
  

 



Summary - 

The University of Aston in Birmingham 

The Role of Microtubules in Secretion. 

Microtubules have been implicated in the movement of secretory granules 

to the cell membrane in a variety of both exocrine and endocrine cells. A 

range of roles, from provision of the motive force to preventing pre- 

secretory movement, have been attributed to these organelles. 

An in vitro model system to investigate the interaction between 

isolated exocrine pancreatic zymogen granules and brain microtubules has 

been devised. This system has been studied by electron microscopy, colch- 

icine binding assay for the microtubule protein tubulin and radioimmunoassay. 

These assays for microtubule proteins have been performed on mouse 

pancreas homogenates to test whether a correlation exists between the 

assembly of microtubules in vivo and secretion in response to a known 

secretagogue, Pilocarpine. 

The in vitro model .demonstrated an interaction between microtubules 

and the membrane of zymogen granules. Attachment was produced by the micro— 

tubule side arms and possibly a membrane component. This morphological 

observation was confirmed by the colchicine binding assay which showed 

that zymogen granules removed tubulin as assembled microtubules from 

solution upon sedimentation. 

The investigation of the pancreas microtubule—free tubulin equilibrium 

during Pilocarpine-induced secretion showed that secretion was accompanied 

py a reduction in the assembled microtubules. A concomitant increase in 

the measurable free tubulin was initially produced followed by a rapid 

decrease. 

These findings provide evidence for an important role for microtubules 

in exocrine pancreas secretion. Secretory zymogen granules appear to bind 

specifically to microtubules and Pilocarpine-induced secretion seems to 

induce microtubule disassembly allowing granules to migrate to the site 

of release under the influence of an unknown mechanism. 

Microtubules Tubulin Exocrine pancreas Secretion 

Alan Russell Prescott, Doctor of Philosophy Thesis, 1981.
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Protein secretion in the exocrine pancréas. 
  

The functiom unit of the mammalian exocrine pancreas is the 

pyramidal acinar cell which secretes a variety of proteins into a 

narrow lumen at the cellular apex. The acinar lumen, created by a 

small group of cells, then drains into a duct starting at the centro- 

acinar cells of theacinus and eventually, via intra~ and inter- 

lobular ducts, ending in the main pancreatic duct. The pancreatic 

secretion produced by these cells is exclusively enzymatic, (Table 1.1) 

variation only in the relative proportions produced occurring between 

species. A typical acinar cell as observed in a conventional electron 

Ae eravh is predominated by the rough endoplasmic reticulum (RER) 

filling the whole of the hasal half of the cell (Figure 1.1). The 

Golgi cisternae (GC) are less marked occupying the region between the 

RER and the granulated apex of the cell. Mature zymogen granules and 

condensing vacuoles are found throughout the apical region. The GC 

has two poles an outer convex face nearest the nucleus and an inner 

concave face. The outer cisternae are believed to form a continuous 

network of tubules. The boundary cisternae approaching the RER bear 

few or no ribosomes. 

The route of protein secretion in the exocrine pancreas and most 

other cells is essentially the same although some protein secreting 

cells appear to by-pass certain areas of the cell. The secretory cycle 

has in the main been studied by cell fractionation (Siekevitz and 

Palade; 1958,a,b,c), radioautography (Caro and Palade; 1964) and pulse 

labelling techniques (Jamieson and Palade; 1967,a, b). The secretory 

process consists of several stages: uptake of amino acids, protein 

synthesis and segregation into the RER, transport from the RER via the 

GC to form condensing vacuoles (CV), formation and storage of zymogen



Table 1.1 : The protein constituents of pancreatic juice. 

PROTEIN d Mol. Mass 

Wt. proportion 

(4) 
Proteolytic enzymes 

Chymotrypsin(ogen) 1 (EC 3.4.4.5) 25650 1.7 
Chymotrypsin(ogen) 2 (EBC 3.4.4.5) 25850. AGsA 
Trypsin(ogen) (EC 3.4.4.4) 24400 33.0 
(Pro)elastase(pancreopeptidase) (EC 3.4.4.7) 28000 8.0 
(Pro)carboxypeptidase A1 (EC 3.4.2.1) 45000. 3.5 
(Pro)carboxypeptidase A2 (EC 3.4.2.1) 45000 8.8 
(Pro)carboxypeptidase B (EC 3.4.2.2) ATE OO GeO 

Amylolytic enzyme 

@—amylase (EC 3.2.1.1) 52000 3.6 

Lipolytic enzymes 

Lipase( glycerol ester hydrolase) 4 (86 312453) Bebo 
Lipase( glycerol ester hydrolase) 2 (EC 3.1.1.3) 49700 3.4 
Esterase(carboxyl ester hydrolase) (EG 3.1.1.1) 
(Pro)phospholipase A (EC 3.1.1.4) 
Cholesterol esterase(sterol ester hydrolase) (EC 3.1.1.13) 

Nucleolytic enzymes 

Ribonuclease(RNase) (EC 2.7.7.16) T3000 % 4.4 
Deoxyribonuclease(DNase) (EC 3.1.4.5) 

Other proteins 

Colipase 

Trypsin inhibitor 

Sulphated polyanionic peptidoglycan(?) 

The bracketed prefix(pro) and suffix(ogen) indicate that these 

hydrolases are secreted as inactive precursors or zymogens 

which are activated in the gut lumen by peptide bond cleavage 

in the amino-terminal region of the precursors.(Case, 1978).



  

  

  

        

Figure 1.1 : Diagram of a pancreatic acinar cell. 

L.-Lumen,T.J.-Tight junction,A.Z.-Adhering zonule,D.—Desmosome,J.C.—Junctional 
complex,P.M.—Plasma membrane ,Z.G.-Zymogen granule ,C.V.-Condensing vacuole, 
G.C.-Golgi complex,T.E.—Transitional element ,G.V.-Golgi vesicle,M.—-Mitochondrion, 
R.E.R.—Rough endoplasmic reticulum ,N.—Nucleus,B.M.—Basement membrane .(Case, 1978)



granules (ZG) and finally 2G content discharge and retrieval of 2 

membranes. Each of these phases will now be considered briefly before 

coming to look in detail at the stages involving MT. 

Amino acid uptake from the extracellular fluid is believed to be 

an active process requiring energy and the presence of a membrane’ 

bound carrier. The electrochemical eal cnt of Na’ is also involved 

in this process but exactly how is uncertain. Schultz and Curran 

(1970) have suggested that Na’ moving into the cell down a concentration 

gradient, created by a Na’, aa ATPase, drags with it other solutes 

(ie., amino acids). Amino acids entering the cell appear to be taken 

up directly from the membrane bound carrier by transfer RNA (t RNA), 

those amino acids not required for synthesis are then released into 

the intracellular pool where they can exchange fairly readily with the 

extracellular pool particularly with the unstirred layer near the cell 

membrane. In this way the cell rids itself of amino acids it does not 

require and increases uptake of those necessary for protein synthesis 

(van Venrocijet al, 1972). 

Upon entering the cell amino acids are bound to t RNA by its 

terminal adenine nucleotide to form aminoacyl-t RNA. This in turn, 

according to its specific anticodon nucleotide sequence, binds to the 

corresponding codon triplet or messenger RNA (m RNA); these in turn 

bind to a ribosome. A single ribosome consists of two subunits with 

sedimentation coefficients of 40S and 60S. The 40S subunit binds to 

the m RNA-t RNA complex and this in turn binds to the 60S subunit to 

form a functional 80S ribosome. Numerous ribosomes can bind to a 

single m RNA strand to form a polysome with one ribosome every 90 m RNA 

nucleotides. Once synthesis is initiated GIP-dependent movement of the 

ribosome relative to the m RNA molecule and the attachment of further 

aminoacyl-t RNA molecules brings amino acids into position so that



ribosomal peptidyl transferase can enable peptide bond formation to 

produce a polypeptide. 

The majority of this protein synthesis appears to occur on the 

RER, ribosomes being bound to the ER membrane. Blobel et al have 

suggested that, after the m RNA initiation codon of adenine-uridine- 

guanine, there is a signal sequence of codons whose translated peptide 

on emergence from the 60S ribosomal subunit,triggers the attachment 

of the ribosome to the ER. This signal probably causes the creation 

of a ribosome receptor on the ER membrane by membrane protein aggregation. 

This complex has a pore through which newly formed protein then passes 

into the RER cisternae. The signal protein is then cleaved before 

competion of the nascent polypeptide chain probably on the ER membrane. 

Once translation of the m RNA is completed a ‘detachment factor' causes 

the ribosome to detach from the ER membrane the pore receptor closing 

as a consequence (Blobel and Dobberstein; 1975 a,b; Campbell and 

Blobel, 1976). 

Proteins segregated into the RER are then transported to the peri- 

pheral GC and from here via the Golgi cisternae to the CV (Jamieson and 

Palade, 19657a). Transport from the RER to the GC is believed to occur 

by one of three mechanisms. Firstly, the smooth-sur faced protrusions 

from the transitional elements of the RER may be pinched off, travel 

across to, and fuse with the GC. This, however, seems unlikely since 

the membranes of the RER and the GC differ in lipid : protein ratio, 

lipid composition and enzymatic profile (Meldolesi, Jamieson and 

Palade, 1971). Secondly there may be fine tubular connections between 

the two organelles, these have been demonstrated in the liver (Claude, 

1970), but differences in membrane chemistry mentioned above may 

preclude their presence in the pancreas. Finally it is possible that 

membrane bound vesicles may shuttle back and forth between the RER and



the GC, although as yet there is no direct evidence for this 

(Jamieson and Palade, 1967a). 

On reaching the peripheral Golgi cisternae proteins then move 

from the outer face to the inner face of the GC. This may be brought 

about by direct movement of the Golgi cisternae or possibly via 

tubular interconnections between the cisternae (Slott et al, 1974). 

During their time in the GC proteins undergo a number of biochemical 

changes necessary for their final activity. These changes include 

glycosylation and sulphation of glycoprotein and mucopolysaccharide 

components of the ZG and granule membranes, together with sequestration 

of divalent cations important in enzyme action (eg. carboxypeptidase 

is a zinc metalloenzyme and &-amylase a calcium metalloenzyme). (Neutra 

and Leblond, 1966; Berg and Young, 1971; Pekas, 1971; Ceccarelli, 

Clemente and Meldolesi, 1975). Transformed protein finally leaves the 

GC in condensing vacuoles (CV) which arise from the inner Golgi 

cisternae. Since the membrane biochemistry of the GC and CV is different 

it appears that vesicle membranes are manufactured at the margins of the 

GC and on reaching a given size they break off, fusion of these CV 

possibly occurring (Vélk1, Bieger and Kern, 1976). An alternative 

mechanism has been described by Novikoff (1976), he suggests that a 

distinct organelle the GERL (Golgi-associated smooth ER involved in 

1yikeaoue function) situated close to the inner GC is not only involved 

in lysosomal formation but also in the packaging of secretion products, 

this has yet to be confirmed. 

CV, leaving the GC eventually form native ZG, this is brought about 

by the passive aggregation of the proteins to form osmotically inert 

complexes which are sustained even if the ZG membrane is experimentally 

baione Aggregation by the formation of inter-protein bridges may be 

brought about by soluble acidic lipoproteins,divalent cations or more



likely in the case of ZG, mutual interactions between the great 

variety of proteins present (Koenig,1974; Tinoco,1957; Howell,1974). 

The penultimate step in the secretory pathway involves the movement 

of the ZG from their site of formation adjacent to the inner Golgi 

cisternae to the apical cell membrane where the 2G contents are 

discharged. ‘The actual mechanism of movement will be considered later 

since it involves the microtubule-microfilament system. On reaching 

the apex of the cell apposition of the vesicle membrane to the plasma 

membrane produces a five-layered membrane structure, elimination of 

two layers produces a trilaminar membrane (single unit membrane). This 

becomes attenuated to a single layered diaphragm which ruptures to 

release the ZG contents into the lumen (Palade and Bruns,1968). 

Membrane fusion may be controlled by the intrinsic membrane proteins 

since freeze-fracture studies indicate the localised clearing of 

"membrane particles at the sites of exocytosis. Microfilaments inserted 

into thé plasma membrane may regulate the mobility of these particles 

(Poste and Allison,1973). The fate of ZG membranes is uncertain 

although three précesses appear to remove the excess membrane from the 

apex of the cell (Kramer and Geuze,1974). Most important in the 

pancreas appears to be the vacuolization of the deep caveolae or folds 

of the apex. Secondary removal appears to be by lateral movement of 

the membrane and pinocytotic removal of the wish sk acal membranes. 

Fine regulation of membrane removal then occurs by the formation of 

coated vesicles by micropinocytosis and retrieval by coating and 

subsequent coat removal. Retrieved membranes first undergo degradation 

by lysosomal proteases and phospholipases in multi-vesicular bodies. 

Whether tae membrane constituents are only degraded to macromolecular 

subunits or further is unknown, either way the membrane proteins are 

re-utilized eventually since membrane protein turnover is less than for



secretory protein (Geuze and Kramer,1974). 

The pathway which has just been described is one which has been 

built up from the study'of numerous tissues between which there is a 

great deal of variation. Other pathways have been suggested to explain 

discrepancies in this 'segregation' model. The most useful challenge 

has come from the 'equilibrium' hypothesis which suggests that proteins 

are not segregated into distinct organelles but move freely across 

cellular membranes maintaining an equilibrium, (Rothman,1975). 

No detailed consideration has been made of the way in which the 

pancreatic secretagogues cholecystokinin-pancreozymin (CCK-PZ), 

released from the duodenal mucosa in response to a meal, and acetyl- 

choline (ACh) from the vagal nerve, produce acinar cell secretion. A 

detailed description of stimulus-secretion coupling is given by Bonfils, 

Fromageot and Rosselin,(1977) and second messenger homeostasis is 

reviewed by Berridge (1975). Briefly CCK-PZ but not ACh.activates 

membrane bound adenylate cyclase but cyclic AMP does not appear to 

regulate enzyme discharge in theacinar cell. cae? appears to be the 

major intracellular second messenger, CCK~PZ and ACh.raising the intra- 

cellular ae concentration by causing its release from intracellular 

stores possibly in the mitochondria or ER. The role of Gant in the 

discharge process is as yet unknown although it may involve the micro- 

tubule-microfilament complex discussed in the next section. The 

intracellular calcium regulator, calmodulin may play a part here in 

controlling MT. assembly/disassembly in association with cellular 

calcium (Means and Dedman,1980). 

The actions of CCK-PZ and ACh. on the exocrine pancreas can be 

mimicked by a variety of parasympathomimetic agents. These include 

the synthetic analogues of acetylcholine: Methacholine, Carbachol and 

Bethanechol. In addition a variety of natural alkaloids have similar



effects, these are Pilocarpine, Muscarine and Arecoline. These 

compounds primarily have their effect at muscarinic receptors of 

autonomic effector cells although some ganglionic effects are also 

observed, (Koelle,1975). Pilocarpine is the chief alkaloid obtained 

from the leaflets of South American shrubs of the genus Pilocarpus. 

It is well known to cause smooth muscle contraction throughout the 

body as well as effecting secretion by the sweat, salivary, lacriml, 

gastric, pancreatic and intestinal glands. In addition its mimicry of 

ACh. produces effects on the cardiovascular system and the central 

nervous system. The effect on the exocrine pancreas has been widely 

used to study the changes occurring during active secretion. Alm,(1971) 

used Siar to study the turnover of L-DOPA in the rat exocrine 

pancreas, while Kramer and Poort (1968) used it to study pancreatic 

protein synthesis during secretion. The drug induces almost complete 

depletion of pancreatic zymogen granules within an hour of administration 

(Atkins et al.,1975). Nevalainen (1970) noted not only complete 

granule depletion but a number of other effects. Cellular volume 

reduction was greater than could be attrihuted to the effect of granule 

extrusion possibly via an effect on water loss. Ultrastructurally the 

acinar cells showed a reduction in mature zymogen granule size and 

number, later development of prozymogen granules and small smooth- 

walled vesicles in the enlarged Golgi region, followed by filling of 

the apical cytoplasm with mature zymogen granules. Watari and Baba (1968) 

have shown the presence of complex dense bodies showing acid phosphatase 

activity in the exocrine pancreas of dogs treated with Pilocarpine. 

‘Migration of zymogen granules. 

Palade (1975) has ascribed granule movement in the acinar cell to 

diffusion since it has been shown that new and old ZG are discharged at 

random (Jamieson and Palade,1971). However, it seems unlikely that



granules should move in one direction only towards an area of high 

granule concentration. Harly suggestions (Matthews,1970) that granule 

movement occurred by Brownian motion have been refuted by micro- 

cinematographic recordings showing that granules remain statonary over 

long periods, only when cells are dying is Brownian motion observable, 

(Douglas,1974). Granule interconnections have also been suggested as 

being responsible for directional movement in other tissues as well as 

pancreas (Makita et al.,1974). However, despite numerous models for 

the mechanism of granule movement within a variety of cell types the 

most popular is still the microtubule-microfilament association. This 

model will be considered now together with details of the structure of 

microtubules, their relationships to other cell organelles and their 

role in protein secretion. 

Introduction to microtubules. 

Microtubuk s (MT.) have recently been described by Dustin (1978) 

as "proteinaceous organelles, present in nearly all eukaryotic cells, 

made of subunits assembled into ac ieooes tubular structures, with an 

average exterior diameter of 24nm and an indefinite length, capable of 

rapid changes of length by assembly or disassembly of their subunit 

protein molecules or tubulins. sensitive to cold, high hydrostatic 

pressures and some specific chemicals such as colchicine and vinblastine, 

building with other proteins complex assemblies like mitotic spindle , 

centrioles, cilia and flagella, axonemes, neurotubules, and intervening 

in cell shape and cell mobility." This definition implies the large 

amount of work that has been involved in delineating the nature of 

MT; the majority of this work has been done in the last ten years but 

its historical background goes back to the end of the 19th century when 

the drug colchicine, later shown to be an MI. inhibitor, was shown to 

poison cell mitosis (Pernice,1889).



Research into the MT, despite its relatively recent impetus, has 

been enormous, here only points which are stictly relevant to the 

secretory process will be considered in detail. More extensive reviews 

include those edited by Soifer (1975), Borgers and De Brabander (1975), 

Goldman, Pollard and Rosenbaum (1976), the excellent books by Dustin 

(1978) and Roberts and Hyams (1979). 

Microtubule structure and biochemistry. 

As was stated in the definition abore MI. are made up of protein 

subunits which assemble to form competant MT. under certain conditions. 

These subunits are found in conjunction with a number of other een atie 

and other molecules but the basic 'backbone' of the MI. consists of the 

protein tubulin (T). The properties of T. are shown in Table 1.2; this 

shows a representative selection of properties, however, these vary 

according to the source and method of T. extraction. Two main types of 

T. have been characterised, & and B tubulin; these are present in 

roughly equal amounts in MT. forming the heterodimer, with a dis- 

association constant of 8 x 107? M e 4,6°C (Detrich and Williams,1978), 

responsible for the characteristic geometry of MT. 

The & and B tubulin subunits have also been resolved into a number 

of subspecies.Marotta , Strocchi and Gilbert (1978) have resolved two 

forms of Q and P tubulins by isoelectric focusing, each of the & 

subspecies separating into at least three forms when subjected to a 

second dimension SDS-polyacrylamide gel electrophoresis. Kobayashi 

and Mohri (1977) have separated the q and B subunits each into four 

subspecies. This heterogeneity of the T. subunits may be due to post- 

translational modification of these proteins since Bryan, Cutler and 

Hayashi (1978) have shown that only three types of messenger-RNA can 

be isolated from chick brain polysomes coding for two types of % and 

one B. However, Portier, Milet and Hayes (1979), using one and two 

11



Table 1.2 : Properties of the tubulin molecule 

Molecular weight of dimer 

sedimentation equilibrium 120,000 

gel filtration 115,000 + 5,000 

Molecular weight of monome 55,000 + 2,000 

Sedimentation coefficient OOO. 8 

Amino acid composition,from chick embryo brain and sea urchin 

sperm outer doublets : 

Chick Sea urchin Chick Sea urchin 

Lys 16 24 16 | 

His. aa 14 9 19 

Arg 20 26 20 ae. 

CMCys 10 10 8 f 

Asp 43 he 46 pl 
Thr 28 29 28 32 

Ser 26 2a ol 24 

Glu 56 69 53 69 

Pro 20 25 20 28 

Gly a 41 36 42 
Ala ae a 29 34 

Val 33 a3 3) 33 

Met fh 10 10 en 

rie 22 25 18 19 

Leu 30 36 a] 36 
ae To ND lip ND 

Phe 19 21 a 24 

ND—not determined 

Amino acid sequences of NH,~terminal regions of @ and 8 tubulins 

from chick brain and outer doublet of sea -urchin sperm 

Chick brain « tubulin Met-Arg-Glx—Ser?—Ile—Ser?—Ile—-His—Val—Thr— 

Sea urchin « tubulin Met-Arg—Glu—Ser?—Ile—Ser?—Ile—His—Val-—Thr- 

Chick brain 8 tubulin Met-Arg-Glu-Ile- Val-His -Ile-Gln—Ala—Thr- 

Sea urchin 8 tubulin Met-Arg—Glu-Ile- Val-His -Met-Glx—Ala-Thr- 

Chick brain & tubulin Gln—Ala-Thr—Val-—Glin-—Ile-Thr-—Asx—Ala—Ser?— 

Sea urchin a tubulin Glx—Ala~Thr-Val—Glx—Ile-Thr-Asx-—Ala-—Ser?— 

Chick brain 8 tubulin Gln-Ser—-Thr—Asx—Gln—Ile-Thr-Ala— ? —Phe — 

Sea urchin 8B tubulin Glx-Ser—Thr—Asx—Glx—Ile-Thr-Ala— ? —Phe — 

Chick brain a tubulin ? -—Glx-Leu-Try-Ser? 

Sea urchin a tubulin ? —Glx-Leu—Tyr—Ala? 

Chick brain 8 tubulin Trp-Glx-Val-Ile-Ser? 

Sea urchin 8 tubulin 2? — ? -Val—Ile—Ser? 

Conformation( pH 6.5,4°C)-22% ahelix, 30% 8structure ,40% random. 
Conformation( 37 C) -50% Bhelix,50% random coil. 
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Stoichiometry 

Molecules that (molecules bound Affinity 

bind to tubulin per tubulin dimer) Competition (liter/M) 

Drugs 6 

colchicine 1.07+0.05 podophyllotoxin 2.0x10 

assembly site 

vinblastine 1.0 GTP-binding site, 
other vinca alka-— 5 

loids 2—3x10 

podophyllotoxin eo colchicine é 
assembly site BOO 

Phosphate 0.08-1.0 
CLE 20 
Magnesium 1.15(maximum) 

Molecules that Molecular wt. 4% of total 

copolymerise with tubulin (daltons) microtubule proteins 

High molecular weight components 350,000 6 
300 , 000 20 

tau 70,000 4 

Protein kinase 280,000 in 

(Snyder and MacIntosh,1976 and Dustin, 1978)



dimensional electrophoresis and isoelectric focusing, have resolved 

several and 5 T. bands in proteins produced by two separate cell- 

free systems (wheat germ extract and a rabbit reticulocyte lysate) 

under the direction of Tetrahymena pyriformis poly (A)- containing 
  

RNA. They also confirmed that &% and B T. were coded for by separate 

m-RNA's. Forgue and Dahl (1979) isolated 14 distinctT. bands localised 

near pH 5.4 by isoelectric focusing in a gradient established with a 

very narrow range of ampholyte mix. Comparative peptide mapping of 

trypsin digested A- and - T. showed 16 peptides unique to each subunit 

and 23 common ones (Nellis and Bamburg,1979). When T. was isolated from 

rat brain at different ages after birth and compared by isoelectric 

focusing, changes that occurred in electrophoretic character postnatally 

were most pronounced 8 - 12 days postnatal with little change after 

22 days. These differences may reflect age dependent changes in 

assembly properties or changes in the relative contributions of the 

spindles, axons, dendrites and glia to the total pool of T. in the 

brain.(Dahl and Weibel,1979). 

The polymerisation of T. subunits into MT. has been investigated 

in detail with conflicting results since the initial discovery by 

Weisenberg (1972) that T. extracted from rat brain could be purified 

by ultra-centrifugation and made to form normal MT. in vitro. Since 

this discovery MIT. have been polymerised in vitro from a variety of 

species, tissues and using various purification techniques. The main 

source of MI. proteins has been mammalian brain although a variety of 

other sources have been used including dogfish brain (Langford,1978), 

cultured cell lines (Nagle, Doenges and Bryan,1977; Weatherbee, Lufty 

and Weth ing,1978), marine eggs (Kuriyama,1977) and sea urchin sperm 

tail (Farrell and Wilson,1978). MT. preparations from isolated mammalian 

brain cells differ in character, for instance Ce glial cell MI .preparations 
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exhibit few rings at orc, have low polymerisation yield and low M.A.P. 

content. These alterations are probably the result of M.A.P.differences, 

since the Ce cell T. is indistinguishable from brain T. with respect 

to molecular weight, amino acid composition and colchicine binding 

activity. Wiche, Honig and Cole (1979) have suggested that Ce M.A.P's 

are more labile than their brain counterparts, brain M.A.P's being 

capable of restoring the polymerisation abilities of the Ce MT .proteins 

after decay. When T. from different sources are compared the differences 

are less apparent, Anderson (1979) isolated 3 carboxymethylcysteine- 

containing peptides from calf brain T. by digestion with elastase. 

Peptides homologous to these could be isolated from mouse brain and 

303 cells indicating that the T's from these three sources are 

homologous in the regions of amino acid sequence accounting for the 

peptides examined. 

In general, in vitro polymerisation of T. requires a number of 

conditions to be met. The protein concentration must be high, ie., 

greater than 1mg/ml according to the other conditions. An optimal pH 

of 6.9 is necessary, together with the presence of Grp, although MT. 

will form in the pH range from 6.2 to 7.0 (Matsumura and Hayashi ,1976). 

The Gast concentration should be lowered using a strong cle lator such 

as E.G.T.A. This chelator should not remove He ions (as does E.D.T.A) 

since they appear to be necessary for MT. assembly although concentrations 

greater than 20mM are inhibitory. Finally the MT. protein solution 

should be warmed to 39°C since initiation of assembly appears to be 

endothermic even though MT. elongation may be otherwise (Sutherland 

and Sturtevant,1976). Hinz et al.(1979) have shown that the heat capacity 

change, ACp, of the MT. growth reaction was - 1600+ 500 cal./(deg.mol) 

per 110,000 molecular weight T. dimer incorporated into the MT. The 

assembly reaction is characterised by a complex heat uptake pattern 

15



comprising both endo- and exo- thermic processes. iolsaan and Borisy 

(1979) monitoring MT. self-assembly by turbidity changes have shown 

that the kinetic behaviour above and below 20°C is different. Above 

20 C MT. assembly is a steady state balance of irreversible reactions 

coupled to hydrolysis of GTP (see ageless Below 20°C there is a marked 

decrease in the equilibrium constant as a result of an additional 

reaction involving the association of M.A.P's at specific sites on the 

MT. lattice. MI. assembly is also influenced by high molecular weight 

microtubule-associated proteins (HMW's or MAP's) and the so-called 

'tau' protein which can be isolated from MI. preparations (see below). 

Certain MT. extractions also require Ne is centres for MT. 

formation, these can simply be small aggregates of T. or fragments of 

MT, or the MT. organising centres (MTOC) commonly found in the cell 

such as the centrioles, basal bodies, kinetochores, axonemes, etc. 

(Pickett-Heapes,1975). Intact centrosomes, kinetochores and chromosomes 

from mitotic PtK, cells pretreated with colcemid to remove MT. and lysed 

with Triton X-100 were capable of nucleating MI. growth from purified T. 

at 37% with 1mM GIP. This growth could be blocked with T.-antibody 

but not control antibody or buffer alone (Pepper and Brinkley ,1979). 

Summers and Kirschner (1979), using dark field light microscopy, have 

shown that polymerisation can occur at both ends of the MT. One end 

growing at three times the rate of the other. These opposite ends 

showed differential sensitivity to low temperature, Ge and colchicine. 

The distal ends of ciliary axoneme MT. were the fast growing ones as 

were the ends facing away from metaphase chromosomes. Kirschner (1980) 

has suggested that this in vitro "treadmilling" of MT. is a manifestation 

of the in vivo mechanism designed to use GTP or ATP hydrolysis to control» 

the spatial organisation of MT. in the cell. MT. “treadmilling" 

requires higher T. concentrations than for polarized polymerisation of 

16



anchored MT, hence anchored polymers are stabilised while spontaneous 

polymerisation is suppressed. Bergen and Borisy (1980) have identified 

similar polarity in MT. from the A subfibre of flagellar outer doublets 

by measuring the rate of elongation using flagellar axoneme seeds and 

porcine brain subunits. Such polarity has been demonstrated in vivo 

in six neurones of the nematode Caenorhabditis eleg,ns; short MI. present 
  

in these cells have morphologically distinguishable ends (Cralfie and 

Thomson,1979). Farrel, Kassis and Wilson (1979) have shown that net T. 

addition and loss occurs at opposite ends of MI. (see later section). 

Also certain non-physiological factors can influence MI. assembly, these 

include polycations, dimethylsulphoxide and glycerol, all of which aid 

polymerisation in vitro. In contrast with the small biochemical constrasts 

between different species T's, Murphy and Hiebsch (1979) have shown that 

the difference in optimum pH necessary for MI. assembly from porcine 

(pH 6.94) and bovine (pH 6.62) brain T's is attributable to the T. and 

not the M.A.P's. — 

MI. assembly in 5 could be controlled by any of the factors 

necessary for in vitro polymerisation. Among the candidates suggested 

are MTOC, Ca°', Calmodulin, M.A.P's, tay, natural MI. acting drugs (eg., 

colchicine, Vinca alkaloids, benzimidazoles), GIP and C-AMP. Certainly 

the mechanisms of control are very complex possibly varying from species 

to species and also even within the same cell. Marcum et al.(1978) have 

shown the presence of a calcium dependent regulator protein associated 

with control of MT. jn the mitotic spindle. 

7, subunits assemble into MI. in conjunction with their associated 

proteins (MAP's, tau) and other molecules (eg.,GTP). MT. assembled 

in vitro are generally morphologically similar to those found in vivo, 

their structure having been studied in both states. The macrostructure 

of the MT. cytoskeleton has been investigated using indirect 
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immunofluorescence (Weber,1975; Brinkley, Fuller and Highfield,1975; 

Osborn and Weber,1977) and immunohistochemical staining (Karsenti et al, 

1978; De Brabander et al,1977) to make the MT. thick enough to see in 

the Light microscope; in both cases the structures seen were confirmed 

: microscope 
in the electron | Eckert and Snyder,1978). Cytoskeletons of PtK2 cells 

grown on gold grids and visualised first for light microscopy by the 

indirect immunofluorescence procedure and then for E.M. by uranyl 

acetate staining showed direct correspondence of the fluorescent fibres 

© 

in the light microscope with uninterrupted fibres of diameter ~“550 A 

in the E.M. This diameter corresponds to that of a single MT. decorated 

around its circumference with two layers of antibody molecules (Osborn, 

Webster and Weber,1978). These methods show that the er cytoplasm 

is supported by a complex cell web of MT, often in association with 

other fibrous cellular elements such as microfilament ‘bundles, tono- 

filament-like bundles and thinner fibres (30 - 40 i. (Webster et al, 

1978; Fujiwara and Pollard, 1978). This structure has been confirmed 

directly in microinjected fibroblasts using MT. proteins labelled with 

dichlorotriazinyl fluorescein which does not affect its polymerisability 

or affinity for unlabelled proteins (Keith, Feramisco and Shelanski,1980). 

Conventional electron microscopy has shown MT. to have a diameter of 

about 25nm; their maximal length has not been measured, however, MT. 

in the nervous system (called ‘neurotubules' ) may be as long as neuronal 

axons (greater than 10m in the whale). The subunits comprising the MT. 

are in the size range 4 ~ 5 nm corresponding to a globular protein of 

55,000 daltons molecular weight. This molecule may be split symmetrically 

into two lobes and slightly elongated (Erickson,1974). 

The MT. are made up of T. heterodimers comprising 135 protofilaments 

producing three, five and eight start left handed helices which are 

arranged to form a tubular structure (Figure 1.2). Although 13 proto- 
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filaments are normally found both in vivo and in vitro (Tilney et al. 

1973), 12, 14 and 15 have been reported (Burton et al. 1975; Pierson, 

increasing in number with consecutive cold dissociations/ 
Burton and Himes,1978); 14 protofilament MT. reassembly in vitro. The 

AN 

MI. protofilament numbers of crayfish nerve cord seems to be inherent 

in the T. or associated wii g ac (Pierson, Burton and Himes,1979); 

axonal MT. have 12 protofilaments while the surrounding glial cells 

have 14, T. isolated from nerve cord forms both types of MT. in vitro. 

Temperature of assembly also appears to affect the angle of binding 

of adjacent protofilaments altering the number required to complete 

the circumference of the MT; at aoe 13 are required while at 4o°c 

only 10 protofilaments. The intra-protofilament bonds are stronger 

than the inter-protofilament bonds since single protofilaments can be 

isolated which are cold resistant (Delacourte et al.1977), also proto- 

filaments are often seen splayed out from the ends of MT. The te 

molecule does appear to be sufficiently flexible to accommodate slight 

distortions of its lateral bonding sites while the bonding of & and Bb 

T, monomers seems similar enough is akica he and B - B bonds, 

(Langford,1980). This can be concluded from the fact that 14 protofilament 

MT. formed from dogfish brain T. have a slightly altered helical pitch 

angle and a discontinuous dimer lattice to accommodate the 14th proto- 

filament. 

Not only will T. subunits form MT. under the right conditions but 

they are also capable of forming other oligomers. T. solutions isolated 

from brain contain at least two fractions with different sedimentation 

coefficients. Always isolated is the 6S T. dimer together with the 

30S oligomer (sometimes found to be 36S) which is believed to consist 

of a ring or spiral of dimers. These two oligomers are believed to be 

in equilibrium in solutions kept in the cold (Marcum and Borisy,1978). 

Kirschner et al.(1974) have shown the presence of two fractions of T. 
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isolated from mammalian brain : X consisting mainly of 6S dimers and 

Y consisting of 36S and 6S oligomers forming rings and spirals. It is 

possible that these two types of oligomer are involved in MT. formation, 

however Rodinov, Gel'fand and Rozenblat (1976) have shown that the 325 

(equivalent to 30S) oligomer is resistant to factors suppressing MT. 

polymerisation (colchicine, eee cooling and the absence of GTP), 

indicating that two types of interaction occur between T. molecules : 

MT. bonds and more stable oligomer bonds. Oligomers isolated from a 

cold T. solution consist of, in addition to the 6S dimer, an 18S 

aggregation of 4 - 6 dimers and one or more HMW molecules, a 20S ring 

— dimers and tay and a 30S double ring of 29 dimers and 9 HMW's 

(Burns,1978). However, the presence of these various oligomers may 

depend on solution variables; in such a solution at pH 5.38 “ 6.5 mainly 

6S dimers are present, from pH 6.5 - 7.4 mainly 30S oligomers and from 

pH 7.4 - 8.2 mainly 18S dimers. Similarly increasing Na® concentration 

causes a shift from 30S to 185 and 6S oligomers (Marcum and Borisy,1978). 

In addition Goatees oligomers tonad in: Cold. solutions other 

aggregates occur. Isolated protfilaments are rarely seen; sheets of T. 

subunits can be induced by Fat ions (Baker and Amos,1978); double walled 

MT. result from sheets spirally wrapping normal MT; macrotubules are 

formed in the presence of MI.poisons. Zinc-induced sheets have been 

particularly useful in 3-D image reconstruction and X-ray diffraction 

studies of the structure of the protofilaments and subunits in assembled 

MT. Internal contact between subunits within the T. heterodimer and 

less extensive contact between dimer units have been demonstrated 

together with inter-protofilament joints (Tamm, Crepeau and Edelstein, 

1979; Amos and Baker,1979). The two classes of T. subunit can also 

be distinguished by one having a prominent cleft. The occurrence of 

: : e+ : ; 
T. polymorphisms under various Ca” concentrations and at various pH's 
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is summarised in Figure 1.3. The role of these polymorphs in MT. 

assembly is uncertain, Figure 1.4 summarises the possible in vitro 

Situation. In vivo only one step in the MI. assembly pathway has been 

demonstrated, this is the C-MT, a curved sheet of protofilaments. 

Microtubule associated molecules. 
  

In addition to Q and B tubulin nee contain a number of other 

molecules which are necessary for their characteristic structure and 

Ration. The already mentioned M.A.P's and tau proteins are the most 

important together with the guanosine nucleotides (GDP and GTP). ‘In 

addition to these commonly isolated molecules T. has been shown to bind 

polycations, basic proteins, glycerol, lipids (probably phospholipids) 

and carbohydrates; however many of these do not appear to be of 

physiological importance. 

When MT. are polymerised and depolymerised in the presence of 

glycerol, which promotes assembly in the absence of added nucleotides 

(Shelanski et al.1973), some glycerol remains bound to the T. This 

glycerol is not removable by gel filtration or prolonged dialysis, 

five moles binding per mole of T. dimer, three moles of which are 

exchangeable upon polymerisation-depolymerisation. Aggregates bind 

eleven moles of exchangeable and eleven moles of non-exchangeable 

glycerol per mole of T. 

Various polycations have been shown to aid MT. assembly, substituting 

for M.A.P's and ta. proteins (see below). In addition polyanions 

inhibit MT. assembly possibly removing heat-stable cationic proteins 

necessary for polymerisation (Bryan,1976). Polycations shown to promote 

MT. assembly are poly (L-glutamic acid), poly (L-lysine), poly -(A-agarose) 

and diethylamino-ethyl dextran (DEAE dextran). The latter compound 

under non-assembly conditions promotes the formation of clusters of 

curved sheets or filaments which under assembly conditions form 
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Figure 1.3 : Formation of different forms of polymerised tubulin under 
varying conditions of temperature,pH and calcium concentration. 
(Matsumara and Hayashi,1976) 
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Figure 1.4 : Possible steps. in microtubule assembly. 

A. Equilibrium between tubulin dimers,rings and short helices. 

B. Assembly of dimers at the end of short protofibrils. 

C. Formation of a microtubule from a more or less flat sheet of protofilaments. 

(Penningroth et al,1976)



double-walled MI. otherwise identical to normal MT. (Erickson and 

Voter,1976). Where polycations mimic M.A.P's and/or tai Lee, Tweedy 

and Timasheff (1978) have suggested that they are involved in MT. 

stabilisation. Basic proteins such as R Nase A also increase MT. 

polymerisation in a similar way to polycations (Erickson, 1976). 

Phospholipids have indirectly been shown to be associated with 

MT; Daleo, Piras and Piras (1977) have suggested, in the light of 

their experiments with detergents and phospholipases, that phospho- 

lipids may have a role in determining the association of T. and/or 

the final dimensions of assembled MT. Early reports of MT-associated 

carbohydrates proved to be due to incomplete purification of MT. 

proteins. However, indirect evidence for the presence of mucopoly-~ 

saccharides on the surface of the MT. comes from the fact that lanthanum 

hydroxide, ruthenium red, and dialysed iron all stain the outer coat 

of MI. (Lane and Treherne,1970; Stebbings and Bennett,1975). All these 

stains have an affinity for mucopolysaccharides and other anionic 

surfaces. Prus and Mattison (1979) analysed phospho-cellulose-purified 

T. for neutral and amino sugar content and found 8.3 + 0.11 and 

0.8 + 0.02 mol/mol of dimer respectively. They also confirmed the 

presence of complex carbohydrates by showing that MT. diameter increased 

upon treatment with ruthenium red, Alcian blue and lanthanum hydroxide. 

Concanavalin A reactive sites were also detected on both the surface and 

in the lumen of the MT. 

The T. molecule itself seems to have intrinsic associated enzymic 

activity; Larssen, Wallin and Edstrdém (1979) have demonstrated MT. 

associated acid and alkaline phosphatases in bovine brain together with 

M.A.P. phosphatase activity associated with the larger M.A.P. The rapid 

turnover of carboxyl-terminal tyrosine of the c-T subunit seems to be 

dependent on the presence of assembled MI, Thompson,Deanin and Gordon, (1979) 
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estimated the half-life of terminal tyrosine for MT. as less than 

37 minutes while the value for T. itself was greater than 48 hours. 

Indeed post-translational modification of the T. molecule may be 

important in phenylketonuria effects on the brain. Rodriguez and 

Borisy (1979) have shown that the substitution of X~-T carboxyl- 

terminus tyrosine with phenylalanine in hyperphenylalaninaemia of 

newborn rats alters the polymerisation capacity of the T. Some 

T-associated enzymic activity appears to result from hypotonic shock 

of mitochondria during isolation. The anionic character of T. leads 

to ionic association of mitochondrial glutamate dehydrogenase; using 

a new extraction protocal in sucrose medium. Karr, White and Purich 

(1979) have isolated MT. proteins with lower associated mitoshendérial 

enzymes. ‘The went ens Wo Aclte hed altered electrophoretic behaviour 

and higher yields. In addition lower critical MT. protein concentrations 

were necessary for MI. assembly although the MT. still behaved normally 

under the influence of Gar. drugs and cold depolymerisation. 

An important protein known to cond to T. is the calcium dependent 

regulator protein or calmodulin. This binds to T. in a calcium 

dependent manner preventing MT. assembly (Kumagai and Nishida, 1979; 

Nishida et al.1979). This protein has been proposed as the regulator 

of a wide variety of cellular processes involving calcium (Means and 

Dedman,1980), of particular interest here are its roles in mitosis and _ 

cyclic nucleotide metabolism. 

Each T. dimer has bound to it two molecules of guanosine nucleotides 

(GDP or GIP). Two binding sites have been identified, one which binds 

GDP firmly and is not readily exchangeable and another freely exchange- 

able GIP binding site. Jacobs (1975) has proposed a model for the role 

of these 'E' (exchangeable) and 'N' (non-exchangeable) sites in MT.assembly:- 

GDP _, (GDP,T,GDP) n + nP. 
EN 

ne GLP? neal GDP: a me GRP OE 
EN



Weisenberg, Deery and Dickinson (1976) have suggested that the apparent 

existence of an N site may be due to the fact that upon the formation 

of T. ring aggregates the E site becomes MYocked: reported trans- 

phosphorylation and hydrolysis of N site nucleotide could then be 

explained under conditions of polymerisation and depolymerisation when 

the E sites freely exchange with the medium. The E site of the T. 

dimer has been localised by polymerising T. in the presence of the 

photoaffinity analogue of GIP, 8-azidoguanosine triphosphate (8-N, GTP). 

Photolysis of MP. formed in the presence of (B, Oo = 32p) 8-N, GTP resulted 

in the covalent incorporation of radioactivity onto the B tubulin 

monomer (Geahlen and Haley,1977). GDP and GIP bind to the same E site, 

although GIP binds with nearly three times the affinity of GDP (Zeeberg 

ite Caplow,1979). The N site nucleotide does not appear to play any 

role in MI. polymerisation and may function as a stable structural 

co-factor of the T. molecule (Spiegelman, Penningroth and Kirschner, 

(1977). Neither is it the site of transphosphorylase activity as had 

previously been reported (Zeeberg S Caplow,1978). TT. polymerisation 

has been shown to be possible with guanosine 5'-methylenediphe phonate 

a GDP analogue resistant to hydrolysis. Using this analogue Sandoval 

et al (1978) have shown that polymerisation can occur in the absence 

of % -phosphate and phosphate bond hydrolysis at the E site. The B, 

¥ -imido and B,¥% -methylene GIP analogues have been used by Karr, 

Podrasky and Purich (1979) to show that GDP supports MT. elongation 

but poisons nucleation; GIP is involved in early nucleation while GDP 

or GIP act to stabilise the MT. The affinity of the MT. ends for T. 

appears to be governed by the nucleotide ligand at the E site. The 

GTP — bond could play a role in MT. polymerisation. Removal of 

GTP from the E site also enables the binding of other non-hydrolysable 

Ss 
nucleotide analogues (adenylyl imidophophate, adenylyl B,& - methylene~



  

diphophosphonate) which enable MI. assembly (Penningroth and Kirschner, 

1978). However Giesel, Fasold and Hease (1978) have shown that MT. 

assembly prevention by N-ethylmaleimide is not due to blocking of the 

GTP binding site but alkylation of two SH groups near the binding 

site on the monomer which in turn prevents hydrolysis to GDP. GTPase 

activity has been shown to occur at the ends of MI. at equilibrium 

(David-Pfenty, Laporte and Pantaloni, 1978; David-Pfeity, Erickson 

and Pantaloni, 1977). 

Terry and Purich (1979) have shown that MT. assembly in vitro can 

be supported by ATP and UTP rather than GIP by the action of brain 

nucleoside ~5'-diphosphate kinase. The rates of GDP and GTP release 

(0.68 and 0.32 min”) are sufficiently fast to allow GDP release, 

phosphorylation and GTP binding as the sole mechanism of nucleoside - 

5'~ diphosphate kinase action in MI. assembly. However Selkoe (1979) 

has shown that the ATP-transphosphorylase system seems to only function 

for one assembly cycle phosphorylating GDP at the N site leaving the 

E site vacant. Assembly-disassembly leads to a randomisation of the 

N and E sites and a subsequent cycle leads to aT. fraction unable to 

accept additional phosphate. These effects are conformational since 

they are not reversed by addition of more GTP although glycerol appears 

to reduce denaturation of the T. The fact that GIP is exchangeably 

bound to flagellar outer doublet T. and then becomes non-exchangeable 

with exogenous GIP upon incorporation of T. into MT. has been used 

to study MT. at steady state (Farrell, Kassis and Wilson,1979). This 

has shown that net addition and loss of T. occurs at oppo site ends 

of the MT. resulting in a unidirectional flux of T. from MT. assembly 

ends to disassembly ends. 

Not only does the T. molecule undergo phosphorylation but Coughlin, 

White and Purich (1980) have demonstrated that M.A.P's are flash 
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phosphorylated through the sequential action of protein kinase and 

phosphop rotein phosphatase present in MT. protein; M.A.P-2 (see below) 

js the major site of phosphorylation. Obviously the role of guanosine 

nucleotides in the regulation of MI. assembly is very complex, under 

certain conditions GTP hydrolysis is required but in others it is not; 

the exact role of N site nucleotides also has to be defined. 

Two main groups of protein have been identified which co-purify 

with tubulin from MT. through several cycles of assembly and disassembly. 

These are the high molecular weight MT-associated proteins (M.A.P's) 

and the tau factor. These proteins which are often found in stoichio- 

metrical relations with T. should not be confused with other proteins 

which can be extracted with T. from complex structures such as cilia, 

nor with aggregates of T. molecules such as rings and helices mentioned 

above. Murphy, Vallee and Borisy (1977) identified 35 proteins associated 

with brain T. after two cycles of polymerisation-depolymerisation, 

however, after six such cycles only a few remain (including two M.A.P's). 

60% of MT. assembly stimulation was due to M.A.P's, 40% to other 

proteins. 

Tau protein co-purifies with T. through several cycles of assembly- 

disassembly and migrates during polyacrylamide gel electrophoresis as 

four closely spaced bands with molecular weights between 55,000 and 62,000. 

The four peptides have been shown to be closely related by peptide 

mapping and amino acid analysis, and have no sotuleagis to the HMW-MAP's. 

Tau has a sedimentation coefficient of 2.6S and is highly asymetric with 

ellipsoid axial ratio of 20: 1. The peptides are neutral or slightly 

basic and are phosphrylated by a protein kinase co-purifying with MT. 

Teu factor is required for both initiation and growth of MI. (Witman 

et al,1976) and promoting ring formation (Weingarten et al,1975), under 

polymerisation and depolymerisation conditions. It is believed to 

bind to several T. molecules increasing the local concentration of T.



  

and inducing the formation of longitudinal filaments (Cleveland, Hwo 

and Kirschner, 1977b). The critical concentration of T. for MT. 

assembly in vitro is a function of the tau concentration and can be 

lowered to as little as 30pg/m1 (Cleveland, Hwo and Kirschner,1977a) 

Lockwood (1978) has purified one of the tau factors known as tubulin 

assembly protein (TAP) and,using immunofluorescent antibody to the 

protein,has demonstrated its occurrence throughout the cytoplasmic MT. 

network and the mitotic spindle. TAP appears to form an MI. assembly 

competent complex stoichiometrically with T. required throughout MT. 

elongation and occurring along the entire length of assembled MT. 

Solomon, Magendantz and Salzman (1979) have isolated a tai-like protein 

from the detergent-extracted cytoskeletons of NIL8 hamster cells. 

Several polypeptides were isolated when T. was removed by i or 

colchicine treatment but only the tai-like protein consistently assoc- 

iated with calf brain T. through several cycles of MT. assembly and 

disassembly. 

The high molecular weight M.A.P's also copolymerise with T. in 

the proportion of one M.A.P. molecule ben dimers There are at least 

two M.A.P's with molecular weights between 300,000 and 350,000 daltons 

composing between 20% and 6% respectively of total MI. protein by 

weight (Sloboda et al,1976). These proteins have been shown to be 

important in both MT. initiation and elongation (Sloboda, Dentler and 

Rosenbaum,1976) and particularly in the formation of ring structures 

(Murphy and Borisy,1975). Indirect immunofluorescence using antibody 

to M.A.P's has shown that they are associated with the MT. cytoplasmic 

network in interphase cells (Connolly et al,1978). They can be extracted 

from fibroblasts, in the same way as from brain, as an HMW phospho- 

protein (Klein, Willingham and Pastm ,1978). Murphy, Johnson and Borisy 

(1977) have suggested that HMW-MAP's are required for MT. initiation 
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but not elongation, rather they affect the extent and net rate of 

polymerisation by binding to the polymer, thereby stabilsing the 

formed MT. and consequently shifting the equilibrium to favour assembly. 

M.AeP's are also believed to form structural components projecting 

from the surface of the MT. wall (Murphy and Borisy,1975) which are 

absent when MT. are formed in non-physiological conditions in the 

absence of M.A.P's. Of the two forms of M.A.P, M.A.P.2 (Molecular 

weight 30,000) has ac -AMP dependent endogenous protein kinase which may 

also play a role in MI. assembly (Francon et al,1978). Bulinski and 

Borisy (1980a,b) have isolated M.A.P's from Hela cells and used them 

to prepare antisera to the two main types of M.A.P. the 210,000 and 

125,000 dalton molecular weight proteins. The presence of these M.A.P's 

has been demonstrated on HeLa MT. assembled in vitro and bresent in Vivo. 

Antibody to the 210,000 dalton M.A.P. was used to examine its presence 

in primate cells. It was associated with cellular MT. in ten human 

and four monkey cell lines and tissues but did not appear in the two 

eae. ungulate, marsupial or oi aes cells examined. This M.A.P. 

thus appears to be confined to MI. of primate origin. M.A.P's are 

identifiable in T. oligomers, 30S double rings require the presence of 

HMW-MAP's and 18S aggregates tau protein. There is twice the amount 

of M.A.P's to T. in the 30S oligomer compared to MT. although the 

organisation in the rings is conserved in the MT. (Vallee and Borisy, 

1978). Sandoval and Cuatrecasas (1976) have shown that one M.A.P. is 

released from T. complexes when colchicine binds irreversibly to T. 

As was mentioned above, M.A.P's appear to be responsible for the 

formation of structural components on the surface of the MI. Depoly- 

merised MT. proteins can be separated after several cycles of assembly- 

disassembly into a T. and a M.A.P. fraction by phosphocellulose 

chromatography (Herzog and Weber,1977; Himes et al,1976). The T.fraation 
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can then be induced to form MT. in the absence of M.A.P's using either 

high ere concentration (10mM) or 10% dimethylsulphoxide. When such 

MI, are compared to MT. formed in the presence of M.A.P's, the socalled 

'side-arms', ‘links' or 'bridges' are absent (Sloboda et al,1976), 

also the MT. pack more tightly on centrifugation (Dentler, Grane t and 

Rosenbaum,1975). The presence of these side-arms has been confirmed 

by freeze-fracture studies of axostyles of the flagellates Saccino- 

vaculus and Pyrsonympha. Here 6 bridge-binding sites were present 
  

with as many as 4 interrow bridges. The diameter of the MT. and their 

spacing was greater than for sectioned material possibly due to the 

removal of water and intertubule material during dehydration. MT. 

subunits had a periodicity of 16nm as did the intrarow; interrow bridges 

lacked periodicity being orientated at varying angles to the MI. axis 

(Bloodgood and Miller,1974). In conventional sectioned material Amos 

(1977) has shown that the side-arms are spaced 96nm or 12 T. dimers 

along the MT. protofilaments, side-arms on neighbouring protofilaments 

are staggered to produce a helical subertneriee superimposed on the 

underlying T. lattice. Depolymerised MI. retain their side-arm attach- 

ment to protofilaments in spiral and ring formations. Trypsin treatment 

of MI. removes the side-arms but does not cause MT. disassembly, the 

remaining proteins still being capable of cyles of assembly-disassembly. 

However, the removed portion of HMW-MAP (molecular weight 255,000) 

cannot bind to assembled MT. This indicates that one part of the M.A.P. 

protein promotes MT. assembly and the other the formation of side-arms 

(Vallee and Borisy,1977). Whole M.A.P's can attach to pre-assembled MT. 

without M.A.P. side-arms to produce normal MT; this attachment occurs 

even in the presence of the MT-inhibitor colchicine (Sloboda and Rosenbaum, 

1977) 

M.A.P's attach to MT. after T. polymerisation shifting the equilibrium 
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towards MT. formation by stabilising the assembled T. (Sloboda and 

Rosenbaum,1979). M.A.P-free MT. formed with high T. concentrations 

became decorated with added M.A.P's, increasing M.A.P. concentration 

increased the concentration of M.A.P. sedimenting with MT. linearly 

to the ratio found in MI. formed in the presence of M.A.P's. The 

M.A.P-free MT. did not depolymerise and form new M.A.P. decorated 

MT. since decoration occurred in the presence of 1074 M colchicine. 

Also MT. became more cold stable the more M.A.P's were added. The 

two M.A.P's, M.A.P-1 (molecular weight - 350,000 daltons) and 

M.A.P-2 (molecular weight - 300,000 daltons), seem to play different 

roles in MT. assembly. During MT. assembly, initially only M.A.P-2 

is associated with the protofilaments, subsequently the other non-T. 

proteins are associated with sedimented MT. In this study Stearns 

and Brown (1979) showed that T. rings are not necessary for MT. 

initiation although they may rapidly dissociate releasing M.A.P's 

to interact with T. Also they believed that M.A.P-2 may specify the 

binding site for other M.A.P's since MT. assembled with only M.A.P-2 

lacked surface filaments which rapidly appeared on addition of the 

total M.A.P. fraction. However in contrast to this, Kim, Binder and 

Rosenbaum (1979) produced decorated MT. with heat-stable M.A.P-2 devoid 

of MeA-P-1. This M.A.P-e2 stoichiometrically provided MT. assembly 

lowering the critical T. concentration to 0.O05mg/ml, MT. saturated with 

M.A.P-2 containing ~1 mole of M.A.P-2 to 9 moles of T. dimer. When 

stained with tannic acid they showed a decoration with axial periodicity 

of 32+ 8 nm. Zingsheim, Herzog and Weber (1979) demonstrated differences 

in the texture of the MT. walls when assembled in the presence of M.A.P-2, 

tar and T. alone. M.A.P-2 - MT had a rougher surface than tau - MT. 

which in turn were rougher than T.-alone MT. M.A.P=2 produced globular. 

protusions up to 30nm from the MT. wall producing an overall diameter of



100nm. They suggested that the halo effect seen in vivo around Mf. 

could be the result of a similar arrangement to that seen in Vitro 

with M.A.P-2-MT. The role of M.A.P's in controlling the microenvironment 

of the T. molecule is shown by the fact that in the presence of M.A.P's 

MT. formed stable spiral structures upon addition of vincristine 

while without M.A.P's, MT. were completely disassembled. Also at o°c 

MAP-free T. formed amorphous aggregates while with M.A.P's spirals 

were formed upon vincristine addition (Donoso, Haskins and Himes ,1979). 

Microtubule-microtubule interactions and their interaction with other 
  

cellular organelles. 

The most well known MI~organelle interactions are found in the 

mitotic spindle and in cilia and flagella. Detailsof these structures 

can be found in the book by Dustin (1978) and those edited by Sleigh 

(1974) and Goldman, Pollard and Rosenbaum (1976). However here only 

the more simple associations likely to be involved in cellular secretion 

will be dealt with; the point worth noting from cilia, flagella and 

the mitotic spindle is that MT. can be associated with a number of 

structural protein molecules notably dynein, nexin and axin (Mohri,1976). 

MI. not only associate with other cellular organelles but also form 

complex geometric structures when associated with one another. These 

structures, when viewed in transverse section, reveal a variety of 

linkage patterns varying from side by side linkage to form a large 

sheet to an almost crystalline six link pattern. Sheets of MI. are 

found in the Km fibres of the ciliate Stentor coeruleus, these are 

responsbile for cellular extension brought about by MT. sliding (Huang 

and Pitelka,1973). Inter-MT. three and four links are found in the 

axonemes of Gym nosphaera albida (Jones,1975) and the axopodia of 
  

Acanthocystis, Raphidiophrys and Heterophrys (Bardele,1977). Finally 
  

six links are found between MT. in the pharyngeal baskets of ciliates,



  

where they perform a mechanical function, and in the axonemes of 

heliozoa. In the latter structure MI. links are both long (31nm) 

and short (2nm) producing a curious double spiral (Roth, Pihalaja 

and Shigenaka,1970). It is important to note that the linkage patterns 

mentioned above are those seen in transverse section and may lie in 

different planes since MI. are three-dimensional helices. 

In the ovaries of the insect Notonecta glauca ('Backswi mmer') 

trophic tubes carry ribommes from the syncytial trophic region to the 

oocytes. These tubes contain a dense mass of MT. which are separated 

from one another and the ribosomes by an electron non-opaque region. 

This region contains no inter-MT.connections and may represent a 

mucopolysaccharide coat or a region of electrostatic repulsion (MacGregor 

and Stebbings,1970). This ‘exclusion zone', as it has been called, 

appears to be penetrated by stain due to its break up on cooling which 

produces the appearance of cross-bridges in HeLa cell cultures (Bhisey 

and Freed,1971). Electrophoretic analysis of the proteins constituting 

the insect ovary nutritive tubes failed to demonstrate the presence of 

actin, myosin or dynein,also the MT. in these tubes were not depoly- 

merised by cold, Ga” Go pelebioiee. Hyams and Stebbings (1979) suggested 

that the stability of these trophic tubes was maintained by accessory 

proteins in the ‘exclusion zone'. A peculiar MT-MT association is 

found in the cyst cell of the testis of Gerris remigis ('Water strider'), 

here the MI. have two curved projections which join near the apex of the 

cell. (It is interesting to note that colchicine treatment results in 

only the loss of the curved side-arms and not the MT.(Turner, 1G92) ee 

A study of the three-dimensional occurrence of inter-MT. connections 

in the axostyle of Saccinobaculus and chick testis (sperm tail and 

Spermatid perinuclear helix) has indicated the presence of periodic and 

non-periodic bridges. Non-periodic bridges arise because not all 
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periodic binding sites are filled, these sites are distributed 

according to the substructure of the MT. wall (McIntosh,1974). 

Godula (1979) has identified a specific MT. organising centre in 

‘firebug (Pyrrhoceris apterus L.) spermatid maturation. This organises 
  

the MT. involved in formation of the perinuclear manchette and 

circummitochondrial ring mediated by an MT. self-linkage mechanism. 

The formation of inter-MT. links appears dependent on MT. assembly 

and disassembly since long links formed between manchette MI. in 

late spermiogenesis are formed too early under the action of the MT. 

poison colcemid (MacKinnon, Abraham and Svatek,1973). The axostyle 

of the termite flagellate Pyrsonympha vertens consists of about 2,000 

MT. arrayed in semi-crystalline manner (Langford and ae 1979). 

These MT. generate saw-tooth waves by the action of interrow bridges 

active in the straight regions of the waves. MI. linkages are found 

in a variety of organisms and orgenalles and have a variety of functions, 

from the mobile axopods and axonemes to the initiation of action 

potentials in cultured chick she donaas root ganglia cells (Bird 

and Lieberman,1976). Mandelkow and Mandelkow (1979) have suggested 

that MT. protofilaments are capable of combining in two distinct ways, 

one leading to MT. walls and the other forming junctions between walls. 

Image analysis of negatively stained MT. sheets has led them to 

attribute the two types of bonding to an inherent property of T. and 

not of M.A.P's. Although they are not directly related to secretory. 

systems the abundance of interconnections provides indirect evidence 

for the role of MT. in organelle movement within the cell. 

Another analagous system provides evidence for MI. mediated intra- 

cellular movement, this is the infection of cells by virus particles. 

Here MT. appear to be involved both in the initial cell infection and 

later with virus replication (very much analagous to cell protein



  

secretion) (Dales,1975). Dales has shown that labelled viral RNA is 

found in close association with MT. soon after infection. The mitotic 

apparatus of L strain culture cells becomes coated with dense granular 

or fibrous viral material and aggregates of progeny virus particles 

following reovirus type 3 infection (Dales,1963), interphase MT. are 

also similarly coated. Adenovirus type 5 are rapidly transferred from 

HeLa cell surface to the uncoating site (nuclear pore complex). 

Vinblastine (an MT. poison inducing the formation of T. paracrystals) 

delays the infection cycle of adenovirus 5 and also produces paracrystals 

which have virus particles associated withthem. Dales and Chardonnet 

(1973) have suggested that this indicates that MT. are involved in 

virus particle PEG however the interaction must be complex since 

colchcine, another MT. poison, has no effect on the infection cycle. 

No arms appear to attach the virus particle to the MI. but arms are 

visible on the virus when attached to vinblastine induced paracrystals. 

Reovirus 3 particles associate with neurotubules (MT. in the nervous 

system) in perikarya and dendrites of the CNS of mice with encephalitis 

(Gonatas, Margolis and Kilham,1971) and such associations can also be 

mimicked in vitro (Luftig and Weihing,1975). Finally bean pod mottle 

virus and cowpea mosaic virus particles infecting leaves are bound in 

tubules, associated with MT. These tubules may themselves be altered 

MI. with virus particles in their central core; MT. may have a role in 

inter- and intra-cellular movement and assembly of virus particles as 

well as the plants' reaction to infection (Kim and Fulton,1975). 

Marchant (1978) has shown that MT. oe attached to the cytoplasmic 

face of the plasma membrane of the green alga Mougeotia,dense vodies 

being present at the MT. ends. This confirmsprevious indications of a 

colchicine binding protein (tubulin) attached to the cell membrane 

(Zenner and Pfeuffer,1976; Westrum and Gray,1976). MT. also seem to 
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have a role in the distribution of intramembranous particles such 

as receptors within the membrane (Oliver, Ukena and Berlin,1974), 

however results in this field are contradictory and require far more 

work before any clear pattern emerges. MT. may be involved in 

maintaining the position of the nucleus, certainly MI. connect the 

nucleus to the cell membrane (Puck,1977). In certain organisms MT. 

are also associated with nuclear movement; during basidiosporogenesis 

of Shiitake(Lentinus edodes) MI. are found in close relationship to 

the nuclei migrating from the basidium via the sterigmata to the 

basidiospores (Nakai and Ushiyama,1978). When baby hamster kidney 

(BHK 21-F) cells are infected with parainfluenza virus SV5 they produce 

syncytia in which the nuclei migrate to the centre at rates of 1 - 2pm/min. 

This movement is prevented by colchicine,leaving the nuclei randomly 

scattered throughout the syncytia; rows of nuclei can normally be 

isolated intimately associated with MT. (Holmes and Choppin,1968). 

In addition to their associations with nuclei MT. are also found 

associated with almost every other cellular organelle, this is hardly 

surprising since, as Osborn and Weber (1977) and De Brabander, De Mey, 

Joniau and Gélens (1977) have shown by immunofluorescent studies, MT. 

form a complex cytoskeleton coursing throughout the cytoplasm. MT. are 

aligned parallel to mitochondria during meiosis in Nephrotoma sperma- 

tocytes and may be responsible for the equal distribution of mitochondria 

into the four spermatids (La Fountain,1972). Organelle, particularly 

mitochondrial, movements in cowpea rust fungus (Uromyces phaseoli var. 
  

vignae) are correlated with non-random associations with MT. (Heath and 

Heath,1978). Hegyenex, Simon and Singer (1978) have identified 

MT-mitochondrial associations, which can be disrupted by colcemid, in 

a variety of cell lines by indirect immunofluorescence. Mitochondria 

in the cell cortex of Tetrahymena thermophila are associated with cortical 
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MI. bands. A characteristic electron-dense area in the mitochondrial 

membrane not seen elsewhere is found in the region of MT. association 

(Aufderheide,1979). The Golgi apparatus also has associated MT, in 

Euglena preci lin wl are present in the intercisternal space, within 

the cisternae and vacuoles and associated with the endoplasmic 

reticulum (Mollenhauer,1974). Membrane-bounded vesicles have also 

been identified associated with MT. (Allen,1975), an association which 

withstands MT. bending due to staining techniques; the association 

between MI. and cell vesicles will bv pishuaild in detail below. 

Besides these sepcific MT-Organelle associations MT. are involved 

in other cellular processes such as cytoplasmic streaming (Rebhun, 1972; 

Tucker ,1978) , inks conductance (Matita and Kiwaki,1978) and orientation 

of cellulose microfibrils (Robinson and Herzog,1977; Robinson,1977). 

Finally MT. are associated with the ingestion of food particles in the 

suctorian ciliates (Tokophyra sp., Rhycheta sp.,Choanophyra sp.and 

Discophyra sp.). The tentacles of the organisms bear MT. with projections 

contacting with the inner io funnel which move the food 

particles into the euctorian body. (Hitchen and Butler,1973 and 1974; 

Tucker ,1974; Tucker and Mackie,19753 Curry and Butler,1976). 

As was indicated.earlier the favourite source of MT. proteins, 

particularly tubulin, is brain tissue; this is not surprising since 

MT, or 'neurotubules' as they are called, are found in abundance in 

all nerve cells. Here MT. are associated with other fibrous organelles, 

the neurofilaments, within the axons and dendrites of neurons. Within 

axons there are two main types of transport, fast and slow, neuronal 

MI. probably being responsible for fast transport. This is shown by 

the fact that MT. poisons inhibit axoplasmic transport, discrepancies 

in the literature concerning the action of anti-MT. drugs results from 

the long period of exposure necessary before maximum inhibition is seen 
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(Paulson and McClure,1975; Banks and Till,1975). Brimijoin, Olsen and 

Rosenson (1979) compared the velocity of transport of dopamine-B- 

hydrox ylase and MT. numbers in bullfrog and rabbit unmyelinated 

adrenergic nerves incubated at various temperatures. Transport velocity 

was exponentially related to temperature over a wide range although it 

fell off abruptly below 13°C for rabbit and 10°C for frog nerves. 

However, MT. numbers fell off rapidly with temperature before transport 

was inhibited indicating that MT. in these nerves are present in excess 

even though they determine transport capacity. Black and Raymond (1980) 

have identified two slow moving groups of axonally transported proteins 

in guinea pig retinal ganglion cell axons. Slow component a (SCa) moves 

at 0.25mm/day and consists of T. and neurofilament protein while slow 

component b (SCb), moving at 2-3mm/day,consists of actin and 

associated polypeptides. This slow transport represents movement of 

structural compexes of proteins; SCa the MT-neurofilament network and 

SCb the microfilament network and complexed proteins. MT. are also 

responsible for membrane excitability in squid giant anne since depoly- 

merisation by 0.2mM Oar perfusion destroys this; however excitability 

can be restored by a variety of perfusates including T-tyrosine ligase, 

e+ + cAMP and axonal 300K proteins. By looking at the T, ALPS Me 

effects of a variety of MT. inhibitorson squid giant axon resting potential, 

height of propagated action potentials and threshold to evoke action 

potentials and comparing them with the in vitro effects on MT.,Matsumoto 

and Sakai (1979) have demonstrated a good correlation between conditions 

supporting maintenance of membrane excitability and MT. assembly. 

Associated with the plasma membrane of squid giant axons are MT. which 

appear to regulate in part both resting and action potentials. Within 

the nervous system MT. associate with cellular organelles in the same way 

as they do in other cell types. Associations, involving side-arms in 

4O



  

some cases, have been noted between MT. and mitochondria in the CNS 

and the peripheral nervous system of a number of species (Raine, Ghetti 

and Shelanski,1971). Cross-bridges (80-200K) connecting MT. and 

mitochondria are visible in lamprey nerve cord, the variation in length 

of the bridges being due to the uneven mitochondrial surface (Smith, 

Jarlfors and Cameron,1975). Smith, Ja@rlfors and Cayer (1977) have 

shown the presence of particle arrays, probably responsible for side-arms, 

in the mitochondrial membrane in the central axons of Periplaneta 

americana. MT-mitochondria associations are not only found in the axons 

but also in synaptosomes, Chan and Bunt (1978) have identified a horse- 

shoe~shaped mitochondria flanked by an arc of 3-10 MI. in the synaptic 

terminals of the rat cerebral cortex. Synaptosomal membranes isolated 

from rat cerebral cortex contain significant amounts of T, A-T.being 

much more tightly associated with the membrane. Gozes and Littauer (1979) 

have suggested that this membrane-bound T. may function by ways other 

than polymerisation into MT. and that agents which prevent MT. assembly 

may not necessarily interfere with this role in synaptic transmission. 

Within the cell body of neurons MI. are associated with nuclear pores 

and the coated pits of the dendrites (Gray and Westrum,1976) as well as 

forming lamellae with one another at the origin of fis stem process 

(possibly initiating action po tentials) (Bird and Liebermann,1976). 

MI-MT interactions in the axons are characterised by filamentous inter- 

connections (Burton and Fernandez,1973) which are particularly obvious 

after lanthanum staining techniques.e Lockwood (1979) has separated two 

molecules from mammalian brain which interact with the colchicine binding 

sites on T. Of these species, a protein and heat-stable peptide, the 

smaller one inhibits MT. assembly; both may play a significant role in 

the regulation of cellular MT. function and assembly in the brain. 

A 68,000 dalton molecular weight protein found in early cycles of 
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purification of brain T. has been identified as being derived from 

10Onm filaments similar in morphology and protein composition to 

neurofilaments (Runge, Detrich and Williams,1979). When boiled these 

10nm filaments produce a number of proteins which stimulate phospho- 

cellulose~-purified T. polymerisation and may correspond to T. assembly 

protein. Thorpe et al,(1979) has separated 10nm filaments from a 

variety of mammal brain sources, identifying a major 50,000 dalton 

protein and three other polypeptides (210,000, 155,000 and 70,000 

daltons), identical to those polypeptides responsible for the 10Onm 

filaments co-isolated with T. The 10nm filament fraction from brain 

appears to have cyclic nucleotide phosphodiesterase activity which is 

activated by calcium dependent regulator (CDR) protein (Runge,et al, 

1979). This activity was present in both the 10nm filament fraction 

co=isolated with T. and isolated alone. Boiling this fraction also 

released an endogenous $i diintwaeaociated COR. The role of the 10nm 

filament-MT. interaction is unclear, however Wang, Cross and Choppin 

(1979) have suggested that they tt oe active in positioning intra- 

cellular nuclei. This follows the observation that MT. and 10nm filaments 

form long bundles between rows of nuclei in syncytia induced in baby 

hamster kidney (BHK 21-F) cells by parainfluenza virus SV5. These MT. 

are disrupted by colchicine preventing nuclear movement. MT. are also 

associated with a variety of vesicles in nerve cells, electron dense 

(J#rlfors and Smith,1969), electron luscent (Smith, J&rlfors and Berdnek, 

1970) and lipoproteinaceous (Spoerri,1978). Retinal receptor cells also 

appear to have MT-vesicle and MT-synaptic ribbon associations (Glees and 

Spoerri,1977 a and b). 

The importance of MT. and particularly T. synthesis to brain development 

has been Sehcnstraced in visually deprived hooded rats by Cronly-Dillon 

and Perry (1979). The levels of T. synthesis in the visual cortex 
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of normal light reared rats increased during the period from eye opening 

(13 days) to 35 days after birth. However animals reared in the dark 

showed no such increase in T. synthesis in the visual cortex although 

allowing them 24 hours light during the critical period did produce 

significant increases. The number of synapses and cyt) plasmic processes 

maintained by the visual cortex cells was limited by the T. pool 

available. Overall the nervous system provides an excellent model for 

the study of MT. influenced cellular movement particularly in simple 

systems such as the squid giant axon (Schmitt,1968). Consideration will 

now be given to other cell types with aivbdculer reference to cellular 

secretion. 

The role of microtubules in various cell types. 

By far the most useful tools in the study of MI. both in vivo and 

in: V20xr0 days been the MI. poisons or ‘antimitotic drugs’ as they are 

sometimes known. Perhaps the most well known of these, as has already 

been ianidned: are colchicine and the Vinca alkaloids (winblastine and 

vincristine). Other drugs are also used in the study of MT. action 

notably podophyllotoxin and griseofulvin and their derivatives. Together 

with these better known MI. poisons a wide variety of chemicals have 

been shown to have effects on MT, the majority acting to prevent MT. 

formation but some having an antagonistic action on other antimitotic 

drugs. Figure 1.5 shows the structure of the more useful MT. poisons 

and their derivatives, Table 13 lists other chemicals known to have an 

effect on MT. The important points worth noting about MT. poisons are 

that both colchicine and podophyllotoxin appear to bind to tubulin at 

the same site, the Vinca alkaloids bind at another distinct site, griseo- 

fulvin appears to bind to M.A.P's and finally an abundance of methoxy 

groups appear to be necessary for their action. Colchicine appears to 

form copolymers with T. which are incorporated at random into the MT.



  

Figure 1.5 : The common microtubule poisons and their derivatives 
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The principle derivatives 

Name of drug 

podophyllotoxin 

epipodophyllotoxin 
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Wade alecge. : 

Name of drug 

Acenaphtene 

Aldehydes — 
Formaldehyde 

Gluteraldehyde 
Amiprophos methyl 

Anaesthetics 

Chloral hydrate 

Halothane 

Procaine 

Etidocaine 

Nitrous oxide 

Lidocaine 

Arsenical derivatives 

Arsenious oxide 

Sodium cacodylate 
Barbituates 

Benzimidazoles 

Carbendazim 

Oncodazole 

Isopropy1(N~(3-chlorophenyl)carbamate 
Mebendazole 

Fenbendazole 

Noncodazole 

Chlorpromazine 

Colchicine and derivatives 

Cordycepin 

Cytochalasin A 

Digitonin 

DL-2-oxo-3-( 2—mercaptoethyl)-— 
5-pheny limidazolidine 

DNA 

5-fluoropyrimidine-2—one 
Griseofulvin and derivatives 

Hydantoin drugs 

5,5-dipheny lhydantoin 
5-( 4-hy droxypheny1)-5—phenylhydantoin 

Isoprenaline : 
Isopropy1—N—phenylcarbamate 

Maytansine 

Melatonin 

Metal ions 

Cu 

Ni 

Hg 
Ca 
an 

Nerve growth factor 

Organomercurials 

Methylmercury 
Phenylmercury 
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The wide variety of microtubule poisons 

Reference 

Bajer, 1968 

Ssentein,1971 

Sentein, 1975 

Collis and Weeks, 1978 

Sentein and Ates,1974 
Allison and Nunn, 1968 

Haschke ,Byers and Fink,1974 
Brinkley and Rao,1973 
Byers et al,1973 

Dustin, 1947 
Edstrom et al,1975 

Davidse, 1973,1975;Davidse and 
Flack,1977;Ireland et al,1979 
DeBrabander et al,1975 

Oliver,Krawiec and Berlin, 1978 
Borgers and DeNollin, 1975 
Friedman and Platzer,1978 
Samson et al,1979;Mareel and 

DeBrabander, 1978a,b 
Rao,Hare and Cann, 1978; 
Thyberg,Axelson and Hanek, 1977; 
McGuire ,Quinn and Knutton,1974 
Margulis,1973;Banerjee and 
Bhallacharyza, 1979 
Deitch and Sawicki, 1979 

Himes and Houston, 1976 
Olah and Hanzely, 1973 

DeBrabander et al,1978 
Vater ,Muller and Unger, 1978 
Oftebro et al,1972 

Mir et al,1978;Wehland,Herzog 
and Weber, 1977 

MacKinney, Vyas and Walker, 1978; 
MacKinney,vyas and Powers, 1978; 

Radley, 1974 

Brown and Bouck, 1974 

Kupchan et al,1972 

Jackson, 1969 
Roth and Shigenaka, 1970; 
Shigenaka, 1976 

Monaco,Calissano and Mercanti,1977 

Morris and Oakley,1979



Name of drug 

p-fluorophenylalanine 

Podophyllotoxin and derivatives 

Quinoline 

Rotenone 

Steganacin 

Sulphhydryl binding drugs 

Dimercaptopropanol 

Dithioiodoethylcarbamate 

Diamide 

Taxol 

Trialkyltins(e.g.triethyltin chloride) 
Trigfurst in 

Urea 

Vinblastine and analogues 

Vincristine 

Withaferin 

kg 

Reference 

Morris and Oakley ,1979 

Loike et al,1978 
Sentein, 1970 

Bibring and Baxandall, 1971 

Wang,Rebhun and Kupchan, 1976; 
Schiff,Kende and Horwitz, 1978 

Dustin, 1949 

Mellon and Rebhun, 1976 
Schiff,Fant and Horwitz, 1979 

Tan,Ng and Kumar Das,1978 
Bartels and Hilton, 1967 
Shigenaka,Roth and Pihlaja, 1971 

Zavala,Guenard and Portier, 1978; 
Starling, 1976 
Shohat , 1973



lattice. However, as the copolymer to unlinked T. ratio increases 

in the MT. the critical T. concentration for MT. assembly increases. 

(Sternlicht and Ringel,1979). 

MT. poisons have been particularly useful in studying the role of 

MT. in cellular activities, especially secretion. MT. action has been 

implicated in secretory and other cellular movements of a wide variety 

of cell types. From the secretory point of view the best studied system 

is the pancreas, outside secretory mechanisms excluding cilia, flagella 

and the mitotic spindle, the movement of pigment granules in the 

melanophores of fish and amphib ians are the best understood. 

The study of the mechanisms of pigment granule movement in melanophores 

illustrates the two main conflicting theories on the role of MI. in 

cellular movements. Melanophores darken and lighten in response to a 

number of factors such as hormones and changes in ionic concentrations. 

Darkening is brought about by the spreading out of the pigment granules 

into stellate expansions of the cytoplasm, give owes by their aggregation 

in the cell centre. Darkening crews tupigee melanin-stimulating 

hormone (MSH) and Na’, lightening results from MSH removal or an increase 

in Kk gels oe on c-AMP is believed to have a role as the second 

messenger of MSH. It is important to realise that pigment cells in 

insects, crustacea, teleosts and amphib ia are all of different embryonic 

origin and cannot necessarily be compared when considering their 

mechanisms of action. However, looking at the overall role of MT. in 

pigment cells two main theories have been proposed, which may apply to 

other types of cell movement. 7 

The first mechanism proposed by Murphy and Tilney (1974) is the 

"sliding filament" theory which suggests that pigment granules move 

along the MT. under the influence of an active associated protein such 

as dynein (found in cilia and flagella). The granules are believed to 
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be joined to the MT. by labile links although these have not as yet 

been demonstrated ultastructurally. One problem with this theory is 

that granule movement is in two directions therefore one must propose 

the presence of two populations of MT. each responsible for either 

pigment aggregation or dispersion. 

The second mechanism of granule movement proposed by Porter (1973) 

and Schliwa and Bereiter-Hahn (1974) is the "MT. assembly-disassembly" 

theory. Here it is suggested that pigment aggregation is brought about 

by the rapid disassembly of MT. into T. dimers and that pigment dispersion 

is brought about by MI. assembly pushing the granules out towards the 

cell eeinhants The latter half of this scheme is quite easy to imagine 

but how MI. disassembly provides a centripetal force is much harder to 

explain. Porter (1973) has identified a flocculent gel matrix which 

coats both the MI. and the pigment granules and may undergo spontaneous 

syneresis or contraction, once its supporting MT. are removed, taking 

the granules with it to the cytocentre. This would certainly explain 

the very rapid (100nm/min) pigment aE CO as opposed to the much 

slower ( 40ym/min) and less uniform dispersion. Schliwa (1978) has 

characterised the MT. system of the melanophores of the angelfish 

(Pterophyllum scalare), the cell processes appear to contain a cortical 
  

array of MT. constituting an MT. "palisade" originating in dense 

aggregates at the cytocentre. As will be seen later these two models 

of cellular movement can be used to explain such mechanisms in a number 

of cell types and will be referred to frequently. | 

Consideration will now be given to a number of other cell systems, 

mainly secretory, but also involving other cell types. The presence of 

colchicine binding activity (tubulin) has been demonstrated in the 

adrenal cortex of several species, and was found to be similar to brain 

T. when compared by polyacrylamide gel electrophoresis (Strott and Ray,1977). 
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Hadjian, Guidicelli and Chambaz (1977) have demonstrated that 3% of 

adrenal cortex cytosol protein is T. Comparison of bovine adrenocortical 

and brain MT. proteins indicated that T. from both sources was identical 

when compared by colchicine binding and tyrosylation studies (Ray and 

Strott,1978). However, the M.A.P's differed considerably, adrenocortical 

M.AeP's having molecular weights of about 36,000, 60,000 and 68,000 

daltons while brain M.A.P's were all above 200,000 daltons, these larger 

proteins being absent in adrenal preparations. In Y-1 adrenal tumour 

cells colchicine, vinblastine and podophyllotoxin all stimulated steroid 

secretion to an extent that equalled a maximal ACTH response (Temple 

et al,1972). Study of the adrenal medulla is complicated by the fact 

that colchicine and vinblastine both appear to have Je ation eee 

action so that their inhibition of acetylcholine-induced catecholamine 

production cannot be explained simply by an action on MT. (Trifaro et al, 

4978 )« 

Colchicine and other MT. poisons have long been used as cures for 

gout, this is explained by their cua on the polymorphonuclear 

leucocytes which are responsible for this inflammatory reaction caused 

by precipitation of sodium urate microcrystals in the vicinity of the 

joints. These microcrystals are phagocytized by the leucocytes where 

they puncture the lysosomal membranes liberating hydrolases into the cell 

resulting in its death. This in turn attracts further polymorphonuclear 

leucocytes producing the inflammation (Shiraham and Cohen,1974). MT. 

poisonsact by destroying leucocyte MT. and preventing phagocytosis, 

fusion of the lysosomes with the phagosomes and movement of the poly- 

morphonuclears to the microcrystal deposits (Malawista,1968; Malawista, 

1975). Lysosomal enzyme release in response to particles or an immune 

reaction are MT. mediated since they are inhibited by colchicine, however, 

release in response to the ionophore A23187 and calcium is under the 
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influence of the microfilaments (Hoffstein and Weissmann,1978). MT. 

assembly appears to occur in polymorphonuclears in response to 

phagocy sj 5, Oliver et al,(1977, 1978) have indicated that glutathione 

or one of its derivatives is necessary for concanvalin A~induced 

ML. assembly. Burchill et al,(1978) have shown that MT. assembly in 

human polymorphonuclear leucocytes is induced by particle (opsonized 

zymosan) contact and is maximal after 3% minutes of phagocytosis. 

After 5 - 9 minutes of phagocytosis disassembly is induced by a rise in 

glutathione disulphide and the formation of protein-disulphide- 

glutathione complexes. Chemotactic activity of polymorphonuclear 

leucocytes is modified by the colchicine effects on cellular MT. Ascorbic 

acid which increases chemotaxis of PMN's also promotes the assembly of 

intracellular MT, an effect which is blocked by colchicine. In addition 

ascorbic acid at physiological concentrations promotes in vitro MT. 

assembly. (Boxer et al,1979). The reduction of chemotactic factor 

(CF = Gly - His - Glyc)-induced chemotactic activity by pre-incubation 

with CF is also inhibited by ie This was due to the arrest 

of the CF-induced increase in centriolar MT. not an alteration in the 

specific binding of CF. Spilberg, Mandell and Hoffstein (1979) have 

suggested that chemotaxis is prevented by the inappropriate organisation 

of MI. proteins. The chemotactic factor N-formylmethionyl peptide (FMLP) 

promotes MT. assembly in PMN at concentrations which are chemotactic for 

the cells. Boxer et al,(1979) have suggested that this could be important 

physiologically since oligopeptides similar to FMLP are formed in bacteria. 

Human leucocyte cytoplasmic MT. “appear to impose constraints on the plasma 

membrane, limiting lectin-receptor complex lateral mobility and expression 

of hormone sensitive adenyl cyclase''. This was shown by Malaw ista, 

Oliver and Rudolph (1978) since the B-adrenergic agonist isoproterenol 

and the phosphodiesterase inhibitor isobutylmethylxanthine caused greater 
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increase in leucocyte c-AMP levels in colchicine-pretreated cells 

than controls. Also colchicine-induced concanavalin A capping was 

time and dose dependant in a similar way to c-AMP generation. 

In another type of connective tissue cell, the mast cell, histamine 

release in response to antigen,I gE or I[gG is reduced by colchicine, 

colcemid and vinblastine. D.0 on the other hand stimulates release and 

antagonises the inhibitory effects of c-AMP (Gillespie and Lichtenstein, 

1972). Uncouplers of oxidative phosphorylation, sodium azide, 

dinitrophenol and oligomycin, also alter the location of MT. in murine 

mast cells. MT. parallel to the plasma membrane in cell surface folds 

and intranuclear MT. are both seen (Bergstrom-Porter and Shelton,1979). 

Macrophage response to migration inhibitory factor (MIF) appears to be 

determined by the state of the MT. system (McCarthy, Shaw and Remold, 

1979); colchicine and vinblastine both inhibit MIF's effect, while D,0 

enhances it if preincubated with the macrophages before MIF addition. 

The presence of a colchicine-binding protein, characterised as T. has 

been shown in blood platelets (Castle and Crawford,1978 a,b). Colchicine 

seems to inhibit p-glucuronidase release from blood platelets in response 

to thrombin, trypsin and sodium arachidonate although ADP, adrenaline 

and collagen-induced 5-hydroxytryptamine release is unaffected (Kenney 

and Chao,1978). In the mixed lymphocyte response (where lymphocytes 

from two genetically different members of the same species are mixed; 

one group, the stimulator cells, treated to prevent DNA synthsis, induce 

increased DNA synthesis in the other group, the responder cells) 

colchicine and vincristine prevent the action of the stimulator cells 

by interfering with the MT. controlled antigens on the cell surface 

(Ranney and Pincus,1976). Lymphocyte structure and function is also 

affected by MT. poisons; Center, Wasserman and Austen (1978) have 

demonstrated a chemokinetic response (in the absence of a chemical gradient) 
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to colchicine and vinblastine indicating that rat splenic lymphocytes 

require MT. disassembly for such a response. Stimulation of human and 

mouse lymphocytes with concanavalin A induced an increase in cellular 

MI. while colchicine reduced MI. numbers by 25%. However caution must 

be exercised in-attributing the effects of colchicine wholly to its 

action on MT. since it was also shown to inhibit DNA and RNA synthesis 

in these cells although colchicine can act well after DNA nydhnonne has 

begun (Rudd et al,1979). In fact the presence of colchicine binding 

protein denim tite electrophoretically with T. has been demonstrated 

in bovine lymphocyte chromatin (Farr, Lucknow and Sundharadas,1979). 

Finally in consideration of fibroblasts Rudolph and Woodward (1978) 

have demonstrated the presence of many MI. running parallel to the 

plasma membrane in myofibroblasts from pig skin wound and around human 

“silicone implants. The orientation of these MI. suggests a bracing 

function. Cytoplasmic MT.-have been extracted from mouse embryo 

fibroblasts using detergent treatment (Triton X-100), they were found 

to be in close association with microfilaments (Bershadsky et al, 

1978). The role of fibroblast MT. may be important in a number of 

inherited disorders; Shay and Fuseler (1979) have denonstiores a 

dramatic reduction in intact interphase MT. in fibroblasts from € 

dystrophic muscle explants of chickens by immunofluorescence. However 

the suggestion that abnormally large ly sosomes and enhanced concavavalin 

A capping, in fibroblasts and macrophages from mice with a Chediak- 

Higashi-like syndrome, being due to MT. abnormality has not been confirmed 

by immunofluorescence studies (Frankel et al,1978). Pharbol myristate 

acetate (PMA) stimulated pinocytosis in mouse macrophages is abolished 

by cochicine and cytochalasin B. In Thioglycolate-elicited macrophages 

PMA causes the extension and radial organisation of MI. and 10nm 

filaments and promotes movement of secondary lysosomes from perinuclear 

location to the peripheral cytoplasm. Lysosomes radiating from the 
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centrospheric region are arranged linearly along MT. and 10nm filaments 

(Phaire-Washington, Silverstein and Wang,1980). 

Collagen release from chick embryo frontal bone and 313 fibroblasts 

is inhibited by colchicine and vinblastine even though amino acid 

incorporation into collagen is unaffected, hence MT. are involved in 

secretion (Diegelmann and Peterk ofsky,1972). Immunofluorescence 

study of cells derived from tumours, normal cells and hybrids between 

the two showed no differences in their MI. network morphology (Wolin 

and Kucherlapati,1979). Comparison of the MT. and depolymerised T. 

levels in normal and inapatonead 323 cell lines showed that four out of 

five transformed cell lines had significantly higher total T. content 

than non-transformed cells and all had higher MT. content although this 

Te. pool was only significant in three cases. This was in comparison 

with the fact that no changes in the T. or MT. pools were produced by 

alterations in cell density, growth, transformation or dibutyryl 

~c-AMP treatment of transformed cells (Hickhorn and Peterkofsky,1979). 

MT. are active in the regulation of sate coupling receptor occupancy 

to the activation of adenylate cyclase in intact S49 lymphoma cells since 

colchicine and vinblastine both enhance B-adrenergic- and protaglandin-E 

stimulated c-AMP accumulation in these cells (Kennedy and Insel,1979). 

MT. inhibitors have potent actions on tissue culture cells, colchicine, 

vinblastine and vincristine all reduce lysosomal proteolysis in rat 

embryo fibroblast cultures by affecting the vacuolar system (Amenta, 

Sargus and Baccino,1977). Colchicine, vinblastine and podophyllin inhibit 

long saltatory movements of lysosomes, pinosomes, ingested carbon 

particles, lipoidal granules and other granules in HeLa cells; MT. can be 

demonstrated radiating from the centriolar cytocentre (Freed and 

Lebo witz,1970). MT. protein has been extracted from HeLa cells by cycles 

of polymerisation and depolymerisation in the absence of glycerol 
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(Bulinski and Borisy,1979). After two cycles 95% of the protein was 

shown to be T. making up 4-5% of total protein; M.A.P's of 210,000 and 

120,000 dalton molecular weight which stimulated MT. formation were also 

present. The uphill transport of &-aminoisobutyric acid into Ehrlich 

ascite tumour cells is inhibited by vincristine and vinblastine (Goldman 

et al,1977). Low density lipoprotein uptake and degradtion by cultured 

_ human skin fibroblasts and aortic medial cells was also reduced by 

colchicine (Ostlund, Pfleger and Schonfeld,1979) « 

In rat lacrimal glands the importance of MI. in protein secretion 

has been shown by the fact that colchicine inhibits only intracellular 

transport and has no other biochemical effect on discharge, protein 

biosynthesis nucleotide levels and phosphate incorporation into nucleo- 

tides, proteins and phosphlipids (Chambeut-Guerin, Muller and Rossignol, 

1978). Also in the eye, the elongation of cultured lens epithelial 

cells occurred in the absence of MI. after nocodazole treatment. Colchicine 

was also shown to induce cell elongation by increasing cell volume at a 

concentration too low to effect MT; this indicates that colchicine may 

have another non-MT. effect on cell volume regulation by altering plasma 

membrane fluid transport. 

In the gut MT. are involved in lipid absorption since colchicine 

induces a build up of lipid in the apical region of enterocytes from the 

small intestine. An unusual point is that the occurrence of enterocyte 

MT. in fasting rats is greater than in fed rats, somehow MT. are ‘used up' 

during chylomicron transport and shifted towards a depolymerised state 

(Reaven and Reaven,1977). Acid and pepsinogen secretion from the bull 

frog gastric mucosa is inhibited by vinblastine but colchicine transiently 

stimulates acid secretion and then causes inhibition, by contrast cyto- 

chalasin B (microfilament inhibitor) has no effect indicating that only 

MT. are actively involved in secretion (Kaskekar,1978). In contrast,



cytochalasin B inhibits vitamin D-induced transepithelial phosphate 

transport in the chick jejunum while MT. inhibitors have no effect. 

The active metabolite of vitamin Ds ~ 1,25 dihydroxy Rs increase the 

amount of microfilament protein (actin) associated with the brush 

border. 

T. have been implicated in the action of vasopressin on the canine 

renal medualla and the toad urinary bladder. Colchicine inhibits the 

uptake of water, stimulated by vasopressin or dibutyryl c-AMP into 

renal medullary slices; colchicine, vinblastine and podophyllotoxin 

inhibit similar uptake in the toad urinary bladder. Lithium also 

inhibits the antiduiretic effect of vasopressin but lumi-colchicine 

(the MT-inactive isomer of colchicine) has no effect. Colchicine has 

no effect on basal or vasopressin-induced c-AMP levels. Thus it appears 

that vasopressin has no real effect on MT. but requires their presence 

for its action (lyengar,Lepper and Mailman,1976; Dousa, Hui and Barnes, 

1978; Taylor et al,1978). However, Kachadorian, Ellis and Muller (1979) 

have found that both MP. and microfilaments are necessary for initiation 

of vasopressin-induced osmotic water flow in the toad urinary bladder, 

but only microfilaments are necessary for its maintenance. Vinblastine 

sulphate has a structural effect in the kidney, after two hours exposure 

to this MI. poison MT. were almost completely lost from podocyte cell 

bodies of the renal glomerular epithelium and crystalline inclusions 

became present. Loss of MT. from the podocyte cell processes caused 

their collapse as they lost much of their cytoplasm to the nucleated cell 

body. MT. thus seem to be responsible for the maintenance of cell shape 

and the podocyte major processes (Andrews,1977). T. has been purified 

from bovine renal medulla by Barnes and Roberson (1979), they have 

suggested that its differences and similarities to brain T. support 

m physiological studies which indicate that MT. are required for vasopressin 
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action in the kidneys. 

In the liver two colchicine~binding sites have been isolated, a 

high affinity, low capacity one representing T. and a low affinity, 

high capacity non-specific site. 1% of soluble protein T. representing 

80% of the total colchicine binding activity of hepatocyte homogenates. 

9.0 x sor dimers are present per microgram of protein with an average 

Of Sain x 10° dimers per hepatocyte. This would produce an MT. -1.9cm 

long, however only 0.28cm are demonstrable. This gives a figure of 15% 

for the amount of T. in the form of MT, Patzelt et al,(1975) have 

reported a higher value of 40% (Reaven,1977; Patzelt et al,1975). The 

MI-poisons vincristine and colchicine are effective in inhibiting the 

secretion of very low density lipoproteins and proteins (globulin, 

albumin and small polypeptides) without having any action on other liver 

functions such as ureogenesis, glucose production, ATP levels, oxygen 

consumption, uptake and oxidation of fatty acids, esterification of 

oleate, lipogenesis or protein synthesis. Treated hepatocytes remain 

ultrastructurally identical to control cells except for an accumulation 

of vesicles and very low density lipoprotein particles, the disappearance 

of MI. and formation of paracrystals (in the case of vincristine). In 

addition lumicolchicine has no effect on secretion even though it binds 

to plasma membranes in the same way as colchicine (Le Marchand et al, 

1973,1975). Very low density lipoprotein triglyceride (VLDL-TG) 

secretion has been measured by hepatic perfusion at various colchicine 

and vinblastine concentrations (Reaven and Reaven,1980). The reduction 

in MT. numbers was correlated with reduced VLDL-TG secretion the nadir 

of secretion (10-30% of controls) being reached when MT. comprised 

<0.00% of the cytoplasm (or <10% of control values). Under these 

reduced secretory conditions the number of Golgi complex dictysomal 

membranes were reduced to 15% of controls the few remaining being associated



with remaining MT. fragments. MT. have also been suggested as the 

site of regulation of hepatic protein secretion (Le Marchand et al, 

(1974). The secretion of coagulation factors V and VII and triglycerides 

into blood plasma is also inhibited by the action of colchicine and 

vinblastine on hepatocytes; by contrast the secretion of bilirubin- 

glucurmides and fluid into bile is not affected (Gratzl and Schwab 

1976) eventhough biliary lipid secretion is (Gregory et al,1978). MT. 

are certainly important in hepatic secretory processes, however the 

number of MT. or amount of tubulin is not increased upon stimulation. 

For instance, increasing secretion of very low density lipoproteins 

in acute experiments (2 Lidic6 tee caediad fatty acids) or chronic experiments 

(1 week on hyperlipide mic diet) produced no concurrent increase in MT. 

numbers or colchicine binding protein (Reaven and Reaven,1978). 

In the lung colchicine and vinblastine inhibit the release of lung 

surfactants (Delahunty and Jonston,1976) and colchicine together with 

cooling to 4° suppresses the secretion of histamine and slow reacting 

substance, mediators of analphylaxis, induced by antigen-IgE interactions 

on human lung tissue mast cells (Kaliner,1977). In the latter case the 

action of colchicine is prevented by c-GMP; c-AMP appears to initiate MT. 

phosphorylation and c-GMP dephosphorylation, this controls MI. action on 

histamine and slow reacting substance secretion. 

MT. have been demonstrated in heart muscle cells being particularly 

abundant in the perinuclear region, running parallel to the myofibrils 

and also within the myofibrils (Bybicka,1978). MI. are more numerous in 

adult cardiac muscle than has previously been recognised and may perform 

functions other than the cytoskeletal one. MT. encircle the nucleus, 

are associated with myofibrils in a helical arrangement and network that 

runs transversely at the level of the I band and axially between the 

myofibrils (Goldstein and Entman,1979). Treatment of heart muscle cells 
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in culture with dibutyryl c-AMP prevents their contraction, colchicine 

restores their ability to contract though lumicolchicine and dibutyryl 

cAMP addition to colchicine pretreated cells each have no effect. 

Dibutyryl c-AMP treated cells have MT. arranged in parallel arrays 

as opposed to the random arrangement found in control cells. (Nath , 

Shay and Boll on,1978). MT. run longitudinally throughout frog 

skeletal muscle but within the bare regions of the nodes of Ranvier 

annular or helical MT. bundles run in a marginal band at right angles 

to the more central longitudinal MT. Gray and Westrum (1979) have 

suggested that these annular bundles support the pronounced convexity 

: muscle 
of the muscle in this region during contraction. In addition the 

A 

outermost MT. appear to be anchored to the muscle membrane by fine 

threads. Arterial wall smooth muscle cells secreting extracellular 

matrix components are affected by colchicine in two ways, one group 

accumulate secretory granules while the other undergoes rough endoplasmic 

reticulum cisternae dilation. Chaldakov,Nikolov and Vancov (1977) have 

suggested that two types of secretion are represented here, one involving 

the Golgi apparatus and the other direct exocytosis from the R.E.R., 

the latter not involving the MT. system. Cells probably differentiate 

which system is used on the basis of the cellular status of the MT, 

controlled in turn by cyclic nucleotides. 

The secretion of progesterone by the ovine corpus luteum is 

inhibited by colchicine with a concomitant loss of luteal MT. and 

accumulation of secretory granules (Gemmell and Stacy,1977). The 

action of gonadotropins and prostaglandin E. on cultured graafian 

follicles is also effected by MT. and microfilament poisons. Release 

of c-AMP induced by LH and choleragen is mediated by microfilaments, 

prostaglandin E, by MI and FSH by microfilaments and MT. (Zor ,Strulovici 

and Lindner,1978). 
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Prostaglandin F and prostaglandin E levels in pseudopregnant rats 
an 

in vivo and maar release from uterine slices from such rats in vitro 

are both increased by colchicine and vinblastine. Hall and Robinson, 

(1978) have postulated that MT. removal enables enhanced accessibility 

of membrane phospholipids to phospholipase A, and thus increases the 

availability of prostaglandin precursors. 

Parathyroid hormone secretion in response to vitamin er inhibited 

by vinblastine but not in response to low ar concentrates in vitro 

(Chertow et al,1975 a,b). Colchicine treatment of the parathyroid 

induced an increase in secretory granules and a decrease in MT.numbers 

in the chief cells. The secretagogue, phosphate, however induced an 

increase in MT. numbers but had no effect on granule numbers (Reaven 

and Reaven,1975). The role of MT. in the parathyroid chief cells could 

be in transport from the endoplasmic reticulum to the Golgi apparatus 

since colchicine and vinblastine both prevent the conversion of pro- 

parathyroid hormone to parathyroid hormone (Kemper et al,1975); this 

is also indicated by the temperature dependence and energy requirements 

of the conversion (Chu, MacGregor and Cohn,1977). 

MI. are certainly present in anterior pituitary cells since they 

can be isolated from this source (Sheterline and Schofiled,1975) and 

are also visible throughout prdactin cells of lactating rats particularly 

associated with secretory granules (Warchol et al,1975). Indeed MT. are 

seen in the early stages of the development of the thyroidectomy cells 

of the anterior pituitary associated with secretory granules and may 

have a role in the hypersecretory state of these cells (Shino and 

Rennels,1975). However, it appears that MT. are not involved in basal 

secretion of anterior pituicytes although they may have a role in 

stimulated secretion. Sheterline et al,(1977) have shown that growth 

hormone secretion from bovine somatotrophs in response to non-physiological 
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secretagogues (3-isobutyl-1-methylxanthine and barium) is accompanied 

by MI. depolymerisation and both secretion and MT. disassembly are 

prevented by the MT. stabiliser 2-methylpentan-24-—diol. In the light 

of this information Sheterline et al propose that secretion is 

controlled by a sol-gel mechanism whereby exocytosis is prevented by 

a complex web of MI. and secretion involves depolymerisation of MT. 

to enable granules to reach the plasma membrane. A further explanation 

of the less typical effect of MT-poisons on anterior pituitary is 

given by Howell and Tyhurst (1978); if sacks or vinblastine is 

added to anterior pituitary fragments after pulse labelling immediately, 

or after a further hour, growth hormone secretion is inhibited for 

5 hours. However, addition of these compounds 2 hours after pulse 

labelling has no effect on growth hormone secretion; hence MT. are 

only involved in transport of secretory granules from the Golgi 

apparatus to the cytoplasmic pool and not in final secretion by 

exocytosis. Khar, Kunert-Radek and Jutisz (1979) have shown that MT. 

and microfilaments are involved in LHe Gn RH~induced release of gonado- 

tropins in cultured rat anterior pituitary cells although not in the 

effect of high x" on such cells. The levels of T. in the medial basal 

hypothalamus (MBH) are greater in male rats than female rats. Castration 

brought about a decrease in MBH. T. while testosterone and oestradiol 

both augmented the T. levels (Valenti, Vacas and Cardinali,1979). 

Secretion by the posterior pituitary is related to axonal transport 

mentioned previously since secretion is via the tractus hypophyseus 

from the hypothalamus. Secretory granules are produced in the cell 

bodies in the hypothalamus and carried along modified axons to the 

posterior pituitary lobe in association with many MT. (or neurotubules). 

MI-poisons are effective in inhibiting anti-diuretic hormone transport 

and secretion even though MT. remain visible. However, MT. are certainly



  

involved in neurosecretion since rats treated with hypertonic saline 

or with congenital diabetes insipidus both have increased numbers of 

MT. in the axons of tractus hypophyseus cells as a result of increased 

protein secretion (Grainger and Sloper,1974). In the case of rats with 

congenital diabetes insipidus the increase in MT. numbers does not 

arise until 4 days after birth, ruling out a possible congenital MT. 

abnormality (Grainger and Sloper,1976). 

The thyroid gland has a peculiar form of secretory process involving 

a two-way movement through the cell. A protein thyroglobulin is 

synthesized in the endoplasmic reticulum and then passes to the edge 

of the cell where it is iodinated.and stored as colloid in extracellular 

vesicles. Before thyroid hormones (Triodotyronine and thyroxine) can 

be secreted thyroglobulin has to be recaptured by the cell by phago- 

cytosis and transported to lysosomes where hydrolysis releases the 

hormones so that they can be released into the blood. MT. and micro- 

filaments appear to be necessary both for phagocytosis of thyroglobulin 

and its transport within the cell. Certainly MT-poisons prevent the 

liberation of thyroid hormones (Williams and Wolff,1970), however they 

seem to have effects on other cellular processes besides MI. formation 

(Grenier et al,1975; Chiraseveenuprapund and Rosenberg,1975). Micro- 

filaments seem more important in phagocytosis than MT, MT. may only 

play the role of structural scaffolding (Neve and Wollman,1972); this 

will be discussed further in consideration of the action of MT. in 

pancreatic secretion.



  

Microtubules and the secretory process in the endocrine pancreas. 

The role of MT. in secretion has been best studied in the endocrine 

pancreas, particularly in the pancreatic B-cell. Here the release of 

insulin in response to secretagogues such as glucose, i and 

gliclazide produces a biphasic pattern consisting of an early, rapid 

secretory phase and a later, more prolonged phase. Most studies on 

the pancreatic B-cell have made use of the isolated perfused pancreas 

or purified isolated islets. Early work by Lacy et al,(1968) resulted 

in the proposal of a scheme for insulin secretion involving MT. and 

microfilaments (Lacy,1970). The biphasic pattern of secretion was 

explained by the fact that initial rapid release was of B granules 

bound to the MP. and the slower, prolonged release occurred because 

stored and newly synthesised granules had to pecone aaaaele ian with 

the MT. system (Lacy, Walker and Fink,1972). The evidence for this 

was that vinblastine and deuterium oxide (D0) prevented both phases 

of insulin release but colchicine only inhibited the second phase. 

Later work by the groups of Malaisse and Orci (Malaisse et al,1971, 

1975 a,b; Malaisse,1973; Malaisse-Lagae et al,1975) cast doubt on some 

of the MT-poison data of Lacy. Small doses of colchicine (1074) were 

found to increase both phases of glucose-induced insulin secretion (van 

Obbergren et al,1974), this is in direct contradiction of Lacy's finding 

(Lacy et al,1968) that 1075 colchicine inhibits glucose-stimulated 

insulin secretion by isolated islets. Vincristine also stimulates glucose- 

induced insulin release (Devis et al,1974), although only in the first 

30 minutes. The explanation of this apparent discrepancy is that the 

action of MTI-poisons on the B-cell MI. takes a long time to occur, MT. 

not disappearing from the cytoplasm for at least 60 minutes (Devis et al, 

1974; Malaisse-Lagae et al,1971). D.O also effects B-cell MI. resulting 
a 

in their stabilisation, preventing their correct function, this in turn 
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inhibits glucose-induced insulin secretion (van Obberghen et al,1974); 

however, Holze and Beckman (1977) have suggested that this inhibition 

can be explained by D,0's role in inhibiting glucose oxidation by the 

B-cell. Vinblastine also inhibits glucose-glibenclamide- or L-isopropyl- 

noradrenaline-induced insulin secretion producing cellular paracrystals, 

however the action of vinblastine on other aspects of secretion is 

acknowledged (Ericson and Lundquist,1975). MTI-poisons have been shown 

to have effects on c-AMP metabolism unrelated to their MT. effects 

(Grill and Cerasi,1977). A study using isolated rat islets (Malaisse- 

Lagae et al,1979) has shown, by using increasing preincubation periods 

with colchicine in vitro, that the release of ie toni insulin was 

progressively eet tras Gai that of newly synthesised hormone delayed. 

Subsequent ultrastructural autoradiographic study of islets preincubated 

with colchicine showed that the export of newly synthesised proinsulin 

out of the rough E.R., its transit through the Golgi complex packaging 

in secretory granules and conversion to insulin were all retarded. 

These effects were shown to be on the MI. system since under the same 

conditions colchicine failed to effect glucose oxidation and adenylate 

cyclase in the islets and were not reproduced by lumicolchichine. 

Microfilaments are also involved in insulin secretion, their presence 

as a cell web below the plasma membrane has been demonstrated by actin 

immunofluorescence (Gabbiani et al,1974). The fungal metabolite cyto- 

chalasin B disrupts this cell web resulting in an increase in insulin 

secretion (van Obberghen et al,1975), it has been suggested that 

microfilaments control access by insulin granules to the cell membrane 

(Orci, Gabbay and Malaisse,1972) even though its effects are only on 

stimulated secretion and not the basal level (van Obberghen et al,1973). 

Orci, Malaisse-Lagae and Perrelet (1977) have observed changes in the 

membrane prior to granule exocytosis which are probably due to the effects 
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of MT. or microfilaments, MT. and microfilaments are also involved here 

in the mobility of insulin and growth hormone receptors (van Obberghen, 

de Meyts and Roth 1976). 

The exact role of MT. and microfilaments in insulin secretion still 

remains confused due to the uncertain action of MT~poisons. However, 

MT. certainly play a role in the pancreatic B-cell; for instance, 

variations in insulin release in fed and fasted rats are accompanied by 

concomitant changes in T. polymerisation (Pipeleers, Pipeleers-Mariahal 

and Kipnis,1976). MT. connectionswith secretion can be shown by the 

fact that glucose and c-AMP induce increased T. synthesis (Pipeleers, 

Pipeleers-Marichal and Kimis,1976), in addition the same agents increase 

the amount of T. found as MT, as shown by a decrease in the subunit pool 

(Montague, Howell and Green,1976). MT. are found throughout the 

pancreatic B-cell (Kern,1975), extending from the outer nuclear membrane 

to the plasma membrane. They run between the endoplasmic reticulum, 

the citernae of the Golgi complex and in close proximity to mitochondria 

and secretory granules. They are also connected to microfilaments and 

desmosomes at the plasma membrane. Removal of these MT. by colchicine 

incubation of isolated islets, causes a reversible disruption of the 

Golgi complex and the appearance of numerous dictyosomes due to rough 

endoplasmic reticulum disruption. This certainly indicates a role for 

MT. in maintaining the structural integrity of the cell (Moskalewski, 

Thyberg and Friberg,1976). 

No one conclusive mechanism can yet be proposed for the role of MT. 

in the secretion of insulin, Ostlund (1977) has produced a model for 

B-cell secretion drawing on other secretory systems for evidence. In 

his model MT. act as guides to orient saltatory granule movement towards 

the plasma membrane. Granules are bound to MT. by M.A.P's acting as MT. 

surface arms. The MI. carry the granules to the cell web consisting of 

 



microfilaments coating the inner plasma membrane. Secretory granules 

and the plasma membrane bind to the microfilaments by lipophilic inter- 

action. Secretory stimulation causes an accumulation of cytoplasmic 

ar which induces the cell wall to contract and extrude the granules, 

their membranes fusing with the plasma membrane. Continued secretion 

results from granule movements towards the cell web along the MT. 

Movement could result from contraction of the microfilaments, electro- 

static interactions, MI. polymerisation or granule-MT. interaction. 

The first phase of insulin secretion results from expulsion of granules 

already close to the cell web and the second phase from delivery of 

granules along the MT. 

As was mentioned above colchicine disrupts the cellular morphology 

of the pancreatic P-cell, this is also true of the ~-cell which secretes 

glucagon. Colchicine induces MT. loss, dispersal of dictyosomes and 

reduction in the number and size of Golgi cisternae in the %-cell 

(Moskalewski, Thyberg and Friberg,1976). The MT~poisons (colchicine 

and vinblastine) as well gh the fen rositenent disruptor (cytochalasin B) 

increase arginine-induced glucagon release from pancreatic A, cells but 

have no effect on unstimulated release oie Marchand and 

Malaisse,1974); as with the P-cell the role of the MT-microfilament 

system in these cells is as yet unclear. 

Microtubules and pancreatic exocrine secretion. 

MI. are certainly present in the exocrine pancreas acinar cell having 

a similar pattern to that found in the pancreatic B-cell (Kern,1975). 

They originate in the outer nuclear membrane and course between the 

rough endoplasmic reticulum and between or around the Golgi complex 

finally inserting into the lateral and apical plasma membranes (Seybold, 

Bieger and Kern,1975). Initially MT. inhibitors, particularly colchicine, 

were thought to have no effect on acinar cell secretion (Benz et al,1972).



However, work on q-amylase release from the parotid gland threw 

suspicion on these results; since incubation of parotid slices with 

colchicine inhibited adrenalin-induced amylase secretions (Butcher 

and Goldman, 1972). 

Vinblastine inhibits pilocarpine-induced acinar cell secretion 

in vivo if given 3% hours before stimulation. It also causes inhibition 

if given 2 hours after stimulation (Nevalainen,1975a). Vinhiaatone and 

vincristine both induce autophagocytosis of the exocrine pancreas 

suggesting that their effects on enzyme secretion could be due to their 

cytotoxic action which becomes evident after only 3 hours (Nevalainen, 

1975b). In vitro also, the effects of Vinca alkaloids cannot be 

attributed directly to their effects on MT. (Williams and Lee,1976). 

However, Seybold, Bieger and Kern (1975) have shown that vinblastine 

induces a dose responsive inhibition of protein discharge in isolated 

pancreatic lobules. Protein release is inhibited by between how (1078) 

and 90% (107M) but protein synthesis is only inhibited by about 20% 

(1078 i 107M) and 55% (107). By contrast it has been shown that 

dibutyryl c-AMP has : secretagogue action on the exocrine pancreas in 

vitro which is potentiated by vinblastine, however eee enzyme 

release is unaffected (Stock, Lannay and Grenier .1977)< 

Colchicine only inhibits protein synthesis at 407° concentration 

3 
yet concentrations between 10 ~ and 107M induce a 50% reduction over 

controls in the discharge of newly synthesised protein (Seybold, Bieger 

and Kern,1975). Colchicine and vinblastine at all doses inhibit amylase 

release by 30% and prevent movement of protein radioactivity from 

microsomal cell fractions to the zymogen granules. The MTI~poisons also 

delay peak radioactivity in the smooth microsomal fraction (Golgi). 

Reduction in secretory activity induced by colchicine and vinblastine 

occurs concomitantly with ultrastructural changes in the acinar cell. 
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Secretory material is deposited in the cisternal space of the rough 

endoplasmic reticulum as small crystals, paracrystals of tubulin are 

also induced by vinblastine. Colchicine produces an enlargement of 

condensing vacuoles in the Golgi complex (Seybold, Bieger and Kern,1975). 

Cytochalasin B disrupts the terminal web, resulting in the loss of 

microvilli from the acinar lumen (Seybold, Bieger and Kern,1975). This 

produces an inhibition of acinar cell secretion (Williams,1977), 

although at low concentrations resting secretion may be increased 

(Bauduin et al,1975). Yet again he is Bis an example of an 

inhibitor which may have effects other than those on the microfilaments. 

Although it does not effect protein synthesis in the acinar cell 

(Seybold, Bieger and Kern,1975), it does inhibit monosaccharide transport 

(Bauduin et al,1975). 

As was seen in the endocrine pancreas the role of the MT-microfilament 

system in the acinar cell is a complex one which is unlikely to be 

fully delineated using unspecific poisons. However, MT. certainly appear 

to have a role in the secretory process, either in transferring protein 

from the rough endoplasmic reticulum to the Golgi complex or in trans- 

porting mature zymogen granules from the Golgi complex to the plasma 

membrane. The role could be simply a structural one providing the 

scaffolding to support contractile events or they could provide the 

actual contractility themselves. Microfilaments may be involved as the 

contractile component of the system or may simply act as a barrier to 

exocytosis in the unstimulated cell. The model system proposed for the 

endocrine pancreas could also explain acinar cell secretory transport, 

in both cases more work is necessary to discover how the secretory 

products interact with the MT-microfilamentous system. 
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In vitro studies of microtubule associations. 

In vivo biochemical and morphological studies have shown MT. 

associated with a wide range of cellular organelles, in vitro studies 

enable confirmation to be made of these observations and isolated 

study to be carried out on them. Early studies on the mechanism of 

insulin release across pancreatic P-cell membranes led to in vitro 

mixing of p-granules and membrane fragments. This interaction caused 

the release of free insulin into the incubation medium (Davis and 

Lazarus,1976). A later study by Formby and Capito (1977), using 

plasma membranes and p-granules from non-inbred ob/ob mice and 

measuring insulin sedimenting with the plasma membranes, showed that 

glucose, ATP or gene alone or in combination failed to release insulin 

from the membranes but c-AMP or phosphoenolpyruvate did affect release. 

A means of studying membrane and MT. subunit interactions was proposed 

in 1975 (Becker, Oliver and Berlin) but has not been much used, it 

involved the labelling of membrane and subunits with different fluorescent 

moieties such as fluorescein and rau 

As was mentioned previously MT. are often associated in vivo with 

virus particles. Luftig and Weihing (1975) have shown that in vitro 

adenovirus particles will specifically bind to MI. to within + 4nm of 

their edge; other particles such asreovirus, latex and coliphage Fe 

bind only at random and directly at the MT. edge. Adenovirus adhesion 

appears to involve the hexon capsomeve rather than the pentons or fibres. 

Babis et al,(1979) have shown that MT. from chick or rabbit brain or HeLa 

cells bind to reovirus type 1 in preference to type 3. This binding in 

vitro is inhibited by reovirus type-~1-specific antiserum and is covrelaree 

with the presence of a minor outer capsid polypeptide. The greater MT. 

binding of type 1 reovirus particles appears to reflect the increased 

accessibility of certain of its outer capsomeres, and thereby polypeptides, 
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to the ML. since type 1 reovirus types appear to have more distinct 

capsomeres than type 3 which appear diffuse in the E.M. These in vitro 

observations are confirmed in vivo when reovirus infected cells are 

examined; type 1-infected cells contained about eight os as many 

viral factories as type 3-infected cells, these factories were 

characterised by extensive viral particle-MT. associations. MT. in 

vitro also show a nak affinity for DNA mediated by the M.A.P's (Corces 

et al,1978), M.A.P's binding better to eukaryotic - rather than phage - 

DNA. This M.A.P. affinity is more effective for satellite DNA (short 

base sequences in long tandem repeats close to the centromere) than 

bulk DNA. 

Thus in vitro studies can throw light on simple interactions which 

are complicated by other outside associations in vivo. As far as the 

MT-~microfilament system goes a number of studies have been done on MT- 

microfilament associations and microfilament-secretory granule 

associations but little consideration has been given to in vitro MI~granule 

associations. Izant and McIntosh (1977) showed that T. could be co-extracted 

with actin (the microfilament protein) from CHO cell culture using a 

copolymerisation procedure with brain T. Griffin and Pollard (1978 a,b) 

have subsequently studied the interaction of actin and MT. proteins 

in vitro. Using low shear viscometry methods they have shown that the 

viscosity of the combined actin and MT. is ten to twenty times greater 

than the sum of their viscosities alone. MT-actin mixtures are 

thixotropic, their viscosities increasing with increasing protein con- 

centration and time of incubation at aoe, (optimal polymerisation 

temperature). In addition MT. sediment with actin conjugated to agarose 

beads. Association of actin with T. lacking M.A.P's (assembled in DMSO) 

produce mixtures with viscosities approaching the sum of their viscosities. 

M.A.P's alone also cause an increase in actin viscosity. Thus it seems



likely that the MT-actin microfilament associations, demonstable 

ultrastructurally, are mediated by the M.A.P's; they are also inhibited 

by ATP and related compounds but enhanced by c-AMP. Muscle actin and 

M.A.P's, particularly M.A.P-2 form discrete bundles in vitro (Sat tilaro, 

Dentler and LeCluyse,1981). These bundles, 26nm in diameter are 

composed of 20% M.A.P-2 with 80% actin (by weight) and have 28nm-spaced 

striations and 12nm length projections at 28nm intervals. Their 

formation in inhibited by ATP, B, % «-methylene-ATP and pyrophosphate 

but not by AMP, ADP or GIP. ATP dissociation produces actin filaments 

with attached M.A.P-2 particles along their length. MT. proteins also 

bind to myosin; Fujii and Tanaka,(1979) have shown that both T. and 

gross MT. proteins bind to rabbit skeletal muscle myosin and that they 

will inhibit the superprecipitation of actomyosin as well as preventing 

actin activation of myosin Meo ATPese, these effects being enhanced by 

preincubation of T. with the myosin. Rods of skeletal muscle myosin 

are dispersed by brain MT. (Hayashi, 1979), decorating the MT. and 

eventually depolymerising them by its xt GTPase activity. 

Actin-granule interactions in vitro have been shown using muscle 

actin and pancreatic B-cell granules (Howell and Tyhurst,1978). Dilute 

(0.2 ~ 0.7?mg/ml) solutions of actin prevent the sedimentation by 

centrifugation of isolated p-granules, cat? reduced this effect but 

ATP enhanced it. The authors suggested that such an association may 

reflect a role for actin in the cell web or cytoplasmic transport of 

granules via the MI~microfilamentous system. 

Whatever model mechanism is considered to function in moving secretory 

granules within the cell be it the sliding filament model, the assembly~ 

disassembly model, the sol-gel system or the MT-microfilamentous system, 

in each case MIl-granule interaction is necessary at some stage. However, 

as yet very little work has been done on the interaction of secretory



granules with MT. in vitro,observations have been based on in vivo 

ultrastructural studies. One study has been dei in vitro by Sherline, 

Lee and Jacobs,(1977). This involved the incubation of brain MT. with 

porcine pituitary secretory granules in an MT. buffer. MI. were then 

pelleted by centrifugation and the amount of MT. protein left in the 

supernatant measured by colchicine binding assay. The amount of MT. 

protein pelleting increased as a function of the number of granules 

added. This interaction was inhibited by nucleoside triphosphates but 

enhanced by adenosine 5'~monophosphate and adenosine. Depolymerised 

tubulin (kept unpolymerised at 37°C by addition of 6nM ca**) did not 

bind to the granules but the M.A.P's did do so. Sherline et al 

also showed that isolated secretory granule membranes sedimented lower 

in a discontinuous sucrose density gradient when MT. were added and 

concluded that MT. have a role in the intracellular movement of secretory 

granules possibly by way of M.A.P. cross-bridges linking the T. backbone 

and granule surface. 

An analogous association of MT. has been demonstrated by oe and 

Berlin (1979) with manufactured phospholipid vesicles. Proteins from 

high speed supernatants of brain homogenates were selectively adsorbed 

onto unilamellar dimyristoyl phosphatidylcholine liposomes. The 

composition of adsorbed proteins was similar to that of MT; the adsorption 

inducing stacking of the liposomes into multilamellar structures. This 

stacking was, however, demonstrated to be due to the metal staining 

(Melchior, Hollingshead and Cato on,1980). Phosphotungstic acid or 

sodium tungstate staining both induced the formation of a network of 

multilayered lamellae while uranyl oxalate maintained the unilamellar 

dimyristoyl phosphatidylcholine or egg lecithin vesicles; this was 

regardless of the sample concentration, incubation time, temperature or 

presence of T. Nonetheless T. was still adsorbed onto the bilayer vesicles.



Caron and Berlin,(1980) have since characterised this T. binding by 

showing that MT. proteins bind to unilamellar phospholipid vesicles 

made from both acidic (phosphatidyl serine) and neutral (Phosphatidyl 

choline) phospholipids. Binding to acidic phospholipid vesicles is 

irreversible causing inhibition of MT. assembly whereas binding to 

neutral phospholipid vesicles is reversible, 'desorption' being driven 

by MI. assembly. 

Phospholipid MT. protein binding has also been demonstrated using 

membranes from rat liver fractions (Azhar and Reaven,1980; Reaven and 

Azhar,1981). Membrane fragments from the liver cell golgi complex, 

plasma membrane, rough and smooth endoplasmic reticulum, nucleus and 

mitochondria all inhibited MT. assembly by binding MT. protein. Binding 

to golgi, plasma membrane and mitochondrial membranes was particularly 

strong; this was shown to be due to the presence in the membranes of 

negatively charged phospholipids (diphosphatidyl-glycerol, phosphatidyl 

serine and cardolipin). MI. binding to clathrin-coated vesicles has 

also been demonstrated in vitro. This association seems to be due to 

M.A.P's, particularly M.A.P-2. Coated vesicle MT. binding was 

stimulated between two and four times by c-AMP, since it stimulates 

in vitro M.A.P-2 phosphorylation, while ATP reversed binding. Solubilsed 

coated vesicles bound to activated Sepharose beads bound MeA.P's which 

were released by ATP whereas Separose-bound B.S.A. failed to bind 

M.A.P's although it non-specifically bound T. (Sattilaro, LeCluyse and 

Dentler,1980). 
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The separation and estimation of depolymerised tubulin and 

assembled microtubule tubulin in tissues. 

Sherline, Bodwin and Kipnis (1974) developed a sensitive and 

simple procedure for assaying T. Prior to this the sepearation of 

T-~bound- and free-colchicine had to be done using gel filtration or 

DEAE cellulose filter paper adsorption (Weisenberg, Borisy and Taylor, 

1968; Borisy,1972), both methods being inapplicable to multiple 

determinations. The modification necessary to enable large numbers of 

rapid T. assays was to remove the free colchicine by adsorption onto 

activated charcoal. To enable estimation of the levels of T. in 

the cellular MT. pool and as free unpolymerised T. Pipeleers et al, 

(1977) modified this colchcine-binding T. assay by altering the 

conditions under which tissues were homogenised. MT. were stabilised 

using a homogenisation buffer containing glycerol and dimethylsulphoxide, 

while the unpolymerised T. was collected in a sucrose~phosphate buffer. 

Using this procedure on rat liver cells showed that in the fed state 

about 31% of cellular T. was in the polymerised form. 

Consequently Pipeleers, Pipeleers-Marichal and Kipnis (1977) went 

on to examine the levels of polymerised and depolymerised T. in rat 

and mouse liver, rat islets, human lymphocytes and platelets. The 

percentage of total T. present as MI. varied from about 30% in the 

liver of fed rats to 89% in human platelets; these levels were modified 

by fasting and feeding in the case of the liver, by lectin-stimulation in 

the case of the lymphocytes and by storage at 4°c in the case of the 

platelets. Thus the total cellular T. content and degree of polymerisation 

seems to be modulated by a vaiety of physiological factors. Ostlund, 

Leung and Hajek (1979) have measured the two T. pools in a variety of 

tissue culture cells and shown that MI. contained between 34 and 41% of 

total cell T; this was reduced to 6% of the expected level upon colchicine 
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or cold treatment. More recently the same authors (1980) have 

demonstrated that the levels of MI-derived T. in cultured, diploid 

human skin fibroblasts rose as the cultures neared confluence while 

the levels of total cell T. fell. Cold, concanavalin A and cytochalasin 

A all reduced the MT-derived T. component but cyclic nucleotides, 

ascorbate, glucose, insulin, ae om A2S137 all “failed tovetfect MI. 

assembly. Ben-Ze'er, Farmer and Penman (1979) have suggested that T. 

synthesis is controlled in cultured fibroblasts by the action of 

unpolymerised T. on the levels of eae tis T-messenger RNA. 

Montague, Howell and Green (1976) have correlated the level of 

insulin release from the endocrine pancreas with the size of the T. 

subunit pool. Vinblastine and cold treatment increased the T. pool 

while D,0 reduced it. Stimulated insulin release, by glucose or 

raising intracellular c-AMP levels, produced a reduction in the isolated 

islet T. subunit pool whereas reducing insulin release, by removal of 

cae from the incubation medium, increased the pool. These observations 

have been confirmed by McDaniel et al,(1980) by studying the levels of 

polymerised T. during glucose-induced biphasic insulin release in 

isolated islets. They found that at 2.5 minutes during the rapid onset 

of insulin release the level of polymerised T. altered significantly 

from 24% to 33%. This was followed by a reduction correlated with the 

disappearance of first phase release. Second phase insulin release was 

then correlated with a second increase in polymerised T. over the 

prolonged period of release. The enhancing effect of cytochalasin B 

on insulin release at submaximal glucose levels was also correlated 

with increased islet polymerised T. Thus it seems that the biphasic 

pattern of insulin release is well correlated temporally with the MT, 

free T. equilibrium. 

The levels of polymerised T. have also been measured under various 
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hormonal conditions, in the medial basal hypothalamus (MBH) and adeno- 

hypophysis (AH) of adult rats (Valenti et al,1980). LH, FSH or prolactin 

treatment depressed the level of total MBH. T. in orchidectomized rats 

while FSH and prolactin augmented it in the AH. Post-castration there 

was a negative correlation between serum LH and total or polymerised 

MBH. T, whereas in the AH the correlation was positive. Oestradiol- 

progesterone treatment of oophorectomized rats produced a significant 

positive correlation between serum LH and polymerised T. in the AH but 

not the MBH. 

This and other experiments discussed above indicate that the MT-free 

Tf. equilibrium is considerably altered by the secretory state of its 

cellular environment. Such alterations seem to be readily detectable 

by using a 4y.colchicine binding assay for the two T. pools. However, 

in measuring these pools in mammary glands, Pencek and Loizzi (1980) 

have detected a considerable residue of free colchicine after charcoal 

' treatment during the T. assay. Between 40% and 75% residue was 

present in the MI-stabilising buffer while 15% to 30% was present in 

the depolymerisation buffer. Removal of this free colchicine decreased 

the estimated total T. levels while doubling the levels of polymerised 

T. This and other problems associated with the y-colchicine binding 

assay have led a number of workers towards an alternative method for 

detecting changes in cellular T. levels. In particular the radioimmuno- 

assay method has become prominent. Le Gu ern et al (1979) have described 

a method capable of detecting quantities of T. as low as 50pg. Using 

such a radioimmunoassay, Hiller and Weber (1978) have demonstrated that 

tissue culture cells (mouse L cells, mouse 3T% cells and chick embryo 

fibroblasts) contain T. corresponding to between 2.5% and 3.3% of their 

total protein. These cells treated with virus particles showed no 

change in their T. content while some transformed brain cells (glia 
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normal brain tissue. 

for the detection of other MT. proteins such as M.A.P's. 

  

   



Isolation of exocrine pancreas zymogen granules. 

Zymogen granules were isolated from whole rodent pancreas 

(usually 20 - 30 mice were used since rat pancreas was found to be 

too high in collagen for E.M.studies) by two main methods. 

Preparations for E.M.studies were made using an adaption and 

combination of the methods of Vandermeers-Piret et al (1971) and 

Kirshner et al (1973). The pancreas was removed from freshly killed 

(by suffocation in ether or cervical dislocation) animals and placed 

in buffer Tris-maleate-10mM; Sucrose-O.2M; pH 6.5 with HCl) on ice 

at 4°c; zymogen granules were extracted within an hour of pancreas 

removal. The combined pancreas material was homogenised in fresh, 

20% weight to volume, buffer using an M.S.E. motor-driven, steel 

homogeniser followed by a Jencons teflon-glass, hand-operated 

homogeniser. 

The zymogen granules were separdted from the homogenate by 

differential centrifugation in an M.S.E. ‘Mistral 4L' centrifuge 

cooled to 4°C. An initial 10 minute spin at 400g sedimented out the 

cell debris and nuclei, the supernatant was then centrifuged at 1,000g 

for 10 minutes to collect the zymogen granules. This granule pellet 

was resuspended in fresh buffer and placed on ice while the 400g pellet 

and 1,000 supernatant were recombined, rehomogenised and recentrifuged 

to extract more granules; this cycle being repeated up to three times 

or until the yield of granules became minimal. The resultant crude 

suspension of zymogen granules were combined and waslf Several times. 

Further purification was carried out using a Urografin solution. 

Urografin is an X-ray contrast medium containing a mixture of the 

sodium and methylglucamine salts of N-N'-diacetyl-3-5-diamino-2,4,6- 

-triodobenzoic acid in the ratio of 10 : 66 in aqueous solution. The 
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zymogen granule suspension was layered over a 30% Urografin solution 

(Schering Chemicals Ltd), containing 0.15m sucrose, in the proportion 

2: 1,granule suspension : Urografin solution. The tubes containing 

the two layers were then centrifuged at 6,000g for 15 minutes and 

64,000g for 45 minutes in an M.S.E.'Superspeed 50! ultracentrifuge 

using the 10 x 10ml or 8 x 50ml angle rotors and cooling to uC. 

After centrifugation the upper layer was carefully removed using a 

pasteur pipette until the granule layer was reached. This was also 

removed and given several washes in fresh buffer. The clean zymogen 

granule suspension was then stored in buffer on ice for experimental 

use. 

A more rapid method of isolation of zymogen granules was also 

used on freshly killed pancreas material (modified from Ermak and 

Rothman (1978)). Collected pancreas were homogenised in ten times 

weight to volume of ice-cold buffer (Trismaleate-10mM; Sucrose-O. 3M; 

pH 5.5 with Tris base) with five strokes of a Jencons teflon-glass, 

hand-operated homogeniser. The homogenate was centrifuged at 320g 

for 10 minutes in an M.S.E.'Mistral 4L' centrifuge cooled to La, 

The resultant supernatant was then removed and recentrifuged at 900g 

for 10 minutes at 4°C. The pellet produced by the second centri- 

fugation consisted of an upper tan layer of mitochondria and a lower 

white layer of zymogen granules. The mitochondria were removed by 

two to three swirls of one to two ml of buffer, finally swabbing the 

pellet with cotton wool to remove all the tan layer. The zymogen 

granules were then resuspended in 20% of the original volume of buffer 

and recentrifuged at 600g for 10 minutes at ic, Any remaining mito- 

chondria were swabbed off the pellet. The extraction process was 

finally repeated with the retained 320g pellet and 900g supernatant 

and the washed pellets combined in fresh buffer, again about 20% of 
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the original volume. 

All zymogen granule suspensions were used within 12 hours, 

storage being at 4°c in clean buffer. On some occasions zymogen 

granule 'ghosts' were prepared by resuspending the granules in MT. 

isolation buffer. This transfer from isotonic sucrose buffer to a 

puffer of greater osmotic pressure caused the granules to lose their 

contents leaving 'ghost' membranes behind. These 'ghosts' were 

particularly useful for electron microscopy.



Tsolation sof Mi. proteins. 

MT. protein was purified from mammalian brain by a modification 

of the assembly-disassembly method of Shelanski et al (1973). This 

entails the disassembly of MT. and the release of their constituent 

proteins into solution so that they can be separated from other 

insoluble brain components by ultracentrifugation. The resultant 

MT. protein solution can then be further purified by reassembling 

the MT. proteins into MT. which are collected by ultracentrifugation 

leaving soluble contaminant proteins in the supernatant. Further 

purification can be achieved using several cycles of assembly- 

disassembly in fresh buffer. 

The material used for MT. protein isolation was in the main 

slaughter-house porcine brain although murine brain was also used in 

some cases, using similar procedures. Pigs were killed by electrical 

stunning combined with throat slitting, mice and rats either by ether 

suffocuation or more usually cervical dislocation. In all cases brains 

were placed on ice within 30 minutes of animal death and treated within 

one hour. Two porcine (30 = 40 murine or 4 - 5 bra ine) wet homogenised 

in an equal weight to volume of MT. isolation buffer (2 (N-morpholino) 

ethane sulphonic acid (MES)-100mM; Ethylene glycol bis (B-aminoethyl 

ether) N, N, N', N',-tetracetic acid (EGTA)-1mM; 0.1mM Ethylene-diamine 

tetracetic acid (EDTA); O.5mM~-MgCl,; pH 6.4 with HCl) to which had been 

added ImM ATP. Both ATP and GIP were stored at <o0r6 in a 50mM stock 

solution, suitable volumes being added to buffers as required. Homo- 

genisation was carried out using an M.S.E. motor-driven, steel 

homogeniser and/or Jencons teflon-glass, hand-operated homogeniser. 

The homogenate was placed on ice for about one hour, reaching a temperature 

of ec. and then centrifuged at 75,000g for 60 minutes at oe 
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Ultracentrifugation was carried out on an M.S.E. 'Superspeed 50' 

ultracentrifuge with either a 10 x 10ml or 8 x 50m] angle rotor using 

polypropylene tubes. Rotors were always pre-cooled or pre-warmed to 

the centrifuge running temperature. 

After the initial centrifugation the supernatant was treated in 

one of two ways: in-earlier preparations an equal volume of MT. glycerol 

isolation buffer was added to the supernatant, this was identical to 

isolation buffer with the addition of 8M glycerol; later preparation 

supernatants were not diluted. In each case 1mM GIP was added to the 

supernatants and they were incubated at 37°C in a water bath for 2Oo 

to 30 minutes. It was later found that the GIP concentration could 

be reduced to O.1m™ i thule any Significant reduction in MT. protein 

yield. Pellets were discarded. The warmed supernatant was centri- 

fuged at 75,000g for 45 minutes at 20 to 30°C (the rotor was warmed 

to oe and the centrifuge run without cooling). 

The resultant supernatant was removed and discarded. .The pellets 

consisting of impure MT. were resuspended in MT. isolation buffer 

with added GIP (1mM or 0.1mM). The amount of buffer used for resuspension 

depended upon the size of the pellets but was normally in the region of 

10% of the original volume of the first supernatant. The pellets in 

buffer were homogenised in a hand-operated, teflon-glass. homogeniser 

and left on ice at 4°C for one hour. The resultant MT. protein solution 

was then again pied tied to remove insoluble contaminant proteins by 

centrifugation at 75,000g for one hour at 4°c. =These "one-cycle! MT. 

proteins were then normally stored overnight in 8M glycerol at ae Cs 

MT. were reclaimed for further purification by adding an equal 

volume of MI. isolation buffer with GIP (1mM or 0.2M), warming to 37°C 

for 30 minutes and centrifuging at 75,000g for 45 minutes at 20 to 

aC: The resultant pellets of MI. were resuspended in an approximately 
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equal weight to volume of MT. isolation buffer (with 1mM or O.1mM 

GTP), homogenised and placed on ice at 4° for one hour. This 

solution was then centrifuged at 75,000g for one hour at 4°C to 

my remove contaminant insoluble proteins. These 'two-cycle' MT. 

proteins were stored for experimental use in 8M glycerol at pore 

for between one day and one month. 

Typical yields of total 'two-cycle' MT. proteins were in the 

region of 105mg in'3ml of buffer from two 75g brains. 
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Separation of microtubule proteins. 
  

Purified T. was separated from gross MT. proteins isolated from 

porcine brain using the method of Weingarten et al (1975). This 

involved the use of a cellulose phosphate cation exchange chromato- 

graphy column. 

Prion. £0 use phosphocellulose (Whatman) was washed sequentially 

with 50% ethanol, O.5M NaOH, distilled water, 0.5M HCl, and distilled 

water again. The phosphocellulose was stirred for 30 minutes in each 

washing solution, with the exception of distilled water which was 

used in excess until its pH remained constant, each solution then 

being removed by filtration on a porcelain vacuum filter. Care was 

taken at each stage to avoid allowing the phosphocellulose to dry out. 

After washing,the phosphocellulose was equilibrated in ten times normal 

strength MES-EDTA buffer, pH 6.4 (see below), and then packed into 

either an LKB column (16mm x 600mm) or a disposable Pharmacia column 

(80mm x 15mm). In each case the columns were then re-equilibrated 

with normal strength MES-EDTA buffer (MES-25nmM; MgC1,-0. 5mM; 2-mercapto-= 

ethanol-1mM; EDTA-O.1mM; pH 6.4 with HCl) using at least three column 

void volumes. 

'Two-cycle' MT. proteins, isolated from porcine brain, usually in 

one to two ml of MES-EDTA buffer, were placed on the top of the cation 

exchange column. In the case of the larger LKB column the void volume 

was found to be about 30x 1.5ml fractions using blue dextran, so 40 

such fractions were collected. Measuring the light absorbance of these 

fractions at a wavelength of 280nm. (on a Cecil Instrument 'CE 272 

Linear Readout' spectrophotometer), showed the separated T. peak to 

typically occur around fractions 31 to 37. These fractions were pooled 

and dialysed against the required buffer using Scientific Instruments 
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Centre Ltd. Visking dialysis tubing. The M.A.P's retained by the 

cation exchange column were finally eluted by changing the elution 

buffer to MES-EDTA buffer with 1M NaCl. Absorption spectrophotometry 

at a wavelength of 280nm showed the M.A.P's to come off the column 

typically in fractions 30 to 38 after changing buffers. Once again 

these fractions were pooled and dialysed against the requisite buffer 

for experimental use. 

To purify M.A.P's in larger amounts than was possible with the 

method outlined above, the procedure of Kuznetsov et al (1978) was 

adopted. This involved the heat-denaturation of porcine brain proteins 

leaving the thermostable M.A.P's available for straightforward 

isolation. Typically 3 pig brains were homogenised in an equal weight 

to volume of Imidazole-EDTA buffer (Imidazole-50mM; KC1-50nM; MgCl,- 

O.5mM; EDTA-O.1mM; 2-mercaptoethanol-1mM; pH 6.7 with HCl) using an 

M.S.E. motor-driven, steel homogeniser. This homogenate was then 

cooled to 4°C and clarified by ultracentrifugation at 41,000g for 

40 minutes at 4°c, To the supernatant was added an equal volume of 

Imidazole-EDTA buffer containing 2M KCl; a final KCl concentration 

of 1M being used to prevent the co-precipitation of M.A.P's during 

thermoprecipitation of the bulk of the brain proteins. The diluted 

Supernatant was then split into less than 150ml portions and placed 

in a water bath at 95°C for 8 to 10 minutes stirring occasionally. 

During this time the solution reached 82 to 87°C; the resultant 

aggregate protein was cooled to ic: pelleted by ultracentrifugation 

at 11,000g for 10 minutes and discarded. 

To the clear supernatant was added saturated ammonium sulphate 

solution up to a final concentration of 41% saturation. This was then 

left for 30 minutes and the precipitated protein collected by centri- 

fugation at 3,000g for 5 minutes at 4°c. The resultant pellet was 
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resuspended in Imidazole-EDTA buffer, dialysed against the same buffer 

(three times for 12 hours at 4°C) and clarified by ultracentrifugation 

at $1,000g for 30 minutes at 4°, This clear solution was then put 

onto a cellulose phosphate cation exchange column, prepared as before 

and equilibrated with Imidazole-EDTA buffer. The column was washed 

overnight with Imidazole-EDTA buffer and then changed to Imidazole-EDTA 

buffer containing O.5M NaCl collecting M.A.P's in fractions 34 to 42 

(as shown by absorption spectrophotometry at a wavelength of 280nm). 

These fractions were pooled and dialysed against Imidazole-EDTA buffer 

(three times for 12 hours at 4°c) and then put onto a small volume 

(~10ml.) phosphocellulose column to concentrate the protein. This 

small column was washed with about five void volumes of Imidazole-EDTA 

buffer and then the M.A.P's were collected in 0.5M NaCl in Imidazole-EDTA 

buffer. 

Three porcine Wad ins typical > yielded about eml of concentrated 

M.A.P. solution at about 3 to 4+mg/ml. This M.A.P. was finally dialysed 

against the requisite buffer for experimental use. Purified T. solution 

from one porcine uae was typically eml at a concentration between 

1 to 2mge/ml. All purified proteins in buffer were rapidly frozen in 

liquid nitrogen and stored at med 
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Separation and estimation of assembled and disassembled 

Tubulin from microtubules of mouse exocrine pancreas. 

Both polymerised and depolymerised T. from murine exocrine 

pancreas were isolated using methods based on those of Pipeleers et al 

(1977). This involved the stabilisation of assembled MT. using a 

puffer, containing both glycerol and Dimethylsulphoxide (DMSO), and 

the separation of these from unpolymerised T. by ultracentrifugation. 

Into the requisite number of ultracentrifuge tubes were pipetted 

50Qul of MT. stabilising buffer (MTS) (Glycerol-50%; DMSO-5%; MgCl.- 

0.5mM; EGTA-1mM; EDTA-O.1mM; MES-100mM; GTP-O.5mM; pH-6.4 with HCl) 

the whole then being weighed. Whole pancreas samples were removed 

from freshly killed mice and placed, one per tube, into the MTS buffer 

kept at 4°c on ice. The tubes were then reweighed, the weight of 

pancreas determined and MTS buffer added in the proportion one to ten 

(tissue weight : volume). The tissue and buffer were decanted into a 

Jencons teflon-glass, hand-operated homogeniser and homogenised until 

no tissue pieces were visible (normally 10 - 15 strokes). The pancreas 

suspensions were then transferred to their centrifuge tubes and within 

an hour of homogenisation spun at 100,000g, for 45 minutes at 4°C. The 

resultant supernatants (supernatant 1.) containing depolymerised T. 

were saved for T. estimation and the pellets washed each with 200On1 

of MTS buffer. 

After washing the pellets were resuspended in one to ten tissue 

weight to volume of MT. depolymerising buffer (TS) (Sucrose-0.25M3 

MgCl1..~O. SmM ; MES-100mM; GTP-O.5mM; Bovine serum albumin (BSA)-2%; 

pH-6.4 with HCl). These suspensions were left for one hour at 4°c and 

then centrifuged at 100,000g for 30 minutes at 4°c. The ee 

supernatants (supernatant 2) containing T. derived from assembled MT. 

were saved for T. estimation and the pellets again resuspended in 
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1,000n1 of TS buffer. These were recentrifuged as previously to 

yield supernatant 3. 

The three supernatants derived from each pancreas sample were all 

diluted with an equal volume of the other requisite buffer to give a 

50 : 50 mixture of MTS and TS buffers with a final pancreas concen- 

tration of one to twenty (tissue weight to volume). In some cases 

the supernatants were cloudy with fat deposits and were cleared by 

passing through an 0.8um pore Millipore filter. Clear supernatants 

3 were then assayed for T. using the ~“H-colchicine binding assay; the 

blank value for this being the mean d.p.m. derived from the third 

supernatants. All sample T. values were given as pg/ml of either 

polymerised (supernatant 2) or depolymerised (supernatant 1) pancreas T. 
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Estimation of protein concentrations. 

The total protein concentrations of MT. protein solutions and 

other samples were estimated using a modification of the method of 

Lowry et al (1957). This involves two main reactions, copper binding 

to the protein in alkaline solution and reduction of a phosphomolyti ic- 

phosphotungstic reagent (Foline-Ciocaltei phenol reagent) by the copper- 

treated protein to produce a blue colour which is proportional to the 

protein concentration, at least at low concentrations. 

Initially a set of serial dilutions were prepared from a stock 

solution of 10mg/ml crystalline bovine serum albumin (Sigma). This 

stock was kept at ~20°C and used within 2 weeks to prepare such sets 

of standards. Eight standards were prepared in a dilution series from 

10mg/ml1 to 0.08mg/m1 BSA in either distilled water or the relevant 

buffer together with a blank containing no protein. For the assay 

200p1 of each of ie standards and the blank were placed in separate 

tubes alongside similar tubes containing 200p1 of unknown samples. 

Before the assay an alkaline copper solution was prepared from 

aqueous stock solutions of 2% Na, CO, in 0.1N NaOH, 1% Gi, SO, 5H,0 and 

2% potassium or sodium tartrate in the proportions 100 : 1: 1 respect- 

ively. This alkaline copper solution was used for a day then discarded. 

1ml of this solution was added to each standard, blank and sample, 

mixed thoroughly and allowed to stand for 10 minutes at room temperature. 

The Folin-Ciocalteu phenol reagent was diluted to a stock solution 1N in 

acid (~2 fold) on the basis of a titration against NaOH to the phenolph- 

thalein indicator end point. Addition of 100p1 of this stock phenol 

solution was carried out, rapidly with mixing, to each standard, blank 

and sample. After being left for 30 minutes at room temperature for 

the blue colour to develop, the tubes were all diluted with 5ml of 
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distilled water, mixed and their absorbance at a wavelength of 740nm 

against the blank, measured using a Beckman 'DB' spectrophotometer or 

a Cecil Instrument 'CE 272 Linear Readout! spectrophotometer. 

These absorption readings for the standards were plotted against 

their known protein concentrations and the resultant curve used to 

find the protein concentrations of the unknown samples. In some cases 

the assays were redone more accurately by diluting the unknown samples 

to ensure that their absorption values lay on the early linear part of 

the curve.



The *H-colchicine binding assay for tubulin. 

The property of colchicine to bind specifically to T. was used as 

the basis for this radioassay based on the method of Sherline et al 

(1974). Initially a stock solution of *H-colchicine was prepared 

using a 250pCi batch in Oe Sut of ethanol supplied by the Radiochemical 

Centre, Amersham. 250pCi of ring-A-4-"H-colchicine was made up to 5ml 

with ethanol and stored at -20°C for T. assayS. 

A fresh 0.121mM solution of cold colchicine was prepared for each 

assay, to which was added (in a proportion 1 to 9, Ay to cold) stock 

*H-colchicine, to produce a labelled, 0.11mM, aqueous colchicine 

solution. Sufficient volume being prepared for the required number of 

assay samples, blanks and standards usually in triplicate. 100p1 of 

sample were pipetted into plastic, conical-based centrifuge tubes. 

Blanks and standards were prepared containing 100n1 of the relevant 

buffer. To each tube was added 10n1 of the labelled colchicine 

solution; all were thoroughly mixed and placed in a water bath at 37°C 

for 90 to 120 minutes, all tubes being similarly incubated. After this 

time the binding was stopped by adding 1ml of a 2mg/ml distilled water- 

activated charcoal (Sigma) suspension to each tube, with the exception 

of the standard to which only 1ml of distilled water was added. The 

whole was then mixed, allowed to stand for 10 minutes and centrifuged 

at 2,200g for 10 minutes at room temperature. A 500n1 aliquot of the 

resultant supernatant for each tube was added to 7ml of Biofluor 

scintillation cocktail (New England Nuclear) ready for liquid scintill- 

ation B-counting. 

The amount of colchicine bound to T. was calculated from the B-counter 

results by the following formula :- 

Sample (dpm) - Blank (dpm) 
af a Ss 

Standard (dpm) - Blank (dpm) ~ nmole



By assuming that at saturation 1mole of colchicine was bound per mole 

of tubulin and that the molecular weight of T. was 110,000 daltons, 

the concentration of T. in each sample was calculated in pg/ml. Direct 

T. concentrations were obtained from B-counter d.p.m's by the use of a 

7H computer programme (see the Appendix). Initial testing of the 

colchicine binding assay was carried out prior to use as experimental 

samples (see the Appendix); optimum parameters were thus selected for 

sample estimation.



Liquid scintillation counting. 

To ascertain the amount of B-radiation emitting *H-colchicine in 

samples for T. estimation, liquid scintillation counting was carried 

out using the Packard 'Tri-Carb 2660' Liquid Scintillation System 

and 'Biofluor' High Efficiency Emulsifier Cocktail (New England Nuclear). 

Before samples could be p-counted a quench correction curve was 

prepared using 'Biofluor' scintillant and stock *H-colchicine prepared 

for the T. assay. This curve was necessary to evaluate the efficiency 

of counting of individual samples and therefore to calculate their 

disintegration rate from their count rate. The stock AH-colchicine 

solution contained 250pCi in 5ml of ethanol; this provided us with an 

internal standard of “1.11 x 40° d.pem/ml on the date of analysis 

tain IpCi produces 2.22 x 40° dep.m.). 100ul of this stock solution 

was added to 100ml of Biofluor scintillation cocktail, thoroughly 

mixed and apportioned into 10ml lots in glass scintillation vials. 

These ‘quench standards' were then pre-counted to ensure that they 

each contained similar activity. Each standard was then quenched using 

differing amounts of formic acid from Oml to 1.5ml, made up to equal 

volume and counted to estimate their counting efficiency and external 

standard channels ratio. (The ratio of the samplec:pm.to the c.p.m. 

2264). The curve resulting produced by an external gamma source - 

from the plot of these values for each standard was later used to 

estimate the counting efficiency of unknown samples (from the AH~-col- 

chicine binding assay) and hence determine their d.p.m. from counted 

Cepem. The values for a typical curve are shown overleaf 
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Standard No. External standard ratio 4 ufficiency 

4 22322 9.53 
2 - 3256 16244 
3 » 3844 geue' 
u 2454S 22555 
5 25193 32.64 
6 ~5588 36.78 
o 6096 B75 
8 6644 46.16 

9 o(go2 49.83 
10 27944 54.18 

6 
Each quench standard contained 1,068,930 d.p.m. (1.11 x 10 

multiplied by 0.963 - the correction for radioactive decay of the 

standard). 

Using the Packard 'Tri-Carb 2660' Liquid Scintillation System 

the above curve was stored in its in-built computer and used to 

automatically determine sample d.p.m's. 
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Radioimmunoassays. 

Radioimmunoassays were used to determine the concentrations of 

T. and M.A.P's derived from both isolated brain MT. and tissue super- 

natants (exocrine pancreas). The basic methodology was based on that 

of Le Guern et al (1977). 

Initially a set of serially diluted, replicated standards were 

prepared from a purified protein solution (of T. or M.A.P.) of known 

concentration. Three sets of standards were prepared each consisting 

of 13 serial dilutions of 100y1 starting with the samefirst standard 

protein concentration. Typically a purified stock solution with a 

protein concentration of 2mg/ml was diluted 1 to 49 to give an initial 

standard concentration of 4,000ng/10Qu1 and a final standard concentration, 

after serial dilution, of 1ng/100Qul. All unknown samples were then 

suitably diluted (usually 1 : 9) and 10Qul of each, in triplicate, 

placed in L.P.% plastic radioimmunoassay tubes (Luckham Ltd.). 

Dilution of samples and standards was always with phosphate buffered 

saline (PBS) (NaH, PO), ~10mM ; NaC1-0.876%; Na azide-0.02%; pH 7.6 with 

HCl) containing 0.1% gelatine. In addition to the samples and standards 

in L.P.3 tubes, triplicate blank, background and total tubes were 

prepared; the blanks and backgrounds containing only 1001 of PBS. 

Into each tube sample, standard, blank, background and total was 

added 50n1 of diluted (usually 1: 9) iodinated protein (1s kB 

or 2550.) to compete for antibody binding with the 'cold' protein. 

The antibody solution CintewnP. or anti-T.) as rabbit antiserum was 

suitably diluted (usually 1 : 249) and 20pl of this diluted antiserum 

added to each tube with the exception of the total tubes and background 

tubes, the latter receiving 50n1 of PBS. This antigen-antibody 

combination was capped thoroughly mixed and left for 24 hours at room 
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temperature. 

After this period the second diluted antiserum (usually 1: 19) 

was added, this was either goat anti-rabbit IgG or goat anti-rabbit 

whole serum (Miles-Yeda). This was diluted in EDTA-PBS (PBS + 0.05mM 

EDTA), EDTA being included to prevent complement interference with 

immunoprecipitation. 200n1 of this second dilute antiserum was added 

to each tube with the exception of the total tubes. After a second 

incubation period of 24 hours at room temperature all the tubes were 

centrifuged at full speed in an M.S.E.'Mistral 4L' centrifuge for one 

hour at room temperature. The supernatant was drained off the 

resultant pellets and the insides of the tubes blotted dry with 

tissue paper. Finally all the tubes were counted for bound aay 

-activity in counts per minute (c.p.em.) on an I.C.N. 'Gamma Set 500! 

gamma counter. 

The percentage binding of Mey was calculated for each standard 

and sample using the following formula :- 

Sample or standard (c.p.m.) - Background (c.p.m.) 
Blank (cepem.) — Background (c.p.m.) 
  x 100 

The formulae of the lines for each of the three standard curves and 

the mean standard curve were computed using the plot of the logarithm 

of the standard protein (M.A.P. or T.) concentration against the 

125; 
percentage bound ‘ The formula of the curve with the greatest 

correlation between these two parameters was then used to calculate 

the sample protein (M.A.P. or T.) concentration. All calculations were 

carried out usingaconputer programme. When it was found that background 

counts were excessively high a detergent, Trit on X-100 (0.1%), was 

incorporated in the PBS used for dilution in the first incubation. This 
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in turn led to the final pellets having a tendency to break up, 

this was countered by incorporating potato starch (5mg/ml) in the 

EDTA-PBS used in the final incubation. 

Initial, trial standard curves not used to assay samples are 

included in the Appendix. 
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Preparation of samples for the electron microscope. 

Fixation 

For routine study of MT. and zymogen granule material during 

experiments fixation and simultaneous negative staining were carried 

out using 1% uranyl acetate. A drop of the material for examination, 

in suspension, was placed on prepared Formvar or Nitrocellulose coated, 

copper 300 mesh E.M.grids and left for a few minutes to allow material 

to settle on the surface. Excess moisture was removed with a torn 

wedge of filter paper and the grid was then stained by running three 

to four drops of a 1% aqueous uranyl acetate solution over it. These 

stained grids were then left to dry in a dust free petri dish prior to 

examination in a T.E.M. 

Conventionally sectioned material was fixed in one of two ways, 

prior to centrifugation or post-centrifugation. Pelleted material 

was fixed in 1% or 2% glutaraldehyde in either 0.05M phosphate buffer 

(pH 6.8) or MT. isolation buffer containing 8% tannic acid. Fixation 

prior to centrifugation was accoding to the method of Burton and Himes 

(1978) . Spl of unbuffered glutaraldehyde solution (25%) were added to 

each 0.5ml sample (final glutaraldehyde concentration - 0.25%) which 

were left for 5 minutes. After this time 1.5ml of 8% tannic acid in 

0.05M phosphate buffer (pH 6.8) were added and the whole left for one 

hour at room temperature. Both pre- and post-centrifuged fixed material 

was washed in the appropriate buffer (MT. isolation or phosphate) for 

at least one hour and then post-fixed in 1% Osmium tetroxide as 

outlined below. 

Fixed pellets which proved difficult to handle were embedded in 

1.5% agarose. Molten agarose solution was mixed with the soft pellet 

and drawn up into a pasteur pipette, this was then forced out into 
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ran 

4 

ice-cold buffer where it set into long ribbons which were cut into 

pieces 4mm? for post-fixation. 

Post-fixation 

This was always carried out using 14% osmium tetroxide in the 

appropriate buffer. A glass vial containing O.1g of O50), crystals was 

cleaned in chromic acid to remove grease, scored with a diamond marker 

pen at one end and dropped into a grease-free 10ml measuring cylinder 

containing 2ml of buffer. The top of the measuring cylinder was 

sealed with Parafilm and shaken to break the vial. 8ml of buffer were 

then added to the cylinder and the whole left overnight for the crystals 

to dissolve. The resultant 1% Os0), solution, once filtered using grease- 

free glassware, was used for post-fixation; all steps being carried out 

in a fume cupboard. 

Gluteraldehyde-fixed and washed material was placed in small capped 

jars and covered with the 1% Os0), solution for one hour; finally it was 

washed for a further hour in buffer ready for dehydration. 

Dehydration 

Post-fixed material was dehydrated by passing through a series of 

increasingly concentrated aqueous ehtanol. The drained material was 

covered with alcohol solution for five to twenty minutes then transferred 

to a more concentrated solution. The solutions used were 50%, 60%, 70%, 

80%, 90%, 95% ethanol with two final changes of 100% ethanol for 30 

minutes prior to embedding. 

Embedding 

All material was embedded in Spurr (1969) low viscosity epoxy resin:- 
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Ingredients (by weight) Rapid Long-life 

  

Hime. Hand: Sort Cure low viscosity 

Epoxy resin WRL~8206 = 10.06 10.0 10.0: * 1029 10.0 

Flexibiliser DER} 756 + 620 4.0 8.0 6.0 6.0 

Anhydride hardener NSA | fee eee 26,0° 26,0 26,0 

Accelerator S-1 0.4 ot OLe Ps 2.2 

Cure time (70°C) ,hrs minimum: 8 8 8 3 16 

Pot life, days Se oe oo 2 7 

Usually either 'firm' or 'long-life' mixtures were used, the quantity 

of DER-736 being increased to 7.0g to give a softer resin where needed. 

Resin components were mixed on a magnetic stirrer and left before use 

until all the air bubbles had left the mix. 

The previously dehydrated material was transferred from the final 

alcohol to a 50/50 mixture of Spurr resin and 100% ethanol and left 

for more than two ours: after this period the material was put into 

pure resin and again left for over two hours. Two to three small 

CK 4mm?) pieces of each sample were then put into a gelatine capsule 

filled with resin and left until they had completely absorbed resin and 

sunk to the base of the capsule. Each piece was then transferred to 

the base of a fresh gelatine capsule filled with fresh resin and labelled 

with a geetiiourtt tee square of paper in the top of the capsule. The 

resin was finally cured in an oven for at least 12 hours at 60 to WO C. 

Prior to sectioning the gelatine capsule was removed from the now 

hard resin blocks by placing in hot water for 10 to 15 minutes. 

5. Sectioning 

Resin blocks were trimmed before sectioning to remove superfluous 

resin around the embedded material. Under a dissecting microscope a 

razor blade was used to cut a trapezoidal shape to the sample end of 
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the blocks. Glass knives were prepared on an LKB knife maker with 

insulating tape boats sealed with dental wax. Thin sections were then 

cut on either an LKB ultramicrotome or a Cambridge 'Huxley' ultra~ 

microtome. The sections when spread with xylene were between 90 and 

60nm with corresponding interference colours of silver to grey. 

6. Staining 

All sections were collected on copper 300 mesh E.M.grids and 

double-~stained with magnesium uranyl acetate and lead citrate stains. 

Drops of 1% magnesium uranyl acetate in 50% aqueous ethanol were placed 

in a covered cavity slide together with two to three section-bearing 

grids and left = 30 minutes at 60°C. The grids were then transferred 

to three changes of distilled water before lead citrate staining. 

Lead citrate stain was prepared by mixing 1.33g of lead nitrate and 

1.768 of sodium citrate in 30ml of distilled water for 30 minutes. The 

white precipitate of lead citrate was then dissolved by adding 8ml of 

1N.sodium hydroxide and making the whole up to 50ml. Drops of this 

stain were then placed into a wax-lined petri dish, surrounded by 

sodium hydroxide pellets to absorb CO, and prevent the formation of 
2 

insoluble lead carbonate precipitates. Uranyl acetate stained grids 

were placed on the stain drops and the covered petri dish left at 60°C 

for 20 minutes. Upon removal the grids were washed in 0.02N sodium 

hydroxide, to remove any lead carbonate precipitates, in three changes 

of distilled water and left covered to dry on filter paper. 

7-Electron microscopy 

All negatively stained grids and conventional sections were examined 

in either an A.E.I. E.M.6B or J.E.O.L. JEM 100B electron microscope. 
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8. Critical-point drying of samples for S.E.M. 

Material for examination in the scanning electron microscope 

was critical-point dried in a Polaron critical-point dryer. Convention- 

ally dehydrated material in 100% ethanol was placed into two changes 

of amyl acetate for at least one hour. The critical-point dryer was 

cooled to below 20°C, by passing iced water through its outer casing, 

and the samples were then placed in wire~mesh receptacles within the 

sealed dryer. Liquid CO, was passed into the body of the dryer until 
2 

it was almost full, the CO, was then flushed through for several minutes 
2 

maintaining the level of liquid CO., at a constant. When the amyl 

acetate vapour ceased to pass out of the dryer in the exit vapour the 

inlet and outlet valves were closed and the whole left for 30 minutes. 

After this time a second liquid CO, flushing was carried out and the 

dryer resealed. The water in the jacket of the dryer was then heated 

until the meniscus of the liquid CO, disappeared (at about 48°) 

leaving only co, vapour. The outlet valve was finally opened to allow 

the CO. to slowly escape; once at atmosphericpressure the samples were 

removed. 

Small broken pieces of critical-point dried sample were stuck to 

S.E.M. stubs and kept dry under vacuum. Before examination they were 

sputter coated with gold using an Edwards 'Speedivac' coating unit. 

All scanning electron microscopy was carried out on a Cambridge S.E.M. 

2a scanner. 
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Immuniprecipitation testing using Ouchterlony plates. 

In order to examine the specificity and strength of antibody 

solutions before using them in radioimmunoassays it was necessary to 

test their reaction with the required antigens. This was done using 

Ouchterlony plates for jmumnopreg yi tation. 

Ouchterlony Biateetere. prepared by placing clean microscope slides 

on a levelled surface, usually a Shandon Southern plate pourer. Molten, 

2% Noble Agar (Difco Laboratories) was then poured onto these slides to 

a depth of 3mm and allowed to set. A pattern of wells was then cut 

out of the agar using a template beneath the slides and a sharpened 

micropipette tip. The pattern used was as shown below :- 

  

    
  

The agar solution was prepared in the buffer to be used for the future 

radioimmunoassays (usually PBS). Prepared Ouchterlony plates were 

stored at 4°C in a sealed humidity chamber ready for use. 

To estimate the optimum concentration, for radioimmunoassay, of an 

antibody solution (usually an antiserum), a set of serial dilutions 

was made from the stock and 5,1 of each placed in the outer wells of 

the Ouchterlony plates. The antigen solution for comparison was then 
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placed in the central well and the plates left at a constant temperature 

in a humidity chamber, usually overnight. After this time the presence 

of a precipitin line between any of the outer wells and the inner well 

indicated that, after immunodiffusion of the antibodies and antigens, 

immunoprecipitation had taken place. Hence the range of antibody or 

antigen concentrations over which immunoprecipitation could be expected 

to occur in a radioimmunoassay was determined. 

Where the presence of precipitin lines was indistinct the Ouchter- 

lony plates were fixed and stained using 0.025% Coomassie Brilliant 

Blue R (Sigma) in aquevus 25% propan-2-o0l, 10% acetic acid. These 

were then destained in 0.0025% Coomassie Blue in aqueous 10% propan+2-ol, 

10% acetic acid and finally cleared in aqueous 10% acetic acid. Were a 

was 
permanent record of the precipitin lines, necessary the plates were air 

dried and kept. 
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ITodination of proteins. 

Purified and separated MT. proteins were iodinated using the 

chloramine T. method of Greenwood et al (1963). 

Initially a fresh (no more than three days old) batch of 2mCiof 

Iodine-125, as sodium iodide in NaOH solution (Radiochemical Centre, 

Amersham), was diluted by adding 30,1 of phosphate buffered saline 

(PBS) (Na H PO, ~10mM ; HaCl-0.876%; Na a@ide-0.02%; pH-7.6) to the 
2 

initial 20uls mCi (25p1) of this stock was then added “ about 20mg 

of protein in 10ml of PBS. To the mixture of protein and iodine-125 

was added 10p1 of a 0.1mg/ml solution of chloramine-T. (N-chloro-p-~ 

toluene sulphonamide) in PBS. The whole was then mixed and left for 

two minutes; the reaction being stopped after this time by the addition 

of 50n1 of a 2mg/ml sodium metabisulphite solution in PBS closely 

followed by 100u1 of a 10mg/ml solution of potassium iodide in PBS. 

After mixing, iodinated protein was separated from free iodine on a 

Sephadex-G25 disposable chromatography column (Pharmacia). Iodinated 

protein was isolated, by ¥ -counting the 0.5ml fractions, typically in 

fractions 5, 6 and 7 of the void volume. Free iodine did not begin 

to appear in any amount until fraction 10. 

The iodination method typically produced a 1.5ml stock of iodinated 

protein at a concentration less than 13yg/ml and with a X¥ -count rate of 

between 50,000 and 1,000,000cpm/ml depending on the initial amount of 

protein used. This stock was rapidly frozen in liquid nitrogen and 

0. : ae 
stored at -20 C for use in radioimmunoassays. 
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The in vitro combination of microtubules and zymogen granules. 
  

MT. protein was isolated, normally from porcine brain, in the 

normal way and stored at ~20°C in 8M glycerol in isolation puffer. 

Zymogen granules from mouse exocrine pancreas were also isolated and 

stored in granule buffer at 4 no, fonger than.overnight. Prior to 

combination with MT. these granules were pelleted by centrifugation 

and resuspended in a minimal volume of MT. isolation buffer (MES-100m; 

EGTA-1mM; EDTA-O.1mM; MgCl,-0.5mM; pH 6.4 with HCl) and kept on ice 

at 4°c. Alternatively ‘granule ghosts! were prepared in the place of 

whole granules. Equal portions of MT. protein solution and granule 

suspension were then combined according to the following experimental 

regime :- 

MT. + G ( 4°C) : MT. protein solution + Zymogen granule solution 

Mig Care) " + " 

MT. only (37°C) : " MT. isolation buffer + 

G only (390) 38M glycerol MI.buffer + Zymogen granule suspension 

Bach of the above combinations, usually replicated, was made 1mM in 

GTP and incubated for 30 minutes at the indicated temperature. After 

this period all the incubation tubes were centrifuged at 1,000g for 

10 minutes at room temperature in the M.S.E. 'Mistral 4L' centrifuge. 

After centrifugation the supernatants were removed for protein 

estimation (Ai-colchicine binding assay or R.I.A.) and the pellets 

were either prepared for electron microscopy or resuspended in MT. 

isolation buffer. To estimate bound MT. protein to zymogen granules 

the pellets were resuspended in equal, minimal volumes of MT. isolation 

buffer containing 1mM GTP and incubated at 4°c for one hour to dis- 

assemble the MT. These suspensions were then recentrifuged at 1,000g 
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for 10 minutes at 4°C and the supernatants again removed for protein 

estimation. The remaining pellets were either discarded, prepared for 

electron microscopy or again resuspended in buffer and cooled to AG 

Protein supernatants were obtained often through three cycles of 

resuspension and centrifugation of the zymogen granules in fresh, cold 

puffer. These supernatants were stored at -20°C for estimation of 

their T. content within two days. The formation of MT. during initial 

incubation was monitored using negatively stained E.M. grids. 
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Macroscopic examination of interaction between microtubules and 

zymogen granules. 

MI. protein and isolated zymogen granules were combined according 

to the inevitro regime outlined in the previous section. After the 

initial centrifugation the pellets were fixed for electron microscopy. 

Both before and after centrifugation four of the different types of 

MI.-granule combination were observed and compared carefully. The 

post-incubation mixtures were compared morphologically for both 

: . , by eye 
viscosity and clarity, s were the post-centrifugation supernatants. 

Pellets produced by centrifugation were compared for size both before 

and after fixation and also when fixed prior to centrifugation. 
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Scanning electron microscopy study of the interaction between 

microtubules and zymogen granules. 

As in the previous procedure MI. protein was combined with isolated 

zymogen granules in vitro at two incubation temperatures. These mixtures 

when first centrifuged produced pellets which were fixed for S.E.M. 

Pellets were also produced from material fixed before centrifugation. 

These fixed pellets were processed for scanning electron microscopy 

and examined in the S.E.M.



Transmission electron microscope study of the interaction 

between microtubules and zymogen granules. 

Pelleted, combined MT. and zymogen granules were fixed citer 

before or after centrifugation. These pellets were then prepared 

for T.E.M. and examined in the electron microscope. Both first 

incubation and cold secondary incubation pellets were examined and 

compared for the presence of any forms of interaction between the 

MT. and zymogen granule membranes. 
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The estimation of the effect of exocrine pancreatic stimulation 

on the microtubule-free tubulin equilibrium. 

In order to examine the alteration in the proportions of T. found 

in MT. and as 'free-pool' T. in the exocrine pancreas during secretion 

the assay described previously to separate and estimate pancreas T. 

was used. Initially a comparison was made between the pancreas T. 

levels of both fed and fasted mice. However, since the differences 

in both polymerised T. (MT.) and depolymerised T. ('free-pool') proved 

to be insignificant a chemical pancreatic stimulant was used to replace 

feeding. 

In all cases a set of mice selected to be as similar as possible 

(in terms of age, sex and live weight) were divided into two groups at 

random. These two groups were then fasted overnight in preparation for 

experimentation the next morning. Each group of mice was differently 

treated, one group to stimulate exocrine pancreas secretion and the 

other to leave pancreatic secretion at basal (fasted) level. Early 

experiments involved the comparison of fed and fasted animals; pre- 

fasted mice were split into two groups and one group allowed to feed 

on pellet food. In later experiments fasted mice were compared with 

Pilocarpine treated mice. Pre-fasted mice were split again into two 

groups; one group was given 3.99mg és Pilocarpine HCl (Sigma) in 100p1 

of PBS per 30g (approx.) mouse to stimulate exocrine secretion, the 

other group being given 100n1 of PBS per mouse as a control. Saline and 

Pilocarpine in saline were both administered by injection (25 gauge 

needle subcutaneously). 

All mice were left for 30 to 60 minutes, each group being left for 

the same period. After this time signs of the effect of Pilocarpine 

(where given) on exocrine secretion were obvious, these included



  

increased lacrimation, over excretion, and general stress. Saline 

treated animals showed none of these symptoms. Mice were killed by 

cervical dislocation and their pancreas removed. The removed pancreas 

were then assayed for both assembled and disassembled T. using the 

methods outlined previously. The two treatment groups' results 

were then compared statistically by computer (see the Appendix). 
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Examination of the microtubule-free tubulin equilibrium during 

the stimulated exocrine pancreas time course. 

The effect of Pilocarpine-stimulated exocrine pancreas secretion 

on the MT. - T. equilibrium was investigated over the time period after 

stimulation. Two types of experiment were carried out; one where 

pilocarpine treatment alone was given to a group of mice and their 

pancreas T. levels measured, and a second type where both pilocarpine~ 

stimulated and non-stimulated levels were investigated. 

To evaluate the effect of pilocarpine on exocrine pancreas T. 

levels a group of similar mice (on the basis of age, sex and live 

weight) were fasted overnight before next morning's experiment. These 

mice were then split into five groups, at random, each group consisting 

of 3 or 4 replicate mice. Each group of mice was designated one of 7 

five time periods after Pilocarpine injection, either 10, 20, 30, 45 

and 60 minutes or in other experiments 0, 2.5, 5, 10 and 20 minutes. 

In all cases an injection (25 gauge needle subcutaneously) of 399mg 

of Pilocarpine in 100u1 of saline was given per 30g (approx.) mouse. 

A randomised plan was used to decide the order of treatment of mice; 

they were selected for injection, incubation for the designated time 

period, killing and pancreas removal at random both with respect to 

time period group and replicate number. Each randomly selected mouse 

was injected, left for its required incubation period, then killed and 

its pancreas removed. The pancreas was homogenised in MTS buffer as 

described previously and left on ice at 4°c, All the mice were so 

treated before any other steps were carried out to separate assembled 

and disassembled T. Once all the mice had had their pancreas removed 

and homogenised the final steps in separation of assembled and dis- 

assembled T. were carried out. Finally the amount of T. in each fraction



  

was assayed by Ai oolechicine binding assay or R.I.A. The resultant 

values were then analysed statistically using a computer programme 

(see the Appendix). 

The second type of experiment was arranged similarly to the 

previous type except that both Pilocarpine injected (3.99mg in 100p1 

PBS per mouse) and saline-only injected animals (100p1 per mouse) were 

included. In this case similar mice were split at random into two 

groups, a Pilocarpine-treated group and a saline-treated group. Each 

group was then randomly divided into five time period (after injection) 

groups of 10, 20, 30, 45 and 60 minutes. Mice were then treated at 

random with respect to replicate number time period group and injection 

type. Homogenised pancreas were assayed as before for assembled and 

disassembled T. and the results compared statistically using a computer 

programme (see the Appendix). 
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Macroscopic examination of the interaction between isolated 

zymogen granules and MI. proteins.: 

Photographs P1 to P4 show the results of careful macroscopic 

observations of the interaction between isolated zymogen granules 

and MT. proteins in a typical in vitro experiment. 1 shows the 

experimental tubes after incubation at 37°C or 4°C and prior to centri- 

fugation. From left to right. they. vere MP protein and granules 

incubated at 4°c; and B: MT. protein and granules, ea MT. protein alone 

andA&: granules alone, all incubated at aC, It can be seen that the 

second experimental mixture (B) was much more turbid than the other two 

containing granules (& andA) which were very similar in this respect. 

The second photograph, P2, shows the supernatants collected, after 

centrifugation at 1,000g for 10 minutes, from the experimental tubes in 

the first photograph. The supernatants from all but the second tube 

(B: MT. proteins with granules incubated at 37°C) were of similar volume, 

the second tube's supernatant being considerably reduced in volume. 

Photographs P3 and P4 show the pellets collected, after centri- 

fugation,from the experimental tubes in photograph P1. P3 shows the 

pellets immediately after centrifugation covered by tannic acid/ 

gluteraldehyde fixative and P4 shows these same pellets removed from 

the experimental tubes. The pellets labelled a, B andAcorrespond to 

the experimental tubes AX, B,AM in the first photograph. However, those 

labelled o-and B, were derived from experimental tubes corresponding to 

a and BL in photograph P1, but they were tannic acid/gluteraldehyde fixed 

before centrifugation. Both P3 and P4 show that whereas pellets labelled 

dand A (a: MT. protein and granules incubated at Oa, a3 granules alone 

incubated at 37°C) were of similar volume,pellet B (MI, protein and granules 

a7.



incubated at 37°C showed a three-fold increase in volume. Lhe 

one fixed Siilete Show in eos Ph were “Wiese which were 

dehydrated, critical point dried and meoperes for 8. E. Me 
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Photographs P1 to Pd MP .-2ymogen granule 
interaction. tas hata oitho: < cage ie a ss i ea 

. Supernatants after centrifugation. 

Granule pellets during E.M. fixation. 

Granule pellets after fixation. _ 
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Scanning electron microscope study of the interaction between 
  

isolated zymogen granules and MT. proteins. 
  

The pellets shown in photograph P4 of the previous section were 

looked at in more detail by scanning electron microscopy. Photographs 

P5 to P9 each show overall S.E.M. views of these pellets. Photographs 

P10 to P12 are closer details of some parts of the B, (MT. protein 

and granules combined at 37°C and fixed before ae gation) derived 

pellet. : 

The pellet derived from MT. protein and granules kept at 4°C (P5) 

and granules incubated alone at 37°C (P7) should be contrasted with 

the pellet from the MT. protein/granule mixture warmed to 37°C (P8). 

The 'granular' appearance of the former two pellets is markedly different 

to the complex meshwork viewed in the Tatton. These contrasts are 

maintained even when the mixtures were tannic acid/gluteraldehyde fixed 

before centrifugation. Photograph P6 shows such a view of the pellet 

derived from the cold MT. protein/granule mixture and photograph P9 such 

a view of the warmed mixture pellet. 

Of the detailed views of the pellets derived from the warmed MT. 

protein/granule mixture, pre-centrifugation fixed, photograph P10 shows 

a close up of the MI. meshwork while P11 and P12 show zymogen granules 

on the surface of this mesh. Note that the former granule is uncoated 

while the latter is coated by the MT. web.



Photographs P5 to Pl2 : S.E.M. examination of the MT.~zymogen granule 

interaction. 
  

P5 : Overall view of pellet from tube containing MT. proteins and zymogen 

granules incubated at 4°; x Oaks 

P6 : Overall view of pellet from tube containing MT. proteins and zymogen 

granules incubated at 4°c but fixed before centrifugation; x 3.5K. 

P7 : Overall view of pellet from tube containing only zymogen granules 

incubated ay a7 G: 3, OK.
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C : Overall view of pellet from tube containing MT. proteins and zymogen 

granules incubated at 37°C; Kelis 

P9 : Overal view of pellet from tube containing MT. proteins and zymogen 

granules incubated at 37°C but fixed before centrifugation; x 7.OK. 

P10: Close up view of pellet in photograph P9; x 17.7K.
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Pt 2: As above ; - a ee 
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Transmission electron micrographs of MI. assembled in vitro 

and isolated zymogen granules. 

When porcine brain MI. proteins and isolated murine exocrine pancreas 

zymogen granules were combined in the in vitro experiments, described 

previously, photographs P13 to P16 show how samples of the pellets 

appeared in iene wmieas electron micrographs. 

Photograph P13 shows various MT. fragments in both transverse and 

longitudinal section (t.s. and 1.s.). The sectioned MT. in the centre 

of the picture shows both views of the typical in vitro structure. 

Notice that in the t.s. at left centre the individual tubular: subunits 

are apiient « These subunits can also be seen in the l.s. of this MT., 

the individual protofilaments going up to the top right-hand corner of 

the photograph. Other fragments in this photograph also show the 

tubular nature of the MT., the dark stained side walls are surrounded 

by a lighter stained central core. Of particular note is the apparent 

presence of side arms on the sides of the l.s. of the long MT. fragment. 

Although not of any great size, there appears to be a periodic attachment 

of side arm material throughout the MI. length. 

A representative view of a sectioned exocrine pancreatic granule is 

shown in photograph P14. Here we can see a dense central core of 

zymogen surrounded by an outer membrane. The core of zymogen appears 

less dense than it would in in vivo .sectioned material. This was 

probably the result of a steady loss of material under the influence of 

osmotic shock during and after isolation. Material surrounding the 

‘granule may represent such material lost from other granules. In fact 

the removal of the internal zymogen core by alteration in the osmolarity 

of the isolation buffer became necessary in order to visualise the 
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phospholipid bilayer membrane of the isolated granule or ‘granule 

ghosts' as they became. 

Photographs P15 and P16 show such 'granule ghosts' in the process 

of losing their contents. Photograph P15 shows a rather fuzzy membrane 

outline, since the section did not cut the membrane normally in all 

places, however the bilayer is visible in the upper left part of the 

‘granule ghost'. Zymogen material is still apparent adhering to the 

inner membrane surface although the greater part of this material was 

being lost to the surrounding medium. Notice the MT. t.s. above the 

granule and the l.s. above this. Photograph P16 shows a much clearer 

granule membrane the last of its zymogen contents being lost from a 

break in the membrane. The typical bilayer membrane structure can be 

seen all around the section and an MT. 1.s. fragment can be seen close 

to the membrane. 

Nap



Photographs P13 to P16 : T.E.M. views of MT. and zymogen granules. 

P13: MT. proteins incubated alone at 37°C showing assembled MT. seen 

in tes. and L7s.. x O9.GK. 

Pid: Zymogen granules incubated with MT. proteins at 4°, showing a granule 

complete with its contents; x 93.2K. 

P15: MT. proteins and zymogen granules incubated at 8 showing a granule 

Losing ites contents; «7 1.5K. 

P16: MT. proteins and zymogen granules incubated at see showing a granule 

'ghost' losing its contents; x 38.9K. 
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Transmission electron microscope study of the interaction LY 
  

between isolated zymogen granules and MT. proteins. 
  

Over a considerable period experiments were carried out to 

examine the effect of assembled MT. on the sedimentation of exocrine 

pancreatic secretory granules or their ghosts. These experiments were 

carried out, controlled ss was outlined in the experimental procedures 

section,with T.E.M. monitoring at all stages. Pellets collected in the 

complete absence of MT. proteins or in the presence of disassembled MT. 

proteins (kept at 4°c) showed no association between MT. and 'granule 

ghosts'. Control samples containing only assembled MI. produced no 

pellets since the sedimentation rates used (1,000g for 10 minutes)were 

far too low to bring them down, indeed if they had pelleted under 

these conditions the experiments would have been inconclusive since we 

were trying to detect if the MI. pelleted in association with the 

zymogen granules. T.E.M. monitoring of pellets formed by the granules, 

previously in association with MT., by cold treatment (incubated at 

4c for 1 hour) and centrifugation at 1,000g for 10 minutes showed a 

complete absence of MT. - granule associations; assembled MT. could 

never be found in such pellets. 

Photographs in this section, P17 to P23, show the interaction of 

assembled MT. with pelleted zymogen 'granule ghosts'. In each case the 

granules were devoid of contents after being placed in several washes 

of MI. isolation buffer. Photographs P17 to P20 show the l.s. of MI. 

in close association with the ‘granule ghosts! and photographs P21 to 

Ped show the same association with the MT. in t.s. The area shown in 

photograph P17 has an l.s. of anMI. fragment of some length remaining 

in the plane of section. It shows not only the tubular nature of the 

MT. but also there is some indication of the striations associated with



  

the protofilaments. These two characteristic morphologies are the 

result of the variation in the plane of section through the MT. tube. 

More importantly the photograph shows the MT. in close juxtaposition 

to the granule membrane. La no structural association is 

apparent here, there is certainly some sign of side arm presence on 

the MI. fragment. 

The MT. les. in photograph P18 is once again particularly long 

showing both the tubular nature of the MT. and the decoration indicative 

of side arm presence. The distance between the MT. and the granule 

membrane is greater than in the previous photograph although there is 

some indication of a side arm connection between the two. The area of 

granule membrane indicated does not show the typical bilayer morphology 

since the plane of section here was more tangential, cutting along a 

Single part of the bilayer. This effect was also apparent on parts of 

the granule membrane shown in photograph P19. Here the MI. 1.s. is 

once again in close juxtaposition to the granule membrane but unlike the 

previous pair of photographs we can see definite periodic association | 

between the two, gaps being apparent between the points of attachment. 

This photograph and photograph P20 also show the close association of 

an MT. t.s. with the ‘granule ghost'. The MI. 1.s. in photograph P20 

may not be associated with the granule membrane although there is 

certainly some material connecting the two. 

MT. in t.s. associated with ‘granule ghosts' are more clearly shown 

in photographs P21, P22 and P23. In photograph P21 numerous MT. t-.s. 

are visible although only the two indicated are actually in contact with 

the granule membrane. They both appear to be in close contact with no 

real sign of any structural association. Similarly no side arms are 

apparent on the lower MT. t.s. indicated on photograph P22. The oper 

t.s. however does appear to have material between it and the granule 
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membrane, although since the section appears to be more oblique than a 

true t.S..1t is. probably just part of the MI. going out of the plane of 

section. The final photograph,P23, showing MT. in t.s. in association 

with a ‘granule ghost', not only has individual sectioned MI. associated 

with the granule membrane, but also a small group of MT. fragments as 

indicated. Two of the MT. are in close contact with the granule 

membrane while the others are grouped against this pair. An obliquely 

cut MT. to the right of the group also has a thin strand of material 

joining it to the granule membrane.



Photographs P17 to P23: T.E.M. examination of the MT.—zymogen granule 
interaction. 

All photographs show T.E.M. views of the MT.-zymogen granule pellet from 

the tube incubated at 37°C. 

Pi7: Zymogen granule' ghost' associated with MT. seen in 1.s.;x 40.5K. 

P18: As above: x 582K; 

P19: As above;x 70.9K. 

P20: Zymogen granule! ghost'associated with MT. seen in both t.s. and 

oe ce) SOAK: 
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P21: Zymogen granule’ ghost! associated v 
above;x 36.4K. ; 

above;x 36.2K. 
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High magnification, transmission electron microscope study of the 
  

interaction between isolated zymogen granules and MT. proteins. 

The photographs of zymogen ‘granule ghosts' in close association 

with MT. fragments in the previous section provides evidence for an 

interaction between the two organelles. However the physical nature 

of the connection, if present, between the two was not discernible. 

The photographs in this section show the interaction at higher magni- 

fications, small regions of granule membrane in close proximity to the 

MT. being examined much more carefully. The views presented of this 

arrangement are representative of what was observed over a long period, 

although obviously when working at the limits of magnification of the 

instrument used it was necessary to eliminate a number of the photographs 

collected on the basis of quality. | 

The first group of photographs, p24 to P29, show MI. in 1l.s. in close 

association with the granule membrane. The second group, P30 to P33, 

show the same association only with the MT. in tes. In each case the 

MT. show their characteristic structure, either in l.s. as a stained 

outer tube with a clearer central core or in t.s. as a circle of sub- 

units arranged in a perfect circle. The individual subunits are often 

apparent as tannic acid, negatively stained clear areas in a dark matrix. 

The granule membrane displays its characteristic bilayer structure. 

Photograph P24 shows a'granule ghost' membrane encompassing the top 

right-hand corner of the print with three MT. fragments in close proximity. 

The lower left fragment shows not only the tubular nature of the MT. but 

also exhibits in parts periodic striations indicative of the individual 

protofilaments making up the MT. Both the larger fragments exhibit wall 

decoration representing the possible presence of side arms. However, the 

most noticeable feature is the wispy material connecting the right-hand



  

MT, fragment to the granule membrane. This wispy material was present 

in the area of the membrane which has been sectioned more tangentially 

and therefore did not display the more pppicud lager structure 

represented by the other parts of the membrane which are shown. 

Much closer contact between the granule membrane and the MI. is 

shown in photograph P25. The granule membrane in the right-hand corner 

of the picture lies right against the MT. running from left to lower 

right. This MI. does not display a tubular structure but has So aaticns 

of the striations produced by the individual protofilaments. There is 

no clear indication of any structural relationship between the two 

organelles, although there may well be pine connection at the point 

where the MT. leaves the granule membrane to the left. The membrane 

and MT. are certainly in very intimate association throughout their 

areas of contact. 

More distant association is represented in photographs P26 and P27. 

P26 alle a length of MT. in l.s. running from top right to bottom almost 

paralleled by the granule membrane to its left. Where the pair approach 

one another most closely there is some indication of periodic inter- 

connections. Whether these arise from the membrane, the MT. side wall 

or both is uncertain; certainly the decoration on the MT. wall coincides 

with ridges on the outer part of the granule membrane. More distinct, 

regular connections between a granule membrane andan MT. l.s. are 

displayed in photograph P27. This shows a granule membrane enclosing 

the upper right-hand third of the picture andan MT. fragment below and 

to its left. Both in the areas of close contact and more distant 

association there is some indication of interconnections between the 

two organelles. At the right-hand end of the MI. piece are two areas 

where material joins the granule to the MT. and at the far left-hand end 

is another joined area. In between there are also indications of 
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coinciding MT. wall decoration and granule membrane ridges. 

The presence of definite connections between these two organelles 

in vitro is shown in photographs P28 and P29. The portion of granule 

membrane to the left of the picture is joined to a piece of MI., to 

its right, by a complete interconnecting arm. The position of this 

arm on the MT. fits in well with the periodic decoration indicative of 

side arms above it on the wall. Also it coincides with a bulge in the 

granule membrane at the point of attachment. Unfortunately the plane of 

section has not presented the membrane as a bilayer in this area so it 

is difficult to detect any definite structural outgrowths. The second 

photograph, P29, showing a definite MT.-'granule ghost' interconnection, 

also encounters this problem of delineating any structural outgrowths 

from the membrane. The granule membrane encompassing the upper right- 

hand corner of the photograph has, once again, been sectioned too 

tangentially to decide where the arm connecting it to the MI., running 

from upper left to lower right, originates. Even so there is a definite 

structural connection between the two organelles and some indication of 

connections in three places further along the MI. to the left; the 

farthest link being produced by large adjacent expansions of the Mie 

wall and granule membrane. 

The last group-of photographs in this section shows granule membranes 

in close association with MT. in t.s. In the first photograph, P30, 

the granule membrane running from upper left to right lies alongside an 

MT. seen in t.s. at lower centre. To the left of this t.s. is an MT. 

sectioned between t.s. and l.s. appearing in the plane of the photograph 

at two points. In the t.s. of the MT. we can discern the individual 

subunits which lie in a circle close to the granule membrane. Surrounding 

the MT. there appears to be some coating material and it is this coating 

which appears to join the MI. to the membrane. The normally perfectly 
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circular profile of the MT. also seems somewhat flattened against the 

membrane. Coating around the MT. is also evident in photograph P31. 

Once again the MT. in t.s. in the centre of the photograph displays 

its individual constituent subunits and hollow central core. Indicated 

to the left side of the MT. can be seen coating material which appears 

to extend into an arm pointing out from the MT. wall. 

A feature of this photograph and the next one, P32, is that the 

point in the granule membrane where the MI. contact is somewhat 

indented and contact is much more intimate than in the previous photo- 

graph, P30. In photograph P31 no real structural features are visible 

coming from the membrane bilayer although there does seem to be some 

coating around the MT. adjacent to the point of contact and continuing 

part way around the MT. arc. This coating is restricted to the point 

of contact of the MT. and membrane in photograph P32. 

In the final photograph of this group, P33, the MI. in the centre 

of the picture has been cut in a plane oblique to the MT. axis. 

Consequently the individual subunits are not clearly visible. This 

view does, however, show material protruding from the side wall of the 

MT. and connecting it to the granule membrane. 
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Photographs Ped to P33 : High power T.E.M. examination of the MT.-zymogen 
granule interaction. 

All photographs show T.E.M. views of the MI.—zymogen granule pellet from 

the tube incubated at 5G 

P24: Portion of granule! ghost'membrane connected to a MT. seen in l.s. 

by wisps of material;x 117.0OK. 

P25: Granule membrane closely associated with a MT. seen in l.s.;x 232.2K 

P26: Granule membrane in close alignment with MT. fragments in 1.s.;x 235.3K. 

135



  

(24. 

  PRé.  



      
eo 

me    
p28: AMT. side arm connecting granule'ghost'membrane and a MT. seen in 

l.s.jx 189.6K. a ie rs i 

  

. é 

   



Fat. 

  

P26. 

P24,  



   

  

    
   

  

to a granule! ghost! 

  

- membrane;x 234.3K.— — ae ee 

P31: As above;x 236.0K. 

2: As above;x 139.9K, 

    
ID7



730, 

 
 

 
 

 



*H-colchicine binding assay studies of the interaction between 
  

isolated zymogen granules and MI. proteins. 
  

In this first assay section the experimental combination of 

isolated zymogen granules and MT. proteins was examined biochemically. 

The supernatants derived from the pellets previously described in 

the electron microscope sections were assayed for T. by the An 

colchicine binding assay. The assay values were then compared by 

one way analysis of variance comparing the results on the basis of 

both the presence and absence of granules and the temperature of 

incubation. 

Eight experiments were carried out in all each with basically the 

same design. However, in experiments O4 and O05 MT. protein with M.A.P. 

removed was used in addition to whole MT. proteins. Also in addition 

to measuring the T. levels of first and second supernatants experiments 

o4, 06, O7 and O08 all had further supernatants which were assayed. At 

the end of this section is a summary of the experimental results.



  

Microtubule protein-zymogen granule experiment O01. 

In this experiment the MT. proteins were purified from pig brain 

and the zymogen granules isolated from 45 mouse pancreas. 1 .5ml of 

the 'two cycle! MT. protein solution were used in combination with 

4e5ml of zymogen granule suspension for each sample. The procedures 

were aS déscribed in the methods except that the supernatants were 

assayed for T. by 44-colchicine binding assay diluted. First super- 

natants were diluted 1:0, 1:1, 1:2 and 1:3 and second supernatants 1: 

both with MT. isolation buffer. The final concentrations of T. were 

corrected for dilution before analysis. 

Analysis was by one way analysis of variance the treatment being 

partitioned into the effect of temperature (4°C or 37°C) and the effe Ct 

of addition of zymogen granules by using orthogonal contrasts (see the 

Appendix). The temperature effect was found by comparing 'MT.+ G' at 

4°o and 'MT.+ G' at 37°C. The effect of addition of granules was 

found by comparing 'MT. ONLY' with this latter pair combined. 
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ME Gece Ol: 

One-way Anovar using orthogonal linear contrasts. 

Table 3.1 : Supernatant 1. results and analysis, all values derived 

from measured total T. in pg/ml. 

MT+G MT+G MT ONLY G ONLY 

4° 37° 37° 37° 
Totals 423.8 ee ie $45 6G a4 

Replicates 8 8 6 8 

Means 526975 17.4875 85.9667 163876 

LINEAR CONTRAST COEFFICIENTS -: 

Temperature 1 ~1 0 0 

+or- granules 3 3 -8 0 

Source of © Degrees of Sum of Mean Variance 
variation freedom squares square ratio - F 

Treatment a 29607.4 9869.12 2642500. 3" 

Temperature 4 5037.45 5037.45 135.019 es 
+or- granules 1 11232.4 11232.4 S01 O45 ae 

brror 26 970.094 D7 6 Dal - 
Total 29 5057 Ja > - 7 

- TOTAL CONTRASTS - - MEAN CONTRASTS - 

Standard Confidence Mean ‘ Confidence 

error interval effect interval 

Temperature 24.4332 50.2346 35.4875 6.27934 
+or- granules 140.358 288.576 50.7354 6.012 
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Mepuengee «% 

from measured total T. in pg/ml. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

+or- granules 

Source of 

variation 

Treatment 

Temperature 
+or- granules 

Error 

Total 

Temperature 

+ore granules 

MT+G 
4° 

12.4 

2 

622 

MT+G 

37° 
Ne Dee 

a 

62.75 

COEFFICIENTS : 

4 

ql 

= 
al 

Degrees of Sum of 

freedom squares 

3 4873.51 

4 519759 
4 548.101 

4 8.72461 
q 4882.24 

TOTAL CONTRASTS ~ 

Standard Confidence 

error interva; 

2.95374 8.1996 
5.11604 14,2021 

MT ONLY 

37° 
28.4 
2 

44.2 

0 

“2 

Mean 

square 

1624.5 

3197.9 
548.101 

2618115 

Supernatant 2. results and analysis, all values derived 

G ONLY 

oo 

3o 

2 

oe) 

0 

0 

Variance 

ratio ~ F 

Muh 792 ee 

1466.15.78 
291029 oe 

vs 

- MEAN CONTRASTS ~ 

Mean 

effect 

56.55 
20.275 

Confidence 

interval 

4 0998 

3255053 

.In the case of both supernatants the overall effect of treatments 

was very highly significant (P <0.001) and when the treatment was 

partitioned both parts were also very highly significant (P<0.001). 
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Microtubule protein-zymogen granule experiment Oe. 

MT. proteins purified from pig brain were combined with zymogen 

granules isolated from 25 mouse pancreas, 1ml of each solution being 

2 
used per sample. The ~“H-colchicine binding assay for T. was carried 

out on diluted supernatants. After correction for dilution the 

results were analysed by one way analysis of variance using ortho- 

gonal contrasts to partition the treatments. 

MT .-Gie Oe: 

One way Anovar using orthogonal linear contrasts. 

Table 3.3 : Supernatant 1. results and analysis, all values derived 

from measured total T. in pg/ml. 

MT+G MT+G MT ONLY G ONLY 

ye ca 37° 37° 
Totals 5488.4 1208.3 4929.3 1559 

Replicates aa 10 j 9 15 
Means 392.029 ee eOe i S79 oe 1.06 

LINEAR CONTRAST COEFFICIENTS : 

Temperature 5 ~7 0 O 

+or- granules 13 13 ~24 0 

Source of Degrees of Sum of “Mean Variance 
variation freedom squares square ratio - F 

Treatment 3 1.56028E+06 520094 S97 

Temperature 4 429034 429034 269.709 

+or- granules 1 8457327 8457327 Dtago aT oe 

Error 48 78074.5 4626.55 ~ 

Total 51 1263836E+06 - - 

- TOTAL CONTRASTS - ~ MEAN CONTRASTS -~ 

Standard Confidence Mean Confidence 

error interval effect interval 

Temperature 1168.89 2350.64 271.199 33.5805 
+or-— granules 4333.23 8714.13 100.148 27 9299 
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Table 304 : Supernatant 2. results and analysis, all values derived 

from measured total T. in pg/ml. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

t+or- granules 

Source of 

variation 

Treatment 

Temperature 

+or- granules 

Error 

Vota 

Temperature 

+or- granules 

MT+G 
“ee 

"590.9 
2 
295.45 

MT+G 

37° 

3039.3 
6 
506.55 

COEFFICIENTS : 

5 = 

4 

Degrees of 

freedom 

o 

1 
‘ 

8 
1 

- TOTAL CON 

Standard 

error 

165.05 
215-079 

4 

2 

Sum of 

squares 

536037 

66844.8 
e22092 

9080.5 

545118 

TRASTS - 

Confidence 

interval 

380.605 
491.359 

MI ONLY 

37° 
140.1 

2 
70.05 

Mean 

square 

178679 

668448 
235992 

1135.06 

Variance 

ratio ~ F 

1570418 cease 
68.8909 = ** 
207 oe 

MEAN CONTRASTS) - 
Mean 

effect 

2174 
383-725 

Confidence 

interval 

63.4342 
61.4199 

Both supernatants had treatment effects and partitioned treatment 

effects which were very highly significant (P<0.001).



  

Microtubule protein-zymogen granule experiment 0%. 

In this eee MT. proteins prepared from porcine brain were 

separated into two portions. One portion was placed on a cellulose 

phosphate cation exchange column to remove M.A.P's, as described in 

the methods section, the other portion being left complete. Each type 

of MI. protein both with and without M.A.P's was combined with a 

partitioned zymogen granule suspension prepared from 30 mice pancreas. 

One way analysis of variance was used to partition the effect of 

treatments during analysis. 

Mi 2G 3 405. 

One way Anovar using orthogonal linear contrasts. 

Table 3.5 : Supernatant 1. using T. with M.A.P's; results and analysis, 

all values derived from measured total T. in pg/ml. 

MT+G MT+G MT ONLY G ONLY 

4° SF 37° 37° 
Totals 1218.9 464.9 1269.7 83.1 
Replicates 5 oS 5 > 
Means 243.78 154.967 253.94 16.62 

LINEAR CONTRAST COEFFICIENTS : 

Temperature 5 “5 0 O 
+or- granules 5 5 -8 0 

Source of Degrees of Sum of Mean Variance 
variation freedom squares square ratio - F 

Treatment 3 180722 60240.6 bil ob ede 

Temperature 4 14989 .6 14989.6 15.6005" 
+or- granules 1 5812.94 5812.94 5.38093 * 

Error 14 15124 1080.29 = 
Total aie 195846 - - 

~ TOTAL CONTRASTS ~- - MEAN CONTRASTS - 

Standard Confidence Mean Confidence 

error interval effect interval 

Temperature 360.048 772.302 88.8133 51.4868 
+or- granules 749.499 1607.68 43.465 40.1919 
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Table 3.6 : Supernatant 2. using T. with M.A.P's; results and analysis, 

all values derived from measured total T. in pg/ml. 

Totals 

Replicates 
Means 

LINEAR CONTRAST 

Temperature 

t+or= granules 

Source of 

variation 

Treatment 

Temperature 
+or- granules 

Error 

Total 

Temperature 

+or=- granules 

MT+G MT+G 

4° a 

694.8 2903.1 

» 5 
138.96 580.62 

COEFFICIENTS : 

eae 
dl 4 

Degrees of Sum of 

freedom squares 

3 1.04782E+06 

4 487659 
4 312385 

16 104101 

19 1.15192E+06 

~- TOTAL CONTRASTS A 

Standard Confidence 

error interval 

255 075 540.76 

444.803 936.623 

MT ONLY G ONLY 

~ 37° 

268.3 325 

5 a 

53.66 Py 

O O 

-2 C 

Mean Variance 

square ratio - F 

349293 53.6818 er 

487659 PRS Eee 
312385 48,0124 yore 

6506, 34 eS 

~ MEAN CONTRASTS — 

Mean Confidence 

effect interval 

44.66 108.152 
306.13 93.6623



Table 3.7 : Supernatant 1. using T. without M.A.P's; results and 

analysis, all values derived from measured T. in pg/ml. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

+or— granules 

Source of 

variation 

Treatment 

Temperature 

+or- granules 

Error 

Rotax 

Temperature 
+or- granules 

~ TOTAL CONTRASTS - 
Standard 

error 

46.2022 
86.4363 

Confidence 

interval 

98.4568 
184.196 

MT+G MT+G MT ONLY 

ue — a7" 

Nae AIO. 3 239 

“i 4 2 
27 04h 276575 47 8 

COEFFICIENTS : 

4 -5 0 

2 2 “9 

Degrees of Sum of Mean 
freedom squares square 

3 4867.43 1622.48 

A 4,05022E-02 4.05022E-02 
4 1324.58 1324.58 

45 179 OO? 11.8591 
18 5045.31 - 

G ONLY 
° 

37 

1667 

5 

3.74 

Variance 

ratio - F 

136.813 ae 

3.41528E-03NS 
6ooe 

- MEAN CONTRASTS - 

Mean 

effect 

2135004 
LORS 

Confidence 

interval 

4.92284 
4.09324



Table 3.8 : Supernatant 2. using T. without M.A.P's; results and 

analysis, all values derived from measured total ee an pg/ml. 

Totals 

Replicates 
Means 

LINEAR CONTRAST 

Temperature 
+or- granules 

Source of 

variation 

Treatment 

Temperature 
+or- granules 

Error 

Total 

Temperature 

+or— granules 

MT+G MT+G 

4° 37° 
o.5 18 
#) 5 
1.7 3.6 

COEFFICIENTS : 

A -1 
él 

Degrees of Sum of 

freedom squares 

2 18.796 

4 9.025 
4 760033 

16 45.512 
19 64.228 

- TOTAL CONTRASTS ~ 

MT ONLY 

Mean 

square 

6.23867 

92025 

28445 

G ONLY 

Variance 

ratio - F 

2.19324 NS. 

3.17279 NS. 
2.67194 NS. 

- MEAN CONTRASTS - 

effect 

129 

Standard Confidence Mean 

error interval 

Dag ol9 11.3068 
9.22377 19.5839 +54 

Confidence 

interval 

2.26136 

1.95839 

Whole MT. proteins combined with zymogen granules produced significant 

effects of treatments even when partitioned in both supernatants; although 

the significance of the effect of addition of granules in the first 

supernatant was somewhat reduced (P<0.05). When M.A.P's were removed 

from the MT. proteins used to combine with the zymogen granules a 

Significant effect of treatment (P <0.001) was produced only in the 

first supernatant and then only by the effect of addition of granules, 

no temperature effect was shown. 
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Microtubule protein-zymogen pranule experiment O4. 

Here porcine MI. protein was combined with a zymogen granule 

suspension isolated from 2 rat pancreas. Four supernatants were 

collected each of 1,200ul, the first consisting of 600ul each of MT. 

protein solution and granule suspension. One way analysis of variance 

using orthogonal linear contrasts was used to analyse the results of 

the eee binding assay for T. 

MT.-G. 304. 

One way Anovar using orthogonal linear contrasts. 

Table 3.9 : Supernatant 1. results and analysis, all values derived 

from measured total T. in pg/ml. 

MT+G MT+G MT ONLY G ONLY 
4° 37° 37 37 

Totals £5.46 441 8.13 0 
Replicates 2 Z 2 a 
Means 12cb oe 40.65 O 

LINEAR CONTRAST COEFFICIENTS : 

Temperature 4 -1 O 0 
+or- granules 1 ‘| -2 0 

Source of Degrees of Sum of Mean Variance 

variation freedom squares square ‘ratio - F 

Treatment 3 2175715 725.043 65.9621. ees 

Temperature 4 150.062 150.062 aisiioro 
+or=- granules 1 1539.07 1530.07 1825516... *** 

Error 4 oe 7D 8.4325 See 
Total 7 2208.86 - - 

- TOTAL CONTRASTS - - MEAN CONTRASTS - 

Standard Confidence Mean Confidence 

error interval effect interval 

Temperature 5.80775 16.1223 eeeS 8.06116 
+or- granules 10.0593 27 9247 33.975 6.98117 

All values for supernatants 2 - 4 zero T. 

A significant etdece ct treatment could only be demonstrated in the 

first supernatant results since the other supernatant produced T. assay 

values of zero. This was mainly due to the addition of granules (P<0.001) 

having a greater effect than the temperature alteration (P<0.05). 
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Microtubule protein-zymogen granule experiment 05. 

For thisexperiment isolated zymogen granules from 7 rat pancreas 

were combined with both M.A.P.-free MT. proteins and whole MT. proteins; 

M.A.P.-free protein was also used with added DMSO (10%). The T. Ay. 

colchicine binding assay results were once again analysed by partitioned, 

one way analysis of variance. 

MP .=Goe20>. 

One way Anovar using orthogonal linear contrasts. 

Table 3.10 : Supernatant 1. results and analysis, all values derived 

from measured total T. in pg/ml. 

MT+G MT+G MT ONLY G ONLY 

4° 37° a7 5 
Totals 224.9 91.6 19562 0 
Replicates 2 2 2 2 
Means 112.45 45.8 96.6 O 

LINEAR CONTRAST COEFFICIENTS : 

Temperature a -1 0 0 
+or- granules 4 1 i ee 0 

Source of Degrees of Sum of Mean Variance 
variation freedom squares square ratio ~ F 

Treatment 3 15674.1 5224.71 262.05. = 

Temperature ql LLho 22 LLLO 622 239791 =e 
+or- granules 1 407.168 407.168 2le0 780) es 

Error 4 74.1016 18.5254 - 
Total 7, 15748.2 ~ - 

- TOTAL CONTRASTS - - MEAN CONTRASTS ~ 
Standard Confidence Mean Confidence 

error interval effect interval 

Temperature 8.60823 23.8964 66.65 1129482 
+or= granules 14.9099 44.3898 17475 10. 3475 
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Table 3.11 : Supernatant 2. results and analysis, all values derived 

from measured total T. in pg/ml. 

MT+G MT+G MT ONLY G ONLY 

4° 5 ae a7% a 
Totals O 164.6 O 0 
Replicates 2 2 2 2 
Means O 82.3 O 0 

LINEAR CONTRAST COEFFICIENTS : 

Temperature 1 1 0 O 
+or— granules A 1 “2 0 

Source of Degrees of Sum of Mean Variance 
variation freedom squares square ratio - F 

Treatment 3 10159.9 3386.64 2O4G 526: «BF 

Temperature 1 6773029 6773029 S208 feo eee 
+ore granules 1 2257 676 Boo 7670 976K. 47 ee 

Error 4 5.11914 Vee7979 = 
Total ? 10165.1 « . 

- TOTAL CONTRASTS - - MEAN CONTRASTS - 
Standard Confidence Mean Confidence 
error interval effect interval 

Temperature 2.26255 6.28084 82.3 3.14042 
+or- granules 3.91885 10.8787 441.15 2.71969 

All supernatants derived from samples without M.A.P's contained zero T. 

Qily supernatants derived from experimental samples including M.A.P. 

had a significant effect of treatment since the other samples gave T. 

assay values of zero. The partitioned effect of treatment, addition 

of granules, was of less significance (P <0.01) than all other treatment 

effects (P <0.001). 

190



Microtubule protein-zymogen granule experiment 06. 

Here porcine MI. proteins were combined with zymogen granules from 

4 rat pancreas. Three supernatants were collected and their Fy. 

colchicine binding assayed T. concentrations analysed by one way 

analysis of variance. 

MT .-G. 2 Ob. 

One way Anovar using orthogonal linear contrasts. 

Table 3.12 : Supernatant 1. results and analysis, all values derived 

from measured total T. in pg/ml. 

MT+G MT+G MT ONLY G ONLY 

4° 37° 37° 37° 

Totals 1266.4 943.4 O99 99.4 
Replicates a 2 Zz a 

Means 633.2 4941.7 356.65 4O.7 

LINEAR CONTRAST COEFFICIENTS : 

Temperature 41 ~1 0 0 

+or= granules 7 4 =2 0 

Source of Degrees of Sum of Mean ‘Variance 
variation freedom squares square ratio - F 

Treatment S 364287 121429 20.9871 o 

Temperature 4 2608222 26082.2 4.50791 NS. 

+or- granules 1 51116.8 51116.8 8.83476 * 

Error 4 23143.5 Bde ete V) S 
Total q 387430 i = 

- TOTAL CONTRASTS - MEAN CONTRASTS — 
Standard Confidence Mean Confidence 

error interval effect interval 

Temperature Ae. 1S 422.313 16165 271.156 
+or= granules 263.497 731 467 195.8 182.867 
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Table 3.13 : Supernatant 2. results and analysis, all values derived 

from measured total T. in pg/ml. 

MT+G MP+G 

4° a7 
Totals O 161 
Replicates 2 2 
Means oO 80.5 

LINEAR CONTRAST COEFFICIENTS : 

Temperature 4 ae 

+or- granules 4 A 

Source of Degrees of Sum of 
variation freedom squares 

Treatment a 9720.47 

Temperature A 6480.25 
+or- granules 1 2160.08 

Error 4 662.48 
Total a 10382.9 

- TOTAL CONTRASTS - 

Standard Confidence 

error interval 

Temperature 267507 714506 
+or- granules 44,5807 425.756" 

All supernatant 3. values zero T. 

MT ONLY G ONLY 

SY, Oe 

O 0 

@ 2 

0 0 

Oo O 

2 0 

Mean Variance 

square ratio - F 

3240.12 19.5636 a 

6480.25 39.1272 aieg 

2160.08 13.0424 * 

165.62 oe 

MEAN CONTRASTS - 
Mean Confidence 

effect interval 

80.5 556 /eo> 
4O.25 30.939 

Significant effects of treatment (P<0.01) were shown only -in=tirst 

and second supernatants, the third supernatants all having T.concentrations 

of zero. In the first supernatant, the effect of temperature was not 

significant although it was highly so (P<0.01) in the second supernatant. 

The effect of addition of the granules remained significant (P <0.05) 

in both supernatants.



Microtubule protein-zymogen granule experiment 07. 

In this experiment porcine MT. protein was combined with zymogen 

granules prepared from 4 rat pancreas and three supernatants were 

collected. Assayed T. concentrations were compared by one way analysis 

of Varvance.. 

MT.-G 3, 07. 

One way Anovar using orthogonal linear contrasts. 

Table 3.14 : Supernatant 1. results and analysis, all values derived 

from measured total T. in pg/ml. 

MT+G MT+G MI ONLY G ONLY 
oO k 37° 37° <0: 

Totals 174.4 A795 esa 7.6 
Replicates 2 a e 2 
Means Die. 769 PIG. 3.8 

LINEAR CONTRAST COEFFICIENTS : 

Temperature 4 =2 0 i) 

t+or- granules 2 2 ; 3 O 

Source of Degrees of Sum of. Mean Variance 

variation freedom squares square ratio - F 

Treatment 3 90926.5 30308.8 1660.91 °° *** 

Temperature a 1029.66 1029.66 50 soda et 
+or=- granules 1 64588.8 645888 3562,05 . *** 

Error 3 54.0937 18.0312 = 
Total 6 90980.6 - ~ 

- TOTAL CONTRASTS ~ ~- MEAN CONTRASTS - 

Standard Confidence Mean Confidence 

error interval effect interval 

Temperature 10.4013 33.097 39,3 16.5485 
+or~- granules 23.2581 7h 0072 232 1263345



  

Table 3.15 : Supernatant 2. results and analysis, all values derived 

from measured total T. in pg/ml. 

Totals 

Replicates 
Means 

LINEAR CONTRAST 

Temperature 

+or- granules 

Source of 

variation 

Treatment 

Temperature 

+or=- granules 

Error 

Total 

Temperature 
t+or- granules 

MT+G MT+G {T ONLY 

4° 37° 37° 
we ee Ned 
i 2 1 
ee 10375 fis 

COEFFICIENTS : 

2 1 O 
1 1 -3 

Degrees of Sum of Mean 

freedom ” squares square 

3 127.055 42.3517 

1 74.2017 74.2017 
4 26.4033 26.4033 

4 se eS 
4 127518 3 

- TOTAL CONTRASTS - 
Standard Confidence Mean 

error interval effect 

~ 866025 44,0087 40.95 
Ve 22475 15. 5616. De95D92 

All values for supernatant 3. zero T. 

G ONLY 

3? 

=
 

Variance 

ratio = F 

325.013. * 

S97-b1 a 
214 eee 

MEAN CONTRASTS - 

Confidence 

interval 

5.50186 

5.1872 

Here the zero third supernatant results were not significant, 

however the effect of treatment in the first supernatant was very 

highly significant (P<0.001) although the second supernatant was 

less so (P<0.05). Partitioning the treatment effects showed a 

less significant effect of temperature (P<0.01) than granule addition 

(P< 0.001) in the first supernatant while there was no such difference 

in the second supernatant.



Microtubule protein-zymogen pranule experiment 08. 

Porcine MT. proteins were combined with zymogen granule isolated 

from 50 mice pancreas. The three resultant supernatants were assayed 

by yaaa tice binding assay for T. and for M.A.P. using RIA (see 

experiment RIA-MTG : 04). The assay results were treated by one way 

analysis of variance. 

MT .~@ 2 0. 

On way Anovar using orthogonal linear contrasts. 

Table 3.16 : Supernatant 1. results and analysis, all values derived 

from measured total T. in ng/ml. 

MT+G MT+G MT ONLY G ONLY 

_ a a a 
Totals 397 129.3 243.4 15.6 
Replicates 3 3 > > 
Means 132.333 4361 81.0333 Soe. 

LINEAR CONTRAST COEFFICIENTS : 

Temperature al -1 0 0 
+ore- granules 4 4 -2 O 

Source of Degrees of Sum of Mean Variance 
variation freedom squares square ratio - F 

Treatment 3 2653764 8845.8 14.7259 4 = 
Temperature 4 1194329 11943.9 19.0834 -** 
+or= granules 1 89.334 89.334 148717 NS. 

Error 8 4805.58 600.697 eS 
Total 4 31343 es = 

- TOTAL CONTRASTS ~ ~ MEAN CONTRASTS - 
Standard Confidence Mean Confidence 
error interval effect interval 

Temperature 60.0349 138.44 89.2333 46.1468 
+or- granules 103.983 239.786 6.68334 39.9643 

ae



Table 3.17 : 

from measured 

Totals 

Replicates 
Means 

LINEAR CONTRAST 

Temperature 
t+or=- granules 

Source of 

variation 

Treatment 

Temperature 
+or- granules 

Hero 

Lotak 

Temperature 
+or- granules 

total T. in pg/ml. 

MT+G MT+G 

4° 37° 

is 150.2 
3 2 
166667 50.0667 

COEFFICIENTS : 

4 wt 
4 4 

Degrees of Sum of 
freedom squares 

b 5627.56 

1 3735-02 
4 1261.69 

8 4.93359 
11 5632.49 

- TOTAL CONTRASTS - 
Standard Confidence 

error interval 

1.92359 44358 

Bago Veo 7.68303 

ON
 

Supernatant 2. results and analysis, all values derived 

MT ONLY G ONLY 

a o 

0 0 

2 - 
O 0 

O 0 
-2 0 

Mean Variance 
square ratio - F 

1875.85 Mae ere 

57 59.02 6090.9. er 
1261.69 2045605. 7" 

2616699 oe 

~- MEAN CONTRASTS ~ 
Mean Confidence 
effect interval 

49.9 1.4786 
2554707 1.2805



Table 3098 : 

from measured total T. in pg/ml. 

Totals 

Replicates 
Means 

LINEAR CONTRAST 

Temperature 

+or= granules 

Source of 

variation 

Treatment 

Temperature 
+or=- granules 

Error 

Totaws 

Temperature 

+or- granules 

MT+G MT+G 
4° 37° 

90.8 9129 
5 3 
30-2667 3046535 

COEFFICIENTS : 

A -1 
4 a 

Degrees of Sum of 

freedom squares 

3 1896.21 

4 -201663 
4 1854.41 

a S435 
4 1948.04 

- TOTAL CONTRASTS ~ 
Standard Confidence 

error interval 

6 «23496 44.3778 

10.7993 24.9031 

Supernatant 3. results and analysis, 

MT ONLY 

37° 

-2 

Mean 

square 

on407 

-201663 
1854.41 

647913 

all values derived 

G ONLY 
oO 

37 

Tet 
z 
24.6 

Variance 

ratio - F 

97 5548 

3.11251E-2 NS. 
200.n a oe 

ee 

- MEAN CONTRASTS - 

Mean 

effect 

- 366664 
30.45 

Confidence 

interval 

4.79261 
4.15052 

The treatment effect overall was significant: in all the supernatants, 

the first being less so (P<0.01) than the second and third (P<0.001). 

In only the second supernatant were both partitioned treatments 

significant (P< 0.001), in the first supernatant the effect of addition 

of granules was insignificant and in the third supernatant the effect 

of temperature was insignificant. 

Ve



Microtubule protein-zymogen granule experiments 01 to 08 - 

summary of results. 

The table below shows a summary of all the experiments which 

assayed the supernatants collected using the in vitro granule-MT. 

rocedure. The p 

and addition or 

mean effects are shown for the temperature of incubation 

exclusion of granule in ug/ml of T. In the former case 

37°C incubated values are given with respect to4°C and in the latter 

case those without granules are given with respect to the mean of those 

with granules. 

Table 3.19 : Summary of mean effects, confidence intervals and 

significances for experiments MT.-G 01 to Mt.-G 08. 

Expt SN. 
No No 

01 a 

2 

02 a 

2 

O% 4 

(+ MAP's) 2 
OS q 

(-MAP's) 2 

O4 | 

All SNe2 to 4 welues zero: T. 

05 4 
(+ MAP's) 2 
All samples -MAP's zero T. 

06 1 

2 

All SN-~3 values 

07 1 

2 

All Sn-% values 

08 1 
2 

D 

The overall 

was in the main 

Mean temp. Sigs Mean granule Sigé 

effect 40.1.0 Pec effect Oe Lit ee 

eo 6.3 «001... eet 6.0 20017 
+56.6 ed 001-2. «20,8 3.6 2001 

-271.2 33.6 2001 = +100.1 2729 2001 
+211.1 63.4 2001 - 383.7 61.4 001 

~88.8 “5°. 443.5 4LO.2 205 

+0.1 4.9 NS. 420.3 teed -001 

+129 a NS. -1.5 2a) NS. 

aE Sed 205 +340 7.0 -001 

=66.7 14169 001 49925 10.3 201 
+82.3 el 5001 4D fey, 2001 

=161.5 21752°> Ns. -195.8 182.9 205 
+80.5 Boa el -40.3 30.9 205 

Zero. 

-39.3 1625 eg +232.0 12.3 2001 
+10.6 555 205 -5.9 5.2 205 

Zero 1 3 

=O9e2 46.1 s01 =667 40.0 NS 

+49.9 135 4001 2554 1.3 .001 
+0.4 4.8 NS. -30.5 2 -001 

effect of incubation temperature in the first supernatant 

to cause a significant reduction in measured T. when 
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using the higher temperature as against the lower one. This reduction 

was corresponded by an overall increase in T. in the second supernatant 

originating from the originally warmed sample as against the one kept 

cold. The only experiment where the warm first supernatant T. levels 

were greater with respect to the cold was 'MI-G : 03' where the absence 

of M.A.P's produced a small insignificant increase. 

In general the absence of granules produced an increase in the 

levels of T. in the first supernatant when such supernatants derived 

from samples containing only MT. protein were compared with the mean 

values for supernatants with granules and MT, proteins. The correspond-— 

ing effect on the second supernatant, of leaving out granules, was to 

produce a decrease in the levels of supernatant T. The only experiments 

with exceptions to these granule induced alterations were 'MT-G : 06! 

and 'MT-G : 08'; the latter had an insignificant first supernatant fall 

in the T. level produced by leaving out the granules while the former 

had a similar significant fall (P<0.05) in the first supernatant. 

In some experiments, ('MT-G : O04, 06, O07 and 08') further super- 

natants were collected from the resuspended second pellets using cold 

depolymerisation conditions. Most of the supernatant had insignificant 

alterations in T. levels as a result of prior differences in incubation 

temperatures or the addition of granules. Indeed in three cases 

C('MT-G : O4, 06, 0O7') the levelsof T. in these later supernatants were 

all zero. In only MT-G : 08 were there measurable levels of T. in the 

third supernatants; the effect of raising the incubation temperature 

was to produce an insignificant increase in the T. levels while absence 

of granules produced a significant (P<0.001) reduction in these levels. 

In experiments where the MT. protein used had had M.A.P's removed 

before incubation with the granule suspension, i.e., 'MT-G : 03 and 05', 

the M.A.P~free supernatants had zero T. levels in the latter while the



former had insignificant alterations in these levels as a result 

of differences in incubation temperatures and presence of granules.



The effects of exocrine pancreas stimulation on the 

MT-free T. equilibrium. 

In order to establish the importance of MT. to the secretory process 

in vivo the levels of assembled MT-derived T. and free depolymerised T. 

were determined in the exocrine pancreas... These levels were assayed 

whilst the pancreas was under two different secretory states, resting 

and actively secreting. Initially mice in the two parative treatment 

groups had their secretory states altered by altering their feeding 

regimes, i.e., by comparing free feeding animals with fasting animals. 

However, later experiments compared animals treated with the chemical 

secretagogue, Pilocarpine, with fasting animals. 

Of the early experiments 'PANC : 01' compared the pancreas T. levels 

of fed and starved mice, 'PANC : 02' measured the levels in free feeding 

mice and 'PANC : 03' those of Pilocarpine-treated and fed mice. Most 

of the other experiments in this section were separated into two main 

groups on the basis of the time at which they were carried out. Both 

groups 'PANC : 04 to 13' and 'PANC : 14 to 18' compared starved mice 

with Pilocarpine~treated mice. The methodology used for each group was 

identical apart from the time for which the mice were left after 

injection (with either Pilocarpine or saline). In the earlier group 

mice were left for 25 to 30 minutes after injection before killing, 

in the later group the time elapsed was 45 to 60 minutes. In each case 

the mice always exhibited external signs of exocrine secretion and the 

mice within each experiment had identical incubation times. 

All the T. pool results were determined from the Aa solchietie assay 

derived B-counter values by a computer programme. These results were 

then computer analysed to provide information about the effects of 

treatment on the mice as well as the variations between the mice. In 

D> Oy
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addition the variations between the experiments were studied by 

combining the results of the experiments within each group. The 

individual experimental results are given in this section initially 

with the combined results summarised at the end. 

 



Exocrine pancreas microtubule experiment 01. 

Here the levels of pancreas assembled and dis assembled T. were 

measured in two groups each of five mice. One group consisted of free 

feeding mice (FO1 to FO5) and the other of mice fasted for 24 hours 

(SO1' to SO05'). The pancreas polymerised T. and depolymerised T. were 

3 
seperated for each mouse and assayed by ~“H-colchicine binding assay. 

The results were compared using one way analysis of variance incorpor- 

ating a hierarchical partitioning of the variation to estimate the 

effects of treatment, mice variation and assay determinations (see the 

Appendix for details). 

PANC “3301 

One way Anovar using a hierarchical design. 

Table 3.20 : Supernatant 1. results and analysis, allvalues derived 

from measured depolymerised pancreas T. in pg/ml. 

- Determinations - 

Mouse No. 1 2 a 

FO1 14.6 12.8 14.8 
FO2 6.4 6.0 9.5 
FO3 9.1 12.8 12.5 
FO4 Bie 3 8.8 303 
FO5 6.5 6.8 8.8 

SO1! 14.3 O54 6.9 
$02! 1567 10.5 5.1 
S03? 665 315 Se 
S04! 4.5 4.9 4.6 
S05! 2 2.5 1.7 

Source of variation Dist sooo D Mis Dea Vette 

Treatments ba 47.8 47.8 1.19 NS G, + 30,4 157° 

Mice within treatments : 8 320.1 40.0: 6.10*** 6 4 36%, 

Determinations within : 20 ¥31461 666 i o* 
mice ‘ : 

Mice within treatment variance (P=0.05) : 5.09 Ca,< 49.92 
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Table 3.21 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

~ Determinations - 

Mouse No. A 2 5 

FO'1 - 2.4 2a 

FO2 a esa O.5 

FO sa i O55 — 

Fo4 eo - O55 

FOS 5o4 Te6 459 

$01’ 2.8 4,7 5,6 
$02’ 0.9 OG, 4 ~ 
S03’ ~ - O15 
sou. 665 tO 14.5 
sos’ G2 een 0.9 

Source of variation Dat. 8.5. MoS.s Vee Parameters estimated 
4 

Treatments :4 30.4". B.4 96,97 NS t+ 3 ae. 

Mice within treatments : 8 oe iS ee a oe 

Determinations within » 20 how? 2.0 - ot 

mice 
2. 

Mice within treatments variance (P=0.05) : 4.44 € o ¢ 35.74 

In the case of both assayed polymerised and depolymerised T. there 

was not shown to be any significant effect of treatment (feeding or 

fasting) on the mice pancreas T. levels. However, in each case there 

was a very highly significant (P<0.001) difference between the mice 

within each treatment group.



Exocrine pancreas microtubule experiment O02. 
  

In this case the polymerised and depolymerised T. from the 

pancreas of 6 mice was determined. These mice were all free feeding, 

no fasting period was included. The MT. and 'free pool' T. components 

were isolated and assayed as before by *H-colehicine binding assay, 

three determinations being made per mouse supernatant. 

PANC : O02 

Table 3.22 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

- Determinations ~ 

Mouse No. A 2] 3 

FO6 42 bee ‘Sag 
FO? 104 Zoo DeD 

FO8 a7 2.4 liao 

FO9 4A? 703 Ded 
F1i0 Be eueom spr cl Oe DcO Be 

4 3.9 esl ies 

Mean + confidence interval (P=0.05) = 4.4 + 1.60



Table 3.23 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

= Determinations ~~ 

Mouse No. 4 2 3 

F06 0.6 0.5 0.5 
FO? Ord 23.8 O20 

F08 0.9 | 7.6 1.5 
FO9 0.8 - 0.4 

F10 0.6 One O<3 

F11 O.4 Nee. oo7 

Mean + confidence interval = 1.0 + 0.89 

The determined 'free pool' T. gave an overall mean of 4.4ng¢/ml 

while MT. derived T. had a mean value of 1.Qug/ml. 
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Exocrine pancreas microtubule experiment 03. 

Two groups each of three mice were treated and their MT- derived 

T., and 'free pool' T. vancreas content determined. All mice were free 

feeding before injection; one group (PO1' to PO3') with 3.99me 

Pilocarpine in 100ul PBS per mouse the other group (F12 to F14) with 

2 
100ul of PBS. ~H-colchicine binding assay determined T. concentrations 

were compared by a hierarchical design of one way analysis of variance. 

PANG ss 05 

One way Anovar using a hierarchical design. 

Table 3.24 : Supernatant 1. results and anylysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

<= Determinations - 

Mouse No. a eZ 2 

Pot! 4k he 6.1 
P02! eo ‘ 700 et 

POS! Deo Dee bie 

F12 4S 44 4.8 

was Gee 3.6 8.5 

F14 O.9 4S Zee 

Source of variation Was, Oebs MSS Viele Parameters estimated 

Treatments a 6,5 6.5 2.34 NS i + 30, + or” 

Mice within treatments : 4 Sig). 2.0. ¢ yl6 NE Cy + 3a, 

Determinations within 2 12 28.9 2.4 ” o? 
mice >



Table 3.25 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

- Determinations - 

Mouse No. 4 2 3 

PO1! 1.4 ay 205 
Po2! ic a4 4% 
PO3! neo 38 2.8 

Fi2 Zad 4.7 303 
F13 0.6 Se 204 
F14 a - O.4 

Source of variation Diels) Gas MaSix Nae Parameters estimated 

Treatments 5,8 Ow Eh a OOS ot ee oa 
Mice within treatments : 4 Cie An. 3.5 oe 

Determinations within : 12 6.1 6.5 - ow 
mice 

Mice within treatments variance (P = 0.05) : 0.51 <¢ oO, “11.92 

In the case of both polymerised and depolymerised T. there was no 

Significant effect of treatment on mouse pancreas T. level. However, 

the within treatment mouse values for polymerised T. were highly 

significantly (P<0.01) different from one another.



Exocrine pancreas microtubule experiments O4 to 13. 

This set of experiments were all carried out using the same 

methodology. In each case two groups each of three mice were treated 

to alter the secretory state of their exocrine pancreas. All the mice 

were pre-fasted overnight and then each group was injected; the 'P! 

group with 3.99mg of Pilocarpine in 100ul of PBS per mouse and the 'S' 

group with 100ul of PBS. Separated pancreas T. pools were then 

estimated by ? H-colchicine binding assay and the results analysed by 

the hierarchical design of one way analysis of variance (see the 

Appendix for details). All calculations were by a computer programme. 

PANC : O4 

One way Anovar using a hierarchical design. 

Table 3.26 : Supernatant 1. results and discussion, all values derived 

a 

from measured depolymerised pancreas T. in pg/ml. 

- Determinations - 

Mouse No. 1 ae 2 

PO1 8.0 8.4 8.8 

P02 15.1 1420 eee 

POS 5.1 730 637 

So1 13.6 elas 1627. 

so2 422 9.6 D5 

S03 ©,5 0.4 O55 

Source of variation Dot. S.85 MoS. Vena Parameters estimated 

Treatments Ris Go. 9.8 ON ee ae 
Mice within treatments : 4 1,0 ObeQ . 25008? ** o + 30, 
D i : ee ; 
eterminations within : as 4o.8 3.4 Di .. 

mice 

5 

Mice within treatments variance (P = 0.05) : 10.12 < a < 234.87



Table 3.27 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

Mouse No. 

PO’ 
P02 
P03 

S01 
S02 
$03 

1.1 

0.4 

A230. 

Source of variation 

Treatments 

Mice within treatments 

Determinations within 

mice 

D.F. 

V2 

Determinations - 

2] 

0.4 

20.6 
0.4 

Aie/, 

0.4 

0.3 

Sigtsis Mes. Wore 

139° 15.8. 0556 © 

99.3 24.8 12442 Ns 

269.5 = 22.5 ~ 

170 

Parameters estimated 

2 2 2 
op + 30, + OT 

2 2 
oy + 304, 

a
y



PANC 3205 

Table 3.28 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

~ Determinations - 

Mouse No. S a % 

PO4 4OK5 9.35 1037 

POS 8.8 8.4 8.9 

P06 8.3 10.3 768 

so4 Jan 9.8 aD 

S05 Oak Dat ae 

S06 10.5 9.7 Ace 

Source of variation Der oe ScSs Meo. VaR Parameters estimated 

Treatments 27 9° 6.9 —-0.2 ue os : 3046 + OT 

Mice within treatments : 4 1637 6.5 = of ft Boxe 

Determinations within > 

Wices = 12 ee Ou7 - Sp 

Mice within treatments variance (P = 0.05) : O47 < are 10.97 

V7



  

Table 3-29 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

~ Determinations - 

Mouse No a 2 J 

PO4 0.6 440 He) 

POS tee 4.0 Pee 

PO6 Nia ed ered 

So4 “3 429 165 
$05 1.5 1.6 1.2 

S06 164 ied 164 

Source of variatinn Di crea. M.S. VR. Parameters estimated 

Treatments 24 Ve Vee. 1.58 NS oS + 300 + gn 

Mice within treatments :4 3.0 0.8 0.98NS of + 30° 

Determinations within > 
mice. + 12 9.3 0.8 = oF 

te



PANC : 06 

One way Anovar using a hierarchical design. 

Table 3.30 : Supernatant 1. Results and analysis, all values derived 

from measured depolymerised pancreas 

Mouse No 

PO? 

Po8 

PO9 

S07 

$08 

$09 

J 

35D 

A230 

16.6 

2209 

503 

4.2 

Source of variation 

Treatments 

Mice within treatments 

Determinations within 

mice 

ee
 

D.F. 

Ve 

ein pg/ml 

Determinations - 

W
 

2 

3.6 

15 ar 

19.4 

305 

Ve 

3.8 

M.S. 

whee 

VR. 

0.48 NS 

Vila bie se De 

37 «1 

3 

5-7 

au 

26.4 

3a4 

8.3 

6.6 

Parameters estimated 

2 2 2 
oy + 30, + OT 

2 2 
oy + 30), 

2 
°D



Table 3.31 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

- Determinations - 

Mouse No 4 2 5 

PO? ‘ - 0.5 Del 

PO8 0.4 Oe - 

PO9 09 1.0 Te5 

So? nad 0.3 0-3 

S08 1.1 O.5 0.7 

So9 O.4 0.3 - 

Source of variation DeWAe Oa Mes. Vere Parameters estimated 

Treatments 14 0.4 0.4 0.5 NS of * See ~ gré 

Mice within treatments : 4 Ao O26 1.0 NS of oe 3o6 

Determinations within > 
mice: 12 44,85: 40 - oF 

174



  

PANG 3.07 

One way Anovar using a hierarchical design. 

Table 3.32 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

“ Determinations - 

Mouse No A 2 S 

P10 $55 5.4 15.4 

Pag 10. 5 962 10.4 

P12 26.2 oi .4 48.8 

$10 704 44.8 7.5 

S11 deo 1562 7.0 

$12 726 8.4 6.8 

Source of variation D pee Si MiSs VeRs Parameters estimated 

Treatments sn 390.9 390.9 1.19 NS of e Bo + or* 

Mice within treatments : 4 Sls eO. S20c2 10. oe a oo + Bore 

Determinations within 

mice : 12 ie - oe 

Mice within treatments variance (P = 0.05) : 35.56< < 825.40 
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Table 3.353 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

- Determinations © = 

Mouse No 1 2 3 

ENO es) Doo 0.9 

P11 0.9 165 926 
P12 Bac a3 36 

S10 2.6 Oo7 5.8 

S44 W262 1.4 a 

S12 ; +o 1.0 152 

Source of variation Dake Duss Mes. VaRs Parameters estimated 

Treatments = 1419.3 1419.3 0.92 NS oo + oye + gn® 

Mice within treatments : 4 6205.2 1548.0 0.95 NS os + 30,2 

Determinations within 

mite : 12... 79665.7 1636.8 - r
y
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PANC : 08 

One way Anovar using a hierarchical design. 

Table 3.34 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

- Determinations - 

Mouse No 4 2 2 

P13 Do 6.4 6.4 

P14 8.9 ¢ 8.9 9.9 

P15 10. 10.8 12,5 

$13 10,6 Sat 9.9 

S14 NOS Aes 2069 

$15 15.3 16.3 14.8 

Source of variation Die Ss Or MiSe. Vea Ri Parameters estimated 

2 
Treatments 7216069 65.9: 3.2 NS oe + get or? 

Mice within treatments : 4 85.8.5 21,356 * of + Boye 

Determinations within 2 

mice. 4-12 TV. 59 - oD 

Mice within treatments variance (P - 0.05) : 1.86<¢ a XK 43.13 

177



Tale sean. s Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

~ Determinations - 

Mouse No 1 2 

PA 5 14.3 Veo 

P14 Neo 0.5 

P15 20 3.4 

513 1.9 Tae 

si4 2. 6,7 

S15 28 we 

Source of variation Deks  -S.9- M.S. VeRs 

Treatments es 26,9 26.9  O1.66 6 

Mice within Bae 7 4 55.52 89.5 . 3,41 = 

Determinations within 

mice .<-1e2 WHS. 9 12.0 = 

Mice within treatments variance (P = 0.05) : 3.45 a 
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2 

15.6 

226 

156 

009 

4 

Ve 

Parameters estimated 

2 2 2 
oy + 3Ory + OT 

2 2 
% + BO 

2 

oy 

< 80.16



  

PANC : 09 

One way Anovar using a hierarchical design. 

Table 3.36 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

~- Determinations - 

Mouse No 4 2 3 

P16 47? 4.9 5.5 

P19 4S 3.9 42 

P18 6.4 : pO 4.9 

S16 662 6.2 6.2 

$17 ae? ac oo ae 

$18 10.9 Van Felt 

Source of variation Dols Sees M.S. Von s Parameters estimated 

Treatments oe 208s Bee FO * ox + 30,6 x gn 

Mice within treatments : 4 567 oat D9e of + 30% 

Determinations within ? 2 
MLCG.Y 442 4 0.9 ~ oy 

Treatment difference + confidence interval (P = 0.05) = 2.44 + 2.42 

Mice within treatment variance (P = 0.05) : 0.01¢ a < 0.22 
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Table 3.37 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

- Determinations = 

Mouse No : A 2 3 

P16 ae 126 oat 

Pay 2.4 1D Cul 

P18 1.4 464 132 

$16 Ned 0.9 Ae 

$17 4,5 0.8 0.9 

$16 1.3 142 1.3 

Source of variation De Wo 5 Meo. Viele Parameters estimated 

2 2 2 
Treatments 2 4 130 1.0 6.4 NS Sp + 30, + OF 

Mice within treatments : 4 0.6 O.2 2.0 NS oS + 304. 

Determinations within 2 

micé 4 72 0.9 0.1 - %



PANC 3: 10 

One way Anovar using a hierarchical design. 

Table 3.38 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

- Determinations ~ 

Mouse No 4 2 g 

p19 3.4 29 3-9 

P20 4.9 2.9 4.8 

P21 ea) EO 3.2 

$19 361 307 30 

S20 al oe" ee 

$21 eS 525 Se/ 

Source of variation ih. = coe Neos Vig te Parameters estimated 

Treatments sd Wes 41.5 eae No oo + Bae + gte 

Mice within treatments : 4 2PO.9 7 2 16,74 2s ofS + Boe 

Determinations within > 

mice : 12 Doe 0.4 - oD 

Mice within treatments variance (P = 0.05) : 0.81 <¢ f° £18.87 
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Table 3.39 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

- Determinations - 

Mouse No A a iD 

P19 Ban O.2 Vee 

P20 One - 0.6 

P21 26 0.6 12 

$19 260 O55 126 

S20 2.6 0.6 1.6 

$21 Cee OS) Veer. \ 

Source of variation Diehie 3G Ses Meo. MaKe Parameters estimated 

2 2 2 
Treatments 4 V8 4.6 2.76 NS on + 30%, + OF 

Mice within treatments : 4 206 0.6 0.93 NS oe + 3046 

Determinations within > 

mice a2 Beaks aa A - 5 
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PANG -3:211 

One way Anovar using a hierarchical design. 

Table 3.40 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in jig/ml. 

Mouse No 

P22 

Pes 

P24 

S22 

eo 

S24 

: 

4,8 

4.2 

bok 

Dac 

bee 

365 

Source of variation 

Treatments 

Mice within treatments 

Determinations within 

mice 

De. 

12. 

Determinations ~ 

2 5 

635 Bee 

4% Dad 

3.8 4 

42 be 

307 4.0 

4.6 3.2 

Dawe M Sie Vigne Parameters estimated 

ho Go 0,50-ue ac ¥ Bone + oT 
e 2 

ae Nee 1.83 NS oy + 34 

2 
8.5 On7 a op 
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Table 3.41 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

Mouse No a 

P22 1.4 

P25 peo) 

P24 120 

822 0.9 

S25 2d 

Se4 Aer 

Source of variation 

Treatments 

Mice within treatments 

Determinations within 

mice : 

Mice within treatments 

- Determinations 

DoF. S.5- 

A 4 etsdO™ 110? Bo Sxl one 

4 16.8 oo
 

Ne Oe 

variance (P = 

184 

1.0 

Ceo 

0.6 

1.1 

2e2c 

303 

M.S. 

4.2 

O07 

0.05) 

VR. 

6.18 =e 

4.2 

309 

0.7 

0.9 

Cad 

550 

Parameters 

estimated 

2 z 2 
5 _ 3o,, fOr 

2 2 
opt 30, 

— 
D 

O42 < ek 9.76



PANG : 12 

One way Anovar using a hierarchical design. 

Table 3.42 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

~ Determinations - 

Mouse No 4 2] 

P25 4.8 4.7 

P26 4.8 el) 

P27 44 6.7 

S25 41 3.6 

S26 Se. 1.9 

$2? eo Vee 

Source of variation Dike uo Be Meo Wises 

Treatments : 4 ok 0.65 NS 

Mice within treatments : 4 9.9 255 1.56 NS 

Determinations within 

mice. 312 1954 Aco - 

185 

oan 

Cay, 

3.8 

5.6 

2e9 

41 

Parameters estimated 

2 2 2 
oy + 3oy + 9T 

2 2 
oD + 304 

yak 
oD



Table 3.4% : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 
t 

- Determinations & 

Mouse No 4 2 3 

Te - i@) z 

P26 18 a . 

Fey Osc 4 me 

S25 0.07 Vel = 

$26 Oe> 0.7 0.9 

S27 = re O53 

Source of variation oP. ae. Mas’. V.R. Parameters 
estimated 

Treatments 3 4.1x10°° 141x107 4.6x107° NS os * 360 + 90° 

; Se. Z 2 
Mice within treatments : 4 0.9 Oe 0.74 NS % + 304, 

Determinations within 2 

mice : 12 De Onn ~ Oy



PANC 3 45 

One way Anovar using a hierarchical design. 

Table 3.44 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

- Determinations - 

Mouse No “| 2 3 

P28 6.9 Dee 6.5 

P29 9.3 Dee 42 

P30 : AO.O Det 5.5 

$28 Gee 54 ey 

S29 Da? bys) 14.6 

$30 6.7 A%9 2565 

Source of variation Detie (pais. M.S. Vike Parameters estimated 

Treatments <a EO ol Oe leon No on + 30° + gn@ 

Mice within treatments : 4 N26.4. 2 oes e727 NS of + 30,0 

Determinations within 

mice “ste. 276.0 ° 23.0 - ©. 

O
p
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Table 3.45 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

2 Determinations - 

Mouse No 4 2 a 

P28 50 Wal eo 

P29 4 aun Can 

P30 265 2.0 156 

$28 3.8 130 1.9 

S29 eso Dae See 

$30 2<O is 1.4 

Source of variation Deli, cow. Mie Si0 NV Ble Parameters estimated 

Treatments 3 0.8 0.8 0.73 NS oS + 30° 

Mice within treatments : 4 is 1.4 * oh of + Boye 

Determinations within 2 

In all the experiments except experiment O9 there was no significant 

(P>0.05) effect of treatment on the levels of T. in either the poly- 

merised or the depolymerised pools. Experiment O09 produced a significant 

(P <0.05) treatment effect of 2.44ng/ml in the depolymerised pool but none 

in the polymerised one. The within treatment mice T. levels had 

significant variation for the depolymerised pool in all experiments except 

experiments 06, 11, 12 and 13. However, the within treatment polymerised 

T. pool had no significant mouse variation overall except in 

experiments 08 and 11. 
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Exocrine pancreas microtubule experiments 14 to 18. 

This series of experiments was carried out using a similar method- 

ology to the previous groups. However, there was a difference in the 

number of mice included in the experiment in one case. Experiment 14 

had two treatment groups; 'P' and 'S', each consisting of five mice 

rather than the normal three. 

PANC : 14 

One way Anovar using a hierarchical design. 

Table 3.46 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

~ Determinations - 

Mouse No A a 3 

PSA 5.0 41 49 ; 

Pie Vee. ND ay/ 307 

POS 9.8 19.3 7.0 

P3u 11.6 20.6 5.5 

P55 360 Det a4 

$32 7.6 566 ed 
S33 6.8 6.7 15.0 

S34 a7 9.5 8.2 

S35 6.4 10.9 526 

S36 9.6 8.8 16.1 

Source of variation Dil. Ses. M.S. ViRe Parameters estimated 

Treatments 2 a4 oo] O61; NS oe + Boe + a5n? 

Mice within treatments : 8 22065 227.5 1.45-NS of + Boye 

Determinations within 

mice: 3 20° 465.4 19.3 = o 

O
n
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Table 3.47 : 

from measured polymerised pancreas T. in pg/ml. 

Mouse No 

P31 

P32 

Fa 

P34 

327 

51 

0.3 

0.8 

0.2 

1.9 

0.5 

0.7 

009 

Source of variation 

Treatments 

Mice within treatments 

Determinations within 

Mice within treatment variance (P = 0.05) : 0 

mice 

Diets 

Seon 

: 8 

ZO 

Determinations 

207 

209 

0.5 

0.8 

0.1 

0.8 

0.8 

12 

S.S.. Mss 

8.4 8.4 

HS. ae 

De? 0.3 

190 

26e SG 

V.R. 

1.93 NS 

15.36 RoR 

Supernatant 2. results and analysis, all values derived 

3 

Zeid 

329 

0.3 

1.5 

0.7 

0.4 

O04 

0.6 

005 

O07 

Parameters estimated 

2. 2 2 
oy + BO +e 

oe 
Opt Io,



PANC 3. 15 

One way Anovar using a hierarchical design. 

Table 3.48 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

~- Determinations ~ 

Mouse No 4 2 > 

P36 17.60 2 4964 627 

Eon 13.4 8.9 80.7 

p38 12.6 6.0 259 

S37 42,2 46.1 Slo 

$38 44.4 53,5 $8.6 

$39 9.3 an G28 

Source of variation Dele 5356 Mose Noo Bre geet saagiecelit 
estimated 

Treatments 4 10228 * 102.6 0.17 NS oS + 30, on 

Mice within treatments : 4 2375.6 . = 593.9 4.02: NS of + Bo" 

Determinations within > 

mice : 12 3922.3 326.9 ~ % 
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Table 3.49 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

- Determinations - 

Mouse No 4 2 in 

P36 ace, SEO 6.8 

P37 2e4 1356:7 s 

PX 5.4 1.20 Ogee 

S37 ee 0.3 Dad) 

S38 Bund at 10.0 

S39 0.8 Or 0.5 

Source of variation Dol Oui. MoS Ven Parameters estimated 

2 2 2 
Treatments 24 Wis6 3 47.6 0250 NS o, + 30), + 9T 

Mice within treatments : 4 96.3% .40.5' O.5e Me of + Bae 

Determinations within 2 

mice : 12 288.7 24.1 = oF 
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PANC : 16 

One way Anovar using a hierarchical design. 

Table 3.50 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

- Determinations - 

Mouse No 4 2 4 

P39 2.8 2s us 

P4O 367 4h 201 

P44 0.8 1.0 4.0 

su 2.8 se 1.9 

Sho 4LO 4.0 oe4 

S43 Ba eo ead 

Source of variation Deneemocow se Moos Vee Parameters estimated 

Treatments <4 G6 0.6 0.26 NS of + 30% + gr? 

; ae - ve 2 
Mice within treatments : 4 92574 2.8 4.97 Op + 3o : 

Detepmsitions within 2 

wick + 12 5.0 OS5 ~ Oy 

Mice within treatments variance (P = 0.05) : 0.22¢ 6° £5.18 
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Table 3.51 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

- Determinations - 

Mouse No 4 2 

P39 0.6 1.6 

P46 0.4 0.6 

P44 0.6 ae 

S41 = O.4 

She Oa7 0.9 

S43 1.9 atl 

Source of variation DoPo S25. Mess Volts 

Treatments ey Ook © OG4 0.76 NS 

Mice within treatments : 4 Pie) O26 2.94 NS 

Determinations within 

Mice, 3012 Bed, 0.2 - 

Le ox 104 

4,0 

0.5 

1.0 

ia! 

Parameters estimated 

52 2 2 
Sy + 30, + 9f 

2 2 

% c a 

2 
op



PANC : 17 

One way Anovar using a hierarchical design. 

Table 3.52 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

ms Determinations = 

Mouse No 4q 2 Zz 

P42 2.5 227 6.6 

PLS Pel. 6.0 6.3 

Phu G0 6o5 T50 

S44 4.3 5.4 ha 

S45 304 301 5.9 

S46 8.3 a5 8.6 

Source of variation ao. 38. M.S. V.R. ssa ian 
estimated 

Treatments ee box107 hegxid * 369x107 NS of + 30° + on@ 

Mice Within treatments ©: 4 Boas 12.5 8.36 ** of + 30° 

Determinations within 2 

mice = 12 18.0 Ved - % 

Mice within treatments variance (P = 0.05) : 1.32 ag < 30.67



Table 3.53 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

- Determinations _ 

Mouse No a 2 3 

Pho 0.4 1.9 2.4 

P43 260 Bee Dae 

P44 0.9 0.8 

S44 4 2.0) ‘Ver 

S45 0.4 14 is 

S46 ” St OZ2 

Source of variations Dote SxiSe MiSs Made Parameters estimated 

Treatments 4 GeO "120 1.83 NS os + 30% i gn® 

Mice within treatments : 4 Be7 Peek 6.758. * of + 30° 

Determinations within 2 

Mice... 12 Dre, O.> o 

NM
 

' Mice within treatments variance (P = 0.05) : 0.22 ¢ 6° ¢ 5.13 

i 
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PANC : 18 

One way Anovar using a hierarchical design. 

Table 3.54 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

- Determinations - 

Mouse No 1 2 5 

P45 Bee Car 265 

P46 45 Sed 209 

P4? 3.8 4.0 3.5 

S49 5.4 42 Dee 

$48 8.0 8.6 8.6 

s4g Leo 6.4 Ted 

Source of variation Det. S296 Me. VoR. Parameters estimated 

Treatments 21 $5.0, 95.0 10017 * of + 30° + 9 

Mice within treatments : 4 C7eO o.H 2.2 4e= of + 30 

Determinations within 2 

mice : fie Soe On 3 brad Oy 

Treatment difference + confidence interval (P= 0.05) = 3250 + 9,04 

Mice within treatments variance (P = 0.05) : 0.62 < os < 14.28



Table 3.55 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

- Determinations ~- 

Mouse No 4 a o 

PLS ‘2 in? 207 

P46 Veh Mie ih Nico 

P49? SETS! eo ee 7: 

sho 24 1.0 B.A 

S48 O.5 ACS 0.9 

S49 25 2.9 5. 

Source of variation Dol Seas Me. VeRe Pamepetene 
estimated 

2 2] eo 
Treatments <4 W602 Ose: 1505 ONG oO + 30, +. OF 

Mice within treatments : 4 VOU? 4e.e 252.06. 2ae oo + 30/2 

Determinations within 2 
Mice.+: 12 1 62 O64 = oD 

Mice within treatments variance (P = 0.05) : 5.51 x f° < 127.87 
m 

A significant (P<0.05) effect of treatment was only produced in the 

depolymerised T. pool of the mice in experiment 18, the difference being 

in the region 3.5ng/ml. No other treatments were significant, although 

the mice within treatment variation was significant in three out of 

five experiments for both the depolymerised and polymerised pools. 

a
 

i
 0
0



  

  

Exocrine pancreas microtubule experiemtns O04 to 18 combined. 

By combining the results of experiments 04 to 13 and 16 to 18 for 

analysis the variation between individual experiments was determined. 

This was done using a hierarchical design for a one way analysis of 

variance together with a block design for a two way analysis of 

variance. (See the Appendix for details). All calculations were once 

again done by a computer programme. 

PANC : O4 to PANC : 13 
  

One way Anovar using a hierarchical design, for combined results of 

experiments PANC : O4 to PANC : 13. 

Table 3.56 : Supernatant 1. analysis, all values derived from measured 

depolymerised pancreas T. in pg/ml. 

Source of variation De See MoS Vers 

1. Experiments : 9 1604.33 178.26 2.89 NS 

2. Treatments within experiments : 10 617.44 61.74" “1.02 te 

3. Mice within treatments se HO 242.55 60.61 5. 7o 

4, Determinations within mice +120 1258.58 10.49 as 

Parameters estimated 

e 2 2 re 
A Sp + 307, + OT + 1860, 

2 2 2 
26 oD + 30, + OT 

2 eo 
5 e op + 30, 

2 
4 o5 

Mice within treatments variance (P = 0.05) : 11.26 < 6% ¢ 27.35



Table 3.57 

  

measured polymerised pancreas T. in pg/ml. 

Source of variation 

‘le 

ee 

3. 

4 

Experiments 

Treatments within experiments : 

Mice within treatments 

Determinations within mice 

Parameters estimated 

Nie 

Nw
 

Cat 30 + 9r- + 48 og 

hm 
2 

po
 

2
:
8
 

oy + 3407 + gn@ 

fh 

+ 30 

Ss 

2 
°%D 

2 
op 

Dow. 

2 

20 

LO 

120 

$5. 

1826.36 

1465.32 

6490.01 

2013526 

202.95 

146.53 

N62.25 

167.80 

Supernatant 2. analysis, all values derived from 

V2. 

1.38 NS 

0.90 NS 

0.97 NS



Two way Anovar for mean treatment values of the combined experiments 

PANG 3 04 to PANG 2 15. 

Table 3.58 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

Experiment No Pilocarpine Treatment Saline Treatment 
Mean Mean 

PANC : O4 9.27 Toe 

PANC : 05 Ser 8.76 

PANC : 06 11.68 8,15 

PANG 42207 18.37 9.05 

PANC : 08 8.98 12.89 

PANC : 09 5.09 Teo 

PANC 23. 10 $554 5.40 

PANC : 11 Lokg 418 

PANC : 12 4.69 4,09 

PANC ;: 13 6.29 9.65 

Source of variation Date 8.5. Moe VoRS 

Treatments en 0.94 0.94 0215. Ns 

Experiments 9 17S. AG Ot 2.63 NS 

Error ) 67.66 Ve be “ 

Total : a5 246,86 - - 
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Table 3.59 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

Experiment No Pilocarpine Treatment Saline Treatment 
Mean Mean 

PANC ; O4 2456 0.80 

PANG 3205 4426 7.90 

PANC : 06 0.99 0.68 

PANC 3407 3205 20.80 

PANC : 08 4.78 Zea 

PANC : 09 1450 1.10 

PANC : 10 0.97 1.59 

PANG sad Cole i 

PANG: 12 Oe55 0.38 

PANG 4°13 2.76 ee DD 

Source of variation D.F. $8, M.S. VR. 

Treatments ed 9.16 9.16 0.54 NS 

Experiments 5759 202.93 2265) F632: NS 

Error 9 153.65 17607 - 

Total to19 W05679 ~ =z 
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PANC : 16 to PANC : 18 

One way Anovar using a hierarchical design for combined results of 

experiments PANC : 16 to PANC : 18. 

Table 3.60 : Supernatant 1. analysis, all values derived from measured 

depolymerised pancreas T. in pg/ml 

Souree of variation Dee. Sass M.S. Vie 

1. Experiments ere 94.13 47.06 2.54 NS 

2. Treatments within experiments : 3 55.61 16654 2.74. NS 

3, Mice within treatments 2 2 81.15 6.76 9506 4** 

4, Determinations within mice : 36 26.86 O25 - 

Parameters estimated 

vy oo + 35° + 9T e+ 18 of 

ey of + B5° + ore 

3. of + 30° 
4 

Mice within treatment variance (P=0.05) : 1.03h6° £5.46 

Table 3.61 : Supernatant 2. analysis, all values derived from measured 

polymerised pancreas T. in pg/ml. 

Source of variation ete Oa 6 Meo. VARS 

1. Experiments poy AAB. Bo So.61 2.27 ONG 

2. Treatments within experiments : 3 80.55 26.85 1.65 NS 

3. Mice within treatments Sie 195.95 16.30 76,09 

4. Determinations within mice 46 794 0.21 Ss 

Parameters estimated 

oe a 
a 30% + or +48 oO 

Be of + 5 0? + gr? 

a os + 3 a2 
2 

lee op 

Mice within treatments variance (P=0.05) : 2.76 < dX 14.61 
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Two way Anovar for mean treatment values of the combined experiments 

PANG’: 16: to. PANC’ > 16. 

Table 3.62 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

Experiment No Pilocarpine Treatment Saline Treatment 
Mean Mean 

PANC : 16 2.42 2.79 

PANG 33647 Sub? 5 66 

PANC : 18 3,28 6.78 

Source of variation Dats S25. M.S. V.R. 

Treatments at 2.48 2.48 1.34 NS 

Experiments : . on 10.46 Seas 2.82 NS 

Error : 3.70 205 - 

Total 15 16.64 = = 

Table 3.63 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

Experiment No Pilocarpine Treatment Saline Treatment 
Mean Mean 

PANC : 16 0.54 0.85 

PANCSs) 17 74 0.77 

PANG? s 46 6.14 2.02 

Source of variation D.F. S.S. M.S. Vion 

Treatments : 4 3073 ac 20 1.45 NS 

Experiments te 13.20 6.60 2.54 NS 

Error } 5-20 2.60 - 

Total : 22.15 a 

No significant variations could be demonstrated between the 

experiments in either of the two combined sets, nor was there any 

demonstrable treatment effect using either the one or two way analysis 

of variance. However, the one way analysis did show a very highly signi- 

ficant (P<0.001) variation between the mice within treatment results for 

measured depolymerised T. in both sets of experiments and for polymerised 

T. in the second set (16 to 18). 
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Exocrine pancreas microtubule experiments 01 to 18 
  

-~ summary of the results and analyses. 

The experiments in this section all attempted to compare the MT. 

and T. pools in the actively secreting and resting pancreas of mice. 

The results obtained from the Mvcolobi.cine binding assay for T. were 

analysed using a hierarchical design for analysis of variance. In the 

tables below the experimental results for the two pancreas T. pools 

are presented. Hach table shows the significance of the effects of 

treatment of the mice together with the treatment difference when 

Significant. In addition the significance of the 'Mice within treatment' 

variation is shown with the estimated variance if significant. Finally 

the 'Yeterminations within mice' estimated variances are also presented. 

At the end of each table are the relevant values for the pooled experi- 

mental results.



  

Table 3.64 : Supernatant 1. results and analyses summary, all values 

derived from measured depolymerised pancreas T. in pg/ml. 

  

Experiment -Treatments-~ ~Mice within Treatments- Determinations 

No. Significance Difference Significance Variance Variance 

O11 NS - 001 11495 6.6 

02 ~ ~ - = 

“03 NS - NS - 2.4 

o4 NS - 001 28.18 3.4 

O5 NS = sO Vee 0.7 

06 NS ~ NS ~ Dien 

O07 NS - 2001 99.05 Dileot 

08 NS ~ 005 518 D9 

09 205 2.44 «OD 0.03 0.9 

10 NS - 2001 2.26 0.4 

11 NS ~ NS ~ O27 

AZ NS - NS - : 4.6 

AS NS ~ NS - 25.0 

44 NS NS ~ 1069 

15 , NS ~ NS - 326.9 

16 NS i 0.62 0.5 

19 NS = 504 3.68 ToD 

18 205 5650) 001 1.71 0.3 

04-13 NS - 2001 16.71 10.) 

16-18 NS “ 2001 2.01 0.8 
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Table 3.65 : Supernatant 2. results and analyses summary, all values 

derived from measured polymerised pancreas T. in jig/ml. 

    

Experiment ~Treatments- -Mice within Treatments- Determinations 
No. Significance Difference Significance Variance Variance 

01 NS - 001 9.74 2.0 

02 - - - - S 

03 NS _ 04 143 OLS 

oO4 NS - NS - PAEAP SS, 

05 NS - NS ‘ 0.8 

06 NS ” NS ~ 1.0 

07 NS = NS = 1638.8 

08 NS - 05 9.62 12.0 

09 NS ~ NS - 0.1 

10 NS ~ NS - 00.7 

an NS 207 Va? 0.7 

Ve NS - : NS ~ 0.35 

13 NS - NS - Nee 

14 NS -001 eo 0.3 

13 NS ~ NS i 24.1 

16 NS - NS ~ Owe 

a9 NS - 01 0.62 0.3 

18 NS ~ 05 15.34 0-1 

O4~13 NS - NS - 167.8 

16-18 NS 001 2. 0.2



The effect of treatment for pancreatic secretion had a significant 

(P<O.05) effect in only two experiments, 'PANC : 09 and 18'. In both 

cases the levels of depolymerised T. were higher as a whole in the 

saline-treated mice than in the Pilocarpine-treated mice. In experiment 

'PANC : O9' the difference between the two groups of mice was 2.4ng/ml 

and in experiment 'PANC : 18! 3.5yg/ml. No concomitant effects of 

treatment for pancreatic secretion could be demonstrated in the second 

supernatant corresponding to changes in the levels of polymerised T. 

Throughout the experiments the 'within treatment groups’ mice 

variation was considerable. Significant variation was demonstrated 

in ten out of eighteen of the first supernatant results and seven out 

of eighteen of the second supernatant results. The levels of this 

significance varied from insignificant (P>0.05) to very highly 

significant (P<0.001) with variances estimated at between 0.03 and 

99.1 for the first supernatant and between 0.6 and 15.3 for the aeroad, 

Similarly a great deal of variation was present in the 'within mice' 

determinations, estimated variances lay between 0.3 and 326.9 for the 

first supernatant and between 0.1 and 1638.0 for the second. 

So far as the pooled experimental results were concerend once again 

no significant effect of treatment, to induce secretion, was shown. The 

overall ‘within treatment group' mice variation was significant in the 

first supernatant for experiments O4 to 13 and 16 to 18 but only in 

16 to 18 in the second supernatants. The ‘within mice' determination 

variation was greater in the larger group of experiments than in the 

smaller group. The variation between individual experiments was also 

shown to be insignificant in all cases.



Examination of the microtubule, free tubulin equilibrium during 

the stimulated exocrine pancreas time course. 
  

The previous group of experiments tried to examine the effect of 

Pilocarpine treatment on the two exocrine pancreas T. pools at a 

specific time point after injection. This second group of experiments 

was designed to look at the same T. pools only this time over a 

continuous period after injection. In this way it was hoped to 

compare the T. pools of the actively secreting and basal secreting 

pancreas over the period from commencement of secretion to cessation. 

Once again the ee ee binding assay was used to measure the 

separated T. pools only this time the experimental results were 

analysed by a more complex statistical procedure. 

Exocrine pancreas microtubule experiments 19 to 22. 

In experiments 19, 20 and 22 the polymerised and depolymerised 

T. pools in the pancreas of mice injected with pilocarpine were examined 

over the time period after injection. Experiment 21 compared these same 

pools in two groups of mice over similar time periods; one group was 

injected with pilocarpine as before, the other was a control group given 

only PBS. Four mice were included in each time period group in all the 

experiments except number 22 where only three were used. For each super- 

natant obtained three determinations were carried out to obtain the mean 

T. concentrations shown. The time periods used for experiments 19, 21 

and 22 were 10, 20, 30, 45 and 60 minutes after injection; experiment 20 

used the time periods 1, 2.5, 5, 10 and 20 minutes after injection. 

The AA eo hi eine binding assayed results were analysed using a 

one way analysis of variance where the treatment effect was partitioned



  

into a linear, quadratic and cubic portion using orthogonal polynomials 

(see the Appendix for details). All calculations were carried out by 

computer programmes (see the Appendix). In addition the polymerised T. 

pool supernatants for experiment 22 were assayed by R.I.A., see 

RLA—-PANG. > 04: for mesults. 

PANC : 19 

One way Anovar using orthog nal polynomials. 

Table 3.66 : Orthogonal polynomial coefficients for treatment time 

points, used to analyse results of both supernatant 1. and 

supernatant 2. 

Treatment Reduced o Orthogonal polynomial coefficients - 

Levels Levels Linear Quadratic Cubic 

10 O - 2630 elo - TA 

20 . - 1.30 - 0.89 + 3.95 

30 2 ~ 0.30 - 2.94 + 1.76 

aS ae + 1.20 = 2025 - 5.02 

60 5 +2670 + 2.93 + 2.02



  

Table 3.67 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

Time ~ Mouse 

(mins) 4 2 

10 2.89 1.34 

20 344 6.11 

30 14.74 20.48 
4s 17.15 Ta97 

60 3.69 6643 

Source of variation ite 

Treatment overall 2 4 

Linear effect 4 

Quadratic effect 4 

Cubic effect fl 

Residual oo 

Error soles 

Total ea 

Formula of the response curve 

Curve points :- 

X coordinates 

10 

20 

30 

45 
60 

Means 

3 

Seen 

Ld, 

ine 

2s ot 

3.93 

Se. 

176.05 

8.46 

126.54 

D229 

35-76 

353.47 | 
Seger 

2 Y= 6.5 + 0.4% -~-1.0X 

2.53 

6.85 

9.22 

9.10 

4.57 

ein 

6.47 

4.15 

5625 

4 68 

3,81 

M.S. 

bho 

8.46 

126.54 

D229 

35-76 

25456 

Y coordinates 

Overall 

Mean 

3048 

4.38 

11.01 

8.93 

& 4? 

V.R. 

4207 

0. 36 

5-3? 

0.22 

7052 

2 

NS 

NS 

NS 

NS 

Standard 

Ze 

‘Ve 

1. 

1. 

Ce 

ce 

4O 

66 

62 

2? 

Overall 

Total 

13291 

VWeo> 

44 O05 

35672 

17.87 

error



  

Table 3.68 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

Time - Mouse Means ~ Overall Overall 

(mins ) 4 2 3 I Mean Total 

10 1.93 1.98. A 76 2.48 2.04 8.16 

20 416 0.94 1.6.05 0.00 0.79 S16 

40 0.45 0.63 asaya 0.81 100 4.00 

LS ORGS 0.58 Ve 0.54 0.80 54.20 

60 0.22 0.82 0.00 0.67 0.43 A<94 

Source of variation Diets Sisbie MoS. Necktie 

Treatment overall coe 507 1.49 S02, 2s 

Linear effect 4 3.86 3.86 10,56. 2°" 

Quadratic effect 4 0.60 0.60 2.03 NS 

Cubic effect al 1.05 O05 Ae No 

Residual eal 0.46 0.46 Veo eo 

Error st 446 Os50 = 

Total : 49 10.43 ~ = 

Formula of the response curve : Y = 1.0 ~ 0.2X 

Curve points :- 

X coordinates Y coordinates Standard Error 

10 4 550 0.20 

20 Tee 0.15 

30 1.09 Ooie 

As 0.71 0.15 

60 0.34 0.22 

aie



  

PANG): 20 

One way Anovar using orthogonal polynomials. 

Table 3.69 : Orthogonal polynomial coefficients for treatment time points, 

used to analyse results of both supernatant 1. and supernatant e. 

Treatment Reduced ~ Orthogonal polynomial coefficients - 

Levels Levels Linear Quadratic Cubic 

— 0 «B00 + 7675 ~ 9.97 
265 4 ~ 2,00 + 0.50 + 8.96 

5 2 - 1,00 - 4,95 +10.91 

10 4 + 1.00 ~ 0.25 ~12610 

20 8 + 5.00 + D6 7D + 2.20 

Table 3.70 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

Time - Mouse Means o Overall Overall 

(mins) 4 2 ee. y Mean Total 

0 matt Te50) 6.39 Sey, 6.14 24.57 

245 A257 3.28 5.47 4.55 6237 25.47 

5 2263 6.74 5.04, 56/70 4,38 17.651 

20 5.97 5.01 4.61 2.16 463 18.50 

Source of varvation: D.F. Sos. M.S. Vion 

Treatment overall : 4 17.256 439 0.85 NS 

Linear effect 4 3,34 36354 0.65 NS 

Quadratic effect a 0.45 O45 0,09. NS 

Cubic effect 4 6.24 6.24 T.c7e. Ne 

Residual i‘ ye ae be 1.46 NS 

Error eerley 77.54 S17 ES 

Total : 19 95.09 = Ss 

Formula of the response curve : Y = 5.63 (Standard error = 0.51) 
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Table 3.71 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

Time ~ 
(mins) 1 

0 3.69 

2.5 2.08 

a 3.72 

10 3.66 

20 1.10 

Source of variation 

Treatment overall 

Linear effect 

Quadratic effect 

Cubic effect 

Residual 

Error 

Total 

Formula of the response curve Y = 4,05 (Standard error = 0.35) 

Mouse 

2 

4.79 

592 

3.98 

4.79 

Means 

3 

5.11 

6.90 

3.00 

2.85 

S67 

Dave? 

2.70 

0.07 

0.003 

1.40 
APG, 

37 297 

4O.49 

214 

3.48 

3672 

3.44 

6.75 

5.42 

M.S. 

O67 

0.07 

0.003 

1.40 
28 

aa se 

Overall 

Mean 

422 

4.16 

5.30 

451 

4.07 

Moke 

Os27- NS 

0.035 “Ns 

0.001 NS 

0.56. NS 

0. 59: NS 

Overall 

Total 

16.48 

46.65 

13.53 

18.05 

16.29



Table 3.72 : Reanalysis of supernatant 1. and supernatant 2. using 

normalised data ( Log, (Y + 1), where Y is the mean mouse pancreas 

T. value in pg/ml ). 

Supernatant 1 :- 

Source of variation Diet S25. MiSs Vek 

Treatment overall : 4 0.55 0.13 4.23 NS 

Linear effect : A 0.08 0.08 6.74. -NS 

Quadratic effect : 1 0.01 O20) 0.09 NS 

Cubic etfect : 4 Ose eed 2e5 Me 

Residual : 1 024:9 OL19 9 76 NS 

Error eS 1.62 0595 = 

Total 10 Oa td < se 

Supernatant 2 :- 

Source of variation Dew Suse Mose Mes 

Treatment overall eas dt 0.003 0.001 0.006 NS 

Linear effect : 4 0.005 0.005 0.04 NS 

Quadratic effect : 4 0.002 0.002 0.02. -NS 

Cubic effect : 1 0.006 0.006 0.05 — No 

Residual = 4 - - - NS 

Error 2 395 1.823 Ozi2e 2 

Total <A 1.83 - . 
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PANG : 21 

Two way Anovar using orthogonal polynomials. 

Table 3.73 : Orthogonal polynomial coefficients for time points, used 

to analyse results of both supernatant 1. and supernatant 2. 

Treatment Reduced ~ Orthogonal polynomial coefficients - 

Levels Levels Linear Quadratic Cubic 

10 0 - 2.4% Hide 1D - 2.71 

20 4 - 1.30 - 0.89 + 3.95 

50) 2 - 0.30 - 2.94 + 1.76 

4S oe 4, 20 = 2025 = Dee 

60 p A610 + ced) + 2.02 

Coefficients for treatments :- 

Saline >. alt=. 4.00 

Pilocarpine shell 1.00 ‘ 

Table 3.74 :: Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

Times ' Replicate Mice 

Treatments (mins) 4 Z 3 

10 i 4.58 4.12 

20 5606 2.07 9037 

Saline 30 6.21 702 4.32 

ks 0.73 747 4.89 

60 D08> 5.26 4,90 

10 6.44 4.08 9.16 

20 6453 5.00 9.55 

Pilocarpine 30 245 3.56 eee 

) vate 8.67 5.09 

60 793 9.82 6.72



  

Source of variation 

Total Treatment 

Treatment 

Times overall 

Linear effect 

Quadratic effect 

Cubic effect 

Residual 

Treatment x Times 

Trt col is 

Trt: 3 te © 

Tries foe @ 

Trt: St =o 

Error 

Total 

Det. 

e
e
 

+20 

9 

8.5. 

64.08 

756 

19.63 

3299 

789 

0.05 

S610 

36.89 

kas 

114.76 

Vado 

13555 

94.89 

158.97 

WEA 

256 

4.91 

5:59 

7.89 

0.05 

8.10 

9.22 

44S 

17476 

7033 

13.35 

7 

  

V.R. 

1.50 

Neo 

1.03 

0.76 

1.66 

0.01 
‘7 

1.94 

0.94 

2.48 

1.54 

2.81 

NS 

NS 

Ns 
NS



Table 3.75 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

Times Replicate Mice 

Treatments (mins) ‘| 2 3 

10 6.60 O¢s3 - 

20 1.81 1.86 2.03 

Saline 78) 2.84 Big) 6.20 

Ls 150 Seoe 4.27 

60 eae 3.44 2-68 

10 1.94 Seely 6.72 

20 2.62 2.04 1.84 

Pilocarpine 30 0.86 ° 1679 0.28 

45 4,08 2.61 2.53 

60 2565 De 5D 2055 

Source, of Variation — D.t. Sex M.S. Vig itis 

Total Treatment : 8 27.59 3.07 4493 NS 

Treatment 74 52" Te 0.45 NS 

Times overall 4 6.10 1355 0256 NS 

Linear effect 4 0.88 0.88 0.33. NS 

Quadratic effect 4 NT Tou 0.64 NS 

Cubic effect 4 5.10 Slo dat? oS 

Residual 4 02:50 Oe 50) O64 NS. 

Treatment x Times 4 20227 5.07 A667 NS 

Trt son) =A 4 2al6 2016 0.79 NS 

Trt x PT. GO | 7296 7296 2.93 NS 

Trt x Po C 4 rapt 2287 1.06 NS 

Birks cook 24 7.28 7.28 2.68 NS 

Error : 20 54.29 274 a 

Total se 29 81.87 e “ 
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Table 3.76 : Reanalysis of supernatant 1. and supernatant 2. results 

using normalised data ( Log. (Y + 1), where Y is the mouse pancreas T. 

determination value in pg/ml ). 

Supernatant 1 :- 

Source of variation OES S25. M.S. VoRe 

Total Treatment ao 0.38 0.04 1.42 NS 

Treatment ee 0.02 0.02 0.80 NS 

Times overall 4 0.14 0.03 0.90 NS 

Linear effect 4 O..04 0,04 0.45 NS 

Quadratic effect “| 07,07 C707 Coon Ne 

Cubic effect a 0.004 0.001 0,02 NS 

Residual ee 0.02 ©,02 6.78 2 NS 

Treatment x Times 4 Osie5 0.06 2.10 NS 

rt « Pes ge 0.02 0.02 0.84 NS 

Trt oe f= @ et 0.04 0.04 1.34 NS 

Trt 2 =i 4 0.08 0.08 2.69 NS 

Drit ser a Rh See Oe) On4 3.54 NS 

Error 2720 0.59 O.05 - 

Total 2 29 0.97 ia) = 

Formula of the response curve : Y = 0.79 (Standard error = 0.03) 
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Supernatant 2 :- 

Source of variation Dake S10. MoS Vik 

Total Treatment sO) 0.60 0.07 1.99: NS 

Treatment cere 0.004 0.004 Ost NS 

Times overall L On 0.03 0.80 NS 

Linear effect 4 0.08 0.08 2.26 NS 

Quadratic effect 4 Oe OOS 0.005 0.14 NS 

Cubic effect 1 0.02 0.02 O55427 NS 

Residual ql OgOr O<O7 0.50. ts 

Treatment x Times if 0.49 Ove SODi = 

Trt «esi ee Te 4 OeO5 0.05 VohD ONS 

Tet x = © Al Oses Os25 6.07 == 

Prt“: «6 4 0.08 0.08 2237 NS 

Trt xT = R 1 0.13 O45 3.88 NS 

Error 520 0.67 O.05 = 

Total : 29 1.28 = a 

Formula of the response curve :- 

Y = 0.518 = 0.012 + 0.028% + 0.005 x 

~ 0.023X + 0.034 x° 

(from the model : Y = general mean + K.Trt + K..T-L + 
2 

K..7-0 + K,.Trt x TeL + Ky.Trt x T-Q) 
? 

Curve points :- 

X coordinates Y coordinates S.E. - Confidence Limits ~- 

10 0252 O10 Oee Ope 

20 0.49 0.06 0436 0.62 

Saline 30 0.60 0.07 O45 OF75 

As 0.66 0.07 0.54 0.80 

60 G, 30 0.10 0.37 0.79 

10 0.62 0570 0.42 0.82 

20 0.46 0.06 0.34 0.59 
Pilocarpine x 0.39 0.07 0.24 0.54 

AS 0.42 0.07 0.28 Ose 

60 0.63 Cot0 0.42 0.85



  

Figure 3.2 : Pancreage microtubules during Pilocarpine induced secretion. 
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Line of best fit for Pilocarpine injected mice, @ observed values. 

-++++- Line of best fit for saline injected mice, m observed values. 

Shown are 95% confidence limits for lines of best fit,interaction significant 

at the P<0.005 level. 
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One way Anovar using orthogonal polynomials. 

Table 3.77 : Orthogonal polynomial coefficients for treatment time points, 

used to analyse results of both supernatant 1. and supernatant 2. 

Treatment Reduced - Orthogonal polynomial coefficients - 

Levels Levels Linear Quadratic Cubic 

410 0 = 2650 + 3615 - 2.71 

20 1 14.56 - 0.89 + 305 

30 2 - 0.30 - 2.94 + 1.76 

4s Seo + 1.20 2625 - 5.02 

60 5 + 2.70 + 2.93 + 2.02 

Table 3.78 : Supernatant 1. results and analysis, all values derived 

from measured depolymerised pancreas T. in pg/ml. 

Time - Mouse Means ~ Overall Overall 

(mins) a 2 3 Mean Total 

10 6.02 7.40 13.02 866: 26.44 

20 ae 1.46 3.69 429 12.87 
30 3.47 13.96 2 Fe 8.56 25.68 

LS Delo 5560 4.92 bea 1592 

60 Nest Vee 5.65 10.00 29.99 

Source of variation Devs. SeSs M.S. Viens 

Treatment overall yok 72.40 18.10 ANS 

Linear effect 4 464 4.64 0.29 NS 

Quadratic effect 4 23.67 25.07 1.46 NS 

Cubic effect 4 Oe 1D O'S 0.009 NS 

Residual 4 43.94 43.94 2.70 “NS 

Error +16 162.56 16.26 ~ 

Total 7 14 234.96 a “



Table 3.79 : Supernatant 2. results and analysis, all values derived 

from measured polymerised pancreas T. in pg/ml. 

Time - Mouse Means - Overall Overall 

(mins) A 2 3 Mean Total 

10 Oot? 0.65 0436 0.39 toa ek 

20 4.26 0,00 0.04 1.43 4.29 

30 0.50 6.82 0.00 2.44 7. 3e 

Ls 1501 1.54 0.00 0,85 Pete 

60 2045 0.59 0.00 404 3.04 

Source of variation Dak S.Sie M.S. Vas 

Treatment overall peal DAC hero 0.39 NS 

Linear effect 1 0.01 0.01 ©. 003 NS 

Quadratic effect ad 343 343 0.75 NS 

Cubic effect se 2.40 2.40 0,53. .Ns 

Residual 4 1.34 4.34 0.29 No 

Error seq) 45.50 455 2 

Total 2 14 52.68 ~ - 

224



Table 3.80 : Reanalysis of supernatant 1. and supernatant 2. using 

normalised data ( Log. (Y+ 1), where Y is the mean mouse pancreas T. 

value in pg/ml). 

Supernatant 1 :- 

Pounce: of Varlation....D.F. S.S. MoS. Vee 

Treatment overall ae ala Oved 4.04 NS 

Linear effect aon 0.06 0.06 0.22 NS 

Quadratie effect Sr 05 35 O55 lea NS 

Cubic effect a 0.04 0.04 O45 NS 

Residual ae ee 0.68 0.68 2.52 NS 

Error 210 2570 Ae? - 

Total : 14 4,31 i“ o 

Supernatant 2 :- 

Source of variation Dew Bao. M.S< Mak 

Treatment overall eg 0.56 0.09 0.16 NS 

Linear effect Sl 0.04 0.04 0.07 NS 

Quadratic effect | 0.19 0.19 O65 2 UNS 

Cubic effect : on 0.08 0.08 0.15 NS 

Residual Seco @.05 OFO5 0.09 NS 

Error 2 40 De 20 0.55 - 

Total a 5.86 = = 

Experiments 19 and 21 were the only ones to show a significant effect 

of treatment on the levels of either polymerised or depolymerised pancreas 

T. in the mice. In experiment 19 a significant quadratic effect of 

treatment was demonstrated on the depolymerised pancreas T. pool and a 

Significant linear effect on the polymerised T. pool. Curves of best 

fit were plotted to show these effects graphically. In the case of 

experiment 22 a significant effect was only shown once the data had been 

normalised. This effect was shown on the polymerised T. pool where a 

 



Significant quadratic interaction was demonstrated between the two oO
 

sreatments. Once again curves of best fit were plotted to 

illustrate this interaction graphically, > > 

 



Measurement of MT. proteins using the radioimmunoassay technique. 
  

The experiments in the two previous sections of the results used 

the AY-colchieine binding assay for T. to estimate both the amount of 

T. bound in vitro to zyomogen granules and also the alterations in T. 

pools during exocrine pancreatic secretion. Here we present the results 

of similar experiments using R.I.A's to measure both T. andM.A.P. 

Experiments 'RIA-MTG : 01' to 'RIA-MTG : O4' were in vitro granule 

binding procedures carried out as before while 'RIA~PANC : 01' was 

an in vivo exocrine pancreas experiment. In the case of 'RIA-MTG : O4! 

the samples assayed for M.A.P. had previously been assayed for T. by 

Ay -comewicine binding. Also the samples assayed for T. in 

"RIA - PANC : O1' had previously been assayed by Al-colchacine 

bandlage im 2 PANC] 22,



Radioimmunoassays for microtubule protein-~zymogen granule 

experiments RIA-MTG : 01 to RIA-MTG : O4. 

MT. protein prepared from porcine brain was combined with zymogen 

granules isolated from 20 mouse pancreas in the usual way, except 

that the third supernatant was collected after leaving the granules 

in buffer overnight at 4°C. The diluted (1: 9) supernatants were 

assayed twice for T. (R-01 and R-03) and once for M.A.P. (R-O2) using 

R.I.A's. In the case of R-O1 the supernatants were assayed in three 

dilutions (1 : 9, 1: 99 and 1 : 999) the results then being corrected 

to 1: 9 before analysis. The final experiment, R-O4, was carried out 

in the same way as above, using 50 mouse pancreas, but the supernatants 

3 were assayed for T. by ~H-colchicine binding assay (see MT-G : 08) and 

for M.A.P. using the R.I.A. The results of all four experiments were 

or variance 
computer analysed by one way analysis, using orthogonal linear contrasts 

to compare individual sample groups.. 
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RIA-MTG : 

Table 3.81 sugheslaniis standard curve values for measured T. 

% Bound = ((STND - BKG) x 100) / (BLK - BKG) 

Protein conc. Curve I Curve IT Curve III Mean curve 

NG/100 microl. % Bound % Bound % Bound % Bound 

F200 -194.904 ml 202 “wIO .-a4e -148.873 

600. -232.337 =259,.939 «249.622 -247 299 

300. -255.131 m2t2.169 <> 262; 855 -243, 392 

150. 245.895 eelaltse © me) .905 -174.991 

75.0001 -12.9816 Bi eeou. 212.9296 20.4897 

VP 15.5924 26.7195 14.08 18.7973 

18...75 47 67314 42.0598 36.7123 42,1678 

9.375 94.1055 87.7025 72.4163 83.7414 

4.6875 100.612 157.436 113.63 123.893 

2. 34375 124.595 7702 102.395 94.9226 

4.17987 96.0209 64.7461 1315833 97.5333 

- 585938 135.668 133.885 94.9946 121.516 

~292969 130.699 We6e7 12867 129.366 

Total mean 163119. counts 

BLK mean M1A9.67 -. counts 

BKG mean 5268.33 counts 

Curve formulae :; 

Curve I -52.4159 X + 138.316 -901185 

Curve II ~40. 3308 X + 129,497 ~818523 ; 

Curve III ~47.5284 X + 126.715 - 860616 

Mean : Y = -46.7584 t+ 1934 R = .883645 

Curve with greatest correlation coefficient used to calculate sample 

protein concentrations Curve I. 

One way Anovar using orthogonal linear contrasts. 
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Table. 3602. ; Supernatant 1. results and analysis all values derived 

from measured T. in pg/ml. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

+or- granules 

Source of 

variation 

Treatment 

Temperature 

tor- granules 

Error 

Total 

Temperature 

+of- granules 

MT+G MT+G 

4° a 

61.29 2.53 

3 > 

20.43 10.16 

COEFFICIENTS : 

‘| -1 

1 1 

Degrees of Sum of 

freedom squares 

456.67 

4 1572.70 

1 246.86 

8 1318.28 

a 1774.95 

~ TOTAL CONTRASTS - 

Standard Confidence 

error interval 

31.44 02559 

54.46 1253.59 

NM
 

IN
 

oO
 

MT ONLY G ONLY 

37° 37° 

42.58 20.42 

oi 5 

4.79 6.81 

0 

-2 

Mean Variance 

squares ratio =F 

152.22 0.92: Ne 

157.70 0.96 NS 

246.87 750° 18 

164.79 a 

- MEAN CONTRASTS - 

Mean Confidence 

effect interval 

10525 24.17 

Veet 20.93



Table 3.83 : Supernatant 2. 

from measured T. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

+or- granules 

Source of 

variation 

Treatment 

Temperature 

+or- granules 

Error 

Totak 

Temperature 

+or- granules 

in pg/ml. 

MT+G MT+G 

We 37° 

12.92 20.50 

2 2 

431 6.84 

COEFFICIENTS : 

4 4 

Ae, | 

Degrees of Sum of 

freedom squares 

3 28.07 

4 9.58 

1 12.04 

8 375.64 

14 403.71 

- TOTAL CONTRASTS - 

Standard Confidence 

error interval 

16.79 50271 

29.07 67.04 

results and analysis, all values derived 

MT ONLY G ONLY 

37° 37° 

5 3 

+o 6.45 

0 

-2 

Mean Variance 
square ratio - F 

9656 0,420 20S 

9.58 0520 “NS 

12.04 0.26 NS 

46.96 © ss 

- MEAN CONTRASTS - 

Mean Confidence 

effect interval 

Zig De 12.90 

2.45 Tey



Table 3.84 : Supernatant 3. 

from measured T. in pg/ml. 

Totals 

Replicates 

Means 

MT+G 
4 

2eo7 

2 

0.86 

results and analysis, all values derived 

LINEAR CONTRASTS COERFFICIENTS : 

Temperature 

+or- granules 

Source of | 

variation 

Treatment 

Temperature 

+or- granules 

Error 

Potaas 

Temperature 

+or- granules 

4 

4 

Degrees of 

freedom 

2 

1 

- TOTAL CONTRASTS ~ 

Standard 

error 

6.53 

TAs 5 

MT+G MT ONLY G ONLY 

37° ae 37° 

29572 4439 6.24 

a 5 2 

7.24 O46 2.08 

-1 O 

4) ~2 

Sum of Mean Variance 

squares square ratio =< 

88.06 29 660 J a 

oe 61.12 8.60 * 

C5670 25.70) 5.64 Ne 

56.88 ava wf 

144.94 ~ - 

- MEAN CONTRASTS - 

Confidence Mean Confidence 

interval effect interval 

15.06 6.38 5.02 

26.09 3.59 4.35 

nM
 

W
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RIA-MTG : O2 

Table 3.85 : R.I.A. standard curve values for measured M.A.P. 

% Bound = ((STND - BKG) x 100) / (BLK - BKG) 

Protein conc. Curve I Curve 11 Curve Lif Mean curve 

NG/100 microl. % Bound % Bound % Bound % Bound 

8000. 639.834 532.78 548.962 573.859 
4000.01 684.647 527.801 507.884 573.444 

2000. 489.211 485.4797 hou 484 466.39 

1000. 494.274 409.543 347,303 410.373 

500. 379.668 45%, 557 O98 798 377599 

2505 341.079 368.465 205. 394 304.979 
125. 392.116 321.162 326.141 346.473 

6295 497.784 251.452 1019.5 580.913 

31.25 239.004 304.979 212.863 252.282 

15.625 236.514 134.44 154.357 175.104 

7.01a0 199.17 158.091 247.494 199.585 
3.90625 300. 2334505 968.464 500. 
1699202 265.6145 278.838 205. 394 249.792 

Total mean —: 17762. counts 

BLK mean : 905.667 counts 

BKG mean : 986 counts 

Curve formulae : 

Curve I ¢  ¥ = 49.1105 + 156.144 R = .865258 

Curve II Y = 44.0387 + 130.361 R = 2893386 

Curve III Y = 3.38451 + 403.735 R = 3,24567E-02 

Mean ge = 32 APO xX + 250.08 R = 2599017 

Curve with greatest correlation coefficient used to calculate sample 

protein concentrations : Curve II 

One way Anovar using orthogonal linear contrasts. 
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Table 3.86 : Supernatant 1. results and analysis all values derived 

from measured M.A.P. in pg/ml. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

+ore granules 

Source of 

variation 

Treatment 

Temperature 

+or- granules 

Error 

Total 

Temperature 

+or- granules 

MT+G MT+G 

Ko y. 

291782. 21831.4 

3 2 

97260.6 7277 he 

COEFFICIENTS : 

1 -1 

4 5 

Degrees of Sum of 

freedom squares 

> 1.93688E+10 

4 1.21 455E+10 

a 4 21469E+09 

8 5 33105E+10 

11 762679 3E+10 

- TOTAL CONTRASTS - 

Standard Confidence 

error interval 

199957. 461102 

346336. 798651. 

MT ONLY 
o 

ae 

19089.1 

3 

Mean 

square 

6.45625E+09 

1.21455E+10 

4 21469E+09 

5 ..55382E+09 

G ONLY 
3 

a 

1200.58 

a 

400.195 

Variance 

ratio - F 

968852 NS 

1.82261 NS 
632474 NS 

~ MEAN CONTRASTS - 

Mean 

effect 

89983.5 

45905.8 

Confidence 

interval 

NSS 701s 

153109.



  

Table 3.87 : Supernatant 2. results and analysis, all values derived 

from measured M.A.P. in pg/ml. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

+ore granules 

Source of 

variation 

Treatment 

Temperature 

+or= granules 

Error 

Total 

Temperature 

+or= granules 

MT4+G 

4° 

140877. 

2 

46958.9 

COEFFICIENTS : 

4 

4 

Degrees of 

freedom 

? 

i 

14 

1.02432E+06 

2 

341439. 

1 

Sum of 

Squares 

2.402078+11 

4. 30078E+11 

7442538410 

6.41524E4+11 

8.81730E+11 

~ TOTAL CONTRASTS - 

Standard 

error 

693645. 

1.201438+06 

Confidence 

interval 

1..59954E+06 

2.77049E+06 

nN WW
 

mn
 

MT ONLY 

aa 

3879.14 

S 

129 9.0> 

0 

m2 

Mean 

square 

8.00689E+10 

1. 30078E+11 

74425 3E+10 

8.01905E+10 

G ONLY 

a7 

1178459 

2D 

3927.16 

0 

Variance 

ratio - F 

998484 NS 

1coeent NS 

-928107 NS 

- MEAN CONTRASTS - 

Mean 

effect 

294480. 

192906. 

Confidence 

interval 

533182. 

461749



  

Table 3.88 : Supernatant 3. results and analysis, all values derived 

from measured M.A.P. in pg/ml. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

+or- granules 

Source of 

variation 

Treatment 

Temperature 

+or- granules 

Error 

Totad 

Temperature 

+ore granules 

MI ONLY 
° 

ae 

6956.66 

a 

2318.89 

=e 

Mean 

Square 

1.16650E+08 

7 40720E+07 

4. 39119E+08 

8.05161E+07 

G ONLY 

ce 

248.464 

2 

82.8202 

Variance 
ratio -F 

1.44877 NS 

2919965 NS 

1.72785 NS 

- MEAN CONTRASTS - 

MT+G MT+G 

37° 

2143626 42518.2 

5 5 

7245.54 94472.9 

COEFFICIENTS : 

4 =‘ 

| Al 

Degrees of Sum of 

freedom squares 

3 3.499408+08 

4 7.40720E+07 

4| 1.39119E+08 

8 6.44129E+08 

11 9.94078E+08 

- TOTAL CONTRASTS - 

Standard Confidence 

error interval 

2197925 50684.6 

38069.5 87788.4 

CN
 

WN 

Mean Confidence 

effect interval 

027610 16894.9 

8340.24 14631.4



  

RIA-MTG : 03 

Table 3.89 : R.I.A. standard curve values for measured T. 

% Bound = ((STND - BKG) x 100) / (BLK ~ BKG) 

  

Protein. cone... Curves i Curve II Curve III Mean curve 
NG/100 microl % Bound % Bound % Bound % Bound 

1200. ~79 «3282 -43.5061 -89.5689 -70.8011 
600. ~42 6493 -28.4918  -55,9092 42,3501 
300. -18.6999 -28.451 -9,84635 -18.9991 
1504 12. 3487 29.1854 -6.37838 7673836 
75.0001 ~2.8696 -12.0087 20.223 1.78156 
3749 -14.0895 62.2875 9.8191 19.339 
18.475 21.243 4h 2948 75.833 47.1236 
9.375 76.0778 90.4801 52.006 72 8546 
4.6875 63.1443 93.0504 68.1626 74,7858 
2.34375 80.0353 72.2426 96.4776 82.9185 
1.17787 65.9594 149.967 93.2952 102.407 
- 585938 75.1802 62.0835 be.57 5" 66.6122 
«292969 $5 .0.5915 102.394 88.4809 82.0753 

Total mean : 167587. counts 

BLK mean : 16187.3 counts 

BKG mean tat? 5a. 5 counts 

Curve formulae : 

Curve I : Y = «17.1309 X + 72.6529 R = .895871 
Curve II Y = -20. 424 X + 100.879 R = .882993 
Curve III Y = +49.9751 X + 89.7175 Rs 3911202 

Mean 3 °F «= ~19.7767 X + 87.7496 R = .940801 

Curve with greatest correlation coefficient used to calculate sample 

protein with concentrations : Mean 

One way Anovar using orthogonal linear contrasts.



  

Table 3e70 % 

from measured total T. in pg/ml. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

+of- granules 

Source of 

variation 

Treatment 

Temperature 

+or- granules 

Error 

Total 

Temperature 

+or- granules 

MT+G 

COEFFICIENTS : 

4 

4 

Degrees of 

freedom 

> 

MT+G 
oO 

ar 

20680.7 

2 

6893.57 

= 

Sum of 

squares 

3.34010E+18 

7.12463E+07 

2.96897E+18 

8.90694E+18 

1.22470E+19 

- TOTAL CONTRASTS - 

Standard 

error 

2.58461E+09 

4 497667E+09 

Confidence 

interval 

5.96011E+09 

1.03232E+10 

NM cd
 

Oo
 

MT ONLY 
oO 

oe 

3.65519E+09 

3 

1 621840E+09 

0 

“2 

Mean 

square 

1611337E+18 

7.12463E+07 

2.96897E+18 

1611337E+18 

Supernatant 1. results and analysis, all values derived 

G ONLY 

ao 

024281 

5 

8.09377E+02 

Variance 

ratio + F 

-999999 NS 

6. 39917E-11 NS 

2.66666 

- MEAN CONTRASTS -— 

Mean 

effect 

6891 .84 

1 021839E+09 

Confidence 

interval 

1.98670E+09 

1. 72054E+09



  

Table 3.91 ; 

from measured total T. in pg/ml. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

+ore granules 

Source of 

variation 

Treatment 

Temperature 

+or- granules 

Error 

Total 

Temperature 

+or- granules 

MT+G MT+G 

4° a7" 

24.5594 5822.28 

3 2 

8.18647 1940.76 

COEFFICIENTS : 

4 -1 

4 4 

Degrees of Sum of 
freedom squares 

2 2e00006E+22 

4 5.60226E+06 

4 1.77782E+22 

8 5. 33346E+22 

14 76 33350E+22 

- TOTAL CONTRASTS - 

Standard Confidence 

error interval 

2 O0002E+11 4 .61205E+11 

3e464148+11 7988318411 

Mm WN
 oO 

Mr ONLY 

37° 

2. B2846E+11 

5 

9.42820E+10 

2 

Mean 

square 

6.66682E+21 

5 .602268+06 

1.77782E+22 

6.66682E+21 

Supernatant 2. results and analysis, all values derived 

G ONLY 

37° 

4.29901b—034 

> 

1.09967E-03 

Variance 

ratio - F 

4 NS 

8.40320E-16 NS 

2.66667 NS 

- MEAN CONTRASTS ~- 
Mean 

effect 

19526057 

9.42820E+10 

Confidence 

interval 

Veo / 20nd 

1.33138E+11



  

Table 3-92 ° Supernatant 3. results and 

from measured total T. in pg/ml 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

t+or- granules 

Source of 

variation 

Treatment 

Temperature 

+or- granules 

Error 

Total 

Temperature 

+or- granules 

MT'+G MT+G 

4° ae 

65.86 1417.62 

2 3 

BVs9929 472.54 

COEFFICIENTS : 

1 “1 

4 4 

Degrees of Sum of 
freedom squares 

2 6.60920E+20 

A 304542, 

A 5. 87485E+20 

8 12412635421 

1) 2.07 555Ere | 

- TOTAL CONTRASTS - 

Standard Confidence 

error interval 

3.25496E+10  7.50594E+10 

5 .63776E+10 1.30007E+11 

240 

MT ONLY 
oO 

ae 

5.14167E+10 

2D 

1.71389E+10 

Mean 

square 

2.203507H+20 

304542. 

5 .87285E+20 

1.76579E+20 

we 

analysis, all values derived 

G ONLY 

37° 

2.58428 

2 

6861426 

Variance 

ratio - F 

1.24964 NS 

1.72467E-15 NS 

920590705 NS 

- MEAN CONTRASTS - 

Mean 

effect 

450.586 

1.71389E+10 

Confidence 

interval 

2.5019 8E+10 

216678E+10



RIA-MTG : 

Table 4.93 : R.I.A. standard curve values for measured M.A.P. 

  

% Bound = ((STND - BKG) x 100) / (BLK - BKG) 

Protein conce. Curve I Curve II Corve Il Mean curve 

NG/100 microl. . Bound - Bound % Bound % Bound 

4800.01 ~104.204 a444e986. = 265.0055 -~99.7316 

2400. ~101.252 =Sp O98? «50. -78. 4436 

4200. ~60.7334 ~39.2665 -71.1985 57.0662 

600. -25.313 -49.7316  -29.8747 ~ 34.9731 

300. 54.6512 S1306Y 3. 9778 18.068 

150. Bo eoo | 60.8229 -9.74953 28.8014 

75.0001 39.6243 -184.705 113.417 -10.5545 

37.5 81.2165 -37 3882 87. 3882 43,7388 

46,75 92.4866 19.4991 31.3059 49,7639 

G..379 133.542 45.5277 65.1163 81.3954 

4.6875 35.8676 95.7066 116.369 82.6476 

2.34375 54.6512 78.2648 79,6064 70.8408 

ae 65 3846 66.9946 65.1163 65.8319 

Total mean : 6241.67 counts 

BLK mean : 1598 counts 

BKG mean 2. 1225555 .-Counts 

Curve formulae : 

Curve I : Y = -22.0493 Me 1162571 R = .803816 

Curve II s Y = -20.9729 X + 79.9959 R = .678187 

Curve III {Xe et X 4 117.654 R = 2843999 

Mean : Y = -21.5778 X + 105.34 R = .931499 

Curve with greatest correlation coefficient used to calculate sample 

protein concentrations : Mean 

One way Anovar using orthogonal linear contrasts. 

ou)



  

Table 3.94 : 

from measured M.A.P. in pg/ml. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

+or=- granules 

Source of 

variation 

Treatment 

Temperature 

+or- granules 

Error 

Total 

Temperature 

+or- granules 

MT+G MT+G 

4° 37° 

187.991 285177 

5 a 

62.6638 9.359035 

COEFFICIENTS : 

4 -1 

‘A 4 

Degrees of Sum of 
freedom squares 

: 7252 45 

1 4257.09 

4 80.4234 

8 6873.6 

1 14126.1 

- TOTAL CONTRASTS - 

Standard Confidence 

error interval 

Cia 7997 709.57 

124.361 286.776 

242 

Supernatant 1. results and analysis, all values derived 

MT ONLY G ONLY 

37° 37° 

Ve275 io 6.44204 

2 2 

42, 3683 2694735 

0 

Mean Variance 

square ratio - F 

2417.48 2.81364 NS 

4257.09 4.95471 NS 

80.4234 9. 36026E-02 NS 

859.2 = 

- MEAN CONTRASTS ~ 

Mean Confidence 

effect interval 

53.2734 DD \IOn 

6.34127 47.796



  

Tae. FeGo 

from measured M.A.P. in pg/ml. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

+or- granules 

Source of 

variation 

Treatment 

Temperature 

+or- granules 

Error 

Total 

Temperature 

+or- granules 

MT+G MT+G 

4° ia 

159952 21.5168 

3 5 

- 525839 7.197226 

COEFFICIENTS : 

aS “1 
4 4 

Degrees of Sum of 
freedom squares 

3 110.087 

4 66.2624 

1 29.5017 

8 9.13239 
as 1719.22 

- TOTAL CONTRASTS - 

Standard Confidence 

error interval 

2.61711 6.03507 

4.53298 10.453 

Supernatant 2. results and analysis, all values derived 

MT ONLY G ONLY 

ae 3 

5.32491E-02 .108716 

3 5 

1.77497E-02 %3.62388E-02 

0 

2 

Mean Variance 

square ratio - F 

36.6957 32.16 

66.2624 56.0861: See 

Soe o7 ooettie 

4654155 - 

~ MEAN CONTRASTS - 

Mean Confidence 

effect interval 

6.64642 2.01169 

3.8313 4274247



  

Table 3.96 : Supernatant 3. results and analysis, all values derived 

from measured M.A.P. in pg/ml. 

Totals 

Replicates 

Means 

LINEAR CONTRAST 

Temperature 

+or=e granules 

Source of 

variation 

Treatment 

Temperature 

+ore granules 

Error 

Total 

Temperature 

+or- granules 

MT4+G MT+G 

4° 37° 

147.089 1.70481 

2 5 

49.0297 2568272 

COEFFICIENTS : 

4 4 

4 4 

Degrees of Sum of 

freedom squares 

3 63129 4 

4 Boece / 

4 1226.54 

8 192403. 

4 255532. 

- TOTAL CONTRASTS - 

Standard Confidence 

error interval 

379.871 875.983 

657.956 NA sep 

MI ONLY G ONLY 

5 Hae 37° 

104197 852072 

5 5 

%47322n-02 177.624 

0 Oo 

Mean Variance 

square ratio - F 

21043.1 2874961 NS 

Bee. 7) / 146475 NS 

1226.54 5.09987E-02 NS 

24050.4 ~ 

- MEAN CONTRASTS - 

Mean Confidence 

effect interval 

48.4615 291.994 

24.7643 252.875 

Only two significant differences between the treatment types were 

shown in the results of these four experiments. In experiment R-0O1 

the overall effect of treatment and the effect of temperature was 

significant (P <0.05) in the third supernatant results. The other 

significant results was obtained in the second supernatant of the fourth 

experiment, R-O4. 

2hk 

Overall treatment, temperature and the presence or



  

absence of granules was very highly significant (P<0.001) when the 

levels of M.A.P. were assayed. 

Radioimmunoassay for a pancreas time course experiment.   

The time course experiment described in 'PANC : 22' had the second 

supernatant (polymerised T.) re-assayed using the R.I.A. for T. The 

results were analysed by a one way analysis of variance using orthogonal 

polynomials to partition the treatment effect, all calculations being 

done using a computer programme. 

De ¢ 
5



  

RIA-PANC : 01 

Table 3.97 : R.I.A. standard curve values for measured T. 

% Bound = ((STND —- BKG) x 100) / (BLK~BKG) 

Protein conc. Curve I Curve II Curve III Mean curve 

NG/100 microl. % Bound % Bound % Bound % Bound 

4000.01 -67.1297 50.9259 189.815 57.8905 

2000. ~43.5186 -21.2964 55.0925 -3.2408 

1000. Six ree 49.537 ~14.3519 31.0705 

‘500. -18.5186 134,259 30.0925 48.6111 

250. 23.1481 32.8703 -7.40746 16.2036 

1255 ~31.0186 130.093 49.537 49.537 

62.5 =25.463 128.704 120.37 74.537 

31.25 -7.40746 38.4259 2.087 14.3518 

15.685 49.537 96.7592 99.537 81.9444 

768125 98.1481 157.07 MET Dt5 194,444 

3.90625 113.426 93.9814 198.148 135.1485 

1.95313 10.6481 5.09254 47,5029 241" 

«976563 118.981 167.593 95.3703 127.6315 

Total mean : 2855.55 counts 

BLK mean : 600.333 counts 

BKG mean ; 728.3935 counts 

Curve formulae : 

Curve I 2°Y =. -16.44 X + 88.1805 R = .707239 

Curve II a Y 8.05169 Xs 1785512 R = .396475 

Curve III 3 ¥ = ~9.e2002 X + 128.393 R = .252048 

Mean Yoav 104059. xX + W0e695 R = .532221 

Curve with greatest correlation coefficient used to calculate sample 

protein concentrations : Curve I 

One way Anovar using orthogonal polynomial coefficients. 
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treatment effect over the time intervals. 

Treatment 

Levels 

10 

Table 3.99 : Supernatant 2. results and analysis, all values derived 

Orthogonal polynomial coefficients used to partition 

-Orthogonal Polynomial Coefficients- 
Levels 

0 

Linear 

-2.3 

-1.3 

~0O.3 

Nee. 

Lat 

Quadratic 

aire 

-0.89 

~2.94 

2625 

esoe 

from measured polymerised T. in pg/ml. 

Time 

interval 

10 

20 

30 

45 

60 

Source of 

variation 

Total 

Treatment 

Linear 

Quadratic 

Cubic 

Residual 

Error 

Here no Significant effect of treatment could be demonstrated 

1 

2.88 

0.10 

0.56 

3.28 

geld 

Degrees of 
freedom 

44 
k 

a
 

e
e
 
e
e
 

10 

Replicates 
2 

0.97 

0.25 

0.67 

0.85 

2024 

Sum of 

squares 

THUD. 30 

2063.47 

184.63 

414.02 

955265 
S12617 

5383.53 

0.59 

19.13 

0.06 

90.06 

1.22 

Mean 

square 

545.87 

184.63 

411.02 

955.65 

bles 7 

538.38 

at any level partitioned or otherwise. 

249 

Cubic 

ya 

5.95 

1.76 
-5.02 

2.02 

Mean 

1.48 

6.76 

0.43 

37.40 

Tan, 

Variance 

Patio =. 

0.96 NS 

0.34 NS 

0.76 NS 

1.78 NS 

0.95. NS



  

Measurement of MT, proteins using the radioimmunoassay technique 

- summary of results and analyses. 
  

The MI. granule binding experiments in this group are summarised 

in the table below. Note that 'RIA-MTG : 01' and ‘RIA-MTG : 03' 

measured T. by radioimmunoassay whereas the other two experiments 

measured M.A.P. The final experiment in the group 'RIA-PANC : 01! 

used the R.I.A. for T. to measure the levels of polymerised T. in 

the pancreas supernatants produced in experiment 'PANC : 22'. 

Table. 3600 : 

significances for experiments RIA-MTG : 01 to RIA-MTG : O04. 

Summary of mean effect, confidence intervals and 

Expt. SN Mean temp Sigé Mean granule Sigs 

No. No. effect + C.I. Pe< effect +C.1. Pad 

01 4 210.3 alk 2 NS ad 20.9 NS 

Go) 2 + 2.5 42.9 NS <n 414.2 NS 

3 + 6.4 5.0 205 = 506 dos NS 

02 4 -89983.5 153701 NS ~45905.8 133109 NS 

(MAP @ +294480 533182 NS ~192906 461749 NS 
3 +7027 62 16894.9 NS ~8340.2 14631.4 NS 

03 1 +6891.84  2.0x10? NS #1.2x107 1.7x102 NS 

(t) oo wit.6 4x 26 te” 1.3x10' NS 

+450.6 2.5x10 ONS #1.9x10° 2.2x10 Ons 

ok 4 53.3 55.2 NS +63 47.8 NS 

(MAP) 2 +6.6 2.0 COOTe: —S5c0 7 001 

3 =48.5 29250.— 3NS -24.8 252.9. .NS 

The only granule binding experiments which produced significant 

results were 'RIA-MTG : 01' and 'RIA-MTG : O4', the other two not 

only showed no significant treatment effects but also had T. and M.A.P. 

248



  

measurements which were far too high to be considered realistic. 

Obvi ously in the case of these two experiments the antibody binding 

was rather non-specific producing inaccurate results. In the case of 

experiment 'RIA-MTG : 01' the significant treatment effect was shown 

in the third supernatant alone and then only as an effect of temperature, 

no effect of granule addition being detected. Similarly 'RIA-MTG : o4! 

showed a Significant treatment effect in only one supernatant, the 

second, only in this case both temperature and granule effects were 

Significant. 

The final experiment in this group using the R.I.A. looked at the 

levels of polymerised T. in the pancreas supernatants of mice 

stimulated with Pilocarpine. The supernatants assayed were the same 

on eS previously assayed by "He ebitch teins binding for T. in experiment 

"PANC : 22'. As was found using this assay no significant effects of 

treatment were detectable in the R.I.A. results. 

249





    

Methods and Experimental Procedures. 

The object of the experiments outlined previgqusly was to test the 

hypothesis that MT. are in some way involved in exocrine pancreas 

secretion. This was approached ‘i two ways, both from the point of 

view of the necessity for secretory granule binding to MT. and from 

the need for alterations in the cellular MT. and free T. pools. 

Although experimentally the isolation procedures used were conventional 

the combination of the isolated cellular portions and the assay 

procedures used to quantify their effects on one another were novel 

or at least relatively recent innovations. Bb uicucs be considerable 

numbers of trial experiments and modifications were made to obtain the 

results ercsetel ee the references given for individual procedures 

were used only to provide a backbone for the actual methods required. 

In this first section of the discussions the points of particular note 

in the methods and experimental procedures will be dealt with before 

di scieeene the actual experimental results in detail. 

So far as the isolation procedures required for the experimental 

materials are concerned the methods used were well established. 

Conventional differential centrifugation to isolate the exocrine 

pancreatic zymogen granules was used throughout. The choice of material 

was made on the basis of availability and purity; mouse pancreas 

provided a readilyavailable source of uncontaminated granules. Porcine 

slaughter house material and rat pancreas were both found to be too high 

in collagen to enable rapid homogenisation and the production of 

uncontaminated preparations. Although rat pancreas was used in some of 

the granule binding experiments it was never used for E.M. studies since 

collagen fibre contaminants made rapid detection of MT-granule inter- 

actions difficult. Indeed for E.M. study the isolated mouse granules 

 



  

  

were usually further purified after differential centrifugation by 

centrifuging through a Urografin-dense medium. ‘The production of. 

granule 'ghosts' by leaving the granules in sucrose-free buffer also 

facilitated rapid E.M. isolation of granule-MT. interactions. 

Although the isolation of MT. proteins from brain material by 

assembly/disassembly cycles is well known, the actual conditions 

chosen distinctly alter the yields and nature of the isolated proteins. 

Initially glycerol was always included in the assembly cycles, however, 

later exclusion of glycerol in the first assembly cycle produced higher 

yields of MT. proteins, particularly the M.A.P's. A second modification 

was the reduction in GIP concentration, it was found that reducing the 

concentration of GTP in the MT. isolation buffer from 1mM to O.1mM had 

no significant effect on the yields of MT. proteins. The yields of MT. 

protein, quoted as typically being about 3ml at 30mgprotein per ml. 

after isolation, were extremely sensitive to minor modifications of 

the isolation procedure and also to storage, experimental material was 

aften at a concentration less than 10mg/ml when used after storage for 

a prolonged period. Even so, the activity of the proteins always proved 

to be consistent, assembled MT. being produced upon incubation under 

the correct conditions. 

Experiments which required the MI. proteins to be separated used 

phosphocellulose column chromatography to separate T. from the M.A.P's; 

the use of a large column (16 x 600 mm) produced high yields of pure 

M.A.P's with low concentration T. solutions while using small (80 x 15 mm) 

disposable columns (Pharmacia) produced T. solutions with a much higher 

concentration. Where M.A.P's alone were required the heat denaturation 

method was employed since it was much more rapid and provided high yields 

ot MA. Pts. 

The use of an MT. stabilising buffer to separate cellular assembled 

 



      

MT. from depolymerised T. proved to be more effective when carried out 

Pe og 3 Surprisingly the yields of assembled MT. from pancreas homo~— 

genates in MIS. buffer were greater when kept at 4°C ‘than if kept ap 

room temperature prior to centrifugation. In common with the findings 

of Ostlund, Leung and Hajek (1979) the DMSO and glycerol were capable 

of maintaining assembled MT. even at a temperature at which they would 

normally depolyermise, this low temperature prevented degradation of 

the MT. by homogenate enzymes as was the case when the homogenates were 

kept at room temperature. Higher colchicine binding assay results 

were also produced when the pancreas supernatants were treated to remove 

excess insoluble fat globules by ultrafiltration. Passing the super- 

natants through 0.8ym pore filters (Millipore) produced clear samples 

which proved to have lost little of their 3 H-colchinine binding activity. 

It is important to note that all pancreas homogenates were diluted one to 

ten (weight to volume) with buffer and then diluted to one to twenty with 

the other necessary buffer to produce a 50 : 50 mixture of MTS. and TS. 

buffers. Thus the samples were all corrected for pancreas weight. In 

addition the fact that all three supernatants were in the same buffer 

meant that the third supernatant AH colchicine binding assay values 

could be used as blanks for the other two supernatants. It was found 

that blanks in TS. buffer produced different values to those in MIS. buffer, 

and often that these blank values were higher than those of the third 

supernatants; consequently the mean third supernatant value was used. 

The values of T. determined by *Y..colehieine binding assay were 

calculated from the formula estimate of bound colchicine in nmoles per 

110n1 of sample by assuming that 1 mole of T. binds 1 mole of colchicine 

and that the molecular weight of T. is 110,000 daltons; the final 

concentration of the samples was always given in jig/ml. Individual 

samples were always determined in triplicate and the calculations for



  

conversion of B-counter output counts to T. concentrations and 

consequent analysis. of these concentrations were always carried out 

by computer with no elimination of spurious results. This meant that 

often the determination variances were higher than they needed to be, 

but it also ensured that no bias was allowed by eliminating individual 

results. 

The use of the Hpbi chicine binding assay to determine the levels 

of assembled MT. and depolymerised T. in pancreas secreting and non- 

secreting mice encountered a number of logistic problems. In the first 

place no more than ten pancreas honoeineket could be centrifuged at a 

time in the 10 well rotor. Also very large numbers of mice produced so 

many supernatants for T. assay that the time taken to process them made 

the experimental determination variances too high. To overcome these 

problems it was necessary to carry out the injection of the mice, 

separation of the MT. and depolymerised T. and the T. determination 

entirely at random. Despite sample randomisation the processing of 

large numbers of mouse pancreas Wiseractents., such aS was necessary 

when examining the effect of Pilocarpine over the time after injection 

(experiments 'PANC : 19 to 22'), meant sacrificing low assay determination 

variation in favour of larger numbers of mice and consequently lower 

mouse variation. This step was necessary Since the earlier pancreas 

experiments showed that the variation in T. levels between mice was very 

high, often so high as to exclude any possibility of detecting an effect 

of differential treatment. Obviously the mice were grouped at random 

into treatment groups, but even selection of mice which were as close 

as possible to one another in age, size, weight and litter relationship 

failed to reduce the enormous variation ih pancreas T. levels. The 

levels of T. detected did not seem to be dependent on any of these 

factors, nor on the weight of the pancreas before homogenisation. 
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Problems encountered in carrying out the RIA for T. and M.A.P's 

were not so much related to mouse variation as to that of the 

determinations. Initially the main problem encountered was one of 

non-specific binding of “IT activity to the walls of the assay tubes. 

This was overcome by adding Triton X-100 detergent to the first 

incubation mixture, however this led to the final second antibody 

precipitated pellets breaking up and being lost. To counter this effect 

potato starch was incorporated in the second incubation medium. 

Although this prevented the tendency of the pellets to fall apart, 

they still tended to slide down the outside of the tube whilst pouring 

out the supernatants. This made rapid treatment of a large number of 

samples and standards difficult and produced a high determination 

variance. 

Electron microscope preparative methods were fairly conventional, 

the main problems encountered were in maintaining the granule pellets 

after fixation, producing an embedding medium suitable for the material 

and staining the sections for both MP. and granule membranes. To 

overcome the break-up of the pellets during handling for dehydration 

and embedding pieces of pellet were embedded in agarose after fixation. 

Subsequently the embedded pieces were cut into small pieces for 

conventional E.M. preparation. Agarose embedding had little effect 

on the views of MI-granule interactions and also did little to alter 

the texture of the pellets seen under the S.E.M. Standard Spurr resin 

mixture was used to embed the dehydrated pellets, however the tendency 

for alcohol to be left in the pellets and produce brittle blocks was 

countered by prolonged soaking in resin and the incorporation of extra 

flexibiliser in the Spurr resin mixtures. Finally the optimum section 

staining regime was determined by comparing in vitro zymogen granule 

and MT. sections after dual staining with uranyl acetate and lead citrate 

 



  

in a variety of solvents and at a number of temperatures. The best 

all round method used 1% magnesium uranyl acetate in 50% aqueous 

ethanol and aqueous lead citrate, both being used at 60°C. 

The iodination of large protein molecules such as M.A.P's 

necessitated a longer period of incubation with chloramine-T than 

would normally be used, to prevent excess protein degradation the 

concentration of this compound was reduced from 5mg/ml to O.1mg/ml. 

The large molecular weight of M.A.P's and T. enabled straightforward 

separation of iodinated protein from free iodine using a small bed 

volume column, this was more rapid than with a larger column and 

readily separated the protein into the void volume fractions with 

little or no iodine contamination. 

The modifications discussed above enabled the roles of MT. during 

secretion to be examined both in vitro and in vivo, the mainstay of   

the resultant experimental observations lay with the statistical analyses 

outlined in the appendix. Thea analyses were of necessity rather 

complex and were therefore carried out by computer programme. This 

enabled the experimental results to be analysed both rapidly and 

repeatedly using various statistical procedures. Since most of the 

tests used were ones not in common usage the computer programmes had 

to be written and were not part of the available system software. 

These programmes are also listed in the appendix. 
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Macroscopic examination of the interaction between isolated 

zymogen granules and MI. proteins. 

The photographs P1 to P4 demonstrate definite morphological 

differences between the experimental regimes used in the in vitro 

study. Incubation of MI. proteins with zymogen granules at two 

different temperatures resulted in suspensions of markedly different 

properties. Photograph P1 shows that the mixture incubated at a 

(B) vas much more turbid than that, kept at 4°c («). This increase in 

turbidity was much greater than could be assigned simply to MT. 

assembly alone (as seen in the tube labelled W ). We can see by 

careful observation of photograph P1 that the zymogen granules in 

tube O& were beginning to settle out of suspension as was the case 

with tube -4 containing only granules; although the increased MT. 

protein concentration in tube & reduced the rate of settling. However 

there was no sign of any settling out of the zymogen granules in tube p 

despite a similar MT. protein concentration to tube Q . This difference 

can be explained in one of two ways, a complex MT. network formed by 

the in vitro assembly of MT. proteins could have produced both the 

increase in turbidity and viscosity and prevented the settling out of 

the zymogen granules. Alternatively a specific interaction between the 

assembled MT. and the zymogen granules in association with the formation 

of an MI. network could have brought about the alterations in viscosity 

associated with the differing incubation temperatures. It is true to 

say that increased viscosity was one of the key effects of combining 

actin and MI. protein in similar in vitro experiments conducted by 

Griffin and Pollard (1978 a,b.). 

That some factor included in the MT. protein/granule mixture was 

; ‘ ey © : : ; 
removed after incubation at 37 C and subsequent centrifugation is 
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apparent from photograph P2. The mixture incubated at 39°C (B) had a 

resultant supernatant of much reduced volume by comparison with the 

mixture kept at 4°C (%). This volume reduction can only have been the 

result of MT. protein loss during centrifugation. This was reflected 

in the turbidity of the different supernatants, the tubes labelledXs, 

and & S , showed the presence of MT. protein by their turbidity while 

AS, and particularly Bs. were clear indicating the absence of MT. 

proteins. Photographs P3 and P4 show that the lost MT. proteins did 

in fact cause an increased pellet volume, the B sample being two or 

three times the volume of the other pellets. This is hardly surprising 

when one considers that a combination of MI. meshwork and trapped 

granules would have been present after incubation, a complex likely 

to sediment very readily. At the low centrifugation rates used,MT. 

fail to sediment out of solution on their own (no pellet was found in 

the X% tube even though the increase in viscosity and cloudiness after 

incubation at 37°C indicated the présence of assembled MT.) , however, 

such low speed spins easily brought the MT. out of solution when 

granules were present. Even so, the pellet was not compressed to the 

same extent as if granules alone (A) or granules and disassembled MT. 

protein (4) had been present. This may well be the result of the 

rigidity of assembled MT. and the interaction between these and the 

zymogen granules. 

The increase in size of the pellet. from MT.protein/granule mixtures 

incubated at 37°C as against those incubated at “°C was apparent if 

fixation took place before or after centrifugation. This indicates that 

the interaction between MT. and granules occurred spontaneously in 

solution and was not the result of either centrifugation nor fixation. 

There was a slight increase in the size of the pellet from the cold 

incubated mixture if fixed before centrifugation, this could have been 

 



  

  

the result of either glutaraldehyde induced swelling or some other 

non-specific combination of MI. protein with the granules under the 

influence of glutaraldehyde. 

The macroscopic observations of combined MT. proteins and zymogen 

ranules gives us the first indications that there may be a specific 

interaction between assembled MT. and zymogen granules in vitro. 

 



  

  

Scanning electron microscope study of the interaction between 

isolated zymogen granules and MT. proteins. 

The scanning electron micrographs of experimental pellets were 

examined to compare the effect of assembled MT. as against unpoly~ 

merised MT. proteins on the ultrastructural texture and morphology of 

the zymogen granule pellets already contrasted macroscopically. The 

photographs P5 to P12 show various views of the pellets after conventional 

fixations dehydration and critical point drying. [t is worth noting 

that they show broken, inner surfaces of the pellets splutter coated 

with gold. This will have caused the dimensions of the individual 

components of the pellets to be increased. The photographs selected 

are representative of the S.E.M. view of the pellets as a whole. In 

each case the areas selected for close study were on the broken inner 

surface of the pellet. 

Comparison of photographs P5 and P7, detailed views of the pellets 

derived from MI. proteins and granules incubated at 4°c and granules 

alone incubated at 37°C respectively, shows that the inclusion of MT. 

protein kept at 4G does not alter the appearance of the granule pellet. 

However, photograph P8 shows a morphologically, totally different view 

of the pellet derived from MI. proteins and granules warmed to oo , 

The former pair of photographs, P5 and P7, show a 'granular' pellet 

resulting from closely packed zymogen granules, individual granules 

were difficult to identify probably because centrifugation could have 

caused the normally spherical granules to distort in shape. This 

'granular' appearance of granules alone or granules in the presence of 

cold, disassembled MT. proteins was unaffected by fixation prior to 

centrifugation. As photograph P6 shows such a pellet of granule and 

cold MT. proteins (&) still has a similar 'granular' morphology although 

 



  

  

the texture is slightly less angular probably as a result of more 

frequent or longer gluteraldehyde bonding. 

By contrast with these 'granular' pellets the granule pellets 

which had assembled MT. included (B and B-) had a totally distinct 

texture. Photograph P8 shows this as a complex meshwork of gold-coated 

MI. completely obscuring the granule outlines, although hints of 

granule masses can sometimes be seen below this mesh. In photograph 

P10 it is possible to discern individual coated MT. and MT. groups. 

Once again pre-centrifugation, fixation had little effect on the 

morphological texture of these pellets. In both photographs P9 and P10, 

the complex MT. web is still apparent although in the former photograph 

it appears much more closely packed, this could be the result of shorter 

gluteraldehyde bonding or simply variations in the local MT. protein 

concentrations. In some instances individual granules were visible 

firmly attached to the MI. web surface, P11, or lying near the surface 

of the web but still coated by the meshwork, P12. Even in such cases 

the resolution of the S.E.M. was insufficiently high to enable deline- 

ation of the nature of the MT.-granule interaction although it has 

provided evidence for the existence of such an interaction. 

The complex meshwork resulting from the polymerisation of MT. 

proteins in vitro could still have been providing a 'trap' for the 

zymogen palin: The exact nature of any specific interaction between 

this web and the granule membranes, if present, was not discernable in 

the S.E.M. Nonetheless, the MT. mesh visualised here in vitro is 

certainly reminiscent of the MT. cell web seen in fluorescent antibody 

stained cells by Osborn and Weber (1976). Therefore we might expect 

similar interactions between the granules and the MT. to take place 

in this model system as may occur in vivo.. Certainly the granule 

Am 

membranes appear (photograph P12) to be specifically coated by the MT. 
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web in a way not likely to occur if they were simply trapped in the 

meshwork fortuitously. Indeed the granules may well have been acting 

wm 
as nucleation sites for MT. assembly. The MI. web seems to be capable 

of maintaining the spherical outline of the granule membranes agai 

the centrifugal sedimentation forces which produced the peculiar 

'granular' texture apparent in the pellets formed in the absence of 

assembled MT,



  

  

Transmission electron micrographs of in vitro assembled MT. 

and isolated zymogen granules. 
  

The views of MT. assembled in vitro show that they were of a 

structure comparable to the structures apparent in vivo. About 13 

subunits could be seen in the t.s. and the photofilament arrangements 

visible in the 1.s. were also typical. Side arms, probably less 

apparent in vivo, could be seen clearly in these in vitro sections. 

Regular decoration of the MT. walls indicated the morphological 

presence of side arm proteins. 

Fixed and sectioned exocrine pancreatic granules readily showed 

the presence of their zymogen contents when isolated in isotonic 

buffer. However transference to sucrose~free MT. isolation buffer 

produced ‘granule ghosts' which occasionally had some contents remaining. 

Those ghosts shown in photographs P15 and P16, which appear to be in 

the process of losing their contents, could well have been isolated 

in the process of secretion in vivo. This would account for the 

localisation of the zymogen at one pole of the granule. 

The loss of granule contents enabled examination of the membrane 

structure much more easily. This was particularly important when 

looking for an interaction between MT. and the granule membrane. 

Internal zymogen removal not only made the membrane more distinctive 

but removed the possibility of chance interference of free zymogen in 

the MT. attachment to granule membranes. Such close association of 

MI. fragments with the 'granule ghosts' is visible in both photographs 

P15 and P16, a t.s. in the former and an l.s. in the latter was 

associated with the granule membrane. 
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Transmission electron microscope study of the interaction between 

isolated zymogen granules and MT. proteins. 
  

As might be expected from the S.E.M. study of the zymogen granule 

pellets formed in the presence and absence of assembled MT. there were 

noticeable differences in sections of these same pellets when examined 

under the T.E.M. Pellets produced in the complete absence of MT. 

provelns, 
protein or from granules incubated with MP. at 4“C were always more 

tightly packed than similar pellets produced with MT. proteins 

incubated at 39°C. The former pellets rarely exhibited the presence 

of assembled MT. in association with the granules. Occasionally the 

odd fragment of MT. could be found. This probably resulted from the 

presence of either cold stable MI. proteins or proteins which had lost 

their ability for assembly/disassembly. Alternatively some fragements, 

particularly those seen in t.s., could have been portions of T. rings 

of short helices often found under certain conditions as stages in Mi. 

assembly (Penningroth, Cleveland and Kirschner, 1976). However, the 

presence of such fragments in pellets kept under conditions of MT. dis- 

assembly was rare; not once did such fragments appear in close é 

association with the granules. Similarly, granules which had previously 

been associated with assembled MI... when placed under MT. disassembly 

conditions and repelleted,rarely demonstrated MT. fragments. These 

observations indicate that the alterations in granule pellet texture 

and morphology associated with the inclusion of MT. proteins was the 

result of their association with the granules, a feature only present 

when the proteins were assembled into MT. 

This association between MI. and zymogen granules could be accounted 

for in a number of ways. Firstly, it could simply have been an arte- 

factual consequence of sedimentation by centrifugation of the two



  

  

organelles or their gluteraldehyde fixation. Alternatively 3¢ could 

have been the result of their close contact, the web formed on assembly 

of the MT. proteins simply trapping the granules. Finally, there may 

have been a real physical interaction between the two organelles 

producing some form of structural bond. The explanation for the 

association between zymogen gramules and MT. as being artefactual can 

be negated on a number of grounds. As was shown by the previously 

mentioned S.E.M. study, the interaction occurred similarly if 

fixation was carried out before or after centrifugation, this shows 

us that a relationship between the two types of organelle was formed 

prior to centrifugation and also prior to fixation. Indeed this was 

confirmed by the earlier mi ceaatua a study, since the samples containing 

granules together with assembled MT. were of a totally different 

consistency to those containing either granules alone or granules with 

disassembled MT. proteins. Further confirmation comes from the fact 

that when collagen fibre contamination was present, in early rat pancreas 

extracted zymogen granule suspensions, no interaction occurred on 

addition of assembled MI. proteins between collagen and granules. 

Thus it can be concluded that either the granules are trapped in 

a complex MT. meshwork altering their sedimentation characteristics or 

that there is a true structural ietackotion between the two organelles. 

It seems unlikely that even a web of MI. would be capable of holding 

back large zymogen granules against the effect of sedimentation forces 

of about 1,000g for 10 minutes without the formation of some form of 

structural or chemical linkage between the granules and the MT. Evidence 

for the presence of such an interaction was sought in the T.E.M. photo- 

graphs P17 to P33. 

The first group of photographs, P17 to P23, showed ‘granule ghosts' 

in close association with MI. in various planes of section. Photographs 
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P17, P18 and P20 in particular showed MT. of considerable length 

aligned against the granule. Together with these large pieces of MT. 

in the plane of section,all the photographs in this group contained 

numerous fragments of MT. surrounding the granule membrane, both in 

and out of contact. This confirms the findings of the S.E.M. study 

that the granules were enmeshed within a complex web of assembled MT. 

Photograph P18 showed such a situation where MT. going in all directions 

surrounded the ‘granule ghost'; a similar view was presented in 

photograph P23 only this time most of the Mis awere in. t.6.. in: ald 

these photographs it was noticeable that the sectioned MT. had various 

characteristic morphologies. This depended upon the way in which the 

plane of the section cut the MT. tube. In some cases, P18, the 

section went through the centre of the tube in l.s. bringing out the 

side walls and clear central core; in other cases sections through 

the side wall, P19, presented a clearer view of the protofilaments 

which go to make up the MT. Also apparent on the MT. side walls were 

some indications of decoration presumed to represent the points of 

attachment of side arms. The regular periodicity of this decoration 

would seem to indicate the presence of MI. associated side arms 

demonstrated by Sloboda et al (1976) to be derived from the M.A.P.S 

Despite the apparent indication of the presence of side arms none 

of these lower magnification pictures, P17 to P23, really showed any 

structural linkage between the MI. and the granule membranes. Indeed 

no true side arms of any real length were seen at all, only indications 

of their presence. However, they did provide evidence that the granules 

and MP. were somehow associated closely with one another. To observe 

the structural nature of the granule-MT. interaction we must look to 

the higher magnification T.E.M. view of MT. in close proximity to the 

granule membrane shown in photographs P24 to P43. 
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The types of interaction between the assembled MT. and granule 

membranes fell into three main categories. The first category was 

represented by photograph P24 which showed long strands of wispy 

material connecting the MT. to the membrane. Such strands were also 

visible at the top of photograph P19 and a similar single strand 

connected the MT. tes. at the top of P23 to the granule membrane. 

These strands did not seem to be reminiscent of MI. side arm decoration 

and are believed to be fixed contaminant protein strands. Alternatively 

they could have been non-assembled MT. protein precipitated out of 

solution by gluteraldehyde fixation. Indeed such strand like material 

was commonly encountered in gluteraldehyde fixed MT. protein solutions 

even when zymogen granules were not present. 

The more typical MT. granule interactions were shown in the other 

high magnification T.E.M. photographs. These were of two kinds, close 

contact between the granule membrane and the MT. wall with no structural 

connection and actual side arm connection between the’ two. Whe close 

juxtaposition of MI. to the granule wall was shown in l.s. in 

photograph P25, here the granule membrane almost overlapped the MT. 

wall. The MT. may actually have been intruding into the granule 

membrane although it is more likely that the plane of section eur 

through the point above where the organelles were in contact and what 

we could see was the curve of the granule membrane overlapping our 

view of the MT. That we could see the outer wall of the MI. is 

certain since the individual protofilaments were visible. The close 

contact between MT. and granule membranes were seen more clearly when 

the MT. were cut in t.s. Photograph P31 showed this particularly 

clearly, the MT. being in intimate association with the granule membrane. 

Less intimate association was shown in photographs P30 and P32, an outer 

coating around the MT. separating it from the granule membrane. This 

 



  

coating could have been our view of the rest of the MT. out of focus 

behind the t.s. or more likely was a coating derived from the tannic 

acid/glutaraldehyde fixation technique used. 

True structu ral connections between granules and MI. were some- 

times clearly discernable, P28 and P29, although often the side arms 

arising from the MT. were only partially present, P26 and P27. The 

side arm connection from the MT. to the granule membrane shown in 

photograph P28 coincided well with the periodic decoration on the MI. 

wall. In photograph, P29 the complete connection was one of four other 

links hinted at by outgrowths in the granule membrane and coincident 

decoration of the MT. wall. Such hints of MT.-granule interconnections 

were more wonton than complete links; photograph P26 had three or 

four of such links and P27 about three. Linkage between the two 

organelles was also shown in t.s. in photograph P33. 

What conclusions can be drawn from these different types of 

association seen between the isolated zymogen granules and assembled 

MI. im vitro ? Certainly the strand like connections typified by 

photograph P24 is more likely to have been the result of fortuitous 

precipitation of MT. protein than any other cause. This, then leaves 

two other types of association, close contact and side arm connections, 

between the organelles. Should any interaction be present, consider 

the problems involved in the alignment of a straight rigid structure 

such as an MT. with the curved surface of a zymogen granule. The MT. 

would truly come into contact with the membrane at only one point, as 

a tangent does to a sphere. Such sparse contact would not be strong 

enough to resist sedimentation forces in the region of 1,000g. It 

seems more likely that such close contact and related close juxta- 

positioning of the MT. and granule membrane, seen particularly in 

t.s., was simply the consequence of the alignment of a curved surface 

 



  

against a straight surface. 

True attachment of MT. to the granule membrane was achieved by 

side arms of varying length, such variation being visible in photograph 

P27. Further, these side arms appear to have arisen from the MT. side 

walls since they coincide well with the decoration previously correlated 

with side arm attachment. Certainly some portion of the linkage could 

have been provided by the granule membrane, bulges in the area of 

attachment were sometimes present. Side arms of varying length were 

necessary to accommodate the curvature of the granule membrane, these 

differences in length were noticeable in photograph P27. However, in 

some cases, especially photograph P19, it appeared that the granule 

membrane itself was somehow flattened to make attachment to the MT. 

more straightforward. This though,may have been a consequence of the 

effect of the sedimentation forces during centrifugation. It is worth 

noting that, although devoid of their supportive contents, most of the 

'sranule ghosts' were not compressed by centrifugation; this may have 

been prevented by their spherical nature or could have been the result 

of support provided by the surrounding MT. network. 

Although a well preserved side arm was displayed connecting the MT. 

to the granule membrane in photograph P28 the more frequent arrangement 

was that typified by photographs P27 and P26. Here side arms were only 

present in part, this was possibly caused by poor fixation of the 

proteins constituting the side arms or possibly because more than one 

type of granule membrane-MT. interaction existed. Perhaps in some parts 

of the membrane true structural linkage was reinforced by electrostatic 

or chemical interactions between the coincident bulges shown both on 

the membrane and the MT. side walls. Such reinforcing links would be 

necessary Since, even with close contact between the MT. and the 

granules, the supposed helical arrangement of MT. side arms would only 
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contact the curved membrane infrequently to bond the two together. 

That the two do contact is certain though whether this is simply an 

artefact of fixation is uncertain. The occurrence of these bonds, 

both before and after centrifugation, and the fact that other fibrous 

> proteins do not bind to the ‘granule ghosts' negates this possibility. 

This in vitro model system appears to consist of a complex web of 

assembled MT. which are physically supporting the zymogen granules 

either by structural side arm attachment, electrostatic or chemical 

bonding or both. These interactions are not present in control 

mixtures containing either granules alone or MT. alone, nor are they 

present in conditions unfavourable to MT. assembly.



  

H-colchicine binding assay studies of the interaction between 

isolated zymogen granules and MI. proteins. 

Once we had shown the presence of a morphological link between 

pelleted zymogen granules and assembled MI. the next step was to look 

for a biochemical alteration in the levels of MT. protein in the 

supernatants. One would expect that if MT. bound to granules were 

being taken out of solution during centrifugation, there would be a 

corresponding reduction in the levels of MI. protein in the super- 

natant left behind. Similarly where zymogen granules were combined 

with unpolymerised MT. protein, one would expect that since the 

granules appeared to pellet alone there would be no corresponding 

alteration in the MT. proteins left in the supernatant. 

The ways in which the zymogen granules and MI. proteins were 

combined experimentally were such that two main effects were investigated. 

These ee firstly the effect of differences in incubation temperature 

(either 4°o of 37°C) and secondly, the effect of the presence or absence 

of zymogen granules. The effects of these two experimental conditions 

were compared by measuring the Ai-colchicine bound T.levels in the 

supernatants. Not only were the T. levels in the first supernatants 

analysed but also the corresponding levels in further supernatants 

produced by resuspending the initially pelleted granules in fresh 

buffer under MT. disassembly conditions. The effect of incubation 

temperature on the T. levels in the supernatants was found by statistical 

comparison of the two parts of the experimental regime containing both 

MI. proteins and zymogen granules. The only difference between this 

pair was their initial incubation temperature; one set being incubated 

under MT. assembly conditions at 37°C while the other was maintained 
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of zymogen granules to the MT. proteins the mean T. levels of the 

sets of samples containing both granules and MI. proteins already 

compared were statistically compared with the set of samples containing 

only MT. proteins and no granules. The final control sample sets, 

containing only zymogen granules, were used to check that no T. was 

present in the initially isolated granule suspension. 

That zymogen granules did actually remove M?. protein from the 

first supernatants was shown by the fact that in the majority of ee 

experiments these first supernatants from samples which did not contain 

granules had higher T. levels than those containing granules. This 

'mean granule effect' brought about an increase in the amount of T. 

left in the first supernatant of samples without granules as compared 

with those with granules, with a magnitude of between about 17 and 

232ng/ml. The only experiments where no increase in the first super- 

natant was apparent were 'MT-G : 06 and 08'; the latter having an 

insignificant mean granule effect and the former a significant (P< 0.05) 

decrease in T. levels of granule-free samples as opposed to ie with 

granules. In the case of experiment 'MT-~G : 06' the lack of a granule 

effect seemed to be due to the low level of T. in the granule-free 

Sample most probably brought about by pipetting error when apportioning 

MT. protein to these samples. The particularly high removal of T. from 

the first supernatant of the sample containing both granules and MT. 

protein and incubated at 39°C produced the unsignificant granule effect 

in experiment iMag Ue. 

Not only were zymogen granules shown to remove MI. protein from the 

first supernatants after centrifugation but they also only did this at 

a particular temperature. Comparison of samples containing both MT. 

proteins and zymogen granules incubated at the two different temperatures or 
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(4°C or 37°C) showed that those incubated at the higher temperature 
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had T. levels well below that of those kept at the lower temperature. 

The higher incubation temperature supplied the energy necessary for 

MT. assembly and the presence of assembled MT. as opposed to depoly- 

merised MI. proteins produced an increased loss of T. from the first 

supernatants of between 35 and 27 1Ipg/ml. This 'mean temperature effect' 

was apparent in all the experiments apart from 'MT-G : 0O3' where M.A.P. 

removal from the MI. proteins used in one part of the experiment 

produced an insignificant effect. 

The removal of T. from the first supernatants incubated at 37°C 

was mirrored by an increase in the amount of T. released after cold 

depolymerisation in the second supernatants. In nearly all the 

experiments the mean temperature effect on the second supernatants 

was to produce an increase in the levels of T. when samples originally 

incubated at 37°C were compared with those incubated at 4°c, This 

increase, of between 11 and 442ng/ml of T. in the second supernatant, 

was produced by the release of granule-bound MT. proteins following 

cold disassembly. That the resuspended granules released this bound 

T. is reflected in the fact that the mean granule effect on the second 

supernatants was to produce an overall reduction in T. levels in the 

granule free samples as against those containing granules; this 

reduction varied between 2 and 384ng/ml. In only one experiment did 

this second supernatant pattern alter, in this case ('MT-G : O4') the 

use of a low concentration of MI. proteins meant that the levels of 

T. in the second supernatant were too low to measure. 

In general granule supernatants collected after further MT. 

depolymerisation washes in buffer produced zero levels of T. This 

indicates that all the T. bound to the granules was released during the 

first period of depolymerisation. In only one experiment, 'MT-G : 08', 
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was there any detectable T. in the third supernatant, however, no 
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incubation temperature effect could be shown on the T. levels in this 

supernatant although there was a significant (P<0.001) granule effect. 

The curious observation in this experiment was that the levels of T. 

measured in the third supernatant were the same in both the presence 

of coasted MT. and of depolymerised MT, proteins. More peculiar wes 

the fact that similar levels of T. were detected in the third super- 

natant of samples which contained only zymogen granules and buffer 

with no added MT. proteins. Low levels of T. were sometimes detected 

in other experiments in these samples in the first and occasionally 

the second supernatants but these were probably derived from exocrine 

pancreas, cellular T. co-isolated with the zymogen granules. In the 

case of experiment 'MT-G : 08' no T. was detectable in the second 

supernatant of samples containing only granules; in fact the low 

binding of depolymerised MI. proteins to the granules produced similar 

low T. levels in the second supernatant derived from these samples also. 

Yet much higher levels of T. were detectable in all three sets of third 

supernatants derived from icone wate granules. The reason for 

this observation was that the third supernatants were collected after 

the granule had been kept in buffer overnight at 4°c, This led to the 

release of native zymogen granule, membrane-bound T. not normally 

released during cold MI. disassembly conditions but released here as 

a result of membrane breakdown during prolonged cold incubation. Indeed 

T.E.M. photographs of such granules after experimental treatment showed 

the membranes to be rather fuzzy in apperance, no more typical bilayer 

being detectable. 

In a couple of experiments, 'MT-G : 0% and 05', in addition to using 

whole MT. proteins, zymogen granules were combined with MT. proteins 

with the M.A.P's removed by cellulose phosphate cation exchange 

chromatography. In the case of experiment 'MT-G : 05', the levels of T.



  

measured in supernatants derived from such samples were too low to 

be detectable by [ioe eine binding assay. Detectable T. levels 

were present in the supernatants derived from M.A.P-free MI. proteins 

in experiment 'MT-G : 03' however. Despite this no incubation 

temperature effect was demonstrable in either the first or the second 

supernatants. Nontheless there was certainly a significant (P< 0.001) 

reduction in the mean levels of first supernatant T. in the samples 

containing granules as against those without granules, regardless of 

incubation temperatures. This indicates the presence of some non- 

specific MT. protein binding by the granules which was not influenced 

by the incubation temperature. In the absence of M.A.P's the granule 

effect constituted 42% of the total T. added (that present in the 

samples containing only MT. proteins) as against a value of 17% for 

samples containing M.A.P's. 

This non-specific binding of T. to the granule membranes was not 

simply a facet of the M.A.P-free MT. proteins but occurred to some 

extent in all the experiments. Generally the levels of T. in the 

first supernatants were higher in the samples containing only MI. proteins 

than in those containing both MT. proteins and granules regardless of 

incubation temperatures. In particular, though, the MI. protein-granule 

mixtures kept at 4c nearly always had lower T. levels in the first 

supernatants than the samples containing only MT. proteins. This is 

surprising when we consider the fact that granule-T. binding seemed to 

be dependent on the presence of Mr. proteins as assembled MT. This 

non-specific T. binding by the granules may well have been caused by 

the presence of MI. fragments which failed to disassemble but still 

bound to the granules, however such fragments were not seen in T.E.M. 

views of cold incubated granule membranes. It may also have been due 

to electrostatic or biochemical interactions between T. and the granule



  

membrane, certainly it was not dependent on the presence One AP ss 

That such non-specific binding did occur is certainly reflected in 

the T. levels of the second supernatants, the levels of T. released 

from the granule pellets incubated at 4% usually being higher than 

those detected from T. binding to the test tube used for the MT. 

protein-only samples after removal of the supernatants. 

The analysis of the T. levels in the supernatants discussed above 

has shown us that indeed the levels of T. did fall when assembled MT. 

were pelleted in association with zymogen granules. The associations 

we have seen in the electron micrographs of the granule pellets were 

the result of the loss of MT. proteins, in particular 7, from the 

supernatants to the pellet as bound assembled MI. This T. bound to 

the zymogen granules was readily released again once the MI. attached 

to the granules were disassembled. In addition to this specific 

association of granule membranes with the MT. we were able to detect 

some non-specific binding of T. to the membranes. This may represent 

a particular part of the mechanism necessary for binding assembled MT. 

to the granules but is more likely to have been the result of simple 

electrostatic or biochemical adsorption of T. onto the membranes. 

Probably the volume of the granule pellets would sais taken down with 

it a small portion of the contents of the supernatant during centri- 

fugation. Some T. was certainly left adhering to the reaction tubes 

and could be similarly released in the second supernatants. What is 

certain is that the second, cold attachment of T. to the granules was 

certainly independent of the presence of M.A.P. This was not the case 

with the MIl-associated attachment, the removal of M.A.P's from the MT. 

proteins produced no difference in the binding of the granules to T. 

whether polymerised into MT. or otherwise, whereas whole MT. proteins 

bound preferentially to the granules when assembled into MY. 
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T Finally T. bound to the zymogen granules was detected which was 

not readily released upon cold depolymerisation, this T. is believed 

to represent MT. proteins native to the granule membranes only 

released as they broke down over a considerable period (about 48 hours). 

This native T. may have a role in the binding of MT. to the granule 

membrane possibly via its affinity for the M.A.P. side arms. The 

amounts of T. bound both as assembled Mf. and non-specifically was very 

variable and depended on the original concentration of MI. proteins in 

the depolymerised solution from brain added to the zymogen granules as 

well as on the number of granules in the original suspension isolated 

from the pancreas material. All that could be done was to ensure that 

the MI. protein solution and granule suspension used in each individual 

experiment were completely uniform. 
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The effects of exocrine pancreas stimulation on the 

MTf-free T. equilibrium. 
  

The establishment of an in vitro interaction between exocrine 

pancreatic zymogen granules and assembled MI. in the previous section 

provided evidence for a role for MT. in pancreatic. secretion. In 

order to obtain further evidence for an in vivo role for MT. in 

secretion the levels of both assembled MT. and depolymerised T. were 

investigated in the exocrine pancreas. These two pools of T. were 

separated and measured by 4a colchicine binding assay. Assays were 

carried out for the concentrations of T. in weight to volume pancreas 

supernatants derived from mice kept at basal pancreas secretion levels 

and at actively secreting levels generally under the influence of 

Pilocarpine. 

We might expect that if MT. are indeed important to one or more of 

the processes of exocrine pancreatic secretion alterations in the 

relevant T. pools would occur. As secretion begins more T. may enter 

the MI. pool to provide more MI. for binding and possibly transport. 

Alternatively T, could move from the MT. pool to the free-T. pool as 

granule release, associated with MT. breakdown, occurs. The in vitro. 

granule binding study provided evidence that MT. attachment to the 

zymogen granules was both possible and readily reversible, giving no 

clue as to which is more important in vivo. 

The results presented in this section are somewhat inconclusive, 

although two experiments provided evidence for a significant effect 

of treatment for pancreas secretion. The experiments which showed that 

Pilocarpine treatment (to induce active exocrine pancreatic secretion) 

did in fact alter the MI-free T. equilibrium in the pancreas were 

experiments 'PANC : 09' and 'PANC : 18'. In both cases the Pilocarpine- 

treated mice had pancreas with an overall lower depolymerised T. content 
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than did mice given straightforward saline injections. These differences 

were both statistically significant at the 5% level (P<0. 05), 

indicating that such findings are possible by chance once in twenty 

times. In the case of experiment 'PANC : O9' the overall level of 

depolymerised T. in the actively secreting (Pilocarpine-treated) 

pancreas supernatants was 2.44yg/ml lower than in the basal secreting 

pancreas supernatants; with a confidence interval of 2.42g/ml. The 

corresponding difference in experiment 'PANC : 18' was 3.50ng/ml with 

a confidence interval of 3.04ng/m1. This indicates that the differences 

observed in these two experiments were in fact not only of the same 

order but also in the same direction. Despite the presence of a 

treatment effect on the depolymerised T. pancreas pool in these two 

experiments, no corresponding effect was demonstable on the polymerised 

pool; indeed no such effect was present in any of the experiments. 

Why were no significant treatment effects demonstrated in any of the 

oui sixteen experiments? The analysis of the experiments pooled as 

groups and into blocks shows us that there was no reason to believe 

that there was any significant difference between the individual 

experiments. The effect of treatments in the individual experiments 

must be looked at in the light of both the variations in the mice and 

the variations in the T. determination values. Three T. determinations 

were made for each mouse pancreas supernatant, both first and second 

‘corresponding to depolymerised T. and polymerised T. respectively. So 

far as the first supernatants were concerned, there were considerable 

differences between the 'within mice' determination variances for the 

individual experiments. It is worth noting that the variances for 

experiments 'PANC : 09' and 'PANC : 18', where a significant effect of 

treatment was found, were both very low, 0.9 and 0.3 respectively. 

The ‘within treatments' mice variances for the first supernatants also 
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showed a considerable range but once again the experiments with 

significant treatment effects had low variances, although in both cases 

they were significant. 

The occurrence of a significant effect of treatment at the P<0.05 

level in two out of seventeen experiments does not provide concrete 

evidence for an overall difference in the depolymerised T. levels of 

the exocrine pancreas, despite the fact that it is statistically 

Significant. However, the presence of considerable variations in the 

T, levels of individual mice and the problems with high determination 

variances, may indicate that a real treatment effect does exist. This 

difference in the depolymerised T. levels of secreting and resting 

pancreas must, if present, be very small. The experiments described 

in this section certainly do not seem to be capable of measuring it 

satisfactorily. The effect of treatment only showed up when the 

‘within mice! determination and ‘within treatment' mice variances were 

small. The small determination variances in turn made the small mice 

variance significant. The peculiarity was also present in the second 

supernatant results, significant mice variation was brought about by 

the low determination variance. Despite this fact, there were still 

experiments where both the first and second supernatant results had 

low mice and sine variances and yet no significant effect of 

treatment was demonstrated. 

In the overall analysis, when the experiments were examined as a 

group the experiments themselves showed no significant variation, but 

both the mice and determinations had fairly high, significant variances. 

Although the second supernatants had insignificant mice variation in the 

first group no treatment effect was demonstrated. As was mentioned at 

the outset the results of these experiments were inconclusive, nonetheless 

they provided some hints of a difference in secreting pancreas T. levels 
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Examination of the microtubule, free tubulin equilibrium during 

the stimulated exocrine pancreas time course. 

The attempts made at showing differences in the two T. pools of 

the exocrine pancreas during secretion and rest discussed in the 

previous section proved to be inconclusive. The immense variation 

between individual mice and the problems of producing low assay 

determination variability made it practically impossible to measure 

the small differences in T. levels likely to be present. For this 

reason a second series of experiments, discussed in this section, were 

designed to attempt to show the presence of a real difference in T. 

levels between the actively secreting and basal secreting exocrine 

pancreas. Here the levels of T, both polymerised and depolymerised, 

were measured over a prolonged period after injection. The periods 

over which the levels of T. were studied were from 10 to 60 minutes 

after injection (experiments 'PANC : 19, 21 and 22') and between O and 

20 minutes after injection (experiments 'PANC : 20'). Experiments 

‘PANC : 19, 20 and 22' studied the effect of Pilocarpine alone on the 

— T. levels whereas experiment 'PANC : 21' compared the effects 

of Pilocarpine and saline injections. 

Significant alterations in the levels of pancreas T. as a result of 

- treatment by Pilocarpine injection were shown only in experiment 

Y PANG" 2619 tin the period 10 to 60 minutes after injection. Comparison 

of the saline and Pilocarpine injected mice over the time period after 

injection (experiment 'PANC : 21') showed a significant interaction 

between the two treatments over this same time period. There was no 

significant difference in the Pilocarpine-induced T. levels over the 

period O to 20 minutes after injection (experiment 'PANC : 20'), nor in 

the period 10 to 60 minutes after injection when only three replicate 

mice were compared for each time interval (experiment 'PANC : 22'). 
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Looking first at the results of experiment 'PANC : 19', the analysis 

of variance using orthogonal polynomials indicate that there was a 

significant (P<0.05) quadratic effect of treatment upon the pancreas 

depolymerised T. levels and a significant (P<0.01) linear effect on 

the polymerised T. levels. These effects occurred over the period 10 

to 60 minutes after injection. Thus assuming that there is a polynomial 

relationship between tne levels of T. and the time after Pilocarpine 

injection; if there is not truly a quadratic term, in the case of 

depolymerised T, and a linear term, in the case of polymerised T, in 

the relationships then we have witnessed two very unlikely events. The 

response curve for the levels of ocoutaneviens T. had the formula 

y = 6.5 + O.4x + 1.0X < where Y was the ei of depolymerised T. 

and X was the time after Pilocarpine injection. This curve, when 

plotted, shows its significant quadratic nature by rising from a basal 

depolymerised T. level of 2. 5yg/ml1 at 10 minutes after injection to a 

peak of about 10pg/ml at about 38 minutes, only to fall to 4.6yg/ml at 

60 minutes. Thus the levels of depolymerised T. rose, peaked and fell 

over the period after Pilocarpine injection. 

The concurrent alteration in pancreas polymerised T, after Pilocarpine 

injection, had a significant linear trend. The response curve for this 

trend had the formula Y = 1.0 - 0.2X , producing a line with negative 

slope falling from 1.6yg/ml at 10 minutes to 0.3ug/ml after 60 minutes. 

When we consider that depolymerised T. and assembled MT. are in equili- 

brium or at least interdependent; it is suprising, given the negative 

linear trend for polymerised T, that no concomitant positive linear 

trend is evident in the depolymerised T. levels. What we do have in 

the depolymerised T. levels is an initial positive linear trend from 

10 to about 38 minutes after injection followed by a steady reduction 

in the levels from 38 to 60 minutes. It appears, therefore, that the 

 



  

   

effect of Pilocarpine injection on the exocrine pancreas T. pools was 

to produce an overall reduction of polymerised T. which was accompanied 

by an initial rise in the depolymerised pool followed by a fall at 

about 28 minutes after injection. Thus it seems that exocrine pancreatic 

secretion was paralleled by a decrease in assembled MT. and that the 

disassembly of these MT. produced a rise in the levels of depolymerised 

T, However, this rise did not continue throughout the MI. disassembly 

period, depolymerised T. began to be removed from the cellular pool 

after about 38 minutes of MT. disassembly. The fate of this removed T. 

is uncertain, it may simply have been broken down by lysosomal action, 

it may have been sequestered in a cellular site inaccessible to 

H-colchicine binding or it may even have been inactivated so that 

colchicine would not bind to it. 

Extrapolation of the response curves discussed above would be very 

dangerous and likely to lead to spurious conclusions. The second 

experiment 'PANC : 20' was designed .to examine the effect of Pilocarpine 

on the T. levels immediately after injection, dies; in the period O to 

20 minutes. However, analysis of the results showed that there was no 

significant polynomial relationship between the time after injection 

and both the levels of polymerised and depolymerised pancreas T. The 

response curve for these effects would therefore correspond to a 

straight line with no slope at the mean values for the T. levels. These 

lines, when plotted on the graphs of the response curves analysed in the 

previous experiment ('PANC : 19'),do in fact overlap with the curves 

previously plotted in the case of the depolymerised T. However the 

polymerised T. curves do not overlap, even when account is taken of the 

confidence bands for the two lines. It cannot therefore, necessarily 

be concluded that the mice treated with Pilocarpine in the first 

experiment in this group were from the same population as those in the 
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second experiment. Despite this the second experiment does indicate 

that there were no Pilocarpine treatment effects on the T. levels 

within the first 10 minutes after injection. It seems likely that the 

first experiment did in fact cover the time range during which 

alterations in the T. pools took place. The first ten minutes after 

injection was the period taken for the sub-cutaneous Pilocarpine injection 

to reach the pancréas and build up to a level capable of stimulating 

pancreatic secretion. This time lag was present even though the dosage 

of Pilocarpine was very high. 

Having shown that exocrine pancreatic stimulation with Pilocarpine 

affected the assembled MT.-free pool T. equilibrium, the next step was 

to compare this effect with the effect of control saline injection over 

a Similar time period after injection. Hence a similar methodology was 

applied to two groups of mice, one injected with Pilocarpine in saline 

and the other with saline alone. The effect of the two types of 

treatment were then not only examined alone but also the interactions 

between the treatments over the time after injection were compared. 

Initial analysis of the results of this experiment ('PANC : 21') showed 

no significant effects of treatment upon either the polymerised or 

depolymerised pancreas T. levels. Nor were there any significant 

interactions between the two types of treatment in either case. However, 

the presence of a zero T. value in the second supernatant results 

warranted the transformation of the data by adding one to the determined 

T. values and converting to logarithms. Although this showed up no 

significant effects in the depolymerised T. data, the polymerised T. 

data had a significant (P<0.05) treatment interaction over the time 

period which was shown to be at the quadratic level. 

When the average effects of the two treatments (Pilocarpine and 

saline injection) together over the time period after injection was 
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analysed no significant deviations were present. However when the two 

treatments were isolated and compared with one another over the same 

period a significant (P<0.05) quadratic relationship was demonstrated. 

Looking at the response curves for the two treatments this is not 

surprising since the two curves are almost mirror images of one another. 

Combining the two would cancel any polynomial relationship leaving a 

straight, non-sloping line at the mean of the two treatment effects. 

The relationship lies in the difference between the two curves, this 

has a Significant quadratic nature. 

After injection the two treatment curves behaved almost in opposition, 

the levels of polymerised T. in the saline treated mice rose, peaked and 

then fell; whereas the levels in the Pilocarpine treated mice fell, 

troughed and then rose again. The saline treatment curve peaked at 

about 43 minutes after injection while the Pilocarpine curve troughed 

at about 36 minutes. The shape of the Pilocarpine-treated curve 

compares to a certain extent with the solgnartas’ ‘ve curve produced in 

experiment 'PANC : 19', certainly from 10 to 30 minutes after injection 

both curves show a decline in the levels of polymerised T. However, 

30 minutes after injection the decline in polymerised T. exhibited in 

experiment 'PANC : 19' was not present in 'PANC : 21', instead the 

levels of polymerised T. levelled off and eventually rose again. The 

levels of polymerised T. encompassed by the two experimental curves 

are also similar between 10 and 30 minutes after injection, they coincide 

when the confidence bands are compared although the curve for experiment 

"PANC : 21' has the larger range. It is noticeable that this range also 

covers the levels of polymerised T. measured in experiment 'PANC : 20', 

When the curves are compared later than 30 minutes after injection they 

are obviously less coincident since the curve for experiment '‘PANC : 21' 

begins to rise while the 'PANC : 19' curve continues to fall. It appears 
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that the regime followed in experiment 'PANC : 21' produced a more 

rapid alteration in the polymerised T. levels and an even more rapid 

return to the non-secreting levels. This may hace bau due to variations 

in the Pilocarpine dosage but was probably more likely to have been due 

to the variations between the individual groups of experimental mice. 

The most surprising result of experiment 'PANC : 21" was that, not 

only did Pilocarpine elicit alterations in the levels of polymerised T. 

over the period after injection, but such alterations were also 

produced by straightforward saline injection, only in this case in the 

opposite direction. Saline injection produced a rise followed by a 

fall in polymerised pancreas T. It appears, then, that either the 

saline itself or possibly the stress associated with injection induced 

an effect on the pancreas assembled MT. This makes the opposite effects 

of Pilocarpine, injected borne Saline, even more remarkable. Despite 

the significance of the differences in effect of the two types of 

treating: Pilocarpine and saline injection, on the levels of polymerised 

pancreas T, no concomitant significant effects were detected in ae 

levels of depolymerised T. This may have been due to the rapidity with 

which excess free T. was sequestered to another site as discussed 

previously or possibly to the enormous variation in the levels of 

depolymerised ~Pin the experimental mice. 

Coming finally to consider the last experiment in this group, 

experiment 'PANC : 22', the T. levels, after Pilocarpine injection, were 

compared again over the period 10 to 60 minutes after injection, this 

time using only three replicate mice per time point group. This low 

level of replication failed to produce a significant treatment effect 

in either the first or second supernatant results. Even transformation 

to a logarithmic scale after the addition of 1pg/ml to each mouse mean 

failed to show any significant effect of treatment. This lack of a 

 



  

treatment effect was the result of excess mouse variation being 

difficult to eliminate in the smaller sample. 

Despite the presence of this final insignificant effect of treatment, 

the other experiments show, particularly experiment 'PANC : 19', that 

Pilocarpine injection had a definite effect on the levels of exocrine 

pancreas T. This effect was most marked in the levels of polymerised 

T. where at about 10 minutes after Pilocarpine injection, the levels 

of T. began to fall. This fall continue for 60 minutes after injection 

('PANC : 19') or levelled off and began to rise after 36 minutes 

('PANC : 21'). The effect of this falling presence of paces ind pancreas 

MT. on the levels of depolymerised T. were less marked. It seems that 

the depolymerising MT. released free T. which was detected as a rise 

in the level of pancreas depolymerised T. However this rise did not 

eontinue for the full 60 minutes after injection. Some of the free T. 

was removed either by breakdown or cellular storage, this removal could 

have been so rapid as to prevent detection as a depolymerised pancreas 

T. rise. Thus the level of pancreatic free-pool T. could be ataenaee 

at a constant level despite alterations in the number of assembled MT. 

during secretion. These Pilocarpine injection effects on the mouse 

exocrine pancreas could have been the direct result of drug-induced 

effects on cellular MI. More is. though, is that exocrine 

secretion induced by Pilocarpine, produced a physiological reduction in 

the numbers of assembled MT. The effect of saline injection, as a 

control, in inducing an opposite increase in pancreatic MI. indicates 

that any stress or osmotic pressure related effect would not induce 

this fall in exocrine pancreas MT. numbers but would be more likely to 

have the opposite effect. Thus we can conclude that during exocrine 

pancreas secretion, certainly in the initial eae fron 10 to 60 minutes 

after stimulation, the numbers of pancreatic MT. are reduced. 
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This reduction may be accompanied by an increase in free MT. proteins, 

although the level of these may be kept constant by their rapid active 

removal from the detectable pool. This removal could encourage the 

further shift of the free T, MT. equilibrium towards the free T. side 

inducing further MT. disassembly. 
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Measurement of MI. proteins using the radioimmunoassay technique 

The Ay colchicine binding assay for T. used in the previous sections 

to assay both in vitro zymogen granule bound T. and pancreas supernatant 

T. produced considerable determination variations in some experiments 

and was incapable of detecting very low levels of T. In an attempt to 

overcome these problems and also to measure M.A.P's associated with T., 

a radioimmunoassay technique was adopted. The results of these RIA's 

for both granule-bound and pancreas MT. proteins proved to be as 

variable as those of the *H-colchicine assays. 

Two of the granule binding experiments when assayed by RIA produced 

results which were ridiculously high. The cause of this can be credited 

to the non-specific binding of the antisera used and also the problems 

encountered in keeping the bound pellets together discussed earlier. 

Apparent low percentage binding obviously caused the assay results to 

err on the high side. Often excellent correlation between T. standard 

concentrations and percentage binding was countered by the high 

variations in the individual experimental determinations. For these 

reasons the results of experiments 'RIA-MTG : O2' and 'RIA-MTG : 03! 

are probably best ignored, not least because the treatment effects 

investigated were certainly not significant. 

Significant treatment effects encountered using the RIA for T. and 

M.A.P's were in experiments 'RIA-MTG : 01' and 'RIA-MTG : O4'. The 

former experiment exhibited a significant effect of treatment,attributable 

to alteration in the incubation temperature, in only the third super- 

natant. Although the first and second supernatants had effects consistent 

with the findings of the 44-colchicine binding assays for T, in the 

light of the high error values produced by a high determination variance 

they are insignificant. However a low value for error mean square in 
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the third supernatant produced a significant (P <0.05) temperature 

effect. In common with the experiments assayed by A1-colchicine 

binding the levels of T. released from granule binding were higher in 

the warm incubated samples than in the cold incubated ones. Unusually, 

though this difference was detectable in the third supernatant showing 

that even after one hour under T. depolymerisation conditions, more T. 

was released from the warm incubated granules after a further overnight 

depolymerisation period. This may represent T. more tightly bound to 

the granules or possibly T. derived from the granule membranes themselves. 

When the RIA technique was used to measure the M.A.P. content of 

zymogen granule bound supernatants no significant treatment effect was 

detected in the first supernatant. However, the levels of M.A.P. 

measured in these samples paralleled those of the T. detected by 

*y-colchicine binding (see experiment 'MT-G : 08'), a high error mean 

square value prevented them from being Significant. Significant (P<0,001) 

treatment effects were exhibited by the second supernatant samples both 

for incubation temperature and addition or exclusion of granules. The 

effect due to alteration of the incubation temperature was + 6.6yg/ml 

in favour of the warm incubated samples, while the granule addition 

effect a ~ 3-8pg/m1 against the samples without granules. These 

values compare favourably with those obtained for the effects on the 

*H colokicias binding T. levels, the M.A.P. values being 135 to 15 % 

of the T. ones; especially when we consider that the M.A.P's constitute 

on average 13% of total isolated MT. protein fraction (Sloboda et al, 

1976). Once again the third supernatant M.A.P. values had a high error 

mean square, due to high determination variation, resulting in 

insignificant treatment effects. 

It appears that, where significant differences in M.A.P. levels 

were detected, they were consistent with the differences in T. levels. 
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This indicates that M.A.P's remained in a stoichiometric relationship 

to T. even after disassembly of the MT. after binding to zymogen 

granule membranes. 

The final experiment in this section, 'RIA-PANC : 01' used the 

RIA for T. to remeasure the levels of polymerised T. in supernatants 

assayed by AH-colchicine binding ih experiment YPANC : 22’. No 

significant treatment effect was shown by either method of assay. 

The levels of T. in both cases showed excessive variation due both to 

the differences in mouse T. levels and determination consistency. 

Also the actual assembled T. values for both methods were inconsistent, 

particularly the measurements made at 30 and 4S minutes after Pilocarpine 

injection. This is believed to be due to the inconsistency of the 

RIA producing a number of erroneously high values on the one hand and 

the failure of the 44-colchicine binding assay to measure some of the 

lower values on the other. 

Generally the use of an RIA to measure MT. proteins, rather than 

producing more consistent and sensitive results, has introduced more 

problems. In particular the consistency of determinations on individual 

experimental samples has been very low. This may of course be eliminated 

after further trials, however without the improvement there seems little 

advantage in the RIA since it takes much longer to perform than the 

“colchicine binding assay. Its main advantage lies in its use to 

measure M.A.P's since they are difficult to quantify by any other method. 

Indeed the results obtained using M.A.P. antisera proved to be more 

consistent, producing values comparable with the corresponding T. levels 

measured by Aicolohicine binding assay.



  

Conclusions and Prospects. 
  

The available literature discussed in the introduction has 

examined the cellular secretory process from two main viewpoints. 

Firstly several studies have been done on the effect of known 

microtubule poisons,such as colchicine and vinblastine, on secretion 

and other cellular processes thought to involve MT. Secondly, a 

number of groups have examined secretory cells in the electron 

microscope to try to produce evidence for a structural relationship 

between MT. and the aeerétory pathway. Consequently a number of 

models have been proposed to provide an explanation of the wide 

variety of cellular mechanisms thought to involve MT. 

From the point of view of the secretory process two main mechanisms 

seem to explain MT. action. MT, possibly in conjunction with other 

components of the cytoskeleton notably microfilaments, could provide 

the motive force or directionality necessary for the transport of 

secretory granules to the cell membrane « Alternatively they could act 

to prevent granule movement towards the membrane, secretion being the 

cytoskeleton 
result of a temporary breakdown of the MT. cell ae The electron 

microscope study of MT. and isolated zymogen granules combined in vitro 

does not favour either secretory model. However it does show that the 

interaction between MT. and granule membranes is not simply a passive 

trapping process. Rather, specific structural connections were seen 

apparently produced from the M.A.P. side-arms and possibly parts of the 

granule membrane. This MI-granule bonding proved capable of resisting 

powerful centrifugation forces to produce pellets which in S.E.M. view 

were reminiscent of the freeze-dried cytoskeleton replicas produced by 

by Heuser and Kirschner (1980). Zymogen granules were capable of 

effecting between 14 and 100% removal of MT. proteins from solution,



  

this removal being dependent on the presence of assembled MT. proteins 

and M.A.P's, although some non-specific removal of disassembled T. 

was detected. 

The secretory role of MI. in vivo proved much more difficult to 

elucidate since the changes in the MT-free T. equilibrium during 

exocrine pancreas secretion were very small in comparison with the 

degree of variability in total tubulin between experimental animals. 

However measurement of the MT-T.pools over the period after artificially- 

induced pancreatic secretion with Pilocarpine did produce changes in 

both pools. These changes seemed to confirm the ‘trapping model' for 

the role of MT. in secretion since the levels of polymerised T. fell 

as secretion was induced. Concomitantly free pool T. rose but later 

began to decline. bocees free T. seemed to be removed rapidly from 

the detectable pool, possibly by breakdown sequestration. The pancreas 

MT. system also seemed to be sensitive to alterations induced by 

Saline injection, although changes were in the opposite direction to 

those induced by Pilocarpine and saline together. 

It appears that exocrine pancreatic secretion is accompanied by 

alterations in the MI-free pool T. equilibrium. The binding of zymogen 

granules to assembled MT. suggests that MT. might be directly involved 

in the secretory process. Since MI. depolymerisation seems to occur 

during secretion it seems likely that the MT. act to release trapped 

granules so that other cytoskeletal elements can carry them towards the 

acinar cell lumen. 

Despite this final conclusion a number of aspects of this process 

are still unclear. The fate of the M.A.P. side-arms during this 

process is not certain, they may be left attached to the MT. or remain 

attached to the zymogen granule membrane for removal during membrane 

protein recycling. The mechanism for granule movement from the Golgi 
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complex to the apex of the acinar cells is also unknown. MT. are 

involved in holding the granules in position, what provides the 

motive force for this movement ?, microfilaments seem likely candidates. 

These questions are yet to be answered, the results presented here 

provide only clues to the role of MI. in secretion. The in vitro 

model needs to be better studied, especially in the light of other 

in vitro systems and to elucidate the role of nucleotides and M.A.P's 

in the binding process. A more sensitive assay for MI. proteins is 

necessary to better examine the in vivo role of MI. in secretion, the 

RIA needs to be modified to provide more consistent determinations. 

The procedures and results discussed in this study are well 

suited to the examination of the role of MT. in secretion. To produce 

an overall picture other tissues need to be examined as do other 

cellular organelles. MT. certainly are involved in a wide variety of 

cellular processes, protein secretion being one which is well suited 

to further study.



  

Statistical methods. 

In this section of the appendix are outlined the statistical 

procedures used to analyse the experimental results. These were 

mainly modifications of the analysis of variance procedure although 

regression analysis, the correlation coefficient and analysis of 

covariance were also used. In each case the experimental results 

were transferred by computer programme to another programme capable 

of carrying out the statistical tests required. The tables of results 

and analyses were then Sata iat out by the computer and checked by 

hand for significant values by comparison with statistical tables. 

The levels of significance used were always the same being denoted by 

an asterix system outlined in the first part of this section. The 

main references used for statistical procedures were Ridgman (1975), 

Snedecor and Cochran 4967 ) and Dawkins (1975) although Cochran and 

Cox (1957) and Pollard (1977) were also consulted; the statistical 

tables used were White, Yeats and Shipworth (1974).



  

Analysis of variance using orthogonal linear contrasts. 

This statistical test was used to assess the variations present 

in the MT~zymogen granule binding experiments. The effect of treatment 

was partitioned into two contrasts, the in vitro effect of temperature 

on the mixture of MI. proteins and zymogen granule and the effect of 

zymogen granule addition on the level of T. in the supernatants left 

after centrifugation. The null hypotheses tested were : (1) There was 

no difference in the supernatant T. content of samples initially 

incubated at 37°C and 4°c before the first centrifugation; and (2) The 

addition or exclusion of zymogen granules made no difference to the 

post—centrifugation supernatant T. levels. These null hypotheses were 

tested for each of the supernatants collected regardless of the 

incubation temperatures of the later supernatants. All calculations 

were made using a custom-written computer programme. 

Initially the components of the ‘analysis of variance table were 

calculated in the usual manner. The first column, headed 'Source of 

variation', shows the sources of variation which could be isolated in 

the experiment; this includes the total variation, treatment variation 

and residual or error variation. The second column shows the degrees 

of freedom (D.F.) for each source of variation; ee total variation 

this was the total aie of observations less one, for treatment 

variation this was the number of treatments less one and for error 

variation this was the total variation D.F. less the treatment variation 

D.F. The third column in the analysis of variance table shows the 

sum of squares (or sum of squares of the deviations from the mean) for 

each source of variation. This value for total variation, assuming the 

observations form the array x ,,x x --Xyn , With mean x was 
4 . (se . 

POG G



  

calculated as 

£(x,-%)* te a - ae 

n 

The sum of squares (S.S.) for treatment variation, where Dos Ts, 23) 

er . are the treatment totals and r are the 42 Tos Pa Be eds 

number of the respective replicates, was calculated as : 

  

ne ae = ae oe 
4 2 3 ‘ 

ma > rs n 

Error S.S. was calculated from the difference between total S.S. and 

treatment S.S. These values for S.S. were used to calculate the 

unbiased estimate of variance or average spread for each source of 

variation; this value, known as the 'mean square' (M.S.), was calculated 

as the S.S, sdides by the D.F. for each source of variation. The M.S. 

for total variation was not calculated since it represents the mixture 

of variation separated into treatment and error variations. 

So far we have followed a conventional analysis of variance 

methodology, the difference now comes in partitioning the treatment 

variation into its component parts. This involved the comparison of 

orthogonal contrasts using a table of linear coefficients to partition 

the S.S. The number of contrasts permissible is the same as the number 

of D.F. for treatment variation. In this case 3 D.F. for treatments 

permitted three contrasts, however, only two were necessary to analyse 

the experiments, i.e., comparing the temperature effect and the granule 

effect. The effect of temperature was found by comparing the T. content 

of the supernatants from the samples containing both MT. protein and 

granules while the granule effect was found by comparing these two 

Amy 
groups combined with tthe samples containing no granules only MT.protein. 
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In practice this involved the calculation of linear coefficients 

for each contrast. These coefficients were found by determining the 

total number of individual values on each side of the contrast and 

then finding the lowest common multiple of these numbers. The required 

coefficient for either side was then this value divided by the number 

of individual values on that side. The signs on each side of the 

contrast were made opposite so that the sum of the coefficients was 

zero. Before calculations were made of the partitioned treatment S.S. 

the coefficients were checked for orthogonality. Assuming the matrix 

of coefficients for two contrasts to be : 

Ist contrast Ky 4 Kees ha sca le 

end contrast k Ka 3 Ka eeceee 

and the number of replicates for each column to be Par Tos rz eee ae 

then the tests of orthogonality were : 

eget + Ry gotta + eee ai SHipieiial «:5 6 =O 

Ka ath + Meg kg + Me ats He Saas =0. and 

ba Ph ae + ee ~ My ate ee eae ate ot era 

If the contrasts selected were confirmed as orthogonal the S.S. for 

each contrast was calculated. In the case shown above where the treatment 

totals were Ths Toss 7s soeee then the %st contrast 5.5. would-be: 

yo the Ky ogre) 1 3° 
  

(Lyk, a Tok +0 

a 2 2 WNIT + Pyeky 5 + Peeks g++) 
a 

second contrast S.S. being calculated similarly. These partitioned S.S. 

were used to calculate the respective M.S. by dividing by the contrast 

D.F. - always one. Once the M.S. column of the analysis of variance 

column was completed with these values, the variance ratio or F- value 

for each contrast was calculated in the normal manner as : 

F =M.S. for contrast variation and 
  

M.S. for the error variation 

also added to the table. The level of significance of these F values 
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were then checked in tables showing the percentage points of the F 

distribution for normally distributed random variates. Assuming the 

data to consist of normally distributed random variates with the same 

variance for each treatment, if the experiment gave an F value larger 

than the table value at the chosen level, then if there was not a true 

ty effect of treatment on the difference between the means then we had + 

witnessed an event which can occur less frequently than the chosen 

level. In this case the levels chosen were indicated by a star notation: 

Ee OnO> NS 

5% level : P< 0.05 f 

“1% Level =: P<0.01 =< 

O. i ahevel < P< 0.001 1a 

Finally to summarise the data the total effect of treatment, 

standard error of this effect, mean effect of treatment and 95% 

confidence limits were calculated for each contrast. The total effect 

was calculated as Skt with a standard error of See. = 

e + eeee)e These total contrasts were 

  3 es 

error M.S. (rk, a Porky 5 

converted to mean contrasts by dividing by 4 Flr for the relevant 
aoa 

contrast.



  

Analysis of variance using a hierarchical désign. 

This test was used to analyse the results of the experiments 

which compared the mouse pancreas T. pools during the active and basal 

secretory states. The same method was used for the individual 

experiments and also on the combined experimental data. The problem 

associated with these experiments was that the variation due to treatment 

(for pancreas secretion or otherwise) also contained variation due to 

the mice within each treatment group together with variation due to the 

assay determinations for each mouse. Consequently the determination of 

the treatment effect required the isolation of both these other effects. 

The experiments were further complicated by the fact that not all 

the variations were random-effect factors. The substitution of one 

treatment for another would have altered the experiment completely 

making it a different experiment altogether. Hence the treatment for 

secretion was a 'fixed-effect factor', while the mice used within the 

treatment groups and determinations within the mice could both be 

readily substituted without alteration to the experiment making them 

'random-effect factors'. The difference between these two types of 

factoris that random-effect factors have true population variances 

which can be estimated by their M.S. while fixed-effect factors have 

M.S. which only estimate variation between the levels of the factor. 

For example two models are possible for a single factor experimental 

design with p treatments each with r replications : 

Expected M.S. Expected M.S-» 
Source of variation Deis Fixed-effect factor Random-effect factor 

Treatments p-1 Pa +r - & oe TS on 
> 

Error p(r-1) of oo 

In the case of the individual pancreas secretion experiments the only 

fixed effect factor was treatment for secretion so the parameters 
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estimated were 

: y 2 Treatment for secretion : of HS a a ae 

Mice within treatment groups : of oO a 

Determinations within individual 

MUCIE? O-5., 

and for the ten experiments analysed as a group they were 

Experiments : of + 3 oe + 99° + 18 oi 

Treatments within experiments ; on + 5 a + 9 wn 

Mice within treatment groups ‘ om 4 o a 

Determinations within mice of 

The practical estimate of the parameters above is the M.S. for each 

individual variable. However, the determination of the S.S.and hence 

the M.S. for each variable did not follow the normal methodology since 

some of the M.S. contained a portion attributable to the M.S. from other 

variables. In practice the first step in the analysis was to determine 

the D.F. for each variable. For individual experiments there were two 

treatments for secretion groups so the D.F. for treatments was (2-1) 

or 1. Each treatment group contained three mice so had (3—1) or 2 D.F. 

teal since there were two groups the D.F. for mice within treatment groups 

was 4, Each mouse had three determinations carried out on it so had 

(3-1) or 2 D.F. and there were six mice in the experiment making a total 

of 12 D.F. for determinations within mice. When summed together the 

total number of D.F. came to 17 which is as was expected for 18 individual 

values. 

In calculating the variable S.S. the next step was to calculate the 

total of the three determinations for each mouse (M), then the total of 

these for each treatment group (G) and finally the grand total ($x) of 

all the determinations & ) together. The S.S. for each variable were 

then calculated using the following formulae 
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nO
 e 

x 

  

Sq (< ) 
—_ 2X) 

Treatment for secretion S.S. 20g 18 

ee 2 
Mice within treatment S.S. - =a . - 

Determinations within mice S.S. = bx* sue 

= 3 
i 

Mn Note that each S.S. contains a component from the S.S. above it apart 

from treatment S.S. which has the correction factor. 

Using these S.S. values the M.S. were determined by dividing by the 

relevant D.F. The F values were then found in a slightly different 

manner to the usual. The test for evidence that a was other than 

zero was done uSing an F value for the mice within treatment variable 

found mrom+ 

M.S. for mice within treatments 
  

M.S. for determinations within mice 

Similarly the evidence for a significant ne value was found from the 

F value ; 

M.S. for treatment 
  

M.S. for mice within treatments 

Where these F values were found to be significant from F tables 

the individual estimates of variances and effects were then determined. 

The estimate of J was the M.S. due to determinations within mice. 

  

D 

The estimate of oe was found from : 

M.S. for mice within treatments - M.S. for determinations 
4 

> 

> 
and of 7] = from. ¢ 

M.S. for treatments - M.S. for mice within treatments 

  

9 

These formulae f ollow from the model of the parameters estimated, 

outlined earlier. The confidence limits of these estimates do not 

follow a true normal distribution but rather approximate to the > _ 

Ped 
distribution and were estimate from X tables. The formula for



  

calculating these confidence limits is : 

(n-1) 8° 0° (n-1)s* 
oe kad 

Paha) X F144) 

  

where ae is the estimate of the true variance dé with (n-1) D.F. and 

probability %. 

The analysis of the pancreas experiments combined followed a 

similar hierarchical methodology but was combined with a conventional 

two way analysis of variance treating each experimental treatment 

group mean as an individual observation. Analysis was then carried out 

for variation between treatments and experiments tested conventionally 

against the error M.S.



  

Analysis of variance using orthogonal polynomials. 

In the first part of the statistics section the use of orthogonal 

linear contrasts to partition the treatment variation into its component 

parts was described. In this section the use of orthogonal polynomials 

to consider the relationship between two parameters will be discussed. 

This method of analysis was used to investigate the relationships 

between the levels of T. in the two pancreas pools and time after 

Pilocarpine injection to induce exocrine pancreatic secretion. Two 

types of experiment were analysed, one involving only the relationship 

mentioned above and a second to investigate the interactions between 

two treatments to induce secretion or otherwise over the time period 

after injection. 

In general the model used to analyse data of this type, where the 

relationship of some measure to the level of a particular factor is 

considered, would be a polynomial relationship of the form 

y= DN ends viet lens qxP . Here y is the variate 

measured, x the level of treatment and a, b, c, d, etc. constants. In 

practice, however, we are seldom interested in any relationship beyond 

cubic, powers greater than this are difficult to account for biologically 

and are usually combined to give a value for the ‘residual’ relationship. 

So far as the experiments analysed here were concerned four main null 

hypotheses were made : (1) there is no linear relationship between 

measured T. and time after injection; (2) there is no quadratic effect; 

(3) there is no cubic effect; and (4) there is no deviation from the 

linear, quadratic and cubic effects. In other types of experiments the 

level to which we can stretch this argument depends upon the numbsr of 

D.F. available, one D.F. being necessary for each level. This follows 

from the fact that a linear effect only needs two points to plot its



  

straight line while a quadratic effect requires at least three for its 

curve and a cubic effect four. 

The formula above cannot be solved dinectily for a, by.¢, dy. etc. 

but requires three orthogonal contrasts to partition the treatment 6.5. 

and test each separately. These contrasts are found by solving the 

equivalent formula Y = A + BK, + CK, + DK, where Ky is a linear 
é 3 

functiGn of x7, Ky a quadratic function and hs a cubic function; and 

the K's are orthogonal to each other. The values of the orthogonal 

polynomials for evenly spaced levels of x can be found from tables 

(Fisher and Yates, 1963) but unevenly spaced levels have to be found 

by solving the equation above. The method used is illustrated below 

using the levels 10, 20, 30 and 40, the units being immaterial Cin 

this case they would be minutes after injection). Orthogonal polynomials 

for linear contrast are found init ially : 

    

Levels Reduced Levels Linear effect Polynomials 

% K,=a+x K, K,'=K,.% 

10 4 0 a - = - 3 

; a 20 2 1 4 fy. a at 5 4 

30 3 2 ate ca > a4 

ko bs 3 a+ 3 2 + 3 
oe 

Total@ ¢. = “ ha + 6 0 0 

These values follow from the orthogonality of the contrasts which must 

sum to zero, thus 4a + 6 = O anda = - Z. The polynomials are simplified 

by the common multiplier » to give the Ky values used in the analysis. 

The next stage is to find the polynomials for quadratic contrast 

Ww
 

(o>
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Levels Quadratic Effect Multiplication Polynomials 

K,sarbxtx® K! (atbx+x®) KS 

. ” - + 1 

4 a+ b+ 1 me De a - 1 

2 a+ e2b+ 4 + atebd+4 es 

> a+ 3b +9 » See Ob He 29 ee 

Totale 4a + 6b + 14 10b + 40 oO 

Once again the orthogonality of the contrasts means that the product 

of any two must sum to zero producing 10b + 30.= 0 and b = —3; 

Substituting in 4a + 6b + 14 = O gives a = 1; using these values for 

a and b in the second column gives the polynomials with no simplification 

being necessary, x = 1. Finally the polynomials for cubic contrast are 

  

found : 

Levels Cubic effect Multiplication and substitution 

Kjsarbxtox 43° Kitaoberer’ sk) K(atbxtex +x") 

0 a - 3a +a 

sl ato tc tee = ee eb Soe -a- b- c- 1 

2 a+ 2b + 4e + 8 + a+ 2b + te + 8 -a- 2b - lc - 8 

3 a+ 30+ 9c + 27 + 3a + 9b +27c + 81° + a+ 3b + 9 + 27 

Totals : 4a + 6b +14c + 36 10b + 30c + 88 fe 4 10 

Polynomials 

i KS 

-% wh 

+3 +25 

ae Ls 
+2 en 

Both a, b and c are solved using the orthogonality of the contrasts, the 

substituted K, values then being simplified by multiplying by \ =—=



  

This procedure provides simplified polynomials for the three 

contrasts required, however in practice the procedure outlined above 

was carried out by a computer programme with no simplification being 

necessary. 

The polynomials were used to partition the treatment S.S. into 

linear, quadratic and cubic contrasts. The treatment totals for each 

level were set out at the head of the matrix of polynomials, in the 

case of our example :; 

Levels : 10 20 30 LO 

Totals (y') : Ta T55 Tao Tho 

Ky : -~ 3 - 4 + 4 +3 

KS : + 41 - 1 - 1 + 4 

Ke $ = 1 + pea ao 3 3 3 

From this matrix was calculated the total effect, GE oy" cor 

each contrast. This was used to find the S.S. for each contrast - 

(SK' Vy? F /r €x**), where r was the number of replicates making up 

each treatment total. The residual S.S. was found by subtracting the 

sum of the linear, quadratic and cubic contrast S.S. from the overall 

treatment S.S. A conventional analysis of variance table was then 

constructed incorporating the contrast S.S. each with 1 D.F. apart 

from residual variation which contained what was left over from the 

overall treatment D.F. From this table were calculated the M.S. for 

each contrast and for error, each contrast being F-tested against error 

for its significance. 

Where a significant contrast was shown the points of the response 

curve were calculated. This involved calculating the mean polynomial 

effects up to and including the highest order of contrast considered 

Significant. The mean effect is the total effect divided by the sum 

of squares of the coefficients or ($K'y') / (r 2K" ). These mean 
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effects were then set at the head of the polynomial matrix, in our 

example : 

  

Jean Linear Quadratic Cubic 

Mean effects A BI Co D! 

Y-values 

10 + 1 aE ih ah 

20 + 1 wn ae | + 3 

0) + 4 + 4 - 1 - 3 

4O 7 ae * A + 14 

Here the cubic effect would be the highest order significant contrast 

so both the quadratic and linear effects must be included together with 

the general mean (A). This follows from the curve model 

Y= As 2 Kt + C'KS +D! XK By multiplying each mean effect by its i e 

2 

appropriate polynomial and finding the sum for each value of Y the points 

of the response curve were found. Where significant contrasts were 

found this curve was plotted together with its confidence band. This 

was calculated using the standard error for each point of 
  

  

{ ' 

[exzor M8571 a OF Ke sae Vee 7 
Gmerehl Peel Peay ) 

up to the highest significant order. The curve was then plotted only 

within the limits of treatment since extrapolation outside these limits 

was liable to lead to erroneous conclusions. 

The comparison of two treatments for pancreatic secretion over the 

same time period after injection required more complex analysis. Here 

the contrasts used not only involved linear, quadratic and cubic effects 

but also comparison of the interaction of these effects for the two 

types of treatment. The null hypotheses would then become : (1) there 

is no linear, quadratic or cubic effect nor a deviation from these in 

the relationship between measured T. and time after injection; and 

(2) the linear, quadratic and cubic effects and deviations from these



  

are the same for both treatments. Orthogonal polynomials for the time 

intervals were calculated as before but each treatment was given a 

coefficient of either +1 or -1. This enabled the building-up of a 

matrix of orthogonal polynomials producing interaction coefficients 

obtained by multiplying the treatment coefficient (-1 or +1) by the 

time interval coefficients. Using the polynomials calculated 

previously this would be : 

Treatment 1 Treatment 2 

Levels 10 20 30 LO 10 20 oO LO 

Treatments : -1 -1 = =~ +1 +4 ey +14 

K, Ebr) =-1 +1 +3 -3 = a +3 

K,) ee 1 ~1 +4 +1 =1 = +1 

Ke Sil +3 ~3 +1 ~4 +3 ~3 +4 

Trt 34 Kt : +3 +4 ~1 ~3 =3 ca an 43 

Tne 3 KS 2 1 +1 +1 = +1 1 aa] Be 

Tint. x i, 2 -3 +3 —1 ~1 +3 in) +1 

This ie of matrix was then used Sine: the total effects and S.S. 

for the contrasts and interactions by placing the relevant treatment total 

at the head of each column. Where significant contrasts were demonstrated 

the same matrix. was used to calculate the response curve points. Mean 

effects used in determining the curve points included all those up to and 

including the highest significant order of main effect, all those up to 

and including the highest significant order of interaction and any main 

effect whose interaction was significant even though it may not have been 

Significant itself. The same level of order also being used to calculate 

the standard errors for each point and hence the confidence bands. 
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Regression analysis and the correlation coefficient. 
  

The R.I.A. used in this project produced standard curves of 

percentage antibody bound iodinated protein (T. or M.A.P.) against 

total protein present. In order to decide which standard curve was 

the best for estimating unknown sample protein contents from their 

percentage antibody binding the correlation coefficient for each was 

determined and then the formula of the curve with the highest correlation 

coefficient used to determine the sample protein contents. The main 

problem withthis methodology was that in the standard curve the 

independent variable (x) had to be the amount of protein in the standards 

while the dependent variable (y) was the percentage antibody binding. 

This meant that prediction from the regression curve of y on x of 

protein content from the percentage binding meant a prediction of x 

from measured y values. This makes the calculation of the confidence 

limits for the predicted value of x from y more complitated than 

usual. 

The model used in linear regression analysis is y = 7 + b (x-  ) 
ar the means of the variables y and 2 

where y and x ~ in this case the roughly plotted standard curve 

points produced a curve rather than a perfect straight line. In order 

to convert this curve to a line the protein standards (,) were converted 

to a logarithmic scale. The next step was to find the S.S. due to the 

y variable (S.S.), the S. Se. due to the , variable (S.S. .) and the sum 
J 

of products of the x andy variable (S.P., ). These were found using 

  

x 

the following formulae : 
SS ee: 2 5a a 
ore = 2uy ~(Zy) 

z n 
oe - ee (s i" 
er ae = gx ee a 

n 
S.P = xy ~-Exé Pe ZRY =<k2ye. 
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wherex and Y represent the individual variables and n the total 

number of variables or points on the line. From these values were 

found the slope of the line or regression coefficient (b), the 

intercept or regression constant (a) and regression S.S. 

ne Q b = ae i; ara 

a = 9 + bx 

Regression S.S. = fiero de. 

To check the significance of the line or linear effect an analysis of 

variance of y was carried out. The total S.S. for this test were 51855 

while the error or residual S.S. was found by subtracting the regression 

S.S. from this total S.S. The analysis of variance was carried out in 

the usual manner with 1 D.F. for regression and (n - 2) for residual 

variations. Assuming that a significant value was found for the F-test 

of the linear effect then the next stage was to find the correlation 

coefficient for the line. The correlation coefficient (r) was found by 

first finding the coefficient of determination (x7) : 

  

* = Regression S.S. or (SsPx xy ‘3 ; 

DOtals Ss Ss SeSey SeSey 

r was then the square root of this value. 

Once the correlation coefficients had been determined for the standard 

curves and the mean standard curve these were compared to see which was 

the largest. The curve with the greatest value of r was then used to 

calculate the protein concentrations (x') from the unknown sample 

percentage binding values (y'). These concentrations were found by 

transforming the model curve formula : 

‘ 
= y + b(x-x) 

so that



  

Wl wherey and x were the mean standard curve values andx' andy' were 

the sample values. The confidence limits for a value of x found from 

an individual y value are found from the formila : 

     
  

  

be eee a 

(x-x) = J is = x) ~ | nm 
bd Al o 

2 
G 

where ce 1 2 

658. 

This formula is rather complex but fortunately if b is significant 

: : : i : ; 2 
(which we checked by analysis of variance earlier) c is Aeanarc 

becomes negligible. The simplified formula used for the confidence 

limits therefore was : 

(xex) = y'sy 
b 

  

where y' and x! were the samplecurve values, M.S., the residual M.S. 
ig & 

and t the table value of t at the % level.
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Computer programmes. 

System language of BASIC. 

1, INTRODUCTION 

1.1 Using a Terminal 

3) Teletypes 
Press START button. 

elect OUPLEX position on three-way switch, 

Press RETURN, 
Press LINE FEED. 
After message “PLEASE LOG-IN” appears, go to 

section 1.2. 

{b) 
V.D.U.s. 

Switch POWER-ON. 
Press LINE key. 
Press RETURN key. 

Press LF key. 
After message “PRESS LOG-IN” appears, go to 

section 1.2. 

1.2 Logging in 

In response to PLEASE LOG-IN the user types 

HEL—idcode,password the~({dash)  and,(comma)} 
must be included. 

e.g. HEL-ASO1,MINE 

Tan oqucte, Chuecactes: 
Note 
For terminals without a specific RETURN key the keys 

CTRL and M should be pressed simuftaneous/y instead of 

RETURN at the end of a line of data etc. 

X° means press CTRL key and X simultaneously. 

Lhareceer Effect 
RETURN or MS Terminates line of input, 

BREAK Stops program running. 
Can be used whether or not input 

is expected. 

X© (CTRL and X together) 

Backspace or HS (CTRL and H 
together) 

When Access responds with ERROR 

{i) 'f error description required, type any character, e.g. : 
followed by RETURN or M°. 

(ii) If full description not required, type RETURN af M° 
only. 

Deletes line of input. 

Backspace, deletes last character 

typed. 

2. SYSTEM COMMANDS 
Assume that PROG] is the name of the program in the users 

workspace. 

APPEND 
APP—PROGIA appends PROGIA to end of 

BYE PROGI. 

BYE user is logged off. 

CATALOG 
CAT lists user directory. 

CAT-—MA lists from filename beginning MA 

or later. 

CSAVE 
CSA save PROG in partly compiled 

fori, : 

DELETE 
OEL-50 delete PROG! from line 50 on 

wards. 

OEL~50,99 delete PROG1 from line 50 to 99 
inclusive. 

OEL—50,50 delete line 50 only. 

EXECUTE ‘ 
EXE-PROG2 PROG2 is loaded into workspace, 

deleting PROG), and is run from 

line 1. 
Program PRG1 from the system 

library is executed. 

Program PARG2 from the group 

library is executed. 

EXE-SPRGI 

EXE-*PRG2 

are in the Hewlitt 

GET 

GET~PROG2 

GET-SPRG1 

GET—*PRG2 

GROUP 
GRO 
GRO-LIB 

HELLO 
HEL-A901, MINE 

KEY 

KEY 

LENGTH 
LEN 

LIBRARY 
LIB 
LIB-SOR 

LIST 
LS 
LIS--200,250 

LIS-200,200 

MESSAGE 
MES—HELLO OPERATORS 

NAME 
NAM—PROG2 

PURGE 
PUR—FILEA 

RENUMBER 
REM 

REN—20,10,50,100 

RUN 
RUN 

RUN—100 

SAVE 

SAV 

SCRATCH 
SCR 

TAPE 
TAP 

TIME 
TIM 

Packard 
ee ae 

2000 Acess 

PROG2 is loaded into workspace 

deleting PROG 1. 

Program PRG} is loaded fram the 
system library. 
Program PRG2 is toaded from the 

graup library. 

lists group directory. 

lists from filename beginning LB 
ot later. 

logs on user with idcode AQD1, 

password MINE, 

returns control to keyboard after 

TAPE input. 

gives length of PROG in words. 

lists system directory. 

lists from filename beginning 
sor. 

lists PROG). 
lists PROG1 from line 200 to 

250. 
lists line 200 only. 

send message HELLO OPERA- 
TORS to operator console, 

renames PROG 1 as PROG2. 

deletes FILEA from user library. 

renumber whole of PROG1 at in- 
tervals of 10, ie. 10, 20, 30, etc. 

renumber PROG? from 20, at in- 

tervals of 10, starting with old 
line 50, ending with ald fine 100, 

runs PROG 1 from first statement. 

runs PROG} from statement 100. 

sawes PRO G1 in user library. 

deletes PROG1 from workspace. 

starts input from tape reader. 

gives terminal time used. 

3. BASIC STATEMENTS 

CHAIN 

260 CHAIN “PROG2” 

260 CHAIN V1,"PROG2",100 

COMMON 

10 COM A(10),Bs(100) 

DATA 

terminates current program, loads 
and executes PROG2. 
as above, but PROG2 executes 

from statement 100, V1 becomes 

0 OK. 

A & BS are placed in area com- 
mon to current and chained pro- 

grams. 

100 DATA 457,"STRING DATA” 

DEF FN 
40 DEF FNA(B)=B°B-X1*Y1 

OIM 

20 DIM A(10),B(5,5) As(80) 

provides data for READ. 

defines function. 

defines {max} length of arrays and 

strings.



  

  

END 
999 END terminates program. 

ENTER 

1OO ENTER #V port number is returned in V. 

120 ENTER A,B.Cs A seconds to input Cs. 

B is set to actual tinre taken. 

JOO ENTER #V ABCs combination of above examples, 

FOR 
100 FOR t=1 TO 10 executes statements between 100 

and “NEXT 1” until 1, which 
Starts at 1, becomes greater than 
10. 

50 FOR l=1TO 10STEP3 as above but | is incremented by 3 

instead of 1, 

160 FOR 1 = 170 -A/2STEP—1 
| will be decremented by 1, state- 

ments executed until | passes 
~A/2. 

GOSsuUB 
100 GOSUB 530 branch to subroutine at 590 (see 

RETURN) 

150 GOSUB N OF 510,590,620 branch to subroutine at Nth 

number listed. N can be an ex- 
pression. 

GOTO 
100 GO TO 105 branch to 105. 

90 GO TO X—Y OF 50,52,54 branch to (X—Y)thnumber listed. 

\F,. THEN 
60 IF A<B THEN 50 if A<B branch to 50, otherwise 

continue with next statement. See 
section 5. 

SOIF AS = “YES" THEN 70 see section 7.2 for string relations. 

30 1F X=9 AND Y=20 THEN 20 
see section 5. 

IMAGE 

40 IMAGE 2(40X),"“STRING” .X4A 
see PRINT USING (below) and 
section 8. 

INPUT 
20 INPUT A input value for A from terminal. 

30 INPUT A,¥{3) AS(N,N+20) input velues for A,Y(3) and 

As(N) to AS(N+20) from 
terminal. 

LINPUT 
20 LINPUT As see section 7.4. 

LET 
130 LET A=B=C=0 the word LET is optional. 
100 LET Ass"ABC” 

NEXT 
30 NEXT I marks end of FOR loop which 

begins FOR I=... 

PRINT 
20 PRINT A.B;Cs prints values specified. 

semicolon separators give 3 
character fields. 

Comma separators pack output 
into field widths of multiples of 
15. 

$0 PRINT leaves blank line. 

60 PRINT A; next print list will be on same line 

as A except under special con- 
ditions. 

PRINT USING 
30 PRINT USING 40;A,B,CS prints A,B,CS according to image 

defined in line 40, 

see section 8. 

READ 

30 READ A,B,Cs read A,B,CS from DATA state- 

ments. 

REM 

10 REMARK... any comments following REM do 
not cause errors. 

RESTORE 

50 RESTORE data pointer is reset to first 
DATA statement, 

70 RESTORE 30 Pointer reset to first DATA state- 
ment on or after line 30. 

stor 
$99 STOP termingtes execution. 

May be anywhere, 

4. BASIC FUNCTIONS 

ABS(X) gives absolute value of expression X. 

ATN(X) gives angle in radians whose tangent is X. 

COS(X) gives cosine of X (X in radians). 

EXP(X) gives value of ef X. 

INT(X) gives integer part of X, e.g. INT(3.6) gives 3 
but INT(—3.6) gives —4 

LOG(X) gives log to base e of X. 

RND{X) gives random number in range O<R<1 
X<0, random number based on X 

X20, random number based on last number or time. 

SGN(X) gives 1 if X>0, 0 if X=0, ~1 if X<O. 

SIN(X) gives sine of X (X in radiang. 

SOR(X) gives positive square root of X. 

TANIX) gives tangent of X (X in radians). 

TIM(X) gives time, depending on X 

X=0 TIM(X) gives current minute (0-59) 
X=) TIM(X) gives current hour (0-23) 
X=2 TIM(X) gives current day (1-366) 
X=3 TiM(X) gives current year (1-99) 
X=4 TIM(X) gives current seconds (0-59) 

5. OPERATORS 

53 Arithmetic Operators 

+ addition 
- subtraction 

? multiplication 

/ division 
t** exponentiation 

5.2 Relational Operators 
< less than 

<= of =< less than or equal to 

> greater than 
>= or=> greater than or equai to 
= equal to 

<Dore not equal to 

5.3 Logical Operators 

AND A A AND & only true if A°B # O 

OR V A ORB only trueifA or B # O 
NOT ~ NOTA only true if A=0 

5.4 MIN/MAX Operators 
MIN AMINB= AifA<B 

B if A>8 
MAX AMAX B= A if A>8 

BifA<B 

5.5 Order of Evaluation 
first ee 

unary — unary + NOT 

+ aS 
MIN MAX 

Se ee 
ANO 

last OR : 

6. MAT STATEMENTS 
Notes 

Array names are one letter only, 
Maximum array size is 5000 

Maximum number of dimensions is 2, e.g. A(10,10) 
Array subscripts range from 1 to array size. 

A(5,7) means row 5, column 7. 

Statements 

DIM 
10 O1M A(10,20) allocates 200 elements to A, 10 

rows, 20 columns. Not needed if 
number rows and columns is less 
than or equal to 19, 

MAT, . + 
30 MAT A=A+B elemental addition 

Alt = ACL J) +B (LJ) 

MAT... .— 
40 MAT B=A~B elemental subtraction 

BIJ) =A(1 J)—B(L J)



  

  

MAT. ..= 
50 MAT A=B 

MAT... 
20 MAT X=iN)*Y 

MAT Ce 
30 MAT A=8°C 

MAT. .cCON 
60 MAT A=CON 
70 MAT A=CON(5,20) 

MAT... .1ON 
80 MAT B=I0N 
90 MAT B=10N(10,10) 

MAT INPUT 
20 MAT INPUT A,B 

30 MAT INPUT A(100) 

MAT, ..ANV 
50 MAT B=INV{A) 

60 MAT A=iNV(A) 

MAT PRINT 
90 MAT PRINT AB 

MAT PRINT USING 
100 MAT PRINT USING 200A 

MAT READ 
20 MAT READ A 

MAT. ..TRN 
40 MATA=TRN(B) 

MAT, .ZER 
20 MAT A=ZER 
30 MAT A=ZER(5,20) 

7. STRINGS 
7.1 String Manipulation 

String variables must be: 

elemental assignment 

Alt J}=BU J) 

Scalar 

arrays. 

multiplication; X,Y are 

Matrix multiplication; A,B,C, all 

arrays, 

all elements af A become 1. 

as above, but A is redimensioned. 

B becomes identity matrix. 
as above but is redimensioned. 

input arrays A,B row by row from 

terminal. 
redimensions A, 

B becomes the inverse matrix of 

A is inverted. 

print A&B row by row. 
1—dimensional arrays are listed 

down page. 

see sections 3 and B. 

input A row by row from DATA 

statements. 

A becomes transpose of B. 
MAT A=TRNIA) is not alowed. 

alt elements of A become 0. 

redimensions A. 

(i) named as letter A—Z followed by 5 
(i) less than 256 choracters (elements) tong. 
(iii) dimensioned in OM statement to maximum expected 

length if more than 1 character long. 
(iv) in the following examples, where AS= “ABCOEF” 

AS referances entire 

As(3) references from 3rd character 

ABCOEF 
COEF 

string Le. 

AS(2,2) references 2nd character B 

AS(1,4) references Ist to fourth characters 

7.2 Relations on strings 
a “ABU ="AB™ 

<D>or>< “AB“<>"BA” 

< "ABC" CACC” 

> “XYZ > WXYZ” 

al, means either = of < 

means either = or> 1 a> dens 

ABCD 

is the same string as, 

is not the same string as. 

is earlier in alphabetical order 
than 

is later in alphabetical order 

than 

2.3 >The order of characters for comparison is as follows: 

0123456789:;<=>?7space!”w£%R'()%+,-./ 

@ABCOEFGHIJKLMNOPORSTUVWXYZ(s]t 

new line 

7.4 BASIC Statements Relating to Strings 

CONVERT 
200 CONVERT A+8 TO AS numeric value of A+B is con- 

verted to string of characters 
which represent that velue. 

220 CONVERT Lsi1,5) TO X,900 
convert characters in L${t,5) to 

number and place in X. Go to 900 
if Ls(1,5) does not represent a 

number. 

LINPUT 
30 LINPUT AS entire line of data is put into AS 

(no prompt sent to terminal), 

7.5 String Functions 
CHRS 
200 As(1)=CHRS(72) AS(1) contains character whose 

code is 72. 

LEN 
50 A=LEN(B3) A contains current (logical) length 

of BS. 

NUM 
70 N=NUM(As) N contains numeric equivalent of 

first character in AS. 

Pos 
45 PePOSI(AS Bs) P contains position in AS where 

BS first occurs, 
P contains 0 if AS does not con- 
tain BS, 
P contains 1 if BS is a null string. 

UPS$ 

100 Ag=UPSs(85) As becomes B¢ but all chars 
upper case. 

8. IMAGE CODES FOR PRINT USING 
8.1 Print Functions 
  

LINN) skip N lines 
LIN(—N) skip N lines without carriage-return 

SPA(X) skip X spaces 
TABIN) skip to column N 

8.2 Format Charecters, 
A reserves a character position for string. 
D reserves a digit position for number, 

S detines position of sign for number. 
. dafines position of decimal point. 
E defines position of E in floating point output, 
X reserves blank character in string or number, 

repetition factor 1-255 may precede A,X or D. 

8.3 Exampies 

Format Spec. Value Output 

60 -1234 Ve 1234 
0X30.30 1234.5 11234.5090 
$80 1234 +1234 

20.40 ~ 486 0.4568 

4D .DOXE 4.82716x107! 4827.16 E+18 
8A ABCOEF ABCOEFYYV 
4A ABCDEF A8CO 

“TOTALS”/2(00D0) 12,13 TOTALS 
VV1ZVV13 

9. FILE HANDLING 
FILA exists on user library 
*FILY exists on group library 
SFILI exists on system library 
FILT.Z999 exists on user library Z999. 

9.1 Commence relating to file handting 
CREATE 
CRE-FILEA 48 creates BASIC disc file FILEA, 48 

blocks long. 

CRE-FILEA,48,64 As above, but records are 64 
words long. 

PURGE 
PUR—FILEA deletes FILEA from tibrary. 

CATALOG 

GROUP see section 2, 

Lis !



  

9.2 BASIC Statements relating to file handling 

Vi is a seturn variable, 

The FILES statement is mandatory. 

FILES 
30 FILES FILEA,* FILED.M350 

READ 

30 READ #1:A.B,Cs 

40 READ #N,2;A 

50 MAT READ #tA 
60 READ #1,1 

PRINT 
50 PRINT #1A,8,Cs 

30 PRINT #2,5:A 

60 PRINT #1;E€NO 

70 MAT PRINT #1A 

iF END 
SOIF END #2 THEN 120 

UPDATE 
40 UPDATE #2:A 

ADVANCE 
20 ADVANCE #2:X,V1 

CREATE 

file 1 will mean FILEA 

file 2 will be reserved until assigned. 
file 3 will mean FILED from 

library of user id M350. 

A.B,Cs are read from file 1. 

A is read from 2nd record of file 

Matrix A is read in from file 1. 

teset file pointer to start of file. 

A,B,CS are written onto one re- 

cord of file 1. 
A is written to Sth record of file 

End-of-file marker written to file 
\s 

Matrix A is written to file 1. 

branch to 120 when end of file 
detected on file 2. The effect is 
global. 

update next item in file 2 to A. 

ship X items in file 2, V1 is 0 if 

skip OK, 

20 CREATE V1,“FILEA” 300,72 

PURGE 
20 PURGE V1,"FILEA” 

ASSIGN 
100 ASSIGN “FILEA”3,V1 

110 ASSIGN *,3,V1 

create filo FILEA 100 blocks 
long, 72 characters per record. 
Record size optional. 

FILEA is deleted from library.V1 
is 0 if purge OK. 

assign file name FILEA to 
position reserved for file no. 3 in 
FILES statement. 
V1 is return variable 0-8. 
close file number 3. 

9.3 Functions retating to fila hondling 
ITM 
20 X=1T (3) 

EC 
$0 R=REC(N) 

TY. 
60 T=TYP(N) 

X contains number of date items 
between beginning of currently 
accessed record and position of 
fade pointer, for fe 3. 

Robecomes record number 
currently being accessed in file N. 

T indicates type of next item in 
file N. 

T=1 for number 
T=2 for string 

T=3 for end of file 

T=4 for end of record 

USER NUMBER 

1.2 
1.3 
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MTGINP 

LO 
20 
30 
40 
90 
&O 
ce 
80 
20 
106 
LAO 
120 
130 
140 
1390 
160 
LAO 
180 
190 
200 
210 
eet) 
230 
240 
290 
260 
270 
280 
27O 
300 
310 
320 
30) 
340 
390 
360 
370 
380 
370 
400 
410 

420 
430 
440 
490 
440 
470 
486 
490 
900 
210 
a 
Oe 

  

REM BHAA HHHRHHEH HEHEHE HHH HRRE REHM E HEH 

REM # INPUT OF DATA FOR MTGTRT % 

REM * DATA AS DPM FROM B-COUNTER PRINTOUT. + 
REM HUH ERK HAH HEHE RA MRR RHRE HEHEHE RHR 

ELE S 

DIM ASLGI; BSELI, CSE17,xX$099 

DIM AL2O, 43 

DiMaC OVOWs DICT O)  EevOd, PeLOg 

DIM CLEoOOs 

PRANT URBMIER NAME OF FRLE POR STORAGE OF Data” 

INPUT A% 

ASSIGN As, 1, Vi 

PRM oWlH aGlyY CERO. > 

PRINT TAB(20)"ENTER NO. OF BLANKS -comma- NO. OF STANDARDS" 

INPUT Bas Si 

PRL we POU SCY CE ROL: sit 

PRING TABK 20) "ENTER NG; OF BLANKS -comma--NO: 0 

INPUT Be, S2 

PRINT ENTER NO.. OF SUPERNATANTS! 

TNPUT 2S 3 

MAT 4=ZERESS#4, 4] 

Xe 

FOR =i ta - Sa 

XBK+4 

BR CNSR Nace a kane | 

Ty
 

STANDARDS" 

PRINT "ENTER:’:NG. TRY. ‘s -comma- NO. DILN. ‘s -—comma- NO. REP. 

INPUT ACX, 1], ALX, 2], ACX%, 34, ACK, 4) 
NEXT of 
FOR 1-1 1G) Soe STE 4 
PUR A=1ltt fhe ts 
FOR J=1 TO 4 
ACX, JI=ALTI, JI 
NEAT 
NEXT. X 
NEXT I 
PRINT. “ARE THERE ANY. EACEPT TONS: 2 ENTER. aepRon: 
INPUT BS 
LTE 2bSS" mn! THEN. GLO 
PRINT CENTER: SNe SOF  EXCER LION! 
PNT At 
PRINT VENTER TYPE << TRI. ©1) »DIUN: (205 REP. tan Dil ee 
INPUT X2 
PRINT “ENTER “SN. TYPE: ALPHA. (0)..BETA.:(2)) GAMMA (2), DECTA ¢ 
INPUT X3 : 
IF X2=1 THEN 500 
IF X2=2 THEN 920 
IF X2=3 THEN 540 
X$="MAX DIL. " 
GOTO 550 
X$="TRT. 5 
GOTO 350 
X$="DILN. : 

wo
k —
 

- 

‘ 
3



  

  

GOTO 550 

R= REP. - 

PRES POS esta XG) CENTER eae 

INPUT X4 

ALC (X1#4)-3+X3), X21=x%4 

PRIN) CARE SiaeR EW THER ExXCERT nen 

INPUT Ce 

Le CSTs THEN 850 

BRIN DWT TeiCley CE ROL. s! 

PRINT TAB(20) "ENTER BLANKS" 

Mako INPUT. CEB a 

PRINT TAB(20)"ENTER STANDARDS" 

Mat. INPUT west | 

Bi Ch Wt GOUT GE Y CERO. ! 

PRINT TAB(C20) "ENTER BLANKS" 

Mat INPUR Ere e 

PRINT TABC20) "ENTER STANDARDS" 

Mel. INPUT et Se | 

A=O 

POR iet [0 S3k4 

AZFA+(ACT, LI#4CT, 2I4#ACT. 31) 

NEXT. I : 

   

PRON UENTER SeaMPLE DPM. fon Sn 
MAT INPUT GLAI 

READ #1, 1 

PRINT #1; B1,51,B82,S52,53,A 

MAT PRINT #1;4,C,.D,E,F,¢6 

PRINT "DATA STORED IN "3 A%; "FOR 

END 

EPELON VALUE CROR: '; 

S VOENTER: ye GRen” 

TREATMENT" 

THEN ALPHABETICAL 

X$ 

ORDER"



MTGTRT 

LQ REPL HHA HAHN EAHA HHH 

20. GREM. -eIREATNENT DOP MT.—-GRAKULE EXPT. RESULTS. s 

30, hen t CONVERT soem oo MiGROG e/ Mie Ts ie 

40 REM HHAKHERKRHKHHHKHRHHHHHRHHRHEHH HHH HEHEHE RH 

DO veer ls Bi 35 ob 
60 DIM ASL6I1, 8506) 
70 DIM AL20, 4] 
80, DIM CEtOl,DELOn Blt Od, FELOlis Rl iOd 
90 DIM CUCSO03,LESOOIs U0 5004 
1OO PRINT VENTER Naver FILE FOR TREATMENT! 
110°" INPUT AS 
120 ASSIGN As, 1, V1 
130°) ERIN? CENTER Name OF OF TER FOR TREATED DATA" 
140 INPUT BS 
150 ASSIGN BE. 2, V2 
160 READ #1,.1 
170 READ #1; 3B1,51,B2,52,853,A 
180 MAT A=ZERCS3#4, 4] 
190° MAT. C]ZER Bia 
200 MAT D=ZERISII 
210 MAT E=ZERCB2] 
220 MAT FeZERCS2] 
230 MAT G=ZEREAI 
240 MAT READ #1:4,C,D,E,F,¢ 
200 REM -BEKSkaSTND, MEANS 
260 K=Bi 
270 MAT H=ZEREIBII 
290 MAT H=C 
290 GOSUB 470 
300 Mi=T1/Bi 
B10. Asal 
320 MAT H=ZER(CS1] 
330 MAT H=D 
340 GOSUB 470 
350 M2=T1/51 
360 X=Be 
370 MAT H=ZERCB2] 
380 MAT H=E 
390 GOSUB 470 
400 MG=T1i/B2 
410 X=S2 
420 MAT H=ZER(S2] 
430 MAT H=F 
440 GOSUB 470 
450 M4=T1/S2 
460 GOTO S20 
470 Ti=0 
480 FOR I=1 TO X 
490 Tl TIEeHe ts 
200. NEX ied 
YL1O RETURN 
J20” REM “SAMPLE PROTEIN: CONG. s 

  

316  



220, “ALSO 

340° FOR 2=1. TO 4 

S5Q AL=AL+(ACT, LI#ALCT, 22#4£1, 397) 

260° NGAI I 

570 MAT I=ZERLAI 

280 POR fet. teat 

2970 <TR Ord) <a Ml THEN: of 

500 ~TELI=CCCELISML Py AMe aT ) et eeneOo 

610 4 COU. 630 

620 ICII=0 

630 Nexis 

640 FOR I=Ai+i TO A 

690 Tie Cilia a= ho MEN 630 

660. Diget( (Chl IaM32/ (MA-M3 41. LelOooo 

670 COT 676 

680 If£LI=0 

690 WeEAT 2 

700. REM Saneee PROTEIN. GONG.” 

710 MAT J=ZERCAI 

720 Aa=1 

730 A4=O 

740. POR Kei 70. Sax4 

750 AG=ALX, LIXACX, 2IXALX, GI 

760 A4=A4+A3 

770 D=ALX, 41-ACX, 2] 

780 FOR I=A2 TO A4 STEP ALX, Gd 

790 DeD+1 

S00 FOR CYa=l ts) TtACxX 21-1 

B10. EY aS Ee Y dap 

He0: NES V 

S20. NEXA t 

B40 Ax=AL+AS 

800° NEA Tak : 

8560 REM STORAGE OF TREATED DATA 

870 READ #2, 1 

880 PRINT #2: A 

890 MAT PRINT #2;A,6, 1, J 

900°. REM PRM a eu) 

920° PRIM BING) 

920. PRIN UH GLYCEROL. = <f 

930.) PRINT 

at
 : BEFORE.DILN, 

940 PRINT TAB(C20)" BLANK MEAN —"; Mi 
990 PRINT TABC2O0) "STANDARD MEAN —"i M2 
T60> Riera 
270 PREM WltRhOUT CLYCERUL :4) 
9°80 - PRINT 
990 PRINT TAB(20)" BLANK MEAN ~—"; M3 
1000) PRINT TAB(20)"STANDARD MEAN ~—"3 M4 
LOL0  ARRINT ENC) 
1020 PRINT Poanele VALUES oa 
1030) PRINT 
LO40 PRINT ae DIEU TED Sami Lle 
1OS022 PRINT “2 PROTEIN: CONC 2ePROTETNeCONC 2! 
1060: PRINT “DPM!y UMICROG: SMES 7 MICROG 7M 

  
LOO “PRING 

10860 FOR I=1 TO A 

1O9O" PRINT GUI, 1CL iL JGb 

1200: NEXT I 

AO. 2 BRENT 
1120 PRINT “TREATED DATA STORED IN “i; BS: " FOR ANALY: 

1130; END 

 



  

AVMGIN 

de 

20 

sO 

40 

oO 

60 

TD 

80 

20 

109 

11:0 

120 

£30 

140 

Le) 

160 

L7o 

180 

190 

2OO 

21d 

220 

230 

2A 

290 

240 

270 

280 

290 

200 

eo 

320 

3aO 

B40 

200 

340 

379 

380 

Seo 

400 

ALO 

420 

430 

440 

PREM e346 3b 36 HH EE ESE SE aE OH ee HE aE IEE HE aE HE Et 

REM * DATA INPUT FOR AOVMTG +* 

REM NEN AS. RCO C fri Te 
REM] 36 2636 96 Se Fee a He Se HEHEHE th ae ae He He te aE a ee tte 

PIGES SAMPLE) ta 

DIM ME1007, AC25, 4] 

READ #1, 1 

READ #1; 4,R 

MAT M=ZERCA] 

MAT READ #1; M 

PURGE V4, "SAMPLE" 

A=A/ (3#R) 

DIM BL25, 43, Cl25, 4] 

MAT A=ZERCR, Al 

MAT B=ZEREIR, Ad 

MAT C=ZERCIR, Al 

Q=0 

FOR [=i TO A#R STEP R 

Q=Q+i 

VY=O 

FOR X=I TO 1I+R-1 

Y= Yr d 

ACY, G@I=MEXI 

BCV, QI=MCX+(A#R) I 

GOV, Q@QI=MOEX+(2#A#R) I 

NEAT X 

NEE Et 

CREATE Ris VENI) i 

ASSIGN "SNI", 2, V2 

READ #2, 1 

PRINT #2: 4,R 

MAT PRINT #2;4 

CREATE. Rey USN, 1 

ASSIGN "“SNII",3, V3 

READ #3, 1 

PRINT #3; 4,.R 

MAT PRINT #3; 8 

CREATE Ra VSNL I 4 

ASSIGN "SNIII", 4, V4 

READ #4, 1 

PRINT #4; A, R 

MAT PRINT #4; ¢ 

CHAIN "AVMTGR" 

END 

 



AOVMTG 

{QO REPL HHH RHRHEHHHHRERRAHRARHRREE 

20 REM * ONE WAY ANALYSIS QF VARIANCE # 

30 REM # USING ORTHOGONAL LINEAR CONTRASTS * 

HO - REM sree Mi. GC. Ee Nee: F 

5QO REM HERR ERHHHERHHHHAHRAHRHHERHERHEHHHRERHEE 

60 | Preee  e 
7O DIM AST46), BSle] 

80 2 DIM CS bad 

SO. DIE ALSO, 44,7 Rle, 41, Chea,-44 

100. PRINT: (ENTER eNAME OF Fd be FOR ANALYSIS" 

£10” Gey ics 

120 ASSIGN. Cs. 1, V1 

130° PRINT VENTER NAME OF (PRINTOUT Rat ee 

140 INPUT A# 

150 ‘ASSIGN A&, 2, Ve 

160. CORE 210 

170. PRINT CENTER NG. OF. TREATMENTS 

180°. sae A 

190. PRINT “ENTER gH1TGHEST NO. OR eREPLICGATES. 

200... UNG] oR 

240) GRR ENC We GN. 1S. TO BE TREATED. ER ER teary 

at CNP OT. 20 

230 READ #1, 20; 4,R 

240 PRINT A,R 

2090 MAT A=CONER, Al 

260 MAT A=(-1) #4 

270 MAT READ #1, Z0iA 

280 GOTO 380 

290 “BRING ENTER Reriileon tho. GOCE OWED By. a 7 

B00 PRN : 

310 eR os) 12 A 

320° FRINT "POR. TREATMENT tig 

0. es beds 

340 INPUT ALT. J] 

350° Re Atl, Ji). PaeEN S70 

360: Med 

3/0 “GNEMT 

380 REM Trt. totals, squares and no. 

370 Sto 

400 MAT B=ZERE 2, Al 

410 FOR J=1 TO A 

420 T1i=N=0 

430. BOR: 2a) AOR 

440 IF ACI, JJ=-1 THEN 490 

450 TLis=TitAl, J] 

460 Si=Sit+(ALlI, J] ##® 2) 

470 NeN+t 

430. New 

490 Bi, JI=T1 

900 BCS, JI=N 

O10: “NEXT =) 

220 REM Total ss and trt.ss 

  

 



  

   
S40 (PGR v=) [OA 

550. lea ler pile 

S60 “Te=Taert Celis gd *e 27 BE 211) 

570 NeN+BCe, JI 

560. NEM 

59O “Si=S1-(,.Cle #4: 2) 7N) 

G00 “Saal3=(Cla ee 2) /N)     

    

510%. 53-51-52 

620 EM Degrees of freedom 

530 Ket 

640 : Aj 

&50 F2 

660 F4=sF5=1 

670 REM Linear contrast coefficients 

680-: PRINT UENTER SIRT. NG. /S FOR DIRECT COMPARTSON? 

690 INPUT X,Y 

7OO PRINT "ENTER TRT. NO. FOR COMPARISON WITH THESE COMBINED" 

710. 2 Tee 

720 AlL=BL2, KI 

730% Biles leas Ya 

740°” Gear. 1a) 

750 (Sa 

760 AL=BL2, XI+Ble2. YI 

770 BilSB Ea, Za 

780° GSU 1370 

790. . k2=G1 

800 WAT C=ZERCT2, Al 

BLO "GET AUREL IT/ Bt ey xd 

820 “Clits YoI=-LIveiarya 

B30  €le, X1SC Cea) Viasle/7CBle, Xderbihe, Yd) 

840° Cle, Zi=-Le7Bl2, 24 

850 REM Check of orthogonality: 

8660 Bs="0T" 

B70 Z1l=Ze2=Z3=0 

B80 FOR J=1 JOA 

890 Z1=Z1+(Bl2, JI#CLI, JI) 

900 Za=Zet+(Bl2, JI#CL2, JI) 

910 Z3=Z3+(Bl2, JI#CL 1, JI#CLe, JI) 

S20. NER. 

9a tect <> 0  PHEN 970 

S407: Te Ze Ce Oo THEN 970 

950) Tee 23 Ko O. THEN 9770 

960 COIL L000 

970 PRINT "COMPARISONS NOT ORTHOGONAL” 

980 B#="NO" 

990° GOT 100 

1000 REM Linear contrast ss 

1O10 Tie vee tenes 

1020 FOR J=1 TO A 

1030 T4=T 4+(BE1, JIJ#CC1,J]) 

1040 RiSRI+(BLeS, JI#(CL1i, Ji #* 2)) 

1050 TS=TS+(BLi, JI#CCe, JI) 

1060 RE=RE+(BCe, JJ#(CL2, J] ## 2)) 

§



  

LOO Nee 

1080: S4=(14 #27 7R1 

1690 ## 2)/R2 

i OS vr 

{£19 

1i2o 

La 

1140 a= 

1150. Pe BS="NO" THEN 1530 

114640 M4=S4/F4 

1470 .(8S=S5/7F 5 

1180 V4=M4/M3 

1190" VS=MS7N3 

1200 REM Se, cl + mean contrasts 

1210 E4=SQR(MS#RI1) 

1220 E5=SGR(MS#R2) 

123¢ PRINT “ENTER VALUE OF t FOR ";F3;" DEGREES OF FREEDOM, P=0. 05 

1240 ENP 19 

1250 C4=TI#E4 

1260 CS=T9I#ES 

1270) Ki=Ke=0 

1290 FGR J=1 TO A 

1290 Ki=A1+ABS(BEL2, JI#CC i, JI) 

1300 Ke=K2+ABS(BL2, JI#CLD2, JI) 

1S1O" NEXT 

1320 K4=(ABS(T4))/(K1L/2) 

1330 K5=(ABS(TS))/(K2/2) 

1340 L4=C4/(K1i/2) 

1350" 0=Co/ Ke 2) 

1360°  GOTG. 1530 

1370 CisA1#Bi 

1380 IF AI<Bi THEN 1400 

1390 ¢eOTO 1430 

1400 E1i=Bi 

1410 Bi=Al 

1420 Ai=E1 

1430 Di=Al 

1440 Di=D1-Bi 

1450 -IF DIOBl THEN 1440 

1460 fF D1l=Bl THEN 1510 

1470- 4h D1=0 THEN Toro 

1480 Ai=Bi 

1490 Bi=Di1 

1500 GOTO 1430 

110 -Ci=C1/7381 

1520: RETURN 

1OOO. CREM hain Ot 

1340 | PRINT CINCo> 

1550 PRINT "ONE WAY ANOVAR : " 

1560 PRINT #2: "ONE WAY ANOVAR :" 

1570 PRINT LING? 

1580 PRINT #2; LIN(2) 

1590 PRINT 2 "4+ 6: 6G “ONY GC. ONicyS 

1500 CPR ENTS Hee a eT eee NY ee ONY 

   

NM
 >»



  

1610 

1620 

1630 

1640 

1650 

16460 

1670 

1680 

Lore 

1709 

$710 

1720 

t 730 

1740 

LOO 

L760 

E770 

1 7EO 

Ly SG 

1800 

16810 

1820 

18aoq 

1840 

Leso 

1860 

Pa7 O 

i880 

1890 

LEVO 

LoLO 

LF2oO 

L830 

1940 

1950 

1960 

Le70 

1980 

Poo o 

2000 

2010 

2020 

2030 

Z2O40 

2050 

20460 

2070 

2080 

2090 

2100 

2110 

2120 

2130 

2140 

2150 

2140 

PRminm oad @ Dee ay Dee, rae DE Go, "S7 Bee.” 
PR ree ee. ae A DEG , OR Dae ws or YEG. “237 eS." 
PRINT 
Pu INT, Helge 2 

PRaNT MTOTALO 2". Biiatd, BEt.odeBt dt: Ol, Bl1s43 
Pan Mas” TOTALS .: Oval t, boy Bld od BE 20) B14] 
PRINT “REPLICATES. :", B02, 11,Bf£2, 23, BC2, 31, BC2, 43 
PRINT #2; "REPLICATES :", Bf2, 13, BE2; 21, Bl2 31, BL2, 4] 
PRN “MEANS. 4, BEI, 1178 ie a, BL1, 21/BE2, 2), Bll, GI/BLS, Bax, BEs 
PRINT #2; “MEANS -", BEL) 19/BL2 idd, Bll, 2I/Bl2, 23) BLL, SIfbL 2 aie 
fe BR=ONGs THEN: 17.80 
PRINT: “LINEAR CONTRAST COEFFICIENTS - 
PRINT #2; "LINEAR oo COEPEPCIENTS..:-" 
PRIN" eM BRATURE..:."s COte dd, Oldie aie tts oo; Old, 40 
Peat Wai TEMPERATURE :.00s £3, CC bi oe Chie 1; CG4, 43 
Peg! or GRANULES <<" Cla, bie ClOs Gay Ct Oa, Ceo; a 
Peo: 2; “tone oGRANULES - "7012.11, Cha. 23.002,-3),6L2;4) 
PRINT. LINCS) 
PRN io tes IN Co) 
PRINT "SOURCE OF", "DEGREES OF", "SUM OF", "MEAN", "VARIANCE" 
PRINT #2; "SOURCE OF", "DEGREES OF", "SUM OF", "MEAN", "VARIANCE" 
PRINT "VARTATION", "FREEDOM", "SQUARES", "SQUARE", "RATIO - F" 
PRINT #2; "VARIATION". “FREEDOM", "SQUARES", "SQUARE", "RATIO — F" 
PRINT 
FURINTHeetig 2! 
PRINT “TREATMENT :°,F2, $2) M2,V2 
PRINT #2; "TREATMENT :.", Fe, S2, M2, V2 
IPB S="NO THEN, 1950 
PRING 
PRON T ate. tt 
PRINT "TEMPERATURE :",F4,54,M4, V4 
PRINT #2; "TEMPERATURE :",F4, 54, M4, V4 
PRINT "+6r> GRANULES =") 6S, Soa, Maa vo 
PRINT #2; "+or— GRANULES :",F4,S5, 45, V5 
PRINT 
PRON sey (08! 
Pri te ERROR geo. Oa Mae rl 
PRINT #2; "ERROR :",F3,S3,M3," — " 
PRINT "TOTAL 2") F1,S1,%- 8," 0748 
PRINT #2; "TOTAL :",Fi,S91," - "," — " 
IF B="NO" THEN 2160 
PRINT IN¢CS) 
PRINT #2; LIN(Q) 

PL a = et AL. CONTRASTS a3 7 VIRAN: CONTRASTS =" 
PRINT #2)" "a = TOTAL CONTRASTS —", 8 — MEAN CONTRASTS —* 
PRINT * ", "STANDARD", “CONFIDENCE”, "MEAN", "CONFIDENCE" 
PRINT #2; " ", "STANDARD", "CONFIDENCE", "MEAN", "CONFIDENCE" 
PRINT “ “, "ERROR", "INTERVAL","EFFECT", "INTERVAL." 
PRINT: #2; " ", "ERROR", “INTERVAL”, "EFFECT", "INTERVAL" 
PRINT 
PRINT week 
PRINT "TEMPERATURE :",E4,C4, K4,L4 
PRINT #2; "TEMPERATURE :",E4,C4, 44,4 
PRINT oT (GRANULES: 2° BS, Gos Kor lo 

PRINT #2; "+or—- GRANULES :",E5S, CS. KAS, LS 

END



  

PANINP 

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
£50 
160 
170 
180 
190 
200 
210 
22 
230 
240 
250 
260 
270 

| 280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
390 
390 
400 
410 
420 
430 
440 
450 
460 
470 
80 

490 
500 
510 
520 

POEM 26 $696 36 IE aE Se de HEE BE SESE SEG 26 FE SE HE BE TE IE HEME HE IE SEE FETE HE He de de SH a ab at ae te 

REM + DATA INPUT FOR PANTRT 4 

Remo INPUT AS DPM ERGY h-COUNTER PRINZ OUI. = 
PREM 6 3b 3b SEG Se HEE HE SE IESE SE SE AE GE EE HE IE EE IE TE SE TEE EE EE EEE HEE 

PRINT “ENTER NAME: OF. FLEE FOR: STORAGE UF” DATA’ 

INPUT A% 

DIM AS$[4] 

PReeS.. + 

ASSIGN Ag, 1, V1 

TaN be eel icte 7, Lk) 

B=A=S=0 

PROCS EN TER ONG. “OF BU ANKS” 

TNT 8 

PRIN CENTER NG, OF STANBARDS" 

EPR 

PRINT “ENTER NO. OF SAMPLES" 

INPUT A 

MAT C=CONTA, $3 

MAT C=(-1)#C 

MAT A=ZER 

MAT B=ZER 

MAT PRINT #1;A4, B,C 

DIM - ALSS1,Bl10), CL5007 33 

PRINT. VENIER. BLANKS” 

MAT. INRBUT AEBS 

PRINT “ENTER STANDARDS" 

Meal INPUT Besa 

PReN Por bomen GRA TMi bl 

PRINT “ENTER : NO. OF FIRST SAMPLE-comma-NO 

TNE. Sy Nt 

FRIMT ?FGR SECOND TREATMENT: 

PRINT. “ENTER: ONO. Gro hinale SAMPER Sc onmecNE. 
INPUT S2, N2 
PROMT VENTER NG. OF “REPLICATES: 
INPUT Ri 
VeQ 
FOR GeS1° TO (S1+Ni—-1 
FOR 51) oTO RI 
VeV+1 
COV, L7=11000+(1T#10) +4 
NEXT J 
NEXT. 
FOR I=S2 TO S2+Ne~-1 
FOR J=1 TO Ri 
VeV+l 
CEV, 13=12000+(1#10)+u 
NEXT J 
NEXT I 
FOR I=S1 TO Si+Ni~1 
FOR J=1 TO Ri 
V=V+1 
CLV, 1]=21000+(1#10)+u 

OF 

OF 

SAMPLES” 

SAMPLES"



 
 

 
  
 

 



  

  

PANTRT 

10 

20 

wO 

40 

ao 

60 

79 

80 

oO 

100 

120 

120 

PaO) 

140 

130 

Lo© 

177.6 

186 

LO 

200 

210 

220 

230 

240 

200 

24OO 

2/70 

280 

290 

300 

S10 

320 

50 

G40 

JOO 

340 

370 

380 

370 

400 

4io 
420 

430 

440 

450 

440 

470 

490 

490 

200 

210 

220 

REM HMR HHHRKHHHHHKHHHEHHEHHHHHHEHHHEHEH 

REM. TREATMENT GF PANG) EXPT... DATA: 3 

REM CONVERTS DPM: FO: MECROG: (Mio 1g at 
REM HHeHKHHHHKHHHHHRAHHHHHAKRHKHHKRHKKHEHEEE 

PRIS CENTER NAME OR DATA ETE! 

INPUT A® 

GOTO 120 

PRIN SER ER MANE OF PRINTOUT bli 

INPUT BS 

PRIN VENTER MAME OF ANALYSTS FILE 

INP WG 

DIM AS$[6], BSL] 
DIM C#Lad 
FIL ES H, #, & 

ASSIGN At, 1, V1 
ASSIGN BS, 2, V1 
GOTO 190 
ASSIGN C$,3,V1 
p=SeA=T=U=VeW=Z2=V=B1=B2=B9=S1=S2=<Sa=A1=Ag=AI=A4=0 
P=H=Q 
READ #1;B8,.5,4 
GOTO 290 
PRINT. “NO. GF BLANKS | 52 
PRINT #2; "NO. OF BLANKS". B 
PRINT "NO. OF STANDARDS": S 
PRINT #2; "NO. OF STANDARDS", S 
PRINT "NO? OF SAMPLES aA 
PRINT #2; "NO. OF SAMPLES", A 
DIM AL40], BL20], CLS00, 3] 
MAT A=ZERCBI 
MAT B=ZERECS] 
MAT C=ZERTCA, 5] 
MAT READ #1;A,B,C 
FOR U=1 TO B 
LET Bi=ACUI 
Be=B2+B1 
NEXT U 
B3=Be2/B 
POR: =i 10S 
i SF) a BO] 
S2=S2+Si 

NEXT : 

S$3=S2/S 

GOTO 490 

PRINT "BLANK MEAN: "i BS 

PRINT #2; "BLANK MEAN :",B3 

PRINT “STANDARD MEAN: "i S3 

PRINT #2; "STANDARD MEAN : ", S93 

FOR W=1 TO A 

LET A1=CIW, 2] 

IF AI<B3S THEN = 0 

A2=((A1-B3)/(S3-B3))#1. 1 

25 ad



BO > COTHSg90 

40 LET Ag=0 

Os a dineiZ 1 

560 GOSUB $90 

270 NEA TOW 

980 GOTO 620 

D970! Et Gh77 SI=Az2 

600 Akz=C 

410° RETURN 
620 FOR V=1 TO A 
430 LET AG=CEY, 3] 
640 LET A4=Ag# 1000 
&o ea Ya 
560 GOSUB 696 
670, MEATY 
680° GUT. 720 
5690 LET CLY, 4]=A4 
700 LET A4=0 
7A0Q. RETURN 
(20: BOR esl aA 
730 AS=CCH, 4] 
740 AS=AS#2O 
200) Beet 
760, GUSUB 790 
77O" NER is et 
780 GOTO 82 
7270. CLIP, 51=A6 
BOQ Aé=0 
810 RETURN 
820 PRINT 
830 GOTO 906 
840° PRINT eo COLO. SO BOUND NS “Ub BU he CONG: OB MESE A 
850° FRENTE tHe os “Cir BOUND oe TUBULIN CONC.) era ra. 
860 PRINT SAMPLE NOU") PDP M Ni 2/1 LOMPORGL. UM GROG AME a 
870 PRINT #2; "SAMPLE NO. moe DPM? sy ON JI POMICREL. > UN ITCROG. (Mi > ae 
BSO MAT PRINT a 
890 MAT PRINT #2; ¢C 
900 DIM DL170, 4] 
910 MAT D=ZERCA/S, 41 
920 X=O 
930 “BORGDIST TO-A7S “STEP <3 
940 X=X+1 
990 DCX, 2]=ClpD1, 4 
VEO. New OGL 
970 X=O0 
990 FOR De=2 10 A/2 STEP 3 
990 X=X+i1 
1000 DEX, 3I=CL£De2, 4] 
1010 ~ NEXT D2 
1020 xX=0 
10230 By D3=3 70 A/2 STEP 3 
1040) X=X+i 
1050 DE , 
1060 NEXT D3 
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uae 
Mi? 

 
 

 
  



AQVPYVS 

  

LO REP HR EM EE EEE HAA EEE 

20 REM # HIERARCHICAL ANALYSIS OF VARIANCE # 

S0 REMss FOR INDIVIDUAL PANG. EXP TS. % 

AO REP RHA ESE HEHEHE SEE EHH MH EHH 

50. REM Data Entry 

602. DIN ASL bu Pash bode 

70 UD iMG eh) 

BO DIM @l1i25, 4], Al46S, 4]. BLSS, 43 

GO. DIM ZA 

100 Bim Dit 6Ot-eGis, 2O1,F 01, 100 

110% BEM Ctl, 6Ca hot 2O))- lbh, 10 

120 GOTO 150 

190 PRIN? “ENTER Nahe OF FILE FOR ANOVA” 

140 INPUT A 

150. ASSIGN {7Reat 1, VL 

160 Fat ENTER Name OF FILE: FOR PR ENG 

170 TSPUT, be 

$80’ -RRINT 81S ANGVARSEGR sONE  EXBda: OR ALL EXPT. ~S7 : ENTER ONE OR 

£90 « SNe oe 

200: RIBS. 4) 3 
210 GOTO 230 

220 ASSIGN As, 1, Z1 

230 ASSIGN BS, 2, Z2 

240 READ #i.1 

250 READ #1;4 

| 260 GRA/S 

| 270 -PRINT “TOTAL NO: OF ROWS ="; ¢ 

280 PRINT “ENTER NO. OF ROW WHERE DATA STARTS" 

290 INPUT Qs 

300 PRINT "ENTER NO. OF ROW WHERE DATA ENDS" 

310 INPUT @2 
320° BRINE GRNTER HG GF REPELCATES® 

23680): SIN ea 

340 = PRINT: "ENTER: MNGi 30F TREATMENTS | 

390%. Re 1 

360 PRINT "ENTER NO. OF MICE IN EACH EXPERIMENTAL TREATMENT" 

370 PRINT “EACH EXPERIMENTAL TREATMENT MUST HAVE THE SAME NO. OF M 

Be0 INP i 

390 MAT A=ZERC(Q2-(Q1i-1)),C+1) 

400 MAT Q@=ZERECG, C+1] 

410 R=Q2-(Q1-1) 

420 READ #1, 1 

430 READ #1; 4 

440 MAT READ #1; 0 

490 ASSIGN #,1,V2 

460 PURGE X11, "TREAT" 

470 VeRO 

490 FOR Q@3=Q@1 TO G2 

49Q -YeV+1 

900 .FOR @4=1 TO Cri 

910) ALY, @43=QCG3, Q4] 

920 NEXT G4 

 



DOO OME 2a 

S40. SEC Se OMe ee HEN 71) 

950 Rake t 

260, REM SORT GF DATA 

570 MAT B=ZERER CAI 

SEO. (ke o> 

59O FUR i=l TOR STEP Ag 

500 X=K+S 

610 . FOR J= TO ee 

520 SE ie 

630 ~BOX+1, JI=ALIa1) J 4 

640 BUX+e2, JI=ALI+2; JI 

690 BLlAt+GedIsAl L+30, JI 

660 BCX+4, JI=ALI+31, J] 

670 BEX+5, JIS=ACI+32, JI 

680 = NEX)) 

690° Mex), 2 

1005) GONG =2a0 

720: MAD B=ZER ER Ort 4 

720 MAT B=A4 

730 (REM2ZCORREC TION SAC TAR 

740 Ci=C2=0 

7oo PUR St Ta R 

760 POR? J=2 70 C+) 

770° GPSCIABE Ty] 

730;:, NEMA N) 

790 = NERS 

BOO: Cea(Ci #* 2)7 (RHC) 

810 REM SUM(C EACH REPLICATE )x#2 

B20 RLl=O 

BOO POR 1-1 TOUR 

840 FOR J=2 TO C+l 

890 RI=R1I+(BLI, J] ## 2) 

BOO oi NEw 

70.2 Nie he Ts 

B80 REM SUM( TOTAL FOR EACH MOUSE j)x#2 

890 MAT D=ZER(1,R] 

900 V=Mi=M2=0 

ViO-: Pee et OR 

Pe VeVel 

W340. FoR ws TO C+. 

940 M1i=Mi+BCI, JI 

POO «NEXT od 

960 GOSUB 990 

970. NEXP <I 

9°80 GOTO 1030 

970 SDE ae 

1000 M2@=M2+(Mi ## 2) 

1010 M1i=0 

1020 RETURN 

L080  REM-SUM¢ 

1040 MAT 

1050) T1i=T; 

1060 FOR 

  

     TOTAL FOR EACH TREATMENT WITHIN AN EXPERIMENT )##2 

el AM 

   



  

  

L076 

LO80 

LORe 

LOO 

Lo 
4 , 

L120 

tl BO 

1140 

Li 30 

1 oo 

1170 

Liso 

Piso 

1200 
fo. 

1220 

1290 

L240 

1250 

oe 

270 

ao 

1290 

L300 

Palo 

1320 

Looe 

1340 

1 SG 

1360 

Ls) 

1380 

29 

1406 

1410 

1420 

1436 

440 

1450 

1460 

1470 

1480 

1490 

L300 

L520 

1520 

LOS0 

1540 

Lo o0 

1540 

15580 

1390 

1600 

VaV+ i 

FOR oon TO tC Mra] 

23 

we
 

NEXT rg 

GOSUB 1140 

NE XT 

GOTO 1180 

EB “Ed, VI=T1 
in HH 2) 

  

RETURN 

REM SUM TOTAL FOR EAGH EXPERIMENT )##2 

MAT FSeZEREL, R/C TaN) o 

VeELSre 

POR Jet Wo RAM STEP | 

Veer ft 

FOR SiS 7D Jr(l-1) 

Ei jEi peti. oid 

NET. 6 ll 

SQOSUB 1290 

NEXT J 

GOTO 1330 

FLI, VISEL 

E2=ES2t+(EL ## 2) 

EL=0 

RETURN 

REM SUM OF SQUARES (DEVIANCE) 

IF C#="one" THEN 1400 

Z01, 381=(E2/(TRM#C) )-C2 

Cee, Sle kK TeetMec) )—- Cees Teme) ) 

ZLS, SI=(M2/4CI-(TA/ (MRC) ) 

Z04, B]=Ri-(Me2/C) 

SOTO 1440 

MAT Z=ZERCS, 5] 

£04, SA=( 12s (MC -C2 

£02 3 3=( Mere) Tes ame )) 

Z03, SI=Ri-(Mea/C) 

REM DEGREES OF FREEDOM 

IF C$="one" THEN 1510 

2041, 2I=(R/ (THM) -] 

Zl2. 2I=(T-1L)#( R/C THM) ) 

tha, 2IaC RH Le CRY CRM) DET 

204, 2I=R#(C-1) 

GOTO 1540 

2E1, 2457-1 

Z£C2. 2]=(M—-1)#T 

ZU3, 2]=(C-1)#¢(T#M) 

REM MEAN SQUARE? 

Zid, Saeed 201. 2 

202, 41=Z02, 31/202, 21 

Z03, 41=Z03, 3]/Z03, 2] 

IF C$="one" THEN 1600 

204, 4]=Z04, 31/204, 21 

REM VARTANCE RATIOS 

  

   

 



  

  

Loto 

1420 

Loo 

1640 

1650 

1640 

1670 

1680 

1699 

1700 

PALO 

1720 

L730 

17406 

1790 

1769 

L770 

L780 

1790 

1800 

L810 

1820 

1339 

1840 

isoO 

1860 

1370 

isso 

1890 

1900 

1916 

1920 

LF EO 

1940 

Lou 

Leo 

LO Ee 

oO 

1990 

2000 

2010 

2020 

2030 

2040 

2050 

2O04O 

2070 

2980 

2090 

2100 

21ii0 

2120 

2130 

2140 

ZEi,57=ZCi, 41/202, 44 

ZC2. SJ=Z02, 43/203; 4] 

LE Cs— one = THEN Pao0 

ZO3, 93=Z03, 41/204, 4] 

REM MEANS 

MAT G=ZERLI, RI 

MAT G=(1i/C)#*D 

MAT H=ZERC1,R/M] 

MAT. Ha Ct eCC eM) DRE 

WAT J=ZEREL, RACM#HED 4 

MAT LSC i/(C#M#T ) D#F 

REM STANDARD DEVN.,COEFF.. OF VARIATION AND ZDIFF. DETECTABLE 

Di=D2=D5=0 

POR: J=1 70 

Di=D1+(GC01, J] ## 2) 

D2=D2+GC 1, UI 

NEXT J 

DS=D1I-( (D2 ## 2)/R) 

D4=SQR(D3/(R~1)) 

FOR J=L.70 RG 

DS=Dosi tds U3 

NE Xa 33 

D6=BS/(R/6) 

D7=(D4/D6) #100 

DS8=(2HD7#SQR(2))/(SQR(C) ) 

REM PRINT OUT 

PRINT 

PRINT "RAW DATA: " 

PRINT #2: "RAW DATA: " 

PRINT 
Rito (settee: 
BRM eet ts REPL CATE oot 
Pei te He ae er ee Rr Ll DOA) to anes 
PRINT <’SAMPLE NG: MICROCOS ML ) UMiCROG. YMLA YMICROG. 7M 
PRINT #230 SAMPLE NO? Y. UMIGROG. /MLy ", UMICROG, /MiL..". “MICROG. 7iE 
MAT > PRINT<8 
MAT PRINT #2; 8 
PRINT 
Bra oH 
PRINT “SGURCE UF! DEGREES GF") (SUM: Obl “MEAN,  VARTANCE™ 
BRINT #2: “SGURGE GF"; “DEGREES -OF7. "SUM OF") "MEAN": “VAR EANCE® 
PRINT "VARIATION", "FREEDOM", "SQUARES", "SQUARE", "RATIO" 
PRINT #2; "VARIATION", "FREEDOM". "SQUARES", "SQUARE", "RATIO" 
PRINT 
PRINT wei! 
IF C#="one" THEN 2140 
PR UNG .CEAPERAMENTS) 2Zlived, 201) 31.201) 4a, od 
PRINT #23 7 EXPERIMENTS! , 201,21, Z0 1,01, ZE1, 42, 201, 93 
PRINT “TREATMENTS”, Z02, 2], Z02, 3], Z02, 4], Z02, 5] 
PRINT #2; "TREATMENTS", ZC2, 2], Z02. 31, Z02, 4], Z02. 9] 
PRINT Meee, 203, a8 2a, Od, 2ES) 4172 bor oF 
PRINT #2) MICE", 20a) 29, 203, Oty, 209,44, 203, 0 
PRENT CREBLICAIES 7404) 247 204,31, 204,430 =" 
PRINT #2; "REPLICATES", ZC4, 2], Z£4, 3], 2Z£4,4]," —- "



2150 . GOTO 2280 
2160 PRINT "TREATMENTS", 201, 2], Z€1,3], Z01,4], 201, 5] 
2170 PRINT #2; "TREATMENTS", Z£1,2),Z£1, 3], 201,41], Z£1, 57 
180: PRINT “MICE -20o. 23. 708, O2).208, 41, 72ES. 63 
2190 PRINT M27 "MICE", 702,23; 2€2. 85, 205) 4427202, 31 
2200 PRINT "REPLICATES", 203, 21,2 C731, 709.45. ¥ oe 9 
2210 PRINT #2; "REPLICATES", 203, 2), Z03, 33,203,412," - " 
2220 PRINT 
2230 PRINT #2;" " 
2240 PRINT: *. ". VMICE*™, "TREATMENT", “EXPERIMENTAL " 

2250 PRINT #2)" ", "MICE", "TREATMENT", "EXPERIMENTAL" 
2260 PRINT "SAMPLE NO. ", "MEANS", "MEANS", "MEANS" 
2270 PRINT #2; "SAMPLE NO. ", "MEANS", "MEANS", "MEANS" 
2280 V=-1 
2290 eo : 
2300 FOR J=i TO R STEP & 
2310. VeVee 
29090 Kex+7 
4330 PRINT -ofd. 1) Gri 
2340 PRINT: #2: Bid) 13,6t4rg] 
2350 PRINT BCU+1; 1], 601, J+1],HL1, VI 
2360 PRINT #2; BCJ+1,11,6C1. U+ii,HC1,V] 
2370 PRINT BCU+2,1],6C1, U+2] 
2380 PRINT #2; BLU+2, 11,601, J+2] 
7390 PRINT &",° ©, oe tet, x9 
2600 PRINT. 6o;0°%, © Wh SoTer, KI 
2410 PRINT BLU+3, 13,601, J+3) 
2420 PRINT #2; BCU+3, 11,601, J+3] 
2430 PRINT BLU+4, 11,601, U+4], HCi, V+il 
2440 PRINT #2; BCU+4, 13,601, U+4],HO1, V+i3 
2450 PRINT BCU+5,13, 601, J+5] 
2460 PRINT #2; BLU+S, 11,601, J+5) 
2470 IF C%="one" THEN 2510 
2480 PRIN YT  ' 46446 3b dt ERE HHH HHH EEE HHERHEHHEPHEEHRHHRHHHEEEH 

LAIO PRINT HP | URPKHRHREHHHHEHHKHHEHRHREEHHHHEHHHHHRHHHHHRHHREHH HHH 

2500 NEXT J 
2510 PRINT 
2520 PRINT “COEFFICIENT OF VARIATION FOR MICE : "i; D7 
2530 PRINT #2; "COEFFICIENT OF VARIATION FOR MICE :";D7 
2540 PRINT "% DIFFERENCE DETECTABLE BETWEEN MICE :":D8 
2550 PRINT #2; "% DIFFERENCE DETECTABLE BETWEEN MICE :";D8 
2560 PRINT 
2570 PRINT "ANOVAR STORED IN FILE ";B4;'" FOR PRINTOUT" 
2580 DIM ML1iO, 2] 
25790 PRINT "IS ANOVAR OF TREATMENTS AS BLOCKS REQUIRED? Y OR N?" 
2600 INPUT Ds 
2610 IF D#="n" THEN 2770 
2620 MAT M=ZERCR/(T#M), TI 
2430 V=O 
2640 FOR J=1 TO R/M STEP T 
2650 VeV+l1 
2660 X=0 
2670 FOR Ji=J TO J+(T-1) 
2680 X=X+i 

  

2690 MCV, XISHC1, J1I 

2/00 NEXT Jl 

ay On NEXT a 

    

   

  

eyo ey Py uyyyvyyyyvu. 4 
eas7aQ AKAAKA 37 1 
aes mm 
2730 a fot 

2740 \ 

2720). MAT: PRISE 

2760 CHAIN "“ADVMNS' 

2770 END 
332  



  

 



  

 



AYP ALL 

    
      

LO REE ae He REE HE I HEHE EE HE EEE AE HE HE HE EH IE HE AE GE HE He at 

20 REM #* HIERARCHICAL. ANALYSIS # 
30. REM + FOR COMBINED. PANG: at + 
40 REM HHEFHHAHHHRHHKRHHKHHHRKHHHHRHRHHEHRKHHEHHE 

DO KReMabata Entry 

60). Ds A Bi TS) ae eh Loa 

70 Ya Caer Ss 

BO DIM Q@C125, 4], A465, 4], B65, 4] 

90. Dee Zta oe! 
100 soa bli 600, Rl, 200501) 1Od 

110--Da er cody WoL eoOd bes 10a 

120 PRINT JENTER NAME .ORe FILE. FOR: ANOVAR" 

1 BG INPUT AS 

140 (eee ce tere NAME eee Lr oR PRINTOUT! 

130. NEAT ons 
160° PROM oS ANGOVAR rR BNE EXPT. OR ALL: EXPT: “Se: “ERER ONE. oe 

L790 INPUT Ce 

i80 Fitee «3, + 
1970 ASSIGN 4%, 1, Zi 

200 ASSIGN BS, 2, Z2 
2@lO READ #1,.1 

220 READ #154 

230 GHA/S 

4) PRINT. “TOTAL, NO. (OF “ROWS ='7 G 
220° eM “ENTER NG OF ROW WHERE DATA STARTS” 

260°: NPE. Gt 

2/0 PRINT? CENTER NO: GF ROW WHERE DATA ENDS” 
#80 INFUT Qe 

2°70 iN? ener Oe REPLICATES ? 
800° Jeu C 

S10 (Pent VENTER NO. OF TREATMENTS" 
ee TRIP, 

200° (RR VENT Be GEoMECE IN EACH EXPERIMENTAL TREATMENT” 
340 PRINT "EACH EXPERIMENTAL TREATMENT MUST HAVE THE- SAME NO. OF t 

390. aes 4 

360 .sAd BaeZERECG2—( 01-1) 8 C+145 

370 MAT @Q=ZERCG, C+id 

380 R=Q2-(Q@i-1) 

3970 READ #1,1 

400 READ #154 

410 MAT READ #1; G6 

420 ASSIGN #, 1,4 

430 PURGE Xi2 "TREAT " 

44Q VY=O 

450 FOR @3=Q@1 TO G2 

  

F
 

  
   

4A7O FOR Q4=1 TO Cri 

480 ALV, G4I]=GLQ3. Q4)] 

490 NEXT Q4 

200 NEXT -Q3 

220: ae Ce 

220 “BEM SORT OF    

WW
 

\N
 

Wn 

 



  

 



 
 

 
 

QO 10 i 
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1850 

1840 

18/70 

1880 

Looe) 

1960 

Lae 

L920 

Eo30 

1940 

Leo) 

L750 

LTO 

LS 

L970 

2000 

2010 

ZOO 

2030 

ed 340 

2O50 

2060 

2070 

2080 

2090 

ae 

  

      
    

  

MEANS 

G=ZERL1,R] 
Gree ft ey) 

H=ZERC LRA 

bbe er 

Ieee Rl Re CM T)4 

TL=CL/CCHMET ) DF 

at ANDARD DEVN., COEFF. OF VARIATION AND ZDIFF. DETECTABLE 

x #4 2)/R)} 

DawSOR(DB/ (RL) 

FOR ede EO oR / & 

pO C1 ws 

NE xT J 

D6=DS/( R76 

ByevbaspbiniGe 

DS=(2eD7#SQR(2))9/(SQR(C)) 

Mero er chr | 

Peds |) 

PRINT "RAW BATA: " 

PRINT #2; "RAW DATA: " 

Pee Li 

Pere Me Hee 

Seti ye Se REP DOA TE Sie pats sa) 

Peel see et FD eae ae 

BeoiN | SAaMPLe. NO: “a YMtGROG. 7M) "MICRES. (ML. MICReOUCl ML. 

PRINT #2; "SAMPLE oa a a hee {ML CROC rt 

Male PRINTS 

MAT PRINT #2: 8 

PRINT 

Pe iN #23 

Pein? 'SGURCE GF"; “DEGREES. GE. (SUM OF!) "MEANY. VAR TONGE. 

PRINT #2; "SOURCE OF", "DEGREES OF", "SUM OF", "MEAN", “VARIANCE” 

PRINT "VARIATION". "FREEDOM", "SQUARES". "SQUARE", "RATIO" 

PRINT #2; "VARIATION", "FREEDOM". “SQUARES”: "SQUARE", "RATIO" 

PRINT 

Poi ee; 

IF C#="0ne" THEN 2120 

PRINT: “EXPERIMENTS Zilli 21, 2017 3d, 2Zbi4), Zia og 

PRIN Her SAPERIMENTS 7 ZL, 20s Zoleads ZL, Adi Zhi bd 

PRINT “TREATMENTS”, ZC2, 2], ZC2, 3), 202, 4), ZC2, 5 

PRINT #2; TREATMENTS", ZE2. 21) ZL2, 3],Z€2, 4], Z€2, 51 

PRINT UMLCE! eet Sede 2s od) 2s Al Do 

PRINT #2) “MICE", 203, 21, 203,39, 203, 43, £3, 83 

PRINT "REPLICATES", ZL4, 2], Z04, 33, ZE4,4],% - " 

PRINT #2; "REPLI “ATES", 204, £ ee et oa 
     

EM es eed. 

See Wan ee ts 

»ZCe2, 3), Z£2,4 

  

TREA TME =N TS" 

 



  

  

2alQ 

999 
on teed 

23.3C 

2420 
24BG 

2440 
2450 
2460 
a7) 

  

29510 

e220 
a ; 

    
  

  
ao 0 

340 

ee Ral 

  

2580 
2590 
2600 

2610 
2620 

    

PRINT 
PR ENG: 

PRINT 
PRINT 
PRINT 
PR ING 

PRINT 

PRINT 

PRN 
m— f 

  

FOR J=1 

V+ 

PRINT 

PARLIN 

PING 

PRIM]: 

PRINE 

PR ENT 

PRINT 

P R I NT 

  

PR INT 

PR LNT 

PRINT 

PRINT: 

PRINT 

Les 

Pie 

PRI 

NE. 

PR 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

LPL Ito 

    

   

    

pion eer 3 le Sa oubads See 

ARES ee 2 Or le ee Dl aaa ee 

42). ", Pleo ee, ey Leto a ee 

$7 “y nh 

- mn ie REA LHENT !) EXPER EMEN TAL! 

Hts oes MMICE", REAL MENT te xe ER OMEN PAL! 

SAM RiAe m MEANS oo TEAMS MEANS” 

Hej “SAMP Pe OS he Med ANS", “MEONS [a "MEANS. 
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ae Bey io Cll wi ] 

Boris ad: GCl, 

Bie, tay.Cl 4 

te i BL We, 1 

iu i ia ti Mi n 
, , 

  

i
 

m 
=
 

Le Ao : i 
1 

440, HEL, V+ 
#2; BLU+4, 
Pia oe t is 

    

   

     

SO 

      tHe GE H Ht Ht Ht CHEERHRHHHKHKHHRHRERE REE: 

pis MB PIER IEA HE HH HEHE RRR HRHH ARERR REE: HKEEHHKAHHAHES 

“COerr LOLENT Or VARTATION FOR: MICE = D7, 

Hes ee FICTENT OF “VARIATION FOR MICE 2 °s D7 

de IFFERENCE DETECTABLE BETWEEN MICE :4;. De 

7 ake NCE DETECTABLE BETWEEN MICE : "i D8 Fe MT 

        
   

  

WANOVAR STORED IN PYLE 7 Bar" FOR PRINTOUT. 

,e@d 8) 

"TS ANOVAR OF TREATME 
D4 

iTS 4S BLOCKS REQUIRED? Y OR N?" 

  

B70 

te VOR Siar. A 
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ANCOVA 

LO ——- REM 2 HHH HH HHH HER HHH HHH HHHEEH 

20 REM * TWO WAY ANALYSIS OF COVARIANCE # 

30 REM * DATA FROM ACV2IN % 

AQ REM HHERHHHHHHHHHEHHHHHHHHHKKHHHHHR RHEE 

50 (PRINT "2 WAY. ANALYSIS<0F COVARIANCE" 

GO. Pie GF pat 

79 Die AkSartOO 1, Blo: Fa 

BO Dit: asiés 

90 GOTO 280 , 

100 . PRON? “ENTER NO. GF TREATMENTS(PAIRS OF ROWS)” 

110. Soe 

120 - BRIA CentER NO wOP REPL IGATES< COLUMNS >." 

130. RU tk 

140 MAT A=ZEREC(2#T)+2,R+1] 

150 waeo 

160... Gabel 7 se STEP -2 

170 Mave 
100° ao VaR IT RERAMENT i 

190. ARUP ENTER OX VALUES —) INDEPENDENT? VARTABLE" 

200 “BER J=1- 10 R 

  

210 GNP ALT. Ja \ 

220 NEXT J 

230 . TiN. ENTER. YY VALUES —- DERENDENT VARIABLE! 

240 eR J=1 TO R 

250 mime? ACI+1, Ji 

260 WMEXT Vv 

270. Seek 

280 TRON: “ENTER PILE FOR’ ANCGYV" 

290 INPUT A% 

300 ASSIGN AS, 1, V1 

310 READ #1) 1 

320 READ #1;7T,R 

    

330 MAT A=ZER(C(T#2)+2, R+1] 

340 MAT READ #1: 4A 

300 - REM TOTALS 

‘ Xe2=VYe=P1=0 

: FUR J=L° TO "R 

380 Xi=Yi=0 

390 ER st Ty va STEP22 

400 pels L+ACT, ad 

OM I= YI+ACl +1, J] 

0 I 
1 

  

450 NEXT I 

460 ACCT a 
A Pt) }    

 



  

    

410 

  
1000 

1010 

1020 

L030 

LQO40 
ie 

4 Ooo 

1040 

NE X1 

ACT, 

NEXT 

REM 

“Nagy plete 
C2=(AL(T#2 

=(AL(T#2 

  

REM 
MAT 
MAT 
BC4, 
BC4, 
BC4, 
REM 
Ri=R2: 
FOR 

J 

R+1J]sT1 
i 

CORRECTION FACTOR 

Rea Le / Cale 

ete are) / CER ) 

R+1LI#AC0(T#2)+2, 

mous SPXY 

ihe 

ey Ns 

Berd) A Cree) 

TOTAL 

Sox, Sous SPRY 

eit 

RLiSRI+(AL(T#2)4+1, JI%2) 

R2@=R2+ (AL CT#2) +2, J] 

RO=RGO+t(ALCT#H2) +1, 

NEXT 

Bids2 

Bb Ls 

Bil, 

REM 

at) 

JIFACCTH2) +2, 37) 

J 

tt et 

g1=(R2/T)I-C 

41=(R3/T)- 

TREATMENT 

63 
Hoxsoou, SPxy 

T1=T2=T3=0 
i 

   

BL2, 
BL2, 
yr 
Ble, 

REM 

BC1i, 

BL2, 

BE4, 

REM 

FOR 

BCS, 

NEXT 

=TI+(ALT, R 

T3=TB+(ALI,R+1 
NEXT 

I=1 TO T#2 STEP 2 

R+i3*2) 
ep a ¢ A E . whe ao 5 R be 1 a ee 

SRACI +I, Redd) 

- 

aoe eR ae 1 

31=(T2/R)-C2 

49=(T3/R)-C3 

De. 

Bi 1 

LISChRR) 1 

ERROR SSx, 

Ve] TO 4 

vd=Be 4, J] 

vd 

Sus OF Xt Dik: 

BLT Gite ta, va) 

  

  

} 

B=BC3, 4] 
) SORE 

ry 
BCS, 2] 

    

      

fa oa Bie. al /B EO) 230 

T9=B/E 
GOTO 1060 

PRUENT= SEMPER VALUE OP -7. FOR “) Bla: Jar DoF P=0:. 05: 

INPUT 
r TS > \ 

RINT ts Wii sot. AND     
Ww





    

An in vivo study of the Pilocarpine on the exocrine pancreas. 
  

As was noted in the introduction section Pilocarpine is known to 

be a potent exocrine pancreatic secretagogue. In order to examine its 

effects in vivo under the expe erimental conditions used to measure pancreatic 

T,. levels this study was made in collaboration with Mr. Paul Wickstead, 

undergraduate project student. 

  

@
 

e
 

The experimental mice used were treated in exa the same way as 

for the pancreas time course experiments ('PANC : 19 to 22'). One mouse 

was used per time interval period after injection, seven mice for 

examining the effect of Pilocarpine injection and three as controls 

injected with the vehicle-phosphate buffered saline. The mice were each 

killed at different times, the Pilocarpine-treated mice 5, AO, 1s ceo, 

25, 30 and 60 minutes after injection and the saline-treated mice 5, 15 

minutes after injection. The pancreas from these mice were then 

removed and cut longitudinally into two halves for fixation. 

The one pancreas half was fixed and dehydrated for electron micro- 

scopy as outlined in the methods sect jon. The other half was fixed for 

conventional light microscopy. The procedure for fixation, dehydration 

and wax embedding is tabulated below (Sumner and Sumner 1969, Drury and 

Solution in which tissue was immersed Duration of immersion 

    / } ) ‘ 

6 formal 
+ days 

/ 

rn i s ~ - & 

m0) j A 
; 

70% ethanol (4 changes) Ly 

either with 

  

cleared in



  

Counts were then made on 

    c¢ acinus. The h-
 

anules per pancreat 

  

were 

  

per acinus selected at I 

  

) ad slide. Thirty acini per pancreas were counted 

  

    Le ten were counted per pancreas 

  

+ \, oe a 2 ~ cf mean counts with standard errors of 

  

: Mean numbers of zymogen granules per acinus counted from     

  

ined pancreas sections taken from mice under different 

secretory states. Means calculated from 10 acini. 
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Table A2 : Mean numbers of zymogen granules per acinus counted from 
nnn 

xylene cleared and rehydrated pancreas sections taken from mice under 

different secretory states. Means calculated from 30 acini. 

Treatment Period after injection 4ymogen granules per acinus 
(mins ) Mean S.E.M, 

Saline . 5 95.64 5.97 

e an Qc 
a5 90.85 665 

60 84,47 

Pilocarpine =: 5 ** 62.43 

62.13 

** 65.00 
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** Significant differences shown by paired t-tests. uv 

The results of this study and the accompanying photographs 

indicated that Pilocarpine injection induced the rapid and almost 

complete loss of zymogen granules from exocrine pancreatic acinar cells 

over the time period during which studies were made on the TI. levels 

o Hy
 

ct
 nereas. The reduction in acini zymogen granules was most 

marked in the period from 20 to 60 minutes after Pilocarpine injection. 

This corresponds with 

equilibrium    
response to the Pilocarpine secretagogue was accompanied by alterations 

  

of the acini. However the onset of rapid 

secretion seemed to lag about 10 minutes behind the commencement of 
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5 Examination of the validity of the ~H-colchicine binding assay for T. 
iii b Sond d 

Before applying the Paoadticnieine binding assay to a wide variety 

of applications involving the estimation of sample T. it was necessary 

to determine the variable parameters of the assay. This involved 

comparing the effects of sample dilution, concentrations of charcoad, 

BSA and glycerol and the time course for binding on the determined 

T. coneentration. Each test was 

ty
 

ffect of sample dilution on the 
  

  

A stock solution of 'two cycle' MT. proteins isolated as usual was 

diluted serially with MT. isolation tuffer and then the serial dilutions 

> 

assayed using the “H-colchicine- binding assay according to the procedure 

outlined in the methods section. Each sample, blank and standard, 

contained 0.1% BSA and 4m glycerol. The incubation period with the 

5a age : ° : ee Bea: *H-colchicine was 90 minutes at 37 C, unbound colchicine being removed 

+ by 1 ml of a 2mg/ml charcoal suspension per sample for 10 minutes. 

Effect of charcoal, BSA and glycerol concentrations on the 

3 : A es 
“H-colchcine binding assay : 
  

A serially diluted solution of BSA in MT. isolation buffer was 

mixed one to one with a standard MI. protein solution to produce a 

series of T. samples containing the same concentration of T. but BSA in 

; Pe cet 3 ; oe the range 0.1 - 10%. These samples were then assayed using the ~H- 

colchicine binding assay for T. 

To examine the effect of sample glycerol concentration on the 

assay a stock MT. protein solution was diluted one to one with a series oO 

of glycerol solution in MT. isolation buffer of different concentrations. 

This produced a series of samples with the same T. concentration but 

concentrations in the range 2M-~ 18M. These samples were     
Paw Th Ny 

z 
. tt . 

I. using the ~H-colchicine     

=f0 
ZA



  
   
 

O 
a 

\ 
: 

| 
: 

i | 
~
 

| | | 
j 

! 

SS 

=
 

2 
¢ 

: 
xe 

x \ 

OO 

\ 

¢ 
> 

; 
: 

 
 

 
 

  
  
 



  
  

 
 

  
  

 
 

 
 

 
 
 
 

 
 

  
 



 
 

 
 

 
 

 
 

    

v 
» t le 

\ 
~ 

© 
° 

a By  
 

 
 
 



 
 

 
 

   
  
     

  
 



 
 

 
 

  
 
 

 
 

 
 

  
  

 
 

 
 

  

  

c
>
 

mM 

S N 
a= 

: 
o
 

5 

j 
t 

5 
| 

\ 
i | 

Vv 
' 

C 

= N
 

G 

\ 
> 

: 

  
 
 

  
 



 
 

   

 
 

 
  
 

  
 
  
 

a) 

som} 4 
ov wD 

&
 

G4 
e 

ee 
»
 

“fd 
eS) 

t) 
‘ 

@ 
ot 

GS 
© 

Be 
oO 

t 
& 

G 
+ 

° 
c
c
 

iS 

oO 
= 

6 
oO 

8 
oO 

Ss 

 
 

 
 
 
  
 

 
 

 
   
 
 

    

 
 

 
 

42 
st 

' 
= 

Q 
© 

+» 
c 

3S 
al 

SS 
ae 

o 
= 

a 
Bn 

-
 

s 
2 

rea) 
w 

To 
oO 

ad 
; 

S 
od 

ce) 

8) 
et 

> 
® 

5 
ui 

t 
Qy 

G 
> 

‘A 
[, 

<
 

s 
® 

o 
tH 

uy 
a 

a 
1 

® 
$ 

® 

a 
& 

} 
ip) 

Be 
& 

: 
7 

“ct 
=
 

= 
—_ 

oO 
o ay 

a) 

Px 
& 

 
 

 
 

 
 

 
 

 
 

  
  

n 
42 09 

+
 

o 

=
 oO ~ 

9 
o 

$3 
4» 

® 

“4   
4 

my 

 
 

 
  
 

 
 

 
 
 
 

 



standard curves. : Initial tests of radioimmunoassay 
  

In this section are the standard R.I.A. curves produced during the 

igh ass 
a the RL.A. Tor ©. and M.AV.P. These show the number of 

attempts necessary before a standard curve of sufficient quality was 

produced to measure unknown sample protein concentrations. Most of the 

problems associated with these curves were the result. of incorrect anti- 

serum dilution. The dilutions quoted for first antiserum (anti-T or 

anti-M.A.P.) are for initial dilution prior to adding 501 of diluted 

  

antisera to each standard. Similarly the goat antirabbit serum (GARS) 

dilutions are for pre-addition dilutions, 20Qu1 of this stock being 

added per standard. 

Table A3 : R.I.A. standard curves for M.A.P; antiserum dilution 

1: 499 (GARS - 1: 49) 

% Bound = ((Stnd - BKG) x 100) / (BLK -.BKG) 

Protein cone. Curve I Curve ITI Curve III Mean curve 

NG/100 Microl % Bound % Bound % Bound % Bound 

800 238.216 186.674 157.599 194.163 

400 U1eot oD 86.674 215.4749 160.132 

974.0176 113.326 

72.6072 696 

141.079 4 

200 LL 6 
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Analysis of covariance of pancreas supernatant T. measurements. 
  

The considerable variation between the pancreas T. levels of the 

experimental mice promted the consideration of whether the level of 

T, measured was dependent on some other measurable factor. It 

appeared that the levels of polymerised and depolymerised pancreas iti 

bore little relationship to the sex or size of the mouse, its weight 

or litter origin. The only parameter which was readily available for 

each mouse was the weight of the removed pancreas before homogenisation. 

It was considered that although the tissue supernatants were corrected 

for this factor by extracting the T. in a constant ratio of tissue 

weight to volume of buffer, that somehow the initial weight affected 

the final assayed T. levels. 

To investigate whether there was a relationship between the net 

weight of the removed pancreas and its T. content the pancreas weight 

for each mouse was compared with its mean polymerised and depolymerised 

T. content. This was done for the pancreas experiments 'PANC : O04 to 18! 

as a group and for the time course experiments 'PANC : 19 to 22! 

individually, in each case regardless of experimental treatments. The 

actual comparison was carried out by obtaining the correlation 

coefficient for the ashes onde “Gpiieien the pancreas weights and mean 

mr £ pancreas T. levels. Where a significant correlation coefficient was 

found, the experiments were reanalysed usi the technique of analysis 

  

of covariance. 

Analysis of covariance is a means whereby a measure of each item can 

be obtained before the experiment starts, which is closely related to the 

  

final mee and can be used to adjust the final measurements, 

+h ie wartine ne fhe or js Wea te 0 orn OTN cs ts a at is ea ee teas thereby reducing the ror variation. This makesuse of the regression 

     a bs \ ac ae ae Ni toy ce ae . ement (y) on the and decides
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Wet weight of pancreas before homogenisation : 

Time period Replicate Mouse No. 

(mins) ‘lbs 2. 3 

10 140 142 otD 

20 g§2 - 143 «428 

30 £135 -153 117 
4S = 50 144 sioe 

60 2187 ee, «120 

0 m [The corresponding pancreas T. contents are shown in the results 

section. 

Correlation coefficients for the relationship between pancreas wet 

weight and T. content : 

Depolymerised T. - r = 0.64 with n = 15: 

hh ot WAN UN week dF oe aye * 

Polymerised T. - r = 0.35 with n = 15; t= 1.60 - NS 
These comparisons show that only in the case of measured polymerised 

pancreas T. was there a significant correlation between pancreas weight 

and T, content for the combined experiments 'PANC O4 to 18'. So far as 

the time course experiments are concerned a Significant correlation was 

found for pancreas weight and depolymerised T. in both experiments 

"PANC : 20' and 'PANC : 22'. These correlations were corrected for by 

+ 14 reanalysis of the data using the analyses of covariance technique. 

 



  

  

covariance 

pancreas weight 3 an 

for experiments 

ae 

  

with a correlation 

content. 
  

  

Saal 
i Table A14 : Experiments 

e of variation Cinna a 
yourc 

mice : 

Total : 

Source of variation 

Replicate mice : 

Treatments : 

Brror : 

Total a 

ee
 Error and treatments 

r
x
}
 

o yy
 r treatments, adjusted 

'p t ANG. ..S 

  

O4 to 18! combined; 

   Ss M.S. 

2.80 4 2.80 

1617.36 45 35.94 

1620.16 LE Es 

: | ee oe 
with / is Deke) NOs





  

  

Table A16 : Experiment 'PANC : 22' ; depolymerised T. :   

Source of variation Dor. 5.5. S18... SPs xy 

Replicate mice fe 2 4.04 x 1077 8.69 0.05 

Time . ito x 107? 72.48 Dat 

Error oe AAa.« 4 ees 0.53 

Total 11% 4.91 x 107°? 235.00 0.69 

Error and time Rol 2 F877 x 107? 226.31 0.64 

ore a ct a 

Source of variation out ae $.82 ys ee Der, M.S. 
Gig Sa GW 

Replicate mice : ~ ~ mp - 

Time : ws 69.91 4 17 48 

Error SAO e ae 7 5Oe56 q Dae 

Total : ~ = as 

Error and time : 105.84 120.47 14 

j : ; ee. For time, adjusted F = 2.42 with /7 D.F. - NS. 

In the case of each experiment with a significant correlation between 

pancreas weight and measured T. there was an increase in the treatment F 

value once the S.S. due to the regression was removed. However, the 

resultant increased M.S. was still not significant when compared with the 

new error M.S. calculated from the deviations from the regression. Thus 

although the pancreas weight probably had an effect on the final measured 

pancreas T. concentration it was not sufficiently great to influence the 

effect of treatment. The weight of pancreas probably had the greatest 

effect during the homogenisation procedure prior to separation of its 

polymerised and depolymerised T. Pancreas of low weight seemed to incur 

greater losses of material due to adhesion to the homogeniser mortar than 

those of greater weight. This was due to the very low buffer dilution Oo
 

factor necessary to provide the correct pancreas weight to volume ratio. 
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