such that 

buffer would also be directed down the center of the trough, four narrow 

channels were milled into the bottom of each lane (Figure 12C). This 

modification greatly improved the distribution of buffer across the 

width of the trough and upon placement of the first slice over the 

conical depression at the beginning of each lane, a square front of 

buffer down the trough was established. 

The rate of buffer flowing into the system was dictated by the 

internal diameter of the tubing used in the peristaltic pump. For three 

sizes tested (1.0 ml/min, 0.8 ml/min, and 0.42 ml/min, EIKay, obtained 

from American Scientific, Phoenix AZ) uniformity was excellent and 

differences in flow rates between lanes were undetectable. In contrast 

to the steady flow of buffer into the system, rates out of the system 

were not constant. Theoretically, the volume in each trough is governed 

by the height of the exit spout relative to the height of buffer in each 

lane. Thus, since the flow rate entering the trough is constant so 

should be the flow rate out. Initially, this phenomenon was not 

observed and flow out of the system was discontinuous. The troughs 

would fill up with buffer and only empty when the hydrostatic pressure 



68 

u c~~ 
" 

... 

) A 
, , 
\ 
\ , 

~ 

CIIBuffer Front 

U C~ ~. () B 
C\ 

Buffer Front 

C U cm I ~ ~ () 
Buffer Front 

TROUGH DESIGN FLOW PROPERTIES 

Figure 12. Flow properties of three trough designs tested in the 
peri fusion plate. A. Trough with squared-off corners 
results in almost exclusive flow of buffer along outer edges 
and an exaggerated V-shaped buffer front. B. Trough with 
rounded corners results in selective flow of buffer along 
outer edges and moderate tra~~g of buffer down the center. 
C. Channeled trough results in even flow of buffer down the 
lane and facilitates a perpendicular buffer front. 



69 

would exceed the surface tension existing at the end of the exit needle. 

First attempts to resolve this problem were to increase the 

concentration of BSA in the peri fusion buffer in order to reduce the 

surface tension at the end of the needle. At concentrations less than 

1.8% flow was erratic resulting in significant variations in the volumes 

of the troughs throughout the perifusion period. When the BSA content 

was increased to at least 2.0% flow out of the system became steady. 

Due to the volumes of buffer required for a given experiment and the 

expense of purified BSA, modifications in the design of the spouts were 

pursued. Of several investigated, it was discovered that addition of a 

flared piece of intramedic tubing over the end of the steel needle 

resulted in continuous flow of buffer from the troughs, even with pure 

water. This change makes the drops formed at the end of the needle so 

large that their weight eventually overcomes the surface tension and the 

flow rate is dictated solely by the hydrostatic pressure in each trough. 

Minimum BSA Reguirement for Perifusion Buffer 

Peptide hormones are naturally bound to and carried by serum 

proteins in the circulation to their target organs. When handled in the 

laboratory in the absence of such carrier proteins peptides are known to 

bind strongly to various surfaces such as glass and plastics. Since 

during perifusion the hormone-containing buffer is exposed to over five 

feet of tubing, it was considered important to investigate the 

adsorption of glucagon to the perifusion apparatus over a range of BSA 

concentrations. The results of this study are summarized in Table 2. 

It can be seen that in the absence of BSA less than half of the peptide 



TABLE 2 

Adsorption of Glucagon to the Perifusion Apparatus 
in the Absence and Presence of BSAa 

Percent of Glucagon Recovered in Perifusate 
Perifusion 
Treatment OX BSA 0.5X BSA 1 .OX BSA 

Glucagon containing 
buffer 40.~ 94.9 98.6 

Water washout 2.1 0.6 0.4 

Bleach washout 30.6 0.3 0.2 

TOT AL RECOVERY 73.2 95.8 99.2 

a Challenge buffer containing 0.5 nM of [125j) -glucagon (40 I 000 
cpm/ml) was pumped through the perifusion apparatus at a rate of 
0.42 ml/min for 55 minutes. This steady influx of glucagon was 
followed with a water wash until the perifusate counts reached . 
bacKground levels. The water wash was followed with a 33X bleach 
solution and continued until bacKground counts were reached. 

b Values are the average recoveries observed in two independent 
lanes from one experiment. 
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pumped through the system is recovered in the perifusate. Furthermore, 

washing with water is not an efficient method for removing the peptide 

which has been extracted by the system. Not until the tubing is exposed 

to a 33X bleach solution is the bound peptide liberated. In contrast, 

in the presence of 0.5X BSA only minimal amounts of peptide are lost to 

the system and when doubled to 1.0X there is total recovery. Based on 

these results the challenge buffer utilized in all experiments was 

supplemented with 1.0X BSA prior to use. In addition, after each 

experiment the system was washed by flushing with the bleacl, solution 

followed by copious amounts of water to prevent carryover of peptide 

from one trial to the next. 

Washout Profile for Perifusion Apparatus 

An important parameter to be considered prior to beginning the 

hormonal challenge experiments was the time required for an incoming 

stimulus or secreted product to be washed from the perifusion apparatus. 

These experiments were performed as described under methods and the 

results are summarized in Figure 13. When monitoring the fall in 

glucagon concentration upon washout with hormone-free buffer at a flow 

rate of 0.42 ml/min, it can be seen that it takes approximately 30 

minutes for the level to drop to a negligible value. Consequently, the 

system, when operated under these circumstances, does not lend itself to 

rapid changes in perifusion environment. This observation was 

particularly important to the development of suitable methodology for 

the hormone-stimulated glycogenolysis experiments. In this situation, a 

high-glucose medium (500 mgX) is followed by a glucose-free buffer and 
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upon hormonal challenge, glucose is released into the perifusate and 

quantitated as an indicator of glycogenolytic activity. Preliminary 

experiments indicated that the concentration of glucose to be measured 

in the perifusate ranged between 2 and 10 mgX. Therefore, even slight 

contamination from the high-glucose culture medium could completely 

obscure true glycogenolytic activity. For these reasons the following 

procedures were incorporated into the protocol for measuring hormone

stimulated glycogenolysis. When discontinuing perifusion with culture 

medium and switching over to glucose-free challenge buffer, time was 

saved by removing remaining medium from the troughs by aspiration 

instead of by natural washout. In addition, a sh'ort (10 minute) wash 

with challenge buffer was routinely employed to remove any residual 

medium from the system prior to hormonal challenge. Finally, to verify 

that all glucose had been removed, samples of perifusate were taKen 

prior to addition of hormone and assayed for glucose' content. 

Viability of Perifused Slices 

Since the perifusion system used throughout these studies is a 

new one, it is important to verify that the preciSion cut liver slices 

used in these investigations r'-.,;'O~in viable and responsive to hormones 

when maintained in the apparatus throughout the experimental period. 

The parameters of potassium content and glycogen content were used to 

assess the viability of perifused liver slices. Their hormonal 

responsiveness was examined by monitoring glucose production over time 

when stimulated by glucagon. 
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Potassium Content 

Potassium content was selected as a viability parameter because 

it reflects intactness of hepatocyte membranes and functioning of the 

Na/K ATPase, an energy requiring process. In Figure 14 it can be seen 

that the potassiuM content of liver slices perifused for one hour is 801: 

of that observed in the freshly isolated organ. By three hours in the 

system the. potassium level in the slices is increased to 921:. The 

initial drop is clearly due to the preparation process in which the 

tissue is cut and the cells on the surface of each slice have been 

damaged. Since the potassium content is quantitated as j.Lmoles per 

mg protein, and considerable protein is associated with the broKen cell 

material on the freshly cut surfaces of the slice, a fall in the overall 

potassium content is to be expected. The gradual increase in potassium 

content with time is partially due to sloughing off of the layer of 

damaged cells during the perifusion culture period, a phenomenon 

observed histologically by Smith (1985) for slices maintained in dynamic 

organ culture. This hypothesis is supported by the observation that 

both wet weight and protein content of perifused slices fall during the 

initial culture hour (Table 3). The mean potassium content of freshly 

isolated organs before slicing was found to be 0.39 \-Lmoles/mg 

protein. The fact that potassium content falls overall only Slightly 

during a three hour incubation indicates that the slices remain viable 

during this experimental period. 
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Figure 14. Time-dependent potassium content of perifused liver slices. 
Slices were perifused with insulin- and serum-supplemented 
HEPES-buffered culture media for two hours followed by a 
one-hour perifusion with hormone-free challenge buffer. At 
the indicated times, slices were assayed for potassium 
content as detailed under Materials and Methods. Values 
shown are the means ± SEM from three experiments. 



TABLE 3 

Change in Wet Weight and Protein Content of Liver Slices 
During Perifusion With Culture Mediaa 

Incubation Initial Wet Final Wet 11 Wet Protein 
Time Weight \veight Weight Content 

(Hours) (mg/slice) (mg/slice) (mg/slice) (mg/slice) 

0 22.6 t. 1. 1b 2.51 t. 0.08 

26.3 t. 1.2 21.6 t. 1,2c 4.6 t. 0.6 2.13 t. O.We 

2 24.4 t. 0.9 19.8 t. 1. 1d 4.6 t. 0.8 

3 23.9 t. 1.4 18.3 t. 1.2d 6.0 t. 0.7 2.13t. O.1ce 

a After their preparation, slices were blotted dry I weighed I and 
incubated in the perifusion apparatus with culture media as detailed 

b 

. under methods. At the indicated times, slices were rinsed in saline I 

blotted dry, and weighed. Following the weighing slices were processed 
for protein content as described under methods. 

Values are the means t. SEM of 6 to 12 slices from a representative 
experiment. 

c Statistically different from respective control, p < 0.025. 

d Statistically different from respective control, p < 0.01. 

e Statistically different from respective control, p < 0.05. 
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Glycogen Content 

Glycogen content was also examined as a viability parameter for 

two reasons. First, maintenance of hepatic glycogen levels indicates an 

anabolic state and cellular energy reserves, and second, it is essential 

that adequate substrate be available for the purpose of examining 

hormone-stimulated glycogenolysis. The glycogen content of liver slices 

perifused in culture over time is shown in Figure 15. In initial 

experiments it was observed that even though slices were prepared in 

high-glucose slicing buffer and perifused with \oJaymouth/s culture medium 

containing 500 mg/. glucose (conditions which minimize glycogen 

degradation), slices still lost over 70/. of their cellular glycogen 

supply after incubation in the apparatus for three hours. In contrast, 

when the \'1aymouth's medium was supplemented with 5/. fetal bovine serum 

and 2 \J.g/ml of insulin, the glycogen content fell more slowly and at 

three hours still contained SO/. of that observed in the intact organ. 

In no case was net glycogen synthesis observed. Although the glycogen 

level was depressed, there was sufficient substrate for examining 

hormone stimulated glycogenolysis over a one hour period following the 

initial two hour perifusion with culture medium (see below). The mean 

glycogen content of freshly isolated liver was observed to be 207.8 

\J.9/mg protein. 

Glucagon-Stimulated Glucose Production 

Using the protocol detailed above, the time course of glucagon

stimulated glucose production from perifused slices was examined and the 

results are summarized in Figure 16. This figure demonstrates two 
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Figure 15. Time-dependent glycogen content of peri fused liver slices. 
Slices were perifused for three hours in HEPES-buffered 
Waymouth's medium in the absence (0) and presence 
(fI) of 5% fetal bovine serum and 2 j..Lg/ml insulin. 
At the indicated times, slices were assayed for glycogen 
content as detailed under Mater'ials and Methods. Values 
shown are the means of duplicate determinations from two 
experiments. 
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Figure 16. Dose- and time-dependent glucose production from liver 
slices challenged with glucagon. Slices were perifused with 
insulin- and serum-supplemented HEPES-buffered Vlaymouth/s 
culture medium for two hours followed by perifusion with 
challenge buffer in the absence (.6.) and presence of 
glucagon at 16 nM (0) and 512 nM (0). Perifusate was 
collected at the indicated times and assayed for glucose as 
detailed under Materials and Methods. Values shown are the 
means ± SEM from three experiments. 
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important phenomena for perifused slices. First, it is clear that liver 

slices incubated under the specified conditions are indeed responsive to 

hormonal stimulation. Second, the slices are sensitive to the glucagon 

concentration. These two 'observations are critical to the quantitation 

of glucagon- and analogue-stimulated glycogenolytic activities for the 

purpose of understanding their hormonal mechanisms. The percent 

stimulation at the higher concentration is 2.2-fold, which is equivalent 

to or slightly greater than that observed in both perfused livers and 

isolated hepatocytes (Birnbaum & Fain 1977j Okajima and Ui 1976j 

Schimassek et al. 1974j Corvera et al. 1984). Although the rate for 

glucose production is not linear for the first thirty minutes, it does 

remain constant over the last half-hour. There are at least two reasons 

for the apparent lag in obtaining steady state glucose production. In 

contrast to isolated hepatocytes where the extracellular environment can 

be changed in a matter of seconds, slices consist of cells several 

layers thick. Consequently, there must be some time required for 

diffusion of the hormone into the slice and some time for diffusion of 

glucose out. Based on the washout profile shown in Figure 13, the time 

required for the level of glucose in the perifusate to reach steady

state should be at least thirty minutes. Thus, this factor and not the 

diffusion time is likely the more important one responsible for the 

observed lag in glucose production from glucagon-stimulated perifused 

liver slices. 



Glucagon-Stimulated cAMP Accumulation, cAMP-PK Activation, 
and Glycogenolysis in Normal Liver Slices 

The dose-response curves for glucagon-stimulated cAMP 

accumulation, cAMP-PK activation, and glycogenolysis in liver slices 
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prepared from normal animals are shown in Figure 17 panels A, Band C, 

respectively. With respect to cAMP production, glucagon stimulates this 

parameter 6.0-fold. In addition, the cAMP accumulation does not become 

statistically different from basal until the slices are challenged with 

16 nM glucagon. A similar response is observed with respect to cAMP-PK 

activity. In this case, glucagon stimulates the enzyme 10.2-fold and 

the activit y does not become statistically different from basal until 

challenged with 8 nM glucagon. In contrast to these observations, 

glucagon at a concentration of 1 nM stimulates significant glucose 

production. In addition, the dose-response curve for glucagon-

stimulated glycogenolysis is biphasic with an overall stimulation of 

2.2-fold. The first phase, in which glucose production reaches 25% over 

the basal output, is not mediated by cAMP whereas the second phase 

parallels both cAMP production and cAMP-PK activation. These results 

suggest that glucagon, when present in low concentrations, mediates 

glucose production in normal liver independent of the second messenger 

cAMP. 

THG-Stimulated cAMP Accumulation, cAMP-PI< Activation, 
and Glycogenolysis !!J Normal Liver Slices 

The same set of parameters which were examined for the native 

hormone were investigated for the semisynthetic glucagon analogue, THG. 

The results from these studies are summarized in Figure 18. Panel C 



24 
z 0 ..... _c 20 ..... -
«~ 
.-I e 16 
:Ja. 
~C7I 
:J E 12 u ....... ucn 
<t~ 
0.

0 

~[ 
<t .... 
o 

0 ..... -a. 
I- z 
<t<t 
0:: 0 

>-+ 
1- ....... _a. 
>z 
-<t 

8 

4 

o 
0.6 

0.5 

0.4 

0.3 

. 

1-0 0.2 ~ u, 
<t .... 

0.1 

0 

5g 200 
-0 
I-m 
g ... 175 
o~ 
~ ~ 150 
0.0 

m:§ 125 
OE g.;:: 100 
-.JU> 
(!)~ 

75 

. 

Cyclic AMP Production 
/ 

o· 

0/1 
0/ 

f/ 
A/ 

~ I/o 
0 ~-"'-2~ 

A 

cAMP- Protein Kinose ActiVO:rI/!~i-

.,u,tI 
c 

I:I_EJ~IJ"2/ 8 . r Glycogenolysis / 
~ 
/~ 

/ 
1~~f-1 

A--A~~ 
c 

o -10 ·9 -8 -7 -6 -5 

LOG MOLAR CONCENTRATION OF GLUCAGON 

Figure 17. Dose-dependent cAMP accumulation (A), cAMP-PK activation 
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(8), and glycogenolytic activity (C) of normal liver slices 
challenged with glucagon. Parameters were measured as 
detailed under Materials and t~ethods. Values shown for cAMP 
production and cAMP-PK activation are the means ± SEM from 
three experiments. Those for glycogenolytic activity are 
from five experiments. When not observed, error bars are 
within the shapes of the symbols. 
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(8), and glycogenolytic activity (C) of normal Ii~er slices 
challenged with THG. Parameters were measured as detailed 
under Materials and Methods. Values shown are the means ± 
SEM from three experiments. When not observed, error bars 
are within the shapes of' the symbols. 
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shows that in contrast to glucagon, THG demonstrates weak monophasic 

glycogenolytic activity and at a concentration of IJ.M, glucose 

production becomes statistically different from basal. With respect to 

cAMP accumulation and cAMP-PK activation, THG demonstrates partial 

agonist activity and is only able to stimulate these parameters 2.8- and 

5.0-fold, respectively. cAMP production becomes statistically different 

from basal at 5 IJ.M while cAMP-PK activity is significant at 2 

IJ.M. Despite the reduced activities for these parameters and the 

small sep.aration of cAMP production and cAMP-PK activation from glucose 

output, THG-stimulated glycogenolysis in normal liver does not appear' to 

be mediated independent of cAMP. 

Stimulation of cAt~P Accumulation, cAMP-PK Activation, 
and Glycogenolysis ~ Normal Liver Slices 

~ [des-amino-fYRKKE]-Glucagon 

The totally synthetic glucagon analogue [des-amino-fYRKKE]-

glucagon exhibits a different pattern of activities for cAMP 

accumulation, cAMP-PK activation, and glycogenolysis than that observed 

for either glucagon or THG. \I/ith respect to cAMP production and cAMP-PK 

activation, this compound is completely inactive when tested up to 

concentrations of 25 IJ.M (Figure 19, panels A and B). In contrast, 

it demonstrates agonist activity for glycogenolysiS at 2 IJ.M and 

increases linearly up to 10 IJ.t-1, the highest concentration tested 

(Panel C). The glycogenolytic activity for this cAMP antagonist is 

different from that observed for THG in that it is clearly mediated 

independent of the second messenger cAMP. 
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Figure 19. Dose-dependent cAMP accumulation (A), cAMP-PK activation 
(8), and glycogenolytic activity (C) of normal liver slices 
challenged with [des-amino-fYRKKE]-glucagon. Parameters 
were measured as detailed under Materials and Methods. 
Values shown are the means ± SEM from three experiments. 
When not observed, error bars are within the shapes of the 
symbols. 



Glucagon-Stimulated cAMP Accumulation and cAMP-PK Activation 
in Diabetic Liver Slices 

In an effort to identify any differences betwe~n normal and 
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diabetic liver with respect to cAMP mediated events, liver slices from 

diabetic animals were challenged with glucagon, THG, and [des-amino-

fYRKKE)-g~cagon and assayed for both cAMP production and cAMP-PK 

activation. In contrast to the studies carried out using normal liver, 

glycogenolysis was not directly measured since it has been shown that 

the glycogen content of insulin-deficient rats is severely reduced 

relative to that found in normal animals (Golden et al. 1979; Miller, 

Garnache & Cruz 1984j t~iIIer 1978). Consequently, small levels of 

substrate do not permit reliable measurement of glycogenolytic activity 

by the methods described above. Although this parameter could not be 

assayed directly, !D vivo measurements of the changes in blood 

glucose level upon glucagon or analogue challenge give a good indication 

of hormone-stimulated glycogenolysis. Since it has been shown that the 

glucose produced from diabetic liver is primarily from the breaKdown of 

the small amount of remaining liver glycogen (Exton, Corbin & Harper 

1972; Pilkis et al. 1974), the cAMP production and cAMP-PK activation 

for these peptides in diabetic liver slices correlate with their in 

vivo hyperglycemic activity. 

Relative to that observed in normal liver, glucagon exhibits an 

attenuated response for cAMP accumulation and cAMP-PK activation in 

slices prepared from diabetic tissue (Figure 20). Although the overall 

stimulation for cAMP production is reduced (3.3-fold in the diabetic vs. 

G.O-fold in the normal liver), the EC50 values for both states are 
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the same. The reduction in cAMP-PK activity is less pronounced where 

the extent of stimulation (7.9-fold) is only lowered by 23%. These 

activities in liver slices correlate with similar observations made when 

investigating adenylate cyclase activity using isolated plasma membranes 

from normal and diabetic liver (Table 4). In this !D vitro 

preparation the basal activity of cAMP production from diabetic plasma 

membranes is less than that observed for normals by 35%. In addition, 

the extent of stimulation observed on diabetic membranes is Slightly 

more than 2-fold while stimulation on normal membranes is routinely 3-

fold. Despite these differences, the concentrations of glucagon 

required for half-maximal stimulation on both normal and diabetic 

membranes are similar, being 4.0 and 4.9 nM, respectively. 

When glucagon is administered intravenously to diabetic animals 

there is a small but significant elevation (approximately 20%) in the 

blood glucose concentration. Thus, despite the attenuation in adenylate 

cyclase, small activation of the overall cellular response is still 

observed. 

THG-Stimulated cAMP-Production and cAMP-PK Activation 
in Diabetic Liver Slices. 

The activities of THG in diabetic slices for cAMP production and 

cAMP-PI< activation are shown in Figure 21. In contrast to the partial 

agonist activity observed at high concentrations of THG in normal 

slices, statistical analysis shows that this analogue at all 

concentrations tested (up to 25 IJ.M) is inactive for both cAt-1P 

production and cAMP-PK activation in slices prepared from diabetic 

livers. Although the EC50 values for the glucagon-stimulated 



TABLE 4 

Comparison of Basal Activity I Maximal Stimulation I and EC50 Values 
for Glucagon -Stimulated cAMP Production from 
Normal and Diabetic !!J Vitro Liver Systems 

Basal 
Activitya 

L~er P~sma Membranes 

Normal 12.15± 1.81 

Diabetic 7.87 ± 0.41 

Thin Liver Slices ----

Maximal 
Stimulationb 

3.00 ± 0.12 

2.24 ± 0.13 

EC50 
(95/. C.L.)c 

4.00 (1.90-8.42) 

4.89 (2.87-8.32) 

89 

Normal 3.98 ± 0.65 5.99 ± 1.02 94.5 (48.5-184.2) 

Diabetic 3.70 ± 0.26 3.30 ± 0.90 50.1 (24.0-104.7) 

a Basal activity for liver plasma membranes is reported as pmoles of 
cAMP produced/30 j.Lg of liver plasma membrane protein/10 minutes. 
Basal activity of thin liver slices is reported as pmoles of cAMP 
produced/mg protein/8 minutes. 

b Maximal Stimulation is reported as the ratio of cAMP production in 
the presence of a maximally stimulating concentration of glucagon to 
that observed ~ the absence of hormone. 

c The EC50 values are the concentrations of glucagon required to 
to elicit a half -maximal response I reported in nM. The 95/. confidence 
limits of each value are in parentheses. 
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Figure 21. Dose-dependent cAMP accumulation (A), cAMP-PK activation 
(8), and glycogenolytic activity (C) of diabetic liver 
slices challenged with THG. Parameters were measured as 
detailed under Materials and Methods. Values shown are the 
means ± SEM from three experiments. When not observed, 
error bars are within the shapes of the symbols. 
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activities do not change despite reductions in the levels of 

stimulation, the diabetic liver is altered in such a way that the 

partial agonist activity observed for THG in the normal liver is 

abolished. When examined tD vivo, THG causes a rapid and dramatic 

reduction in the blood glucose level of approximately 50;/, (Johnson et 

al. 1982). These results indicate that there are differences in the 

mechanisms operating for glucagon-stimulated glycogenolysis between 

normal and diabetic liver. Furthermore, since the cAMP-mediated 

glycogenolytic activity has been eliminated, these results provide 

strong evidence that THG lowers blood glucose levels in the diabetic rat 

by antagonizing the actions of the endogenous glucagon present in this 

state. 

cAMP Accumulation and cAMP-PK Activation 
in Diabetic Liver Slices Stimulated ~ [des-amino-fYRRKE]-Glucagon 

The abilities of [des-amino-fYRKKE]-glucagon to stimulate cAMP 

production and cAMP-PK activation in diabetic liver slices are shown in 

Figure 22. As observed in normal slices this analogue is inactive for 

both parameters wh~n examined using slices prepared from diabetic liver. 

In addition, when examined in vivo, [des-amino-fYRI<KE)-glucagon is 

not effective in lowering blood glucose levels in severely diabetic 

rats. In contrast to that observed with the other cAMP antagonist THG, 

when administered as a bolus of 0.2 1L9/l<.g followed by a constant 

infusion at 0.1 jJ.g/kg/4 minutes, blood glucose levels rise 

approximately 40 mg;/, corresponding to a 9;/' increase overall. This 

response is equivalent to that observed upon administration of a 
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Figure 22. Dose-dependent cAMP accumulation (A) and cAMP-PI< activation 
(8) of diabetic liver slices challenged with [des-amino
fYRI<KE]-glucagon. Parameters were measured as detailed 
under Materials and Methods. Values shown are the means ± 
SEM from three experiments. When not observed, error bars 
are within the shapes of the symbols. 
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half-maximal dose of glucagon. \'Jhen the dosage is increased 50-fold, a 

rise of 106 mg% is observed corresponding to a 20% increase overall. 

These results, in combination with the activities observed in normal 

liver slices, suggest that the cAMP-independent mechanism operating for 

glucagon-stimulated glycogenolysis is operable in the diabetic state. 



CHAPTER FIVE 

DISCUSSION AND CONCLUSIONS 

"Glucagon (in liver) activates glycogenolysis by a 
cascade mechanism that commences with the stimulation of 
adenylate cyclase, which converts A TP to cAMP plus inorganic 
pyrophosphate. The cAMP then promotes the dissociation of the 
catalytic and regulatory subunits of a protein kinase. The 
now-active subunit phosphorylates phosphorylase kinase, which 
then activates glycogen phosphorylase. The elucidation of 
this pathway provided the first molecular explanation of 
enzyme activation by covalent modification as well ,as insight 
into the molecular mechanism of hormone action." (Zubay 1983) 

Questions which challenge scientific doctrine are clearly some 

of the most difficult one can pursue. In general, observations made by 

enthusiastic and intuitive researchers which do not support the long-

standing theories are oftentimes considered artifactual and a result of 

poor methodology. Fortunately the frustrations of these pioneers are 

short-lived and they continue to probe the reasons for their less than 

popular observations. In most cases, they pOlitely respond to their 

critics and bit by bit they publish their results. It is not until 

evidence from many sources is accumulated that the scientific majority 

is finally ready to consider their new or modified hypothesis with any 

seriousness. Such is the evolutionary (or perhaps, revolutionary) 

process of scientific truth. 

It is the basis of this dissertation to take its part in this 

process with respect to the mechanism of action operating for the 

peptide hormone, glucagon. By taking advantage of the unique properties 

associated with glucagon analogues, it addresses the question of whether 
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or not glucagon can stimulate hepatic glycogenolysis independent of 

cAMP. Even in the most recent of texts, as quoted at the beginning of 

this chapter, glucagon is still cited as a classic example of a hormone 

which mediates its metabolic effects via the cyclic nucleotide, cAMP. 

This continues to be the case despite evidence which has been 

accumulating since the early 1970's supporting the notion that more than 

one biochemical mechanism may operate for this pancreatic hormone. 

Through the development and use of sensitive methods, it has been shown 

herein that glucagon and select glucagon analogues demonstrate 

separation of cAMP production from their glycogenolytic response, 

indicating that glucagon does indeed mediate metabolic actions 

independent of cAMP. 

As mentioned above, when results are reported which do not 

conform to the current dogma, oftentimes the first place for scrutiny is 

the methodology utilized for making the observations. This is an 

important and essential aspect of the evolutionary process since 

information retained from invalid techniques only adds to the confusion 

of the issue in question. And as the technology becomes more sensitive 

and sophisticated, parameters previously measured should be 

reinvestigated, particularly when other observations begin to appear 

which challenge the accepted theory. Such an approach will either 

provide additional support for the current doctrine or grounds for 

further investigation into its validity. This verification is critical 

given the numerous hypotheses which are derived from the basic 

principles. 



96 

F or these reasons, the nonrecirculatory perifusion system, 

designed and developed for the purpose of investigating the mechanism of 

action of glucagon-stimulated hepatic glucose production, Vias subject to 

considerable characterization and standardization prior to addressing 

the actual biochemical questions. As this system is a new one, the 

responsibility of assessing its validity lies with its creators and thus 

was an integral part of this project. The system itself was constructed 

for the purpose of overcoming many of the problems associated with 

previously established techniques for investigating hormonal mechanisms. 

Most importantly, a nonrecirculatory perifusion system provides a means 

to eliminate significant peptide degradation which occurs when liver' 

material is incubated in a small volume of hormone-containing buffer 

(Pohl et al. 1972; Barazzone et al. 1980; Hagopian & Tager 1984). In 

these situations responses which occur at low peptide concentrations are 

rapidly switched off and oftentimes masKed due to hormonal deactivation 

by proteolytic enzymes. Since early studies suggested that glucagon at 

low concentrations may stimulate activity independent of cAMP, and 

maintenance of low concentrations of hormone is essentially impossible 

in the presence of proteolytic enzymes during static incubation, 

elimination of this potential error by turning to nonrecirculatory 

perifusion was important to the validity of these studies. 

Along these same Jines, this nonrecirculatory technique is superior 

to the commonly used static incubation systems in maintaining a constant 

environment for the biological material during challenge with hormone. 

Two of the most important environmental parameters to be controlled 

should be pH and temperature. For example, not only has the binding of 
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glucagon to hepatic receptors been shown to be sensitive to these 

parameters (Rodbell et al. 1971b; Lin et al. 1977) but the cAMP

dependent mechanism of glucagon action can also be influenced by 

variations in these conditions since it involves a cascade of enzymatic 

events. Most enzymes demonstrate a bell-shaped activity curve when 

assayed over a pH range, exhibiting maximal activity at one pH and 

decreased activity at both lower and higher values. Consequently, 

changes in enzyme activity observed upon hormonal challenge are suspect 

if there is a concomitant change in pH. Clearly, verification of the 

buffering capacity of the medium employed was important to the 

establishment of a controlled cellular environment in this system. 

Although the temperature dependence on the rates of these reactions is 

minimal since the range observed is relatively small, other cellular 

parameters such as membrane fluidity are more sensitive to temperature 

and can influence metabolic processes and hormonal responses. In fact, 

the mobile receptor/collision coupling mechanism which has been proposed 

to operate for glucagon activation of adenylate cyclase is specifically 

modulated by the -fluidity of the membrane environment (Dipple & Houslay 

1978; Houslay 1981). Thusp efforts invested to heat the system 

uniformly were important to minimize differences between individual 

slices which can result from temperature gradients within the apparatus. 

Since respiration by the liver constitutes 25 to 30:1. of the 

basal metabolic rate in the whole animal (FoiKe 1974), adequate oxygen 

supply to the tissue is essential for proper functioning. Anoxia has 

been shown to lead to depletion of A TP supplies which is associated with 

membrane damage as indicated by leakage of lactate dehydrogenase and 
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aspartate aminotransferase from liver tissue (Cornell 1983). And 

although mitochondria have a very i1igh affinity for 02' cells 

require a substantially higher 02 concentration for mitochondrial 

function as exemplified by the greater 02 dependence of cytochrome c 

oxidation in hepatocytes relative to that measured for isolated 

mitochondria (Jones, Aw & Kennedy 1983). This requirement appears to be 

due to the establishment of an intracellular 02 gradient in 

respiring cells and is an important factor in tissue oxygenation. 

Isolated hepatocytes and perfused liver have 02 uptaKes in the 

absence of substrates of approximately 2.5 IJ.moles/minute/g wet 

weight (Cornell 1983). Since the solubility of 02 in physiological 

saline is approximately 1 !J,mole/ml (Umbreit, Burris & Stauffer 

1972), then the flow rate required in the peri fusion system must be at 

least 2.5 ml/minute/g liver. Also, it is well Known that oxygen 

consumption of liver is stimulated upon the addition of metabolic 

substrates and challenge with hormones including glucagon (Reyes & Benos 

1983; Weigle, KoerKer & Goodner 1983). Consequently, the flow rate 

utilized in all studies was 0.42 ml/minute (for a maximum of 5 slices 

per lane equivalent to 100 mg wet weight of tissue) to accomodate both 

basal and stimulated metabolism of perifused liver slices. In addition, 

since the system is open to the external atmosphere, the head space of 

the perifusion chamber was gassed with 100:1. 02 to prevent loss of 

oxygen from the perifusate to the laboratory. The maintenance and 

suitability of these parameters are reflected in the viability of the 

liver slices during the course of the experimental period. 
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Perhaps a less obvious parameter which is critical to the 

reproducibility of measurements made using the system is establishment 

of efficient delivery of the hormone to the liver tissue. The flow 

characteristics of the perifusate through the system were intensely 

investigated until satisfactory perifusion of the liver slices was 

accomplished. Although only one peri fusion system has been detailed, 

two previous prototypes were constructed which had notable differences 

in the design of the perifusion lanes. Neither squared-off troughs or 

ones with rounded edges yielded efficient peri fusion of slices 

(Figure 12). In general, these styles resulted in selective flow of 

medium down the sides of the troughs and poor contact with the slices in 

the center. Not until the troughs were channeled was efficient 

perifusion with a square buffer front observed. Such an arrangement 

ensures efficient delivery of the hormone to the tissue and adequate 

removal of secreted products. Another parameter affecting efficient . 
delivery of hormone to the liver tissue is its extraction by the 

apparatus (Table 2). This parameter was initially investigated to test 

for carry-over of residual hormone from one experiment to the next. It 

was discovered that a minimum of 0.51: BSA was necessary to recover 951: 

of the peptide during the actual perifusion and upon increasing it to 

1.0%, total recovery was observed. Clearly, verification that liver 

slices are administered a constant and known amount of hormone at any 

given time is important to validation of the technique. In addition, it 

minimizes obvious experimental errors associated with deviations in 

hormonal delivery, not only within a given experiment but also between 

trials. 
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Precision cut thin liver slices were chosen as the in vitro 

system for these studies because of their distinct advantages over other 

hepatic preparations. They are extremely easy to prepare and 

manipulate (KrumdiecK, Dos Santos 8.: Ho 1980), their consistency is such 

that differences between individual slices is negligible and each can be 

utilized as an independent experimental unit (this worK; Smith et al. 

1986), they can be cultured for sufficient periods of time and remain 

viable as judged by their potassium (Figure 14) and glycogen contents 

(Figure 15), and they remain responsive to hormonal stimulation as 

demonstrated by their sensitivity to glucagon concentration (Figure 16). 

Indeed, for the parameters investigated in this study, the maximal 

stimulations observed were either equal to or greater than those 

previously reported for either isolated hepatocytes or perfused livers 

(SchimasseK et al. 1974; Cherrington et al. 1976; OKajima & Ui 1976; 

Birnbaum & Fain 1977; Cor vera et al. 1984). 

Perhaps most important to the control experiments is the 

demonstration that slices maintained in the perifusion apparatus remain 

viable and responsive to hormones throughout the experimental period. 

Although there are no "ideal" viability parameters which can be used and 

no single test supplies complete information about the metabolic 

competence of cultured liver tissue, the criteria employed should at 

least question the integrity and function of the plasma membrane and the 

metabolic performance of the cells (Krebs, Lund & Edwards 1979). 

The permeability of cells to certain ions that are normally 

concentrated intra- or extracellularly is a reflection of plasma 

membrane integrity (Grisham 1979). Furthermore, cellular potassium 
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content has been suggested to be one of the most sensitive indicators of 

injury of isolated hepatocytes when compared to other commonly used 

parameters such as trypan blue exclusion which only measures gross 

structural integrity (Baur, Kasperel<. &. Pfaff 1975). Based on this 

sensitive indicator of plasma membrane integrity, liver slices 

maintained in the perifusion apparatus remain viable over a three hour 

period under defined incubation conditions (Figure 14). Initially the 

potassium content falls by 20/. but by three hours the level (92/') 

approaches that observed for freshly harvested tissue. The initial drop 

is clearly due to damaged cells on the slice surface resulting from the 

preparation process. Increases in potassium content with time are 

partially reflected in the sloughing off of the damaged cells during the 

perifusion period as demonstrated by the fall in both wet weight and 

protein content during the initial culture hour (Table 3). Recovery may 

also be explained by a temperature dependent re-equilibration phenomenon 

which occurs upon rewarming of the slices as they are transferred from 

the ice-cold buffer used during their preparation to the physiological 

(37 0 C) conditions of the incubation. Similar temperature 

dependencies on potassium content have been reported for isolated 

hepatocytes (Guistorff, Bondesen &. Grunnet 1973; 8arnabei, Leghissa &. 

Tomasi 1974) and liver slices (van Rossum &. Russo 1981). 

Another UJ vitro marker to a~ ,ess cell viability is liver 

slice glycogen content. This parameter reflects metabolic competence of 

the tissue and is a specific function of the liver which has been shown 

to be particularly sensitive to exogenous factors such as glucose, amino 

acids and serum (Krack et al. 1980). In addition, this information 
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relates to the degree of !!J vitro stress of the cultured slices and 

of their ability to maintain adequate energy stores (Reed & Grisham 

1915). 

Even though slices were prepared in the presence of 25 mM 

glucose at 40 C, and subsequently perifused with an insulin- and 

serum-supplemented high glucose (500 mgl.) culture medium (all conditions 

which should enhance glycogen synthesis or at least minimize glycogen 

breakdownj see Miller et al. 1986 and references therein), they 

continued to lose glycogen over the three hour incubation period (Figure 

15). This phenomenon has been observed by Smith (1985) for slices 

maintained in dynamic organ culture, and has also been reported to occur 

during the early stages of hepatocyte incubations (Hers 1981). Despite 

the initial glycogen loss for slices maintained in dynamic organ 

culture, they demonstrate significant glycogen synthesis between two and 

six hours in culture (Smith 1985). Given the lag in net glycogen 

synthesis observed in liver slices maintained in dynamic organ culture, 

and the lag also reported for cultured hepatocytes (Krack et al. 1980j 

Miller et at. 1986), the drop in glycogen content of liver slices 

observed in the perifusion system was not totally unexpected. It could 

be due to the considerable recycling of glucose observed in several 

hepatiC in vitro systems (Clark, Rognstad & Katz 1974j Rognstad, 

ClarK & Katz 1914), or any of a number of factors known to cause 

activation of glycogen phosphorylase (Hers 1981). Further experiments 

employing longer incubation times would have to be done in order to 

determine if the drop in glycogen content in this system is temporary. 

Despite the fall in glycogen levels observed in perifused liver slices, 
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adequate stores are available for a one hour challenge with hormone as 

exemplified by the steady-state glucose production observed from liver 

slices upon administration of a maximally stimulating concentration of 

glucagon (Figure 16). 

Although many advantages are associated with the 

nonrecirculatory perifusion system developed during this project, it has 

a few limitations worth noting. Perhaps the most important with respect 

to methodology is that although the slice environment can be precisely 

controlled, changes from one condition to another are not particularly 

rapid. This is best demonstrated by the washout profile of the system 

in which it requires approximately thirty minutes for the concentration 

of glucagon to drop to negligible levels upon perifLlsion with glucagon

free buffer (Figure 13). Although such changes can be expidited by 

manually removing and replacing the contents of each lane, the time 

required is still on the order of at least two minutes. This can be 

significant when one is interested in measuring rapid transient effects 

such as hormone-stimulated cAMP accumUlation (Figure 10). In contrast, 

two minutes is less important when experiments requiring long-term 

exposure to hormone are employed as in the case of measuring hormone

stimulated glycogenolysis. 

Another characteristic of the system which can be limiting is the 

fact that at most only six different hormone concentrations can be 

probed on any given donor organ since the plate consists of seven lanes. 

And given the fact that proper measurement of cAMP accumulation, cAMP-PI< 

activation, and glycogenolysis all require different exposure times to 

hormone, and all slices prepared from one liver must be housed in the 
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peri fusion apparatus, only one activity could be measured on any given 

day. 

The combination of these limitations led to the use of the 

Teflon stirring chambers -for the measurement of cAMP accumulation and 

cAMP-PK activation (Figure 9). By combining this technique with 

preliminary culturing in the perifusion apparatus, both cAMP 

accumulation and cAMP-PK activation could be measured on slices prepared 

from the same organ donor. In addition, twice as many hormone 

concentrations could be investigated at one time. Finally, the precise 

time for hormonal exposure was easily controlled since slices could be 

placed into and removed -from hormone-containing buffer within a few 

seconds. By taking this approach, deviations in measurements due to 

differences between animals are minimized and consistency is preserved 

by measuring an entire dose-response curve on one liver slice 

preparation. 

Although the Teflon stirring chambers are recirculatory in 

nature, they do not appear to suffer from the same d~advantages 

characteristic of other commonly used systems. Peptide degradation is 

not detectable. When the concentration of hormone in the incubation 

buffer is measured (by radioimmunoassay) both before and after exposure 

to liver slices, differences are not observed even at the lowest 

concentrations of peptide utilized. This could be due to the' removal of 

the majority of prot eases released from cut surfaces of slices during 

the two hour culture period prior to exposure to glucagon. More likely, 

under the conditions utilized (incubation of 20 mg of liver tissue, 

slice, in 6 ml of challenge buffer which is equivalent to incubating a 
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10 g liver in a volume of 3 liters), the relatively large incubation 

volume serves to minimize the effect that any remaining proteases might 

have. 

The volume of the buffer also serves to facilitate maintenance 

of a constant c~lIular environment. No drop in pH is observed during 

the incubation period and slices receive adequate oxygenation. Since 

each slice in this system rests on a circular screen, the incubation 

buffer can be continually stirred around it which provides efficient 

exposure of the buffer to the gas-liquid interface. In addition, the 

design of these chambers lends itself to near perfusion of the liver 

slices since the stirring action draws medium down through the center of 

the screen upon which the slice rests and back up around the sides. 

Thus with the major disadvantages of static incubation being overcome 

with these chambers, little was compromised and much was gained by 

utilizing this system in combination with the perifusion apparatus for 

measurements of cAMP accumulation and cAMP-PK activation throughout this 

study. 

Once the perifusion system was standardized and characterized, 

studies investigating any cAHP-independent actions of glucagon in both 

normal and diabetic systems were initiated. The approach to this 

question is different from others in that it takes advantage of the 

unique properties associated with glucagon analogues. More 

specifically, the compounds selected for use in this study possess the 

"binding message" of glucagon and recognize the glucagon receptor, but 

either lack the "transduction message" for stimulating adenylate cyclase 

and consequently any cAMP-mediated response or exhibit a large 
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separation between the concentration of peptide necessary for binding 

and that necessary to elicit cAMP production. Clearly, glucagon 

analogues which are cM1P antagonists or cAMP agonist/antagonists serve 

as excellent tools for investigating any cAMP-independent mechanisms 

operating -for this important glucoregulatory hormone. 

Two analogues were chosen -for investigation of these mechanisms: 

[N<X-TNP-His 1, hArg12 ]-glucagon, THG, and [des-amino 

His1,D-Phe4,Tyr5,Arg12,Lys17,18,Glu21)-glucagon, 

[des-amino-fYRKKE]-glucagon. THG was selected for two reasons. First, 

THG has been shown to meet the classic criteria of a glucagon 

antagonist. In our laboratory, THG demonstrates speci-fic binding 

activity to liver plasma membrane receptors (Hruby et al. 1983) but is 

inactive in stimulating adenylate cyclase up to concentrations o-f 1 

tJ.M (Bregman, Trivedi & Hruby 1980). In addition, this analogue is 

potent in antagonizing the production o-f cAMP stimulated by glucagon on 

the same membrane system. Despite its cAMP antagonist properties, 

investigations o-f THG in whole cells reveal that it behaves as a weaK 

but -full agonist for both glycogenolysis and gluconeogenesis (Corvera et 

a!. 1984). Furthermore, it has been proposed that these 91ucogenic 

actions o-f THG are mediated independent of cAMP since THG can partially 

blocK the glucagon-induced accumulation of cyclic nucleotide in the same 

intact cellular system. Thus, these observations taKen together suggest 

that not only can THG antagonize glucagon-stimulated adenylate cyclase, 

but it can also mediate hepatic glucose production in the normal liver 

by a cAMP-independent mechanism. 
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THG was also selected for this study because despite its 

glucogenic properties demonstrated on normal hepatocytes, THG is potent 

in lowering blood glucose levels in severely diabetic rats (Johnson et 

al. 1982). In an effort to directly test Unger and Orci's bihormonal 

hypothesis that glucagon contributes to the pathogenesis of diabetes, 

THG was given intravenously to streptozotocin-induced diabetic animals. 

When administered by a bolus injection followed with a constant 

infusion, blood glucose levels are depressed by 50t:. Even after the 

infusion is discontinued, glucose levels remain lowered for more than 60 

minutes. It has been postulated that the hypoglycemic effect of this 

analogue is due to its ability to antagonize the glucogenic actions of 

the high circulating levels of glucagon present in the diabetic animal 

(Johnson et al. 1982). Thus, although THG appears to mediate hepatic 

glucose production in the normal liver by a cAMP independent-mechanism, 

in the diabetic liver it exhibits clear hypoglycemic properties. This 

suggests that the diabetic liver is physiologically altered with respect 

to the normal one concerning the mechanisms which operate for glucagon 

mediated glucose production. Consequently, the cAMP antagonist THG, 

which causes an apparent cAMP-independent mediated glucose production in 

normal liver and elicits hypoglycemic activity in diabetic animals, is 

an important molecule for investigating not only cAMP-independent 

mechanisms operating for glucagon but also differences between the 

normal and diabetic liver with respect to the functionality of these 

mechanisms. 

The second analogue selected for this study, [des-amino-fYRKKE)

glucagon, is the most potent with respect to binding activity of a 
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recent series of totally synthetic peptides which is also completely 

inactive for liver plasma membrane adenylatc cyclase activity up to 

concentrations of 10 J.LM, the highest concentration tested (ZecheJ, 

Trivedi 8: Hruby, unpublished results). The IC50 value for binding 

to hepatic plasma membranes is approximately 42 nM. This potency is 

only seven-fold lower than glucagon and the peptide most liKely 

possesses relatively strong binding activity due to incorporation of the 

[Lys 17 ,18 ,G lu21 ] sequence. Indeed, this substitution alone 

results in an analogue which binds five-fold better to the glucagon 

receptor than does the native hormone (KrstenansKy et al. 1986). Using 

an analogue with strong binding potency implies that lower 

concentrations are required to fully saturate the glucagon receptor 

population. This is an attractive feature since the perifusion system 

. uses considerable amounts of peptide for a nonrecirculatory challenge. 

[Des-amino-fYRI<KE]-glucagon is also able to antagonize glucagon

stimulated cAMP production in this same membrane system (Zechel, Trivedi 

& Hruby, unpublished results). Thus, this compound, liKe THG, fulfills 

all the classic criteria for a glucagon antagonist maKing it a suitable 

candidate for addressing the questions proposed in this study. 

In addition to its strong binding potency and cAMP inhibitory 

activity, this analogue is prepared by total solid phase peptide 

synthesis. Consequently, there is no possibility of contamination of 

this peptide with native hormone. In some early studies with 

semisynthetic glucagon analogues (Khan et al. 1980; Cote & Epand 1979), 

cAMP-independent actions of these peptides remain questionable due to 

possible contamination of the preparation with glucagon itself. 
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Although an analogue appears to be inactive for adenylate cyclase 

activity when assayed using liver plasma membranes, it is still possible 

that it can elicit overall cellular events via cAMP production 

stimulated by contaminating native peptide. Whole cells and perfused 

livers are clearly more sensitive in vitro - -- systems than liver plasma 

membranes (Schimassek et al. 1974; Harris & Cornell 1983). And since 

significant activation of cAMP-PI< and parallel stimulation of 

glycogenolysis occur with relatively small increases in intracellular 

cAMP levels (Byus et al. 1976; Hayes et al. 1982), the small amount of 

cAMP necessary for activating these events may be undetectable using the 

liver plasma membrane assay. Indeed, recent advancements in the 

preparation of larger peptides by solid phase synthesis have been 

important in combating a major problem associated with testing 

semisynthetic glucagon analogues in biological systems. 

Thus, investigations into the mechanisms of cAMP-independent 

actions of glucagon on normal, and diabetic liver were probed using a 

spectrum of compounds for cAMP activity: the native agonist, glucagon, 

a weak cAMP partial agonist/antagonist, THG, and a pure cAMP antagonist, 

[des-amino-fYRI<I<E]-glucagon. In order to directly test the operation of 

any cAMP-independent mechanism for glucagon- and analogue-stimulated 

glycogenolysis in normal liver, intracellular cAMP accumulation and 

cAMP-PI< activation were measured for each compound and correlated with 

their ability to stimulate glycogenolysis in the liver slice system. 

Although the cAMP measurement is important, the activation state of 

cAMP-PI< is a more sensitive and accurate index of cAMP involvement in 

intracellular events (Birnbaum 8: Fain 1977; Corbin 8: Keely 1977). 
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Therefore, by measuring two parameters obligatory to any cAMP-dependent 

mediated event, particularly cAMP-PK activity, and correlating ttlem with 

the overall cellular response, one can determine if glucagon or any of 

the analogues can at any pOint in its dose-response range exhibit 

glucose production mediated independently of cAMP. 

By taKing this approach, one of the earliest and most 

interesting observations made throughout the entire study was the 

pattern of activities demonstrated by glucagon itself (Figure 17). As 

expected, glucagon strongly stimulates the production of cAMP which 

parallels its activation of cAMP-PK over the same concentration range. 

And although the major glycogenolytic response (75/. of the total) is 

also parallel to these concentrations, the entire dose-response curve 

for glucagon-stimulated glycogenolysis is biphasic with the first phase 

occurring distinctly before any cAMP is produced or cAMP-PK is 

activated. This biphasic response for glucose production by glucagon is 

the first to be reported for any in vitro or in vivo system 

studied to date. 

The results presented here from investigations on the actions of 

glucagon using perifused liver slices provide the strongest evidence yet 

that glucagon mediates hepatic glycogenolysis by at least two 

mechanisms, one of which acts independently of cAMP. Although previous 

reports have suggested this to be the case, the separations observed 

between cAMP production and glucose output have been very small, maKing 

this conclusion quite weaK. In contrast, the data presented here 

demonstrate clear separation between cAMP-independent and cAMP-dependent 

hepatic glycogenolysis. There are several possible reasons for the 
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enhancement of the effects observed in this study over earlier reports. 

Most importantly, continual replenishment of a fixed concentration of 

hormone to the biological material ensures that any stimulatory response 

cannot be masl<ed due to peptide degradation. In the earlier studies; 

static incubations were utilized, and particularly when measuring 

glucose production over an extended period of time (30 to 60 minutes) at 

low glucagon concentrations, glucagon degradation becomes significant 

(Pohl et al. 1972j Barazzone et al. 1980j Hagopian & Tager 1984). 

Consequently, if the overall cellular response is artifactually 

abolished due to degradation of the hormonal stimulus, any separation 

between this event and cAMP production will be significantly reduced or 

totally eliminated. Furthermore, since the methods utilized in this 

study to measure cAMP content and cAMP-PK activity are more sensitive 

than those previously reported (Birnbaum & Fain 1977j Cherrington et al. 

1976j Corvera et at. 1984), one can confidently assert that glucagon at 

lower concentrations mediates hepatic glycogenolysis independent of 

cAMP. 

The results obtained upon examination of THG in normal liver 

slices provide further insight into the question of whether or not the 

glycogenolytic activity elicited by this glucagon analogue in normal 

hepatocytes is mediated independent of cAt-1P. In contrast to the 

glycogenolytic profile observed for glucagon in this study, that for THG 

is monophasic and it exhibits partial agonist activity with respect to 

cAt~P production and cAMP-PK activation (Figure 18). Although there is 

statistical separation between glucose production and activation of 

cAMP-PI<, the gap is very small and is only a factor of two. 
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Consequently these data are extremely weaK, if not insufficient, in 

supporting the notion of cAMP-independent glycogenolysis stimulated by 

THG in normal liver. 

It is of interest to compare these data obtained upon 

investigating the actions of THG on normal liver slices with those 

previously reported using isolated cells. Both in this study and in the 

work of Cor vera et al. (1984) employing isolated hepatocytes, the 

overall glycogenolytic response becomes significant at approximately 

J.LM THG. In addition, in both cases cAMP accumulation is stimulated 

by THG at just slightly higher concentrations, although the extent of 

the stimulation in each case is marKedly different. 

In the perifused liver slice system, THG exhibits 501. partial 

agonist activity with respect to cAMP production in contrast to the 

minimal 101. activation observed in isolated hepatocytes. This 

difference is most liKely due to the fact that acutely isolated 

hepatocytes demonstrate slow responses to glucagon because of digestive 

damage to receptors during the isolation procedure (Johnson et al. 

1972). Under such circumstances, as in the worK of Corvera et al. 

(1984), an expected decrease in the gluci.:'l~)on-stimulated cAMP response 

relative to that in liver slices is observed. ~:: was argued in the 

hepatocyte study that although cAMP is in fact generated by THG, the 

small amount produced is not sufficient to stimulate the full 

glycogenolytic response since similar minimal increases in cAMP content 

induced by forsKolin (which is capable of activating adenylate cyclase 

and stimulating cAMP accumulation through a non-receptor-mediated 

mechanism (Seamon, Padgett & Daly 1981» were not able to produce 
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significant glycogenolysis. Thus, it was concluded that another 

mediator besides cAMP must be responsible for the glycogenolytic action 

of THG. 

There is now compelling evidence that occupation of many cell

surface hormone receptors leads to cAMP accumulation and the activation 

of protein Kinase in specific subcellular compartments (see reviews by 

Earp & Steiner 1978j Hayes and Brunton 1982). Furthermore, most 

mammalian tissues including liver contain two forms of cAMP-PK, denoted 

types I and " (Corbin, I(eely Be Park 1975). These kinases have the same 

catalytic subunit (Bechtel, Beavo & Krebs 1977), but differ mainly in 

the properties of their regulatory subunits, particularly in the factors 

that influence their state of dissociation which ultimately affects 

their phosphorylating activity (Corbin, Keely Be Park 1975j Hofmann et 

al. 1975j Rosen & Ehrlichman 1975). Byus et al. (1979) and Schwoch 

(1978) have demonstrated that in liver, glucagon causes a concentration

dependent specific activation of the type I kinase which correlates with 

the stimulation of glycogen breakdown. At much higher concentrations of 

glucagon the type II isozyme is also activated but without a further 

stimulation of glycogenolysis. It has been shown that under 

intracellular conditions dissociation of both the type I and type " 

kinases occurs at the same concentration of cAMP (Hofmann et al. 1975). 

Thus, the fact that the type I Kinase is activated prior to the type " 

isozyme suggests that cAMP is preferentially accumulated in certain 

areas of the cell which are in proximity with the type protein Kinase. 

Furthermore, since catalytic subunits from both isozymes are capable of 

phosphorylating phosphorylase kinase and thereby stimulating 
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glycogenolysis (Yamamura et al. 1973), it is likely that the lack of 

additional glycogenolytic stimulation by tl1e type " enzyme is due to 

prior activation of all the cellular phosphorylase kinase by the type 

isozyme. 

Since forskolin activates adenylate cyclase through a non-receptor 

mediated mechanism (Seamon, Padgett & Daly 1981), then any cAMP 

generated by this compound could be uniformly distributed throughout the 

cell or localized in a compartment separate from that specific for 

glucagon. Based on the evidence cited above, equivalent measurements of 

total cellular cAMP content for forskolin- and THG-treated hepatocytes 

as presented by Corvera et al. (1984) do not necessarily imply that 

identical metabolic actions should result, and consequently are not 

sufficient evidence to support cAMP-independent mediated glycogel)0lysis 

stimulated by THG. The cAMP generated by THG is most likely 

concentrated in a small pool and in a compartment accessible to the 

appropriate protein kinase. Although protein kinase was not measured, 

the minimal 10% stimulation of cAMP accumulation observed in these cells 

has been shown to be sufficient to activate the cAMP-mediated 

glycogenolytic cascade (Byus et al. 1976j Hayes et al. 1982). 

The studies reported here using liver slices demonstrate not 

only a marked elevation of cAMP content upon stimulation with THG but 

significant activation of the cAMP-dependent protein kinase as well. 

Indeed, the 50% activation of the cAMP-PK corresponds to a 5-fold 

increase in kinase activity. Furthermore, the protein kinase is 

recruited at concentrations which correlate quite well with overall 

glucose production. These results not only provide substantial evidence 
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supporting the cAMP-mediated glycogenolysis stimulated by THG but also 

demonstrate the importance of measuring cAMP-PK activity for testing the 

operation of a cAMP mediated event. 

Although strong evidence for the mediator of THG-stimulated 

glycogenolysis in normal liver has been presented, the mechanism 

responsible for the ability of THG to antagonize glucagon-stimulated 

cAMP production from liver plasma membranes (Bregman, Trivedi Be Hruby 

1980) and in isolated hepatocytes (Corvera et al. 1984) remains unclear. 

Recent evidence provided by Houslay and coworKers (WaKelam et al. 1986) 

though, provide some interesting insight into this phenomenon. 

Glucagon has recentW been shown to cause a dose-dependent 

increase in the production of inositol phosphates in intact hepatocytes 

with a Ka value of 0.25 nM (ltJaKelam et al. 1986) which is very 

similar to the dose-dependence observed for glucagon-mediated 

desensitization (Ka = 0.4 nM, Heyworth Be Houslay 1983a). The dose

response curve for the glucagon-stimulated inositol phosphate production 

is clearly biphasic with an inhibition occurring at a Ka value of 

8.5 nM which is similar to that for glucagon~s ability to stimulate 

adenylate cyclase (WaKelam et al. 1986; McKee et al. 1985). THG also 

stimulates inositol phosphate production at a similar Ka value (0.3 

nM, Wakelam et al. 1986) but does not show an inhibitory phase over the 

range of 0.5 nt1 to 100 nM THG. It has been shown that although addition 

of dibutyryl cAMP to intact hepatocytes does not inhibit THG-stimulated 

production of inositol phosphates, treatment with cholera toxin which 

maximally activates Ns (Houslay & Elliot 1979; Heyworth et al. 

1985b) causes an 85/. reduction in the inositol phosphate response 
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elicted by THG. In addition, treatment of Ilepatocytes with pertussis 

toxin which inhibits the functioning of Ni (Heyworth, Hanski & 

Houslay 1984) results in a 251. increase of this response. These results 

suggest that the glucagon-stimulated inositol phospholipid response is 

inhibited by direct activation of Ns and not by accumulation of 

cAMP. Furthermore, since THG can elicit an inositol phospholipid 

response but not stimulate adenylate cyclase over this same 

concentration range, it has been proposed that glucagon exerts its 

action on liver through two distinct receptors denoted GR1 which is 

coupled to phosphatidyl inositol turnover via Ni' and GR2 which is 

coupled to adenylate cyclase via Ns ' 

More recent studies have shown that treatment of intact rat 

hepatocytes with either glucagon or THG results in a time- and dose

dependent loss of glucagon-stimulated adenylate cyclase activity in 

the membrane fractions isolated from these cells (Murphy et al. 1987). 

Since the Kas of this effect for both glucagon (Heyworth & Houslay 

1983a) and THG (Murphy et al. 1987) matches that for their ability to 

stimulate inositol phosphate production, it has been suggested that 

glucagon, by stfmulating the inositol phospholipid pathway, causes the 

desensitization of the stimulation of adenylate cyclase. Furthermore, 

THG stimulates the production of inositol phosphates over a wide 

concentration range (0.5 nM to 100 nM) and at 10 nM inhibits glucagon

stimulated adenylate cyclase activity by almost 501. (Murphy et al. 

1987). This phosphoinositol-mediated desensitization of adenylate 

cyclase is possibly the mechanism responsible for THG1s ability to 

antagonize glucagon-stimulated cAMP production in normal liver. Further 
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antagonism of glucagon-stimulated cAMP accumulation by THG must be 

pursued in order to directly test this hypothesis. 
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The final analogue investigated in normal liver slices, [des

amino-fYRKKE]-glucagon, displayed a different pattern of activities for 

cAMP accumulation, cAMP-PK activation, and glycogenolysis than that 

observed for either glucagon or THG (Figure 19). While mediating a full 

glycogenolytic response, this analogue is completely inactive for both 

cAMP production and activation of the protein Kinase. Therefore, 

although [des-amino-fYRKI<E)-glucagon can inhibit glucagon-stimulated 

cAMP production from hepatic plasma membranes (Zechel, Trivedi & Hruby, 

unpublished results), at high concentrations it clearly mediates glucose 

production when challenging the whole cell system by a cAMP-independent 

mechanism. These results, along with those detailed above for glucagon, 

provide strong evidence that at least two glucagon-stimulatable 

transduction mechanisms for hepatic glycogenolysis operate in the normal 

liver. 

Although this conclusion seems clear, it is still speculation as 

to whether these mechanisms are mediated through two distinct glucagon 

receptor complexes, or via one receptor which can convert between low 

and high affinities for the hormone which in turn interacts with 

separate transduction systems. Support for the e><istence of two 

distinct glucagon receptors includes glucagon binding studies in rat 

liver plasma membranes (Lin et al. 1977), isolated rat hepatocytes 

(Sonne, Berg 8.r. Christoffersen 1978; Musso et al. 1984) and canine 

hepatocytes and plasma membrane vesicles (Bonnevie-Nielsen and Tager 



1983). Mathematical modeling of glucagon receptor-interactions from 

these studies suggests the existence of two non-interacting glucagon 

receptor populations having differing affinities for the ligand. 
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Indeed, perhaps the strongest support for distinct receptor proteins is 

recent worK by Mason & Tager (1986) demonstrating that solubilized 

glucagon-receptor complexes formed on canine hepatic plasma membranes 

exist in two forms that differ in glycosylation as reflected in their 

avidities for wheat germ lectin. On the other hand substantial data 

have also been reported supporting that glucagon binds in a 

noncooperative manner to a homogeneous population of receptors which 

inter convert between Kinetically distinct low and high affinity forms 

(Pingoud et al. 1982; England et al. 1983; Horwitz et al. 1985). The 

conversion between states appears to be independent of the distribution 

of bound glucagon to each fraction, but is highly dependent on the 

duration of receptor occupancy (Horwitz et al. 1905). Although this 

question has yet to be resolved, it seems clear that hepatocytes do 

consist of two populations of receptors which are functionally distinct 

and exhibit differing affinities for glucagon. Furthermore it is 

tempting to postulate that each receptor population transduces a unique 

signal to elicit a particular biochemical response. 

The cAMP-independent mediator operating for glucagon-stimulated 

glycogenolysis has yet to be identified. In light of the recent worK by 

ltJaKelam et al. (1986) demonstrating that glucagon and THG at low 

concentrations activate the breakdown of inositol phospholipids, it is 

possible that the resultant increase in inositol phosphates is 

responsible for the cAMP-independent stimulation of glycogenolysis by 
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glucagon. It is now l<noVln that calcium-linKed hormones such as 

vasopressin initiate degradation of membranous phosphatidylinositol 

which leads to an increase in the cellular concentration of inositol 

triphosphate (Creba et aJ. 1984; Thomas et al. 1983; Thomas, Alexander & 

Williamson 1984). This inositol triphosphate in turn stimulates release 

of calcium from the endoplasmic reticulum (Burgess et al. 1984; Joseph 

et al. 1984; Dawson & Irvine 1984) which in concert with diacylglycerol 

activates protein Kinase C to elicit the cellular response. 

Glucagon has also been reported to have a number of effects on 

hepatic calcium metabolism (for a review see Kraus-Friedmann 1984). 

Although several reports have been made in which the effects of glucagon 

on calcium were shown to be significant only at supraphysiological 

concentrations (Assimacopoulos-Jeannet, BlacKmore & Exton 1977j Studer, 

Snow down & Borle 1984; Chen, BabcocK & Lardy 1978), more recently it has 

been demonstrated that nanomolar and subnanomolar concentrations of 

glucagon induce a rapid increase in cytosolic calcium in isolated 

hepatocytes (Charest et al. 1983; Sistare, PicKing & Haynes 1985). 

Although these concentrations are more physiological, these same studies 

report that the increase in cytosolic calcium occurs simultaneously with 

the production of cAMP. Furthermore if inositol-phosphate-stimulated 

calcium release can mediate hepatic glycogenolysis, then one would 

expect THG to elicit cAMP-independent glycogenolysis in normal livers at 

quite low concentrations. This phenomenon was not observed in this 

study. Clearly, the role of calcium as an operable second messenger for 

glucagon has yet to be resolved. 
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The studies investigating the effects of glucagon, THG, and 

[des-amino-fYRJ<J<E]-glucagon on liver slices prepared from 

streptozotocin-induced diabetic rats were initiated to provide some 

insight into the differences between the actions of glucagon on normal 

and diabetic livers. As detailed in the introduction, glucagon has been 

proposed to play an integral part in the pathogenesis of diabetes 

mellitus (Unger & Orci 1975). Specifically, the high concentrations of 

circulating glucagon appear to be directly responsible for the severe 

hyperglycemia and hyper Ketonemia characteristic of the diabetic patient. 

Although there is considerable clinical evidence supporting this 

hypothesis, direct biochemical evidence to either support or dispel this 

postulate is lacKing. It has been suggested that direct testing of the 

bihormonal abnormality hypothesis could be accomplished by specifically 

blocKing the actions of glucagon in the diabetic animal with 

administration of a glucagon antagonist (Unger & Orci 1983; Hruby 1982; 

Johnson et al. 1982). Indeed, one important goal behind the development 

of such glucagon analogues in this laboratory is to address this very 

question. And although the semisynthetic antagonist THG 

has in fact provided direct support for the bihormonal abnormality 

hypothesis since it dramatically lowers blood glucose levels in severely 

diabetic rats (Johnson et al. 1982), none prepared since appear to 

possess this hypoglycemic property. This continues to be the case 

despite the ability of these analogues to antagonize glucagon-stimulated 

cAt"lP production from hepatic plasma membranes. Consequent.ly, the 

studies described herein were undertaken to provide insight at the 



molecular and cellular levels concerning this apparent contradictory 

behavior of glucagon antagonists on normal and diabetic systems. 
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In general, the results obtained from investigating these 

compounds using liver slices harvested from streptozotocin-induced 

diabetic animals, in combination with the activities of these peptides 

observed !n vivo, indicate that the mechanisms which operate in the 

normal liver for mediating glucagon-stimulated glycogenolysis are 

modified in the diabetic system. Challenge of diabetic liver slices 

with glucagon demonstrates that both the cAMP production and cAMP-PK 

activation responses are attenuated relative to those observed in normal 

liver slices (Figure 20). Although the overall stimulation of cAMP 

production is reduced by half, the concentration of peptide required for 

half-maximal activation remains unchanged suggesting that the affinity 

of the receptor population which is coupled to adenylate cyclase is not 

altered. This observation is consistent with the parallel studies 

measuring adenyl ate cyclase activity from liver plasma membranes 

prepared from diabetic rats (Table 4). Maximal stimulation of cAMP 

production in this system was also reduced along with no difference 

between EC50 values determined on both normal and diabetic 

membranes. Although the basal activity of cAMP production in liver 

slices is the same in both normal and diabetic states, significant 

lowering was observed in the diabetic membrane system when compared to 

the normal control. The reasons behind the differences observed for 

basal cAMP production between the two t!J vitro systems remain 

unclear. 
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The observations made concerning these cAMP related events 

effected by glucagon are in agreement with numerous others employing the 

streptozotocin-induced model of diabetes mellitus. Investigators have 

reported evidence suggesting that the glucagon-stimulatable adenylate 

cyclase system in diabetic liver is marKedly altered when compared to 

normal controls. It appears that the system exhibits not only a 

decrease in the number of receptors on liver plasma membranes (Dighe et 

aJ. 1984bj Soman & Felig 1978), but also an overall decrease in 

glucagon-stimulated cAMP production (Bhathena et aJ. 1978j Dighe et al. 

1984bi Yamashita et al. 1980j PilKis et al. 1974), possibly due to a 

derangement of the coupling mechanism intervening between the receptor 

and adenylate cyclase (Dighe et al. 1984b) and/or to a decrease in the 

amount of adenylate cyclase present in the liver plasma membranes 

(Portha et aJ. 1983). It has been postulated that the high levels of 

circulating glucagon characteristic of the diabetic patient are 

responsible for this loss in glucagon-stimulatable adenylate cyclase 

activity in the diabetic liver. Indeed, such a desensitization 

phenomenon has been demonstrated in normal animals treated with 

intermittent injections of glucagon (Dighe et al. 1984a) in which the 

desensitization of glucagon-stimulatable adenylate cyclase activity 

results primarily from a decrease in receptor density, without any 

change in regulatory component activity. On the other hand, normal 

hepatocytes challenged with glucagon also exhibit a reduction in 

glucagon-stimulatable adenylate cyclase activity (Heyworth & Houslay 

1983aj Murphy et al. 1987), but this appears to be due to a modification 



in the functioning of the guanine-regulatory protein involved in 

modulating the hormonal response. 
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The differences in the desensitized adenylate cycl~se system 

observed between diabetic liver and normal liver challenged with 

glucagon could very well be due to exposure time of the tissue to 

glucagon itself. The recent studies detailed above by Murphy et al. 

(1987) point out the time-dependence associated with glucagon-induced 

desensitization of adenylate cyclase. Although one initially observes a 

rapid and dramatic drop in activity, by thirty minutes of exposure to 

glucagon hepatocytes exhibit no reduction in adenylate cyclase activity 

whatsoever. Thus, it could be that chronic exposure of liver tissue to 

glucagon, as in the case of untreated diabetes, results in additional 

lesions to the system which are not observed upon the relatively short 

challenges with glucagon utilized in that investigation. In any case, 

the results obtained here, in combination with those reported by others, 

suggest that not only does the elevated level of glucagon characteristic 

of the diabetic state mediate massive glucose and Ketone production by 

the liver, but its prolonged stimulation on its main target organ, the 

liver, results in a diminished glucagon-stimulated cAMP response. 

In contrast to the studies carried out using normal liver 

Slices, the overall cellular response, glycogenolysis, was not measured 

in the diabetic series of experiments. It has been shown from studies 

using both isolated hepatocytes (Bollen, Hue 8: Stalmans 1983; Golden et 

al. 1979; Miller, Garnache 8: Cruz 1984) and perfused livers (Miller, 

Hazen & Larner 1973; Whitton & Hems 1975; Miller 1978) that the 

deposition of glycogen and regulation of glycogen synthase (the enzyme 
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responsible for glycogen synthesis in the liver) are dramatically 

reduced in livers of severely insulin-deficient rats. Diabetic animals 

maintain a low amount of active glycogen synthase in their livers in 

spite of elevated blood glucose concentrations which normally activate 

this enzyme. In addition, they do not, unliKe nor-mal livers, respond to 

a glucose load (Steiner 1966; Kreutner & Goldberg 1967; HornbrooK 1970). 

In fact, the glycogen contents of livers from both streptozotocin- and 

alloxan-treated rats have been reported to range from 10 to 23/. of that 

present in normals (PilKis et al. 1974; Miller 1979). Despite the 

malfunctioning of the glycogen synthesis pathway, diabetic livers are 

sensitive to increases in cAMP as exhibited by significant stimulation 

of gluconeogenesis upon administration of glucagon or cAMP during 

concomitant infusion of lactate (PilKis et al. 1974). Thus, the large 

reduction in glycogen content acts as the major limitation to measuring 

significant glycogenolysis in diabetic liver. 

Despite the inability to measure glucagon-stimulated 

glycogenolysis directly in diabetic liver slices, in vivo studies 

in collaboration with Dr. David Johnson shoVi that when glucagon is 

administered intravenously to streptozotocin-induced rats (treated 

identically to those used in the liver slice studies) there is a small 

but significant elevation (approximately 25/.) of the blood glucose 

concentration. Although in this !.!J vivo situation one measures 

blood glucose levels as an indicator of hepatiC glucose production, 

studies investigating perfused livers from diabetic rats provide direct 

evidence that the glucose produced is primarily from the breaKdown of 

liver glycogen (Exton, Corbin & Harper 1972; PilKis et al. 1974). They 
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report that rapid and complete depletion of glycogen stores occurs upon 

glucagon challenge, whereas glucose synthesis via lactate/pyruvate 

gluconeogenesis is not affected by administration of the hormone. It 

appears that the gluconeogenic pathway is operating near maximum under 

basal conditions and cannot be significantly stimulated by glucagon. As 

observed in the whole animal, glucagon-stimulated glycogen breakdown in 

perfused diabetic livers is also reduced relative to normal controls. 

Consequently, measurements of hyperglycemic activity in diabetic animals 

stimulated by glucagon and the analogues investigated in this study are 

good indicators of their ability to stimulate glycogenolysis in diabetic 

liver slices. 

The results obtained upon treatment of diabetic slices with THG 

also provide support that the glucagon-stimulatable adenylate cyclase 

system is attenuated in the diabetic liver. In the normal liver this 

analogue exhibits 50:1. partial agonist activity for both cAMP production 

and cAMP-PI< activation which is sufficient to stimulate a full 

glycogenolytic response. In contrast, when administered to diabetic 

slices the analogue is totally inactive for these same cAMP-related 

events (Figure 21). It appears that desensitization of adenylate 

cyclase in the diabetic liver has progressed to such a state that it can 

no longer respond to this weak partial agonist and elicit cAMP 

production. The studies described herein have shown that in the normal 

liver THG-stimulated glycogenolysis is mediated solely by cAMP as there 

is no indication that the cAMP·-independent mediator contributes to this 

response. Since the cAMP agonist activity for this analogue is 

abolished in the diabetic system and THG does not elicit 
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cAMP-independent glycogenolysis but can inhibit glucagon-stimulated cAMP 

production, these results suggest that the mechanism utilized by THG to 

lower blood glucose levels in the diabetic animal is by direct 

antagonism of glucagon's actions at its hepatic receptor. 

[Des-amino-fYRI<KE)-glucagon, like THG, is also inactive for cAMP 

production and activation of cAMP-PK in diabetic liver slices (Figure 

22). In contrast to the [) vivo hypoglycemic activity observed for 

THG, [des-amino-fYRKKE]-glucagon does not appear to lower blood glucose 

levels in diabetic rats. When administered as a bolus of 0.2 \.Lg/kg 

followed by a constant infusion at 0.1 \.Lg/kg/4 minutes, blood 

glucose levels rise approximately 40 mgt: corresponding to a 9t: increase 

overall. When the dosage is increased 50-fold, a rise of 106 mgt: is 

observed corresponding to a 201. increase overall. Since [des-amino

fYRI<KE)-glucagon clearly mediates glycogenolysis in the normal liver 

solely by a cAMP-independent mechanism, the results from the diabetic 

studies suggest that this same cAMP-independent mechanism is operable in 

the diabetic state. 

Although this analogue, like THG, has been demonstrated to 

antagonize glucagon-stimulated cAMP production from normal liver plasma 

membranes (Zechel, Trivedi 8: Hruby, unpublished results), overall 

antagonism of glucose production in the diabetic animal, as observed for 

THG, does not result. It is possible that although the concentrations 

of [des-amino-fYRKKE)-glucagon utilized in the in vivo study may 

antagonize the glucagon-stimulated cAt-1P-dependent pathway, they may also 

be sufficient to stimulate cAMP-independent hepatic glucose production. 

In this case, lower doses might result in a hypoglycemic effect. It is 
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also possible that there is poor separation between the concentration of 

analogue required to antagonize glucagon-stimulated cAMP production in 

the diabetic liver and that necessary to elicit a cAMP-independent 

glucogenic response. In this situation, an effective intermediary dose 

may be difficult to identify. In any case, it is clear that antagonism 

of glucagon-stimulated cAMP alone is not sufficient to antagonize 

glucagon-mediated hyperglycemia in the diabetic rat. 

In conclusion, a nonrecirculatory perifusion system for thin 

liver slices was designed and developed for the purpose of investigating 

mechanisms of glucagon-stimulated hepatic glycogenolysis in normal and 

diabetic liver. Precision cut thin liver slices were shown to be both 

viable and responsive to hormonal stimulation when maintained under the 

conditions detailed in this study. These observations, in combination 

with their sensitivity to several hormonally modulated intracellular 

parameters, demonstrate that perifused liver slices indeed constitute a 

valuable !D vitro system for probing I:>iochemical questions 

associated with hepatic hormonal action. Furthermore, the extensive 

characterization and validation of this system with parameters common to 

I 
many \?ellular processes suggest that this methodology need not be 

restricted to investigations of hormonal mechanisms alone but is 

applicable for addressing a variety of both pharmacological and 

toxicological questions as well. 

Emphasis placed upon establishment and maintenance of a 

controlled environment for the biological material, particularly on 

efficient delivery of a constant amount of hormone to the tissue, 

not only results in an enhancement of the separation between 
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cAMP-dependent and cAMP-independent events, but also minimizes the 

criticism which can be made concerning any biochemical conclusions. 

There is little doubt that administration of low doses of glucagon to 

liver slices results in significant glycogenolysis which is mediated 

independent of cAMP. Thus, the efforts invested to alleviate the 

disadvantages associated with static incubation systems and create a 

precise cellular environment for the liver tissue, particularly during 

hormonal challenge, were instrumental in making the observations 

reported in this study. Clearly, the superiority of the 

nonrecirculatory peri fusion technique over static incubation methods has 

been demonstrated. 

With respect to the actions of glucagon on normal liver, it is 

clear that glucagon mediates hepatic glycogenolysis by at least two 

mechanisms, one of which acts independently of cAMP. This is supported 

by the biphasic glycogenolysis profile demonstrated by the native 

peptide and the distinct cAMP-independent hepatic glucose production 

elicited by [des-amino-fYRKKE]-glucagon. The identity of the mediator 

responsible for the cAMP-independent glycogenolytic response has yet to 

be elucidated. Future efforts should concentrate on its identification 

as this could provide considerable insight into the operation of 

glucagon in both normal and diabetic states. 

Although it has been previously suggested that THG mediates 

hepatic glucose production from normal liver by a cAMP-independent 

mechanism, the data presented in this study do not support this premise. 

THG stimulates substantial production of cAMP at the same concentrations 

which elicit glycogenolysis. Furthermore, the more sensitive indicator 
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of cAMP-mediated events, cAMP-PK activity, was also substantially 

activated in the identical concentration range. Thus, it is proposed 

that in contrast to cAMP-independent glycogenolysis previously 

suggested, THG mediates hepatic glycogenolysis in normal liver by the 

cAMP-dependent mechanism. 

The actions of glucagon, THG, and [des-amino-fYRKKE]-glucagon 

observed in diabetic liver slices, in combination with their activities 

demonstrated in diabetic animals, suggest that the mechanisms which 

operate to elicit glycogenolysis in the normal liver are altered in the 

diabetic state. Glucagon exhibits an attenuated cAMP response both on 

hepatic plasma membranes and diabetic liver slices, and only a small but 

significant hyperglycemic effect in vivo. Clearly, the hepatic 

adenylate cyclase system present in this disease state is desensitized 

relative to its normal counterpart. In fact, the weaK cAMP partial 

agonist THG is no longer capable of eliciting any cAMP response in 

diabetic liver slices. This result, in combination with the inability 

of THG to elicit cAMP-independent hepatic glycogenolysis in normal 

tissue supports the idea that THG lowers blood glucose levels in the 

diabetic animal by direct antagonism of glucagon IS actions at its 

hepatic receptor. And while there is evidence that antagonism by THG 

includes inhibition of cAMP production, it could also involve concurrent 

inhibition of the cAMP-independent glycogenolytic response. Not until 

more is understood about the mediator and the pathway involved can this 

question be directly tested. 

liKe THG, [des-amino-fYRI<KE]-glucagon is also inactive in 

stimulating any cAMP mediated response in diabetic liver slices. In 
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contrast, though, this analogue does not elicit the same hypoglycemic 

effect observed for THG. Instead, it mediates significant elevation in 

the blood glucose concentration like that observed for the native 

hormone. Consequently, these results suggest that the cAMP-independent 

mediated pathway for hepatic glycogenolysis is operable in the diabetic 

liver. Furthermore, antagonism of glucagon-stimulated cAMP production 

alone is not sufficient to antagonize glucagon-mediated hyperglycemia in 

the diabetic rat. 

The results detailed in this study have provided insight into 

the properties of glucagon analogues required for their use as probes 

in testing the bihormonal abnormality hypothesis of diabetes mellitus. 

It is now clear that a glucagon analogue which antagonizes glucagon

stimulated cAMP production is not necessarily equivalent to a glucagon 

antagonist. At least with respect to glycogenolysis, a true glucagon 

antagonist must inhibit the production of both intracellular mediators 

which collectively stimulate the overall cellular response. Thus, 

before proper testing of the bihormonal hypothesis can be undertaken, it 

is of primary importance that the mediator responsible for the cAMP

independent glycogenolytic response stimulated by glucagon be 

identified. Once known, the structural and conformational features of 

glucagon responsible for transducing this response can be efficiently 

probed. Development of glucagon analogues which possess cAMP antagonist 

and/or cAMP-independent antagonist properties would then be extremely 

useful tools for 1) understanding more completely the operation of 

glucagon in maintaining glucose homeostasis in the normal liver, 2) 

understanding alterations in these glucagon-stimulated pathways in the 



diabetic state, and 3) direct testing of the bihormonal abnormality 

hypothesis of diabetes mellitus. 
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APPENDIX A 

STANDARD CURVES 

The following figures comprise the standard curves utilized in 

determination of unKnown potassium, protein, glycogen, and cAMP contents 

of liver slices, and glucose concentrations of perifusate. All unKnowns 

were calculated by linear regression analysis. 
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APPENDIX B 

COMPUTER PROGRAMS USED FOR CALCULATION 

The fonowing two computer programs were written and utilized 

for calculation of liver slice cAMP accumulation and cAMP-dependent 

protein kinase activation, respectively. They are written in GItJ BASIC 

2.0 by Microsoft for execution on an AT&T Personal Computer 6300 and 

will run on any IBM compatible system. Slight modifications in format 

may be required for adaptation on non-IBM compatible hardware. 

Calculation of cAMP Accumulation l!:! Liver Slices 

This program calculates cAMP accumulation stimulated by glucagon 

and glucagon analogues from raw data. For proper calculation it assumes 

that the unKnown samples of 50 IJ.I are obtained exactly as described 

in materials and methods. This is important since this quantity 

represents 1j8th of that present in the whole slice and is used in 

normalizing the cAMP content present per mg protein. It also assumes 

that the cAMP content of the unknown corresponds to a concentration 

which yields between 20 and 801. of the maximal binding response. It is 

only in this range where valid extrapolations from the standard curve 

can be made. 
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1 REMIIIl CALCULATION OF cAMP ACCUMULATION IN LIVER SLlCES~Ht 

2 REMIIII Roberta L, McKeenn 
3 REMit" June 15, 19861Hf 
4 REMIIlI THIS PROGRAM CALCULATES cAMP ACCUMULATION STIMULATED BY 

GLUCAGON AND GLUCAGON ANALOGUES FROM RAVI DATAIHt 
5 REM~Ht S::NUMBER OF SAMPLES IN ASSAYIHi 
6 REMIH1 B :: MEAN BLANK VALUE FOR ASSAYtut 
7 REMlu~ Z :: ZERO OR BASAL VALUE FOR ASSAYIHi 
8 REMIHt 0 :: DIViSOR FOR CALCULA TIONIHf 
9 REMIHl C :: CORRECTED BASAL VALUEIHt 
10 REM"" F :: NUMBER OF FIRST SAMPLE~Bt 
11 REMit" L :: NUMBER OF LAST SAMPLE*n 
12 REMIlIt V (I) :: CPM OF SAMPLE hilt 

13 REMII" C (I) :: CORRECTED VALUE FOR SAMPLE hm 
14 REMIIIl NC(I) :: NEGATIVE CORRECTED VALUE FOR SAMPLE hm 
15 REMIHf a (I) :: NC VALUE PLUS BASAL FOR SAMPLE hIlt 
16 REMIHt P (I) :: PERCENT INHIBITION OF [3-H ]-cAMP BINDING FOR SAMPLE 

Inn 
28 Z$::"pMOLES/TUBE IS" 
29 Y $::IIPress Return to Continue," 
30 DIM V (150) ,C (150) ,NC (150) ,a (150) ,P (150) ,0 (150) ,J (150), T (150), 

S (150) ,SY (150) ,OF (150) ,SL (150) ,aL (150) ,XL (150) ,XE (150) ,PT (150), 
PS ( 150 ) ,PM ( 150) ,MG ( 150) ,N ( 150) ,R ( 150) ,M ( 150) 

31 CLS 
32 PRINT: PRINT : PRINT : PRINT : PRINT TAB ( 35 )j"CALCULA TIONII 
33 PRINT :PRINT :PRINT :PRINT :PRINT TAB (39)j"OF" 
34 PRINT: PRINT : PRINT : PRINT : PRINT TAB (31 )j"cAMP ACCUMULATION" 
35 PRINT: PRINT : PRINT : PRINT : PRINT TAB ( 39 )j"byll 
36 PRINT :PRINT TAB (32)j"Roberta L, McKeell 

37 PRINT: PRINT Y $ 
38 INPUT IItt ,B$ 
39 IF B$::"" THEN 41 
40 GOTO 37 
41 CLS 
42 PRINT :PRINT :PRINT :PRINT :PRINT "BEFORE YOU BEGIN ENTERING DATA 

BE ·SURE THAT YOUR PRINTER IS ON LINE ,It 

43 PRINT II ___________________ ---:~-----

" 
50 PRINT :PRINT "FIRST THE STANDARD CURVE PARAMETERS MUST BE 

CALCULATED, " 
51 PRINT :PRINT "IF THESE HAVE ALREADY BEEN CALCULATED ENTER 'Y~ ," 
52 PRINT :PRINT "IF THEY MUST BE CALCULATED NOW, ENTER 'C~ ,II 

53 INPUT C$ 
54 IF C$="C" THEN GOTO 65 
55 IF C$="Y" THEN GOTO 57 
56 GOTO 51 
57 PRINT :PRINT "ENTER THE MEAN X VALUE ,I' 
58 INPUT XB 
59 PRINT :PRINT IIENTER T[--IE t-1EAN Y VALUE ," 
60 INPUT YB 
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61 PRINT :PRINT "ENTER THE REGRESSION COEFFICIENT." 
62 INPUT B (YX ) 
63 GOTO 560 
65 PRINT: INPUT "HO\.., MANY DOSES ARE WITHIN 20 AND 80 PERCENT OF THE 

DOSE VERSUS PERCENT RESPONSE CURVE"jK 
70 FOR J=1 TO K 
80 GOSUB 2000 
90 GOTO 100 
100 NEXT J 
110 PRINT :PRINT Y$ 
120 INPUT S$ 
130 IF S$="" THEN GOTO 150 
140 GOTO 110 
150 CLS 
160 FOR J= 1 TO K 
110 ZN =ZN+J (J ) 
180 ZT=ZT+T(J} 
190 ZS=ZS+S (J) 
200 ZC=ZC+C(J} 
210 ZY=ZY+SY(J) 
220 ZF =ZF +DF (J) 
230 ZL=ZL+SL (J) 
240 ZQ=ZG+GL (J) 
250 ZX=ZX+XL(J) 
260 NEXT J 
270 PRINT :PRINT "SUMS OF ROWS" 
280 PRINT : PRINT T AS (5 )"TOT AL NUMBER OF RESPONSES"jT AB (45 )jZN 
290 PRINT : PRINT T AS (5 )"SUM OF THE RESPONSES"jT AB (45 )jZT 
300 PRINT : PRINT TAB (5 )"SUt4 OF THE SQUARED RESPONSES"jT AB (45 )jZS 
310 PRINT :PRINT TAB (5)"TOTAL CORRECTION FACTOR"jTAB (45)jZC 
320 PRINT : PRINT T AS (5 )"SUMS OF SQUARED DE VIA TIONS"jT AB (45 )jZY 
330 PRINT :PRINT TAB(5)"TOTAL DEGREES OF FREEDOM"jTAB(45)jZF 
340 PRINT : PRINT TAB (5 )"SUM OF LOG CONCENTRA TIONS"jT AB (45 )jZL 
350 PRINT : PRINT TAB (5 )"SUM OF SQUARED LOG CONCENTRA TIONS"jT AB (45 )jZQ 
360 PRINT : PRINT TAB (5 )"SUM OF CROSS -PRODUCTS";T AB (45 )jZX 
370 PRINT : PRINT Y ~ 
380 INPUT B$ 
390 IF B$="" THEN GOTO 410 
400 GOTO 370 
410 CLS 
420 XB =ZL/ZN 
430 YB=ZT /ZN 
440 SX=ZQ-«ZL"2)/ZN) 
450 SY=ZS-«ZT"2)/ZN) 
460 NT=ZN-1 
470 SXY =ZX - ( (ZLnZT )/ZN ) 
480 B (YX )=SXY /SX 
490 A=YB-(B (YX )uxe) 
500 PRINT :PRINT "THE REGRESSION LINE PASSES THROUGH THE POINT"jXBj" I "j 

YBj" ." 



510 PRINT :PRINT "THE REGRESSION COEFFICIENT IS"jB (YX )j"." 
520 PRINT : PRINT Y $ 
530 INPUT B$ 
540 IF B$="" THEN GOTO 560 
550 GOTO 520 
560 CLS 
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570 PRINT :PRINT ItNO\'J THE DATA FOR ANY STANDARDS MUST BE ENTERED." 
580 PRINT :PRINT ItENTER THE NUMBER OF THE FIRST STANDARD." 
590 INPUT G 
600 PRINT :PRINT "ENTER THE NUMBER OF THE LAST STANDARD." 
610 INPUT M 
620 PRINT : PRINT "ENTER THE MEAN BLANK VALUE." 
630 INPUT B 
640 PRINT :PRINT "ENTER THE MEAN BASAL VALUE." 
650 INPUT Z 
660 C=Z-B 
670 D=C/100 
680 FOR I=G TO M 
690 PRINT :PRINT "ENTER THE CPM FOR STANDARD"jlj"." 
700 INPUT V (I ) 
710 C(I)=V{I)-B 
720 NC (I ) =O-C (I ) 
730 0 (I ) =NC (I )+C 
740 P(I)=Q(I)/D 
750 NEXT I 
990 PRINT :PRINT "NOVI THE DATA FOR THE UNKNOWNS MUST BE ENTERED." 
995 PRINT :INPUT "HOW MANY REPLICATES FOR EACH UNKNOWN (1,2 OR 3)"j\\l 
1020 PRINT :PRINT "ENTER THE NUMBER OF THE FIRST UNKNOWN." 
1030 INPUT F 
1040 PRINT :PRINT "ENTER THE NUMBER OF THE LAST UNKNOWN." 
1050 IF '11= 1 THEN GOTO 1085 
1060 IF 'tJ=2 THEN GOTO 1120 
1070 IF W=3 GOTO 1075 
1075 GOSUB 3000 
1080 IF W=3 GOTO 1244 
1085 GOSUB 5000 
1087 IF \oJ = 1 THEN GOTO 1244 
1090 GOTO 995 
1120 FOR I=F TO L 
1130 PRINT :PRINT "ENTER THE CPM FOR UNKNOWN "jljlt." 
1140 INPUT V (I) 
1141 IF I=F THEN GOTO 1241 
1142 IF (I-F)/2=INT«I-F)/2) THEN GO TO 1241 
1143 PRINT :PRINT "ENTER THE MG PROTEIN FOR THIS DUPLICATE." 
1144 INPUT MG (I) 
1145 t4 (1)= (V (I )+V {1-1 »/2 
1150 C (I ) =1'-1 (I ) -B 
1160 NC (I )=O-C (I) 
1170 0 (I )=NC (I )+C 
1180 P (I )=0 (I )/D 



1210 XE (I ) =)(B+ «P (I ) - YB )/B (YX » 
1220 PT(I)=1()AXE(I) 
1230 PS (I ) =PT (I )n8 
1240 Pt·1 (I )=PS (I )/MG (I) 
1241 NEXT I 
1244 CLS 
1245 LPRINT TAB (20 );"CPM";T AB (29 );,'PERCENT";T AB (38 );"pMOLES cAMP"j 

TAB (52 );"pMOLES cAMP";T AB (66 );"pMOLES cAMP" 
1246 LPRINT "SAMPLE"iT AB ( 11 )i"CPM"iT AB ( 17 )i"LESS BLANK"iT AB (29)i 

"BINDING"iT AB (40 );"PER TUBE";T AB (55 );"SLlCE";T AB (66 )i"MG PROTEIN" 
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1247 LPRINT " _________________________ _ 

1248 LPRINT 
1250 FOR I=G TO M 
1251 LPRINT TAB (2)iliTAB (9);V (I )jTAB (19)iC (I );TAB (30)jP (I) 
1252 NEXT I 

II 

1253 LPRINT " _________________________ _ 

1259 LPRINT 
1260 IF VJ=3 GOTO 1265 
1261 IF \\1=1 THEN GOTO 1267 
1263 GO TO 1269 
1265 GOSUB 4000 
1266 IF \'1=3 GOTO 1500 
1267 GOSUB 6000 
1268 IF \\1=1 THEN GOTO 1500 
1269 FOR I=F TO L 
1271 LPRINT TAB(2)jl;TAB(9);V(I) 
1273 IF I=F THEN GOTO 1280 
1275 IF (I-F )/2=INT «I-F )/2) THEN GOTO 1280 

" 

1277 LPRINT TAB (9 liM (I )iT AB ( 19 )iC (I )iT AB (30 )iP (I )iT AB (41 )jPT (I )iT AB (54)i 
PS (I )iT AB (68 )iPM (I ) 

1279 LPRINT 
1280 NEXT I 
1290 LPRINT : lPRINT TAB (20 )i"BLANK = "iB 
1300 LPRINT T AS (20 )i"BASAL = "jZ 
1310 PRINT :PRINT :INPUT "V/OUlD YOU LIKE TO SEE A SECTION OF THE DATA 

AGAIN (YIN )";W$ 
1320 IF \'J$="Y" THEN GOTO 1330 
1321 IF \,I$="N" THEN GOTO 1500 
1325 GOTO 1310 
1330 PRINT :PRINT "ENTER THE NUMBER OF THE FIRST SAt4PLE YOU WANT TO 

SEE ." 
1340 INPUT F 
1350 PRINT :PRINT "ENTER THE NUMBER OF THE LAST SAMPLE YOU WANT TO SEE." 
1360 INPUT L 
1370 CLS 
1380 LPRINT TAB (20 )i"CPM"iTAB (29 )i"PERCENT";TAB (38 )i"pMOLES 

cAMP"jT AB (52 )i"pMOLES cAMP";T AB (66 )i"p~40LES cAMP" 



1390 LPRINT "SAMPLE"jT AB ( 11 )j"CPM"jT AB ( 17 )j"LESS BLANI("jT AB (29)i 
"BINDING"iT AB (40 )i"PER TUBE";T AB (55 )i"SLlCE"jT AB (66 )i"MG PROTEIN" 
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1391 LPRINT " _________________________ _ 

1392 LPRINT 
1400 FOR I=F TO L 
1401 LPRINT TAB (2);I;TAB (9)jV (I) 
1402 IF I=F THEN GOTO 1420 
1403 IF (I-F )/2=INT «I-F )/2) THEN GOTO 1420 

" 

1404 LPRINT TAB (9 )jM (I )jT AB ( 19 )jC (I )jT AB (30 liP (I )jT AB (41 )jPT (I )jT AB (54)j 
PS (I )iT AB (68 )jPM (I ) 

1405 LPRINT 
1420 NEXT 1 
1430 PRINT : LPRINT TAB (20 )j"BLANK = "iB 
1440 LPRINT TAB (20) it'BASAL = "iZ 
1450 GOTO 1310 
1500 END 
2000 PRINT :PRINT "ENTER THE DOSE TESTED ,II 
2010 INPUT 0 (J) 
2020 PRINT :PRINT "HOW MANY RESPONSES FOR"jD (J )i"pMOLES/TUBE?tl 
2030 INPUT J (J ) 
2040 PRINT :PRINT "ENTER THE RESPONSES FOR"iD (J )j"pMOLES/TUBE ,II 
2050 FOR A=1 TO J(J) 
2050 INPUT R$ 
2070 N (J (J) )=N (J (J»+ 1:R (J (J) )=VAL (R$):T (J )=T (J )+R (J (J» 
2080 S(J)=S(J)+R(J(J»A2 
2090 NEXT A 
2100 X(J)=T(J)/J(J) 
2110 C(J)=(T(J)A2)/J(J) 
2120 SY(J)=S(J)-C(J) 
2130DF(J)=J(J)-1 
2140 L (J )=LOG (0 (J »/LOG (10) 
2150 SL(J)=L(J)~tJ(J) 
21600L(J)=J(J)uL(J)A2 
2170 XL(J)=L(J)tlT(J) 
2180 PRINT :PRINT "THE SUt·1 OF RESPONSES FOR"D(J)iZ$;TAB(70)jT(J) 
2190 PRINT : PRINT "THE MEAN RESPONSE FOR"D (J liZ $jT AB (70 )jX (J ) 
2200 PRINT :PRINT "THE SUM OF THE SQUARED RESPONSES FOR"jD (J liZ $iT AB (70) 

is (J) 
2210 PRINT :PRINT "THE CORRECTION FACTOR FOR"iD(J)jZ$jTAB(70)iC(J) 
2220 PRINT :PRINT "THE SUt1 OF SQUARED DEVIATIONS FOR"jD (J )iZ$jTAB (70)j 

SY(J) 
2230 PRINT :PRINT "THE NUMBER OF DEGREES OF FREEDOM FORt/jD (J )iZ$jTAB (70) 

jDF (J) 
2240 PRINT : PRINT "THE SUM OF THE LOG CONCENTRATION IS"iTAB (70 )jSL (J ) 
2250 PRINT :PRINT "THE SUM OF SQUARES FOR THE LOG CONCENTRATION IS"jTAB 

(70)iOL (J) 
2260 PRINT :PRINT "THE CROSS PRODUCT IS"iTAB (70);XL (J) 
2270 RETURN 
3000 FOR I=F TO L 



3010 PRINT :PRINT "ENTER THE CP~1 FOR UNKNOltJN"jlj" ,II 
3020 INPUT V (I ) 
3030 IF I=F THEN GOTO 3160 
3040 IF (I-F+1)/3 <> INT «1-F+1)/3) THEN GOTO 3160 
3050 PRINT :PRINT "ENTER THE MG PROTEIN FOR THIS TRIPLICATE ," 
3060 INPUT MG (I ) 
3070 M (I) = (V (I )+V (1-1 )+V (1-2) )/3 
3080 C (I ) =M (I )-B 
3090 NC (I ) =O-C (I ) 
3100 Q (I )=NC (I )+C 
3110 P(I)=Q(I)/D 
3120 XE (I )=XB+ «P (I )-YB )/B (YX» 
3130 PT(I)=1()AXE(I) 
3140 PS (I) =PT (I )*8 
3150 PM (I )=PS (I )/MG (I) 
3160 NEXT 1 
3170 RETURN 
4000 FOR I=F TO L 
4010 LPRINT TAB (2 )iljTAB (9)jV (I) 
4020 IF I=F THEN GOTO 4060 
4030 IF (I-F + 1 )/3 <> INT «I-F + 1)/3) THEN GOTO 4060 
4040 LPRINT TAB (9 )ittl (I )iT AB ( 19 )iC (I )iT AB (30 )iP (I )iT AB (41 )iPT (I )iT AB (54)i 

PS (I )iTAB (68 )jPM (I) 
4050 LPRINT 
4060 NEXT I 
4070 LPRINT : LPRINT T AS (20 )j"BLANK = "jB 
4080 LPRINT TAB (20 )j"BASAL = "iZ 
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4090 PRINT :PRINT :INPUT "WOULD YOU LIKE TO SEE A SECTION OF THE DATA 
. AGAIN (Y /N )"iW$ 

4100 IF W$="Y" THEN GO TO 4130 
4110 IF V/$="N" THEN GOTO 4320 
4120 GOTO 4090 
4140 INPUT F 
4130 PRINT :PRINT "ENTER THE NUMBER OF THE FIRST SAMPLE YOU WANT TO 

SEE ," 
4140 INPUT F 
4150 PRINT :PRINT "ENTER THE NUMBER OF THE LAST SAMPLE YOU WANT TO SEE ," 
4160 INPUT L 
4170 CLS 
4180 LPRINT T AS (20 )i"CPM"jTAB (29 )j"PERCENT"jT AS (38 )j"pMOLES cAMP"; 

TAB (52 )j"pMOLES cAMP"jT AS (66 )j"pMOLES cAMP" 
4190 LPRINT "SAMPLE"jTAB ( 11 )j"CPM"jTAB (17)j"LESS BLANK"jTAS (29)j 

"BINDING"jT AB (40 )j"PER TUBE"jT AS (55 )j"SLlCE"jT AB (66 )j"MG PROTEIN" 
4200 LPRINT " ____________________ -:-:-_____ _ 

" 
4210 LPRINT 
4220 FOR I=F TO L 
4230 LPRINT T AS (2 )jljT AB (9 )jV (I ) 
4240 IF I=F THEN GOTO 4280 
4250 IF (I-F+1)/3 <> INT «1-F+1)/3) THEN GOTO 4280 



4260 LPRINT TAB (9 );M (I );T AS ( 19 );C (I liT AB (30 );P (I liT AB (41 );PT (I liT AB (54); 
PS (I );TAB (68 )jPt4 (I ) 

4270 LPRINT 
4280 NEXT I 
4290 PRINT : LPRINT TAB (20 )i"BLANJ< = "iB 
4300 LPRINT TAB (20 )i"BASAL = "iZ 
4310 GOTO 4090 
4320 RETURN 
5000 FOR I=F TO L 
5010 PRINT :PRINT "ENTER THE CPM FOR UNKNO\I/N"jlj"." 
5020 INPUT V (I ) 
5030 PRINT :PRINT "ENTER THE MG PROTEIN FOR THIS SAMPLE ." 
5040 INPUT MG (I ) 
5050 M (I )=V (I) 
5060 C (I )=M (1)-8 
5070 NC (I ) =O-C (I ) 
5080 Q (I ) =NC (I )+C 
5090 P (I ) =Q (I )/0 
5100 XE (I )=XB+ «P (I )-YB )/B (YX » 
5110 PT (1)= 1()AXE (I) 
5120 PS(I)=PT(I)n8 
5130 PM (I) =PS (I )/MG (I) 
5140 NEXT I 
5150 RETURN 
6000 FOR I=F TO L 
6010 LPRINT TAB (2 )jljTAB (9 )jV (I) 
6020 LPRINT TAB (9 )jM (I )iT AB ( 19 )jC (I )jT AB (30 )jP (I )jT AB (41 )iPT (I )jT AB (54 )j 

PS (I )jTAB (68 )jPM (I ) 
6030 LPRINT 
6040 NEXT I 
6050 LPRINT : LPRINT TAB (20 )i"BLANJ< = ",B 
6060 LPRINT TAB (20 )j"BASAL = "jZ 
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6070 PRINT :PRINT :INPUT "WOULD YOU LIKE TO SEE A SECTION OF THE DATA 
AGAIN (Y /N )"jW$ 

6080 IF W$="Y" THEN GOTO 6110 
6090 IF W$="NIC THEN GOTO 6280 
6100 GOTO 6070 
6110 PRINT :PRINT "ENTER THE NUMBER OF THE FIRST SAMPLE YOU \:JANT TO 

SEE ." 
6120 INPUT F 
6130 PRINT :PRINT "ENTER THE NUMBER OF THE LAST SAMPLE YOU WANT TO SEE." 
6140 INPUT L 
6150 CLS 
6160 LPRINT TAB (20 );"CPM"iT AB (29 )j"PERCENT"jT AB (38 );"pt40LES cAMP"j 

T AS ( 52 )i"pMOLES cAMP",T AB (66 ),"pMOLES cAMP" 
6170 LPRINT "SAMPLE";T AB ( 11 )j"CPM";T AB ( 17 );"LESS BLANJ<";T AB (29)j 

"BINDING";TAB (40 )j"PER TUBE";T AB (55 )i"SLlCE"iTAB (66 )j"MG PROTEIN" 
6180 LPRINT " _________________________ _ 

" 
6190 LPRINT 



6200 FOR I=F TO L 
6210 LPRINT TAS(2)i'iTAS(9)iV(I) 
6220 LPRINT T AS (9 )iM (I );T AS ( 19 )ie (I );T AB (30 liP (I );T AS (41 );PT (I )iT AB (54)i 

PS (I )iT AS (68 }iPM (I ) 
6230 LPRINT 
6240 NEXT 1 
6250 PRINT : LPRINT T AS (20 )i"BLANK = "iB 
6260 LPRINT TAB (20 )iIlBASAL = ";Z 
6270 GOTO 6070 
6280 RETURN 
10000 END 
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Calculation of cM1P -Dependent Protein Kinase 
Activation in Liver Slices - -- ---

This program calculates cAMP-dependent protein kinase activity 

stimulated by glucagon and glucagon analogues from raw data. For 

calculation purposes, total counts for the incubation mixture and blanK 

samples are required. 
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REMnn CALCULATION OF cAMP-DEPENDENT PROTEIN KINASE ACTIVITY IN LIVER 
SLlCES"u 

2 REM** Roberta L. McKee"u 
3 REMIHI July 3, 19861HI 
4 REM"II THIS PROGRAM CALCULATES cAMP-DEPENDENT PROTEIN KINASE ACTIVITY 

STIMULATED BY GLUCAGON AND GLUCAGON ANALOGUES FROM RA\'J DATA"II 
6 REM"" I,J ,1< ,Z ,Y ,X ,\'/ AND V ARE ALL FOR ,NEXT VARIABLES 
7 REM"~I RM = NUMBER OF REACTION MIXTURES 
8 REMlfu N = NUt4BER OF BLANKS FOR EACH REACTION MIXTURE 
9 REMIHI BV (I) = BLANI< VALUE FOR REACTION MIXTURE I 
10 REMltu VB (I) = MEAN BLANK VALUE F OR REACTION MIXTURE I 
11 REMIHI R = NUMBER OF SPECIFIC ACTIVITY READINGS FOR EACH REACTION 

MIXTURE 
12 REMuu F = NUMBER OF FIRST SAMPLE 
13 REMun L = NUMBER OF LAST SAMPLE 
14 REMIIIl C (I) = CPM FOR SAMPLE I 
15 REMit" CV(I) = CPM - BLANK VALUE FOR SAMPLE I 
16 REt-1"" PP(I) = pMOLES OF PHOSPHOPEPTIDE FOR SAMPLE I 
17 REM~HI SA (I) = SPECIFIC ACTIVITY READING FOR REACTION MIXTURE I 
18 REt>1111l AS (I) = MEAN SPECIFIC ACTIVITY READING FOR REACTION MIXTURE 
45 DIM C (99) ,CV (99) ,PP(99) ,AR (99) 
48 Y$="Press Return to Continue" 
49 CLS 
50 PRINT : PRINT : PRINT : PRINT : PRINT TAB (35 )j"CALCULA TION" 
51 PRINT :PRINT :PRINT :PRINT :PRINT TAB (39)j"OF" 
52 PRINT :PRINT :PRINT :PRINT :PRINT TAB(21)j"cAMP-DEPENDENT PROTEIN 

KINASE ACTIVITY" 
53 PRINT : PRINT : PRINT : PRINT : PRINT TAB ( 39 )j"by" 
54 PRINT : PRINT TAB (32 )j"Roberta L. Mcl<ee" 
55 PRINT : PRINT Y $ 
56 INPUT B$ 
57 IF B$="" THEN 60 
58 GOTO 55 
60 CLS 
70 PRINT :PRINT :PRINT :PRINT :PRINT IIBefore you begin entering your 

data, be sure that your printer is on line." 
80 PRINT " ___________________________ _ 

" 



90 PRINT : PRINT : INPUT "How many reaction mixtures are used in this 
assay"jRM 

100 PRINT :INPUT "How many blanK values are there for each reaction 
mixture"jN 

105 PRINT :INPUT "How many specific activity readings are there for each 
reaction mixture"jR 

110 FOR 1=1 TO RM 
120 PRINT :PRINT :PRINT "Enter the blanK values for reaction mixture"jlj 

"." 
125 BV=O 
130 FOR J=1 TO N 
140 INPUT BV (J) 
150 BV=BV(J)+BV 
160 NEXT J 
170 VB (I ) =BV IN 
171 PRINT :PRINT "Enter the specific activity readings for reaction 

mixture"jlj" ." 
172 SA=O 
173 FOR K=1 TO R 
174 INPUT SA (1<) 
175 SA =SA (K )+SA 
176 NEXT K 
177 AS(I)=(SA/R*3)/5000 
178 PRINT :PRINT "The mean blanK value for reaction mixture"jlj"is"jVB (I ) 

." " , . 
179 PRINT :PRINT "The specific activity of reaction mixture"jlj"is"i 

AS (I )i" ." 
180 NEXT I 
190 PRINT Y$ 
200 INPUT B$ 
210 IF B$="" THEN GOTO 230 
220 GOTO 190 
230 CLS 
240 PRINT :PRINT :PRINT "Now the data for each point is entered." 
250 PRINT :PRINT "FOR PROPER CALCULATION, THE DATA POINTS SHOULD 

AL TERNA TE REACTION MIXTURES." 
260 PRINT "For example, in an assay where two reaction mixtures are 

used, the samples" 
270 PRINT "should be arranged such that samples 1,3,5,etc. utilize 

reaction mixture 1" 
280 PRINT "and samples 2,4,6,etc. utilize reaction mixture 2." 
290 PRINT : PRINT "If the data you are about to enter are not in this 

form, rearrange them" 
300 PRINT "in the proper form before continuing." 
310 PRINT :PRINT :PRINT :PRINT Y$ 
311 INPUT B$ 
312 IF 8$="" THEN GOTO 319 
313 GOTO 310 
319 CLS 
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" 
530 LPRINT 
540 FOR It! =F TO L 
550 LPRINT TAB (2 )j\'JjT AB (22 )jC (\'I )jT AB (34 )jCV (VI )jT AB (51 )jPP (VJ ) 
560 IF 'vJ=F THEN GOTO 590 
570 IF (\'J-F )/2=INT «\'J-F )/2) THEN GOTO 590 
580 LPRINT T AS (66 )jAR (VI ) 
590 NEXT VI 
600 FOR V= 1 TO RM 
605 LPRINT 
610 LPRINT TAB ( 10 )j"Blank value for reaction mixture"jVj"is"jVB (V )j" ." 
620 LPRINT TAB ( 10 )j"Specific activity for reaction mixture"jVj"is"j 

AS (V )j"cpm/pmole A TP ." 
630 LPRINT 
640 NEXT V 
10000 END 
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APPENDIX C 

LIST OF A88REVIA TIONS 

150 



ANOVA 

ATP 

BSA 

C 

C-terminal 

CaCl2 

cAMP 

cAMP-PK 

Ci 

cpm 

Analysis of variance 

Adenosine triphosphate 

Bovine serum albumin 

Adenylate cyclase catalytic unit 

Carboxyl-terminal 

Calcium chloride 

3 l ,51 -Cyclic adenosine mon.:>phosphate 

3 l ,51 -Cyclic adenosine monophnsphate-dependent 
protein Kinase 

Curie 

Carbon dioxide gas 

Counts per minute 
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[des-amino-fYRKKE]-glucagon [Des-amino-His 1,D-Phe4, Tyr5,Arg 12,Lys 17 ,18,Glu21)_ 

DNA 

EC50 

EDTA 

GTP 

HEPES 

HI< 

IBMX 

1C50 

I<Cl 

Deo~(yribonucleic acid 

Concentration yeiJding 501: maximal response 

Ethylenediaminetetraacetic acid 

Guanosine triphosphate 

N-2-Hydroxyethylpiperazine-W-2-ethanesufonic acid 

Hexokinase 

Isobut ylmethylxanthine 

Concentration yielding 501: inhibitory response 

Potassium chloride 

Potassium phosphate 

~1agnesium A TP 

Magnesium chloride 

Magnesium pyrophosphate 
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MgS04 Magnesium sulfate 

N· I Guanin€! nucleotide inhibitory protein 

Ns Guanine nucleotide stimulatory protein 

Na/K ATPase Sodium/potassium adenosine triphosphatase 

N-terminal Amino-terminal 

NaCI Sodium chloride 

NADH Nicotinamide adenine dinucleotide (reduced) 

NaOH Sodium chloride 

°2 Oxygen gas 

p Level of statistical probability 

PCA Perchloric acid 

PTC Phenylthiocarbamoyl 

R Glucagon receptor 

RIA Radioimmunoassay 

SEM Standard error of the mean 

TCA Trichloroacetic acid 

THG [NCL TNP-His1,hARG12)-glucagon 

TNP Trinitrophenyl 

Tris Tris(hydro)(ymethyl)aminomethane 
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