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A protocot for the culture ofcardiac myoqtes was deveioped and optimized for 

use in this laboratory. A previously developed technique was adapted for use under sterile 

conditions. Various published dture techniques were tested, induding the composition 

of the d tu re  medium, pre-treatment of the tissue dture plates, optimal initial platedown 

density and optimal d t u r e  the.  

The activity oflipoprotein lipase (LPL) in adult rat heart cardiac myocytes after an 

ovemight culture on laminin-coated plates for 18-22 hr was compared to enzyme activity 

in fkeshly-isolated cardiac myocytes. LPL activity in celIular homogenates (CLPL) fiom 

dtured and Eeshly-isolated cardiac myocytes was 240 nmol oleate released/hrlmg protein 

and 233 nmoi/hr/mg, respectively. The heparin-induced release of LPL activity in the 

medium of cultured cardiac myocytes (198 nmollhr/mg) was much greater than the 

heparin-releasable LPL (hrLPL) activity from frshiy-isolated cens (59 nrnol/hr/mg). 

Heparin-releasable LPL a h i t y  fiom cuitured cardiac myocytes was dependent on the 

presence of semm (16.3-fold activation), and was inhibited by high ionic strength (1M 

NaCI) as well as by a polyclonai antibody directed against LPL. Cutured cardiac 

myocytes dso had more immunodetectable LPL on their cell nirface as compared to 

fieshly-isolated cardiac myocytes, consistent with the increased LPL activity. Therefore, 

an overnight dture period rnay permit cardiac myocytes to recover from the stress of the 

isolation procedure by increasing the number or nature of LPL binding sites on the cell 

surface. 

Varying glucose and fatty acid (FA) concentrations in the medium of cultured 

cardiac myocytes were also tested for their eEects on LPL activity. Glucose (5.5, 1 1 and 

25 mM in the culture medium for 18-22 hr) had no effect on either hrLPL or cLPL 

activities. When cardiac myocytes were cultured ovemight in the presence of 60 pM 

oleate, hrLPL actïvity was reduced to 20% of control levds, but with no change in cLPL 

activity. Short-term incubations (1 and 3 hr) of the cultureci cardiac myocytes with 60 pM 



oleate did not displace LPL h o  the incubation medium. Simiiar results (hrLPL and cLPL 

activities) were obtained with 60 pM concentrations of palmitate and myristate; linoleate 

and eicosapentaneoate did reduce cLPL activity, but the decrease in hrLPL activt j  was 

much greater. Menicine, a FA oxidation inhibitor, did not alter the inhibitory effect of 60 

pM oleate on hrLPL activity. 
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CHAPTER ONE: INTRODUCTION 

1. Physiological roIe of lipoprotein lipase 

1.1. LPL fh3ions 

1.1.1. TfiacyIg&cerol-rich Iipoprotein iipoiysis 

Lipoprotein Iipase (LPL) is the major rate-Limiting hydrolytic enzyme 

responsible for the removal of iipoprotein triacylgiyceroIs (TG) fiom the circulation 

(reviewed in Eckel, 1989). LPL is found bound to its heparan suEate proteoglycans 

(HSPG) on the capdary waiis of bIood vessels in most extra-hepatic tissues where it 

cornes into contact with its activator, apolipoprotein CI1 (apo CII) as weIi as its circulating 

lipoprotein substrates, chylomicrons (formed in the intestinal epitheliurn) and the very low 

density lipoproteins or VLDL (fonned rnaidy in the ber),  (see Figure 1). LPL hydrolyzes 

the TG component of these lipoproteins to fiee fatty acids (FFA) and monoacylglycerols. 

These iipid products are then assimilated by the underlying tissues. The removai of TG 

fiom chylornicrons produces chylomicron remnants, which are then taken up by the iiver. 

The hydrolysis of TG in the VLDL by LPL produces a VLDL remuant (intermediate 

density iipoproteins - IDL), which is then converted to low density lipoproteins (LDL). 

The removai of core TG fiom TG-rich tipoproteins by the a d o n  of LPL is accompanied 

by the remodehg of the iipoprotein surfàce, with the r r d e r  of phosphoiipid and fiee 

choiesterol to high density iipoprotein (HDL,J particles to fonn HDb particles (Braun & 

Severson, 1992a). Thus, LPL is involvecl in the metaboiism of a i i  of the major Lipoprotein 

classes. 

1.1-2. Ligandfunction 

LPL can bind simultaneously to lipoproteins and to HSPG and therefore 

facilitates the binding of lipoproteins to ceU surfaces (reviewed in Olivecrona & 

Olivecrona, 1995). LPL has been shown to participate in this "ligand £ûnction" with aii 

types of iipoproteins, including chylomicrons, VLDL, LDL and HDL, and this binding is 

independent of the enzyme's cataiytic bction, ie. TG hydrolysis. LPL also enhances the 

uptake and degradation of lipoproteins, but to a lesser degree than the enhancement of 



Figure 1. Physiologicai role ofLPL in TG-& iipoprotein hydrolysis. LPL is found 

bound to its heparan nilfate proteoglycan (HSPG) anchor on the capillary w a b  of blood 

vessels in moa extra-hepatic tissues, where it cornes imo contact with its achtor, 

apoiipoprotein CI1 (apo CU), as weii as cirdaîing Lipoprotein substrates, chylornicroas 

(formed in the intestinai epitheiium) and the very Iow demity iipoproteins or VLDL 

(formed mainiy in the her). LPL hydroiyzes the triacSglycerol component of these 

lipoproteins into fkee fsitty acids (FFA) and monoacylgiycerols. The Lipid produas are 

then assmülated by the undedying tissues. 



binding alone. The uptake and degradation of LDL enhanced by LPL is independent oc 

and slower thaq the uptake and degradation via the dassic LDL receptor-mediated 

pathway. LPL has also been shown to enhance the binding of lipoproteins to the LDL 

receptor-related protein (LW). This membrane protein has been suggested as a possible 

receptor for chylomicron remnants and may be ofparticular importance in the hepatic 

clearance of these remnants. Another putative chylomicron remnant receptor is a protein 

which may be activated by the FFA generated by LPL and is therefore referred to as the 

lipolysis stimdated receptor (Yen et al., 1 994). 

1.1.3. Hman  LPL &ficiencies 

The physiologicd role of LPL is evident in patients deficient in LPL or its 

advator, apoCII (EckeI, 1989), or with a circulating inhibitor to LPL (Pacy et ai., 1993). 

These patients have severe hypertriglyceridemia, eruptive xanthomatas, and acute 

pancreatitis. The hypertriglycendemia in patients with no f'unctioaal LPL is thought to be 

due to an increase in the chylomicron fiaction of tipoproteins and is referred to as classicd 

type 1 hyperiip~proteinaemia~ As the deposition of fat is normal in patients lacking LPL, 

alternative mechanisms for fat uptake must exist including increases in hepatic lipase 

activity? increased efnciency in plasma FFA uptake (Julien et al., 1995) or the direct 

uptake of VLDL by the peripheral VLDL receptor (Jmgami & Yamamoto, 1995). LPL 

deficiency is a familial autosomal recessive disorder which has an estimated fiequency of 1 

per million in most western populations, though there is a much higher incidence among 

French Canadians (Hayden & Ma, 1992). LDL and HDL Ievels are reduced in these 

patients due to the faa that these particles are produced by the remodelling of remnants 

produced by the LPL-cataiyzed hydrolysis of the TG rich partides (Ohecrona & 

Oiivecrona, 1995). 

1.1.4 Summwy 

LPL is involved in several aspects of lipoprotein cataboiism. LPL is a key 

enzyme in the hydrolysis of TG in chy1omicrons and VLDL, and the supply of FA to 

parenchymal ceus. The LPL particle may also remah adsorbed to the Iipoprotein particle 

as it leaves the site of hydrolysis and may then participate in a receptor- &or 



proteoglycan-mediated uptake of the lipoprotein. 

1.2. LPL distribution 

1.2.1. Tissue d~n?-bution 

LPL is located in many tissues, including adipose tissue (white and brown), the 

heart, lactating rmmmmy glands, thoracic aorta, spleen, s d  intestine, testes, brain 

(hippocampus), skeletal muscle, diaphragm, lung, kidney, and tiver (neonatal) (Braun 8i 

Severson, 1992a). However, in the adult liver, LPL mRNA is absent or is found in very 

low concentrations (Bensadoun, 199 1). LPL perforrns different putative roles in these 

tissues accordmg to the fate of the free fatty acid (FFA) produd of the LPL reaction; 

these inchde: trigiyceride storage (white adipose), thermogenesis (brown adipose), mik 

trigiyceride synthesis (lactahg breast), SUffactant synthesis (lung), phosphoiïpid and 

giycolipid synthesis (brain), and energy provision (skeletal and cardiac muscle). LPL 

activity and mass may be altered in a tissue s p d c  manner by a number of physiological 

and pathologicd States including: aging/deveiopment, lactation, faSting/feeeding, endotoxin 

infection (tumor necrosis factor) and thyroid deficienqdexcess (Enerback & Girnble, 1993; 

Braun & Severson, 1992a; Eckel, 1989). 

1.2- 2. CelluIar distribution 

Aithough the fùnctiod site for LPL in most tissues is on the d a c e  of the 

vascular endotheiium, LPL is synthesized not in the endotheiïal celis but in various 

surroundhg subendothelid cells (Camps et al., 1990). LPL is synthesized and secreted by 

parenchymai cens, binds to the d a c e  of parenchymal ce& is transiocated to the apical 

surface of the endothelid ceil and is then translocated across the endotheliai celI to the 

luminal d a c e  (Saxena, KIek & Goldberg, 1991), where it is known as "f'unctional LPL" 

( Figure 2). In the adult heart, cardiac myocytes are likely to be the exclusive precursor 

source of hctional LPL, since LPL mRNA expression has been localired ody to 

myocardiai ceiIs in guinea pigs (Camps et al., 1990) and humans (O'Brien et al., 1994) by 

in situ hybridilriition. Electron microscopy has shown that the heart locaiization of LPL is 

as follows: 78% in myocytes, 396% in the extracellular space, and 18% at the capiiiaxy 

endothelium (B fanchette-Mackie et al., 19 89). This distribution, together with the 
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Figure 2. LPL in the heart. LPL is synthesized in the cardiac myacyte and then is 

secreted and binds to the myocyte ceii surfàce. It is then tramfierreci to and across the 

endothelid c d  to the lurninal surface to HSPG. Here the LPL is known as "fLnctional 

LPL". At this &ce, LPL hydro1yzes the TG fiom circulating TG-rich tipoproteins; the 

FFA produced are then taken up by the myocytes for use as an oxidizable substrate for 

ATP production. 



demonstration that LPL mRNA was oniy detected in myocardial ceiis (Camps et al-, 

1990), indicates that LPL is synthesized by myocytes, is translocated across the 

extracellular space, and is findy localized at the luminal surface of the vascula. 

endotheiium (Figure 2). 

1.2.3. Ceil bmdmg 

Heparin, a heterogeaeous polymer of repeating disaccharide sequences with a 

mo1ecuIa.r weight ranging fkom 3 - 30 B a ,  was found to release LPL into the 

bloodstream by displacement fkom its endothefiai binding sites (Hahn, 1943). Furthemore, 

LPL binding to endothebal celIs was found to be significantly decreased after the ceiis 

were exposed to HSPG degrading enzymes (reviewed in Goldberg, 1996). This leads to 

the conclusion that LPL is bound to the endothelid ceil surface by assoaation with HSPG 

(see Figure 3). HSPG are part of a heterogenous family of negatively charged particles 

that are components of ceil membranes and the extracellular rnatrix (Jackson, Busch & 

Cardin, 1991). They are composed of a core protein with covalently-linked polyanionic 

glycosaminoglycan chaius. The core protein of HSPG may be either an integral membrane 

protein or a protein which is membrane-associated through a giycosyl-p hosp hatidyluiositol 

(GPT) linkage. The major classes of glycosaminoglycans M e r  in their cornponent sugars 

and include: heparan sulfate, dermatan sulfate, chondroitin d a t e ,  and hyaluroaic acid. 

Heparan sulfate is a polymer of repeating disacchande unifs of a hexuronic acid (either 

glucuronic or iduronic acid) and giucosamine. The glucosamine residues are either N- 

acetylated or N-sulfate4 and both the hexuronic acid and glucosamine may be O-sulfated. 

Heparin mers  from heparan sulfate in the extent of N-acetylation, N- and O-SUIfation, 

and the content of iduronate. LPL has a 40 fold higher affinity for heparin than heparan 

sulfate Pengtsson et al, 1980). Heparin stimulates the release of LPL aaivity fiom ceiis 

due to the displacement of the enzyme fiom surface HSPG binding sites, leading to the 

formation of heparin-LPL complexes in the medium (Braun & Severson, lW2a). This 

activity is referred to as heparin-releasable lipoprotein lipase a* @LPL). Numerous 

studies have been conducted on the spedicity of LPL binding to HSPG. It was 

concluded that there is no stringent specificity in a lock and key sense, but rather a 
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Figure 3. LPL homodimer interacting with a lipoprotein and ceil d c e  HSPG. The 

HSPG is shown as being intercalated into the plasma membrane. The protein rnay also be 

membrane associateci tbrough a GPI linkage. Each core protein contains several heparan 

sulfate chains. The attached LPL cm nedy interact with the TG rich lipoproteins. LPL 

may also act as an anchor to bind the Iipoprotein (ugand hction). Iflipolysis occurs, the 

TG-reduced iipoprotein retunu to the circulation (adapted fiom Oiivecrona & 

OIivecrona, 1995). The heparin binding protein NTAB is ais0 shom NTAB may 

increase the specificity of the binding of LPL to the HSPG. 



multiple cooperation between ionic pairs (Oiivecrona & Ohecrona, 1995). LPL must 

remain bound to the endotheliai ce1 surface proteoglycans in order to act as a gate for 

lipid entry into the parenchymal cells. This is despite the efKects of blood flow on LPL and 

cornpetition nom other plasma HSPG-binding proteins (which are present in much higher 

concentrations than LPL) (Sivaram et d, 1994). Therefore, Use these other proteins, 

LPL is thought to have a second non-proteoglycan binding protein which acts to enhance 

its bindiag to the ceif d a c e .  A 1 16 kDa, non-proteoglycan protein with sequence 

identity to the N-terminal region of apolipoprotein B 1 O0 (apoB 100) has been discovered 

(Sivaram, Klein & Goldberg, 1992; Sivaram et ai., 1994). This protein is referred to as 

NTAB (N-terminal apo B) and may aiso enhance the binding of LPL to endothetid cells. 

NTAB is displaced Eom the d a c e  of endotheliai cells by heparin. As a consequence, 

hepah-pretreatment reduced the binding of purEed miUE LPL to cdtured endotheliai ceils 

(Sivaram et ai., 1992). 

Newly synthesized LPL is secreted by parenchymal cells and is bound to the cell 

d a c e  before translocation to the endothelial ceus. The binding sites on cardiac myocytes 

(and other parenchymal celis) are also thought to be HSPG (Braun & Seversoq 1992a). 

Heparin-induced LPL release fiom fkeshly isolated calcium-tolerant wdiac  myocytes was 

found to have two phases: a rapid release phase (5-10 min), which is thought to reflect the 

displacement of LPL fiom the surface of the cardiac myocytes, and a second, slower phase 

(10-60 min) which was dependent on protein synthesis and microtubular fiinaion 

(Severson, Lee & Carroll, 1988). The incubation of isolated rat cardiac rnyocytes with a 

phosphoinositide-specinc phosphoiipase C (PLC) has aiso been shown to release LPL into 

the medium (Braun & Severson, 199 1). The release of LPL by heparin and PLC was not 

additive and preincubation with heparin elhinateci the subsequent PLC-induced release. 

This indicates that LPL may be bound to two types of ceil d a c e  anchors: a heparan 

sulfate proteoglycan, and a heparan d a t e  proteogiycan covalentiy linked to the plasma 

membrane by a GPI membrane anchor (Braun & Severson, 199 1). GPI-Iinked 

proteoglycans are ais0 thought to be responsible for LPL binding to adipocytes but not to 

endothelid ceiIs (Goldberg 1996). However, LPL does not have a C-tenninal sequence 



for a direct GPZ linkage of the enzyme to the ceU surface (Bruin et al., 1994). 

2. LPL Characteristics 

2.1. Catalytic properties 

LPL is abundant in mïik, which faciiitated the pdca t ion  and characterization of 

the enzyme fiom bovine milk, though the functional purpose of LPL in miUc is not known 

(Oiivecrona & Bengtsson-Olivecrona, 1987; Garfiakel& Schotz, 1987; Wang, Hartsuck 

& McConathy, 1992). The physiological substrates of LPL are the TG nch lipoproteins. 

The enzyme has no detectable cholesterol esterase activity but does have a low but 

detectable phospholipase A, activity which is 34% of the TG hydrolase activity. LPL 

preferentidy hydrolyses the primary ester bonds in TG, generating sn-2 

monoacylglycerois (MG) and ftee fatty acids (Nilsson-Ehle et al., 1973). The sn-1 

position of the TG is hydrolysed at a higher rate than the sn-3 position (Akesson et ai., 

1983; Morley & Kuksis, 1972; P a i t a ~  Esfandi & Holasek, 1974). The MG accumulating 

as 2-MG is not a substrate for LPL. LPL wiil hydrolyse 1-MG d e r  it forms fkom 2-MG 

by isomerization (Nilsson-Ehle et al., 1973). LPL requires the presence of the fatty acid 

accepter, aibumin, for maximai activity (Scow & Oivecrona, 1977). In the presence of 

excess albumin the rate of hydrolysis is no longer dependent on the concentration of 

albumin. LPL is inhiiited by high concentrations of the apolipoprotein apo Cm high 

ionic strength and anti'bodies to LPL. As noted previously, LPL is activated by apo CII, 

which is a single chain polypeptide (Jackson et al., 1977) present on plasma chylomicrons 

and VLDL (Havel Kane & Kashyap, 1973). It is not known how this activation is 

achieved. Apo CII may cause a conformation change in the lipase, alter its orientation at 

the Lipid-water interface to enhance binding to the interface or alter the organization of the 

lipid substrate. Posner & DeSanctis (1987) stated that apo C-II activates LPL by enabling 

the displacement of the product fiom the active site by the substrate. 

2.2. DNA and transcription 

Complementary DNA clones for LPL derived from human, cow, guinea pig rat, 

mouse, sheep and chicken are available (reviewed in Auwerx, Leroy & Schoonjans, 1992; 

Enerback & Gimble, 1993). The cDNA for each of these has been sequenced and the 



amino acid sequence has been elucidated. At this level the gene is conserved 7742% 

between mammds and 61% between rnammals and birds. The protein itseff is over 90% 

conserved among mammais. LPL appears to belong to a family of lipases including 

pancreatic lipase and hepatic lipase, and d three Lipases ke iy  originated f?om one 

comrnon ancestral lipase. Gene mutations in humans have led to infiormation on the 

structure/function relationship and include: point mutations aitering the amino acid 

composition, prematurely tmcated LPL, major insertions into the gene and splice 

mutations. The genomic LPL gene has been cioned in a number of species including 

humans. The human gene spans 30 kilobases, has been mapped to p22 or the short arm of 

chromosome 8 and includes 10 exons and 9 introns. The exons are thought to code for 

the following: 1) a 5'-untranslated region and the signal peptide; 2) and 8) N-linked 

glycosylation sites; 4) an interfacial iipid binding domain; 5) the active site; 6) a domain 

which may be important in heparin binding and exon 10 codes for the 3' untranslated 

region (Braun & Severson, 1 Wh; Deeb & Peng, 1989). 

Based on the primary sequence, the homology to pancreatic lipase and the known 

x-ray crystallographic structure of pancreatic Lipase (Winkler, D'Arcy & Hunziker, 1990), 

severai hctional domains have been proposed for the enzyme. A catalytic domain with 

strong sequence homology to the domain in pancreatic Lipase is suggested in the central 

region. Another highly conserved region between amino acids 125 and 142 of the h m a n  

LPL is thought to be a part of a Lipid binding domain (Wion et al., 1987). Human 

pancreatic iipase is thought to have a lid or flap which covers the active site. LPL may 

have a flap structure between amino acid 216 and 239. The region involved in the 

interaction with the apoprotein aaivator apoCIl may be the first 3 14 amino acids of the 

proteia. A number of sites have been suggested to be important in the biading ofheparin 

and heparin biriding may depend on the tertiary structure of the proteh. In partidar, a 

region rich in posibively-charged amino acids around lysine 148 and 149 may be important 

in heparin binding (Yang et al., 1989). 

Mature LPL is a giycosylated protein with approximately 8% carbohydrate 

(Ivenus & OstIund-Lindqvist, 1976). The cDNA sequences of human, murine and guinea 



pig LPL contain three putative sites for KLinked glycosylation (Semb & Oiivecrona, 

1989). LPL may dso contain a PEST-rich sequence between amino acid 23 to 52 which 

is a sequence rich in the amino acids, prohe (P), glutamic acid (E), serine (S). and 

threonine (T) (Boivin & Deshaïes, 1995). This sequence is lcnown to modulate protein 

degradation and may be important in tissue specinc regdation of the degradation of LPL. 

LPL is encoded by a single gene, but is regulated in a tissue specific marner and 

therefore the transcription of LPL must be reguiated by tissue-specifïc rnechanisms 

(reviewed in Braun & Severson, 1992a). Four transcription initiation sites, two promoter 

elements and several enhancer motifs have been identined in the 5' upstream region of the 

LPL gene. Both negative and positive regdatory czs-acting elements have been identified. 

Recent evidence indicates that the LPL gene may contain a response element to 

peroxisorne proliferation-activated receptors (PPAR, reviewed in Schoonjans et al., 

1996). PPAR are members of a superfamiy of nuclear hormone receptors that act as 

ligand-dependent transcription factors (the response elements are designated as PPRE). 

PPAR heterodimerizes with retinoid X receptors, and aiters the transcription of its target 

genes. There are 3 subtypes of PPAR, a, P and Y, each with different activators and 

tissue expressions. PPAR-a is found in tissues with high FA cataboiism, including the 

hem, kidney, liver, intestinal mucosa and brown adipose tissue. PPAR-y is found in 

adipose tissue, whereas PPAR-P is abundant and ubiquitous, and is preferentidy aaiMted 

by F A  

In humans there are two LPL mWA species of approltimately 3 3 50 and 3 750 base 

pairs that are produced by alternative polyadenylation sites (reviewed in Auwerx et al., 

1992). The mRNA produces a proteh of 475 residues, minus the 27 amino acid signai 

sequence, leaving a 448 amino acid mature protein. The prediaed molecuiar weight is 

50,394 before glycosylation and 55,000 mol wt for the mature monomeric fom (the 

active form is a noncovalent homodimer). This weight is in agreement with the estimated 

moi wt obtained nom SDS-gel chromatography (Iverius & Ostlund-Lindqvist, 1976). 

2.3. Translation and processing 

LPL is syntheswd in the rough endoplasmic reticulum (ER) as a 50-55 kDa 



polypeptide (reviewed in Braun & Severson, 1992a; Severson & Carroll, 1995 ). As stated 

previously, U L  is a glycosylated protein The process of glycosylation involves the 

&ansfer of a Lipid-Linked oligosaccharide [Glc,Man, (G1cNac)J to arginine residues in the 

nascent polypeptide CO-translationdy (Braun & Severson, l992a). N-linked glycosylation 

is required for cataiytic actkity (Ong & Kem, 1989; Semenkovich et al., 1990). After the 

transfer of the oligosaccharide, the carbohydrate moiety then undergoes a number of 

transformations. The terminai glucose residues are removed by glucosidases in the 

endoplasmic retidum (ER), and this glucose trimming resdts in the activation of the 

enzyme in the ER (Ben-Zeev et ai., 1992; Carroi! et al., 1992 ). LPL retained in the ER is 

cataiytically active (Ben-Zeev et al., 1992), and cataiyticdy active LPL is a homodimer 

(Iverius & Ost~und-~indqvist, 1976). Since most proteins are oligomerized in the ER 

(Rose & Doms, 1988), LPL likely undergoes dimerkation in the a possibly as a result 

of this glucose trimmiag. 

Glycoproteins with high mannose oligosaccharide chains are sensitive to treatrnent 

with endo-P-N-acetyiglucosaminidase H (endo-H), and the conversion of a glycoprotein 

fkom a high-mannose (endo-H sensitive) form to a complex (endo-H resistant) fom marks 

its transfer f?om the ER to the medial tram-Golgi.(Vannier & Ailhaud, 1989; VaMier et 

al., 1 98 5), using puise-chase experiments ([3sS]methionine incorporation int O 

immunoprecipitable LPL) and endo-H sensitivity in 3T3-F442A cells, demoastrated that 

newly synthesized LPL in the ER contains high mannose oligosaccharides (endo-H 

sensitive), which are then processed into the complex f o m  (endo-H resistant) in the Golgi 

by mannosidases. Studies with mannosidase inhibitors have shown that the high-mannose 

fonn of LPL is cataiytically active (Ben-Zeev et ai., 1992; Semb & Olivecrona, 1989). 

Final processing of LPL occurs in the media1 truns-Golgi as complex oligosaccharide 

chains that are synthesized by giycosyltransferases (reviewed in detail in Braun & 

Severson, 1992a). Glycoproteins in the Golgi are sorted to: delivery to Lysosomes or 

delivery to the plasma membrane or incorporation into secretory vesicles (Braun & 

Severson, 1992a). Pulse-chase experiments have shown that LPL in adipocytes is rapidly 

tumed over, approximately 80% of newly-synthesized LPL was degraded (Vannier & 



Aiihaud, 1989). Turnover in myocytes is much slower as over 65% of radiolabeiied LPL 

was stiii present in the hart after a 90 min chase (Liu & Olivecrona, 199 1). 

2.4. Secretion and translocation 

LPL may be secreted constitutively, ie. it is secreted as it is synthesized without 

intraceiiular accumulation (Braun & Severson, 1992a), but the rate of this spontaneous 

secretion into the medium varies with the type of ceii. For instance, moderate rates of 

secretion have been reporteci for guhea pig adipocytes (Semb & Olivecrona, 1987) and 

Chinese hamster ovary ceiis (Rojas, Enerback & Bengtsson-Ohecrona, 1990), whereas 

very high rates of secretion have been observed in preadipocytes (Chajek-Shaul et al., 

1985) and 3T3 -F442A adipocytes (Vannier & Ailhaud, 1989; Vannier et al., 1989). In 

cardiac myocytes, the rate of spontaneous secretion is very Iow (Severson, Lee & Carroll, 

1988); instead, LPL is çynthesized, processed and then bound to the surface of cardiac 

myocytes (see section 1.2.3; Braun & Severson, 1992a). LPL is then transferred across 

the interstitiai space to vascular endothelial ceiis by an unknown mechankm (Figure 2). 

Blanchette-Mackie et al. (1989) proposed that this triiIlSfer occurs dong the HSPG that 

connect the parenchymal cells (cardiac myocytes) to vascuiar endothelial ceiis in the heart. 

LPL is then transferred across the endotheliai cells to the luminai d a c e .  The movement 

from myocyte to Iuminal d a c e  is rapid according to Liu & Oiivecrona (199 l), who 

perforrned pulse experiments with radiolabeiied methionine in pehsed rat hearts and then 

looked at the heparin-induced release of labeiied LPL. LPL appeared in the medium 

approximately 30 min f i e r  the start of the pulse. A saturable HSPGdependent 

translocation process for LPL has been characterized in aortic endotheliai ceils (Saxena et 

al., 1991). 

2.5. LPL at the vascdar endothehm 

LPL on the luminal surface of vascular endothelial ceiis represents the LPL 

fiaction respomile for the catabolism of triacylglycerols in cirdating Iipoproteins, and is 

therefore considered "functional" LPL (Figure 2). Endothelid ceiis do not degrade LPL 

but they do internaIize it, possibiy for recycling (reviewed in Braun & Severson, 1992a). 

LPL is released h m  the endothelid cells into the circulation and is taken up fiom 



circuiation* The amount of cCfimctionaln LPL on the endothelid ceU surface will therefore 

be determined by a balance of tramfier fiom the syathesiP,g cek, againn loss into 

circulation and reuptake. Reuptake in the heart, however, is qyite modest (10% in a single 

pass versus 5040% in the h e q  Chajek-Shaul et al., 1988) 

3. Regulation of LPL 

LPL regdation is tissue s p d c ;  for example, fasthg results in an increase in LJL 

activity in cardiac tissue, but a decrease in adipose tissues (Braun & Severson, 1992a). In 

the case of adipose tissues, the regulation of LPL may even Vary between specific adipose 

tissue subtypes (Fried et ai., 1993). Therefore, the focus of the remainder of this section 

will be on cardiac LPL unless otherwise noted. 

The regulation of LPL may occur at any stage, iacluding: transcription, translation, 

post-translational modification, N-Wed giycosylation, processing and dimerkation, 

secretion from the parenchymal ceil, binding to the parenchymal ceil surface, rraansfer 

across the interstitial space to the endothelid ce4 binding and uptake by the endotheliai 

cell and finally translocation across the endothelid celi to binding on the luminal d a c e .  

Difrent techniques for examining LPL activity in the heart have been developed and 

include: totai LPL activity in fiesh homogenates and acetone-ether powder; spontaneous 

and heparin-induced release of LPL from perfused hearts; and residual LPL activity in 

heart homogenates foiiowing heparin perbision LPL activity in isolated cardiac myocytes 

can be measured as activity spontaneously released h o  the medium, heparin-induced 

release of LPL, LPL remainhg in the cellular homogenates or totai LPL advity. 

3.1. Regulation of LPL in diabetes meIlitus 

Diabetes meildus is a pathologicai condition characterized by an inability to 

regulate blood glucose. Type 1 diabetes ( ï -dependent  diabetes mefitus) is 

characterized by hypouisulinemia, whereas Type II (non-insulin-dependent diabetes 

mellitus) in adults is characterized by tissue resistance to iDsulia Diabetes mefitus is also 

considered to be an independent risk factor for cardiovasdar disease. A number of 

metabolic disturbances are associated with insulin-deficient diabetes. In addition to 



hypergiycemia, there is an increased level of circulating fatty acids due to unrestrained 

adipose tissue Lipolysis. As a consequence of the reduced glucose uptake and utilkation in 

the diabetic heart, there is an increased reliance of the heart on fatty acids as an energy 

source for the myocardium (Lopasch& 1989). Elevated levels of nonesterified fhtty acids 

are found in the myocardnim of diabetic rats (Chattopadhyay, Thompson & Schmid, 1990; 

Kenno & Severson, 1985 ). Severe, uncontrolled, insulin-deficient diabetes is aiways 

associated with hypertrigiyceridernia, and the treatment of diabetes is associated with a 

decrease in plasma triacyiglycerols (02ooney et aï., 1985). Increased intestinal 

production of TG-lipoprotein occurs in diabetes (Ginsberg, 199 I), but the principal reason 

for hypertriglyceridemia in insulin-deficient diabetes is reduced catabolism (see Figure 4) 

(Ginsberg, 199 1; Sparks & Sparks, 1994). This decreased catabolism is due to two 

factors. First, alterations in the apolipoproteins of the TG-rich particles make them an 

inferior substrate for hydrolysis (Bar-On et al., 1984; Mamo et al., 1992; OZooney et al., 

1985 ). Apolipoproteins are ais0 involved in receptor-mediated remnant uptake, and 

aiterations to these proteins due to insulin-deficient diabetes may result in reduced remnant 

uptake (Cdow & Redgrave, 1993; Redgrave & Cdow, 1990). Second, diabetes can 

result in alterations to the enzyme responsible for triglyceride hydrolysis, LPL. Reduced 

LPL catalytic activity in tissues such as white and brown adipose tissue, skeletal muscle 

and heart in insulin-deficient diabetes (Deshaies et al., 199 1) will also contribute to the 

hypemiglyceridemia Alterations to LPL in diabetes may lead to a reduced uptake of 

iipoprotein remnants because of the non-cataiytic role of LPL as a ligand for LRP 

(Redgrave & Cailow, 1990). 

There is considerable evidence that LPL activity is reduced in the diabetic heart. 

Post-heparin plasma LPL is reduced in humam with diabetes (Taskinen, 1987). A number 

of studies with perfused hearts from rats after the chernical induction of insulin-deficient 

diabetes have found reduced LPL activity. Atkin & Meng (1987) found reduced heparin- 

releasable LPL in the perfiised hearts of rats made diabetic with dioxan. This has been 

confirmeci in a number of studies with rats made diabetic with streptozotocin (STZ) (Liu 

& Severson, 1995; Murase et al., 199 1; Olooney et al., 1985 ). However, Rodngues & 
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Figure 4. Causes of hypemiglyceridernia in insulin-deficient diabetes. 



Severson (1993) saw no effiect on heparin-releasable LPL activity f?om the perfiised hearts 

of Kyoto-Wîstar rats d e r  the induction of diabetes with STZ. In this rat main, STZ 

produces hypoinsuiinwiia and hypergiycemia but not hypertrigiyceridemia or elevated fiee 

fatty acids (Rodrigues & Severson, 1993). 

LPL activity in cardiac rnyocytes represents the precursor for the flnctionai 

endothehum-bound enzyme. A number of studies where LPL actMty in cardiac myocytes 

isolated fiom the hearts of rats made diabetic by STZ was measured have found that LPL 

is reduced. Severson, Larsen & Ramirez (1987) found that LPL actnrity is reduced in 

myocytes fiom rats made chronicdy diabetic (2 1-25 days) with 55 rng/kg STZ. The 

heparin-releasable and cellular LPL activities of cardiac myocytes isolated ftom severeiy 

diabetic rats (100 mgkg STZ) have been reported to be signiîïcantiy decreased &mirez 

& Severson, 1986; Braun & Severson, 199 1; Braun & Severson, 19926; Rodngues & 

Severson, 1993; Carroll, Liu & Severson, 1995; Liu & Severson, 1995). 

Assays of whole heart homogenates have rather inconsistent results (see Table 1). 

The LPL activity measured in these preparations has been found to be  decreased, 

unchanged, or increased. The reason for these discrepancies is not clear, but this 

inconsistency in the effect of diabetes on LPL activity has been found in other tissues 

(O'Looney & Vahouny, 1987). hconsistencies may be due to different assay techniques, 

methods of diabetic induction, the strain of rat and the seventy or length of diabetic 

induction. It is not possible to determine if LPL activity measured with whoIe heart 

preparations represents "fùnctional" LPL. Studies showing heart LPL activity to be 

unafEected or increased &er the induction of insulind&cient diabetes are difficult to 

reconcile with the observation that diabetic rat hearts have a reduced abiiity to hydrolyse 

chylornicrons (Kreisberg, 1966) or VLDL (02ooney et al., 1985; OZooney, Vander 

Maten & Vahouny, 1983 ). 

3.2. Role of insulin in LPL regdation 

Several studies have found that the in vivo administration of uisulin to animais 

made diabetic with STZ reverses the diabetes-induced reduction in c d a c  LPL activity. 

O'Looney et al. (1983) observed that the reducbon in heparin-releasable LPL activity f?om 



Table 1. EEkt of experimentally induced diabetes on LPL actiMty in whole heart 

homogenates or acetone powders. 

1 
E ffect Diabetic Induction 1 A s 8  J Method 

Raurama et al., 1980 

Kessler, 1963 

Nomura et al., 1984 Wktar rat 1 STZ 65 mglkg 1 homogenate 

Sprague-Dawley rat 

No effect 

mstar rat 

alloxan 50 mgkg 

acetooe-dried 

preparation 

acetone-dried 

preparation 

Linder et ai., 1976 1 CD rat (fexnaie) 
- -- 

homogenate pancreatectomy 

Wilson et al., 1987 1 Sprague-DawIey rat 

Swiss Webster 
- - 

STZ 215 mg/kg 

- -- .- -- 

acetone-dried Behr & Kraemer, 

1988 1 preparation 

Indera et al., 1992 

Tavangar et ai., 1992 Sprague-Dawley rat STZ 45 mgkg acetone-dried 

preparation 

Decrease 

Nakai et al., 1984 W~star rat 
- 

STZ 65 mgkg 
- 

homogenate 

Deshaies et al., 1991 Wistar rat 
- 

STZ 75 mgikg 
- -- 

tissue extract 

specific and total 

LPL 



perfiised hearts of STZ (65 mgkg) diabetic rats could be reversed to control levels by an 

ni vivo administration of insuIin (5U/rat) 2 hours prior to sacrifice. Deshaies et al. (1 99 1) 

examined LPL a&ty in hearts ofrats that  had been insulin-deficient (STZ 75 mgkg) for 

2 weeks and then implanted with insulin-delnrering minipumps (17 U/kg/day) for 4 days. 

The loss of LPL a c w  in the heart was partially recovered (65% over the insuiin- 

deficÏent values but only 3 8% of control values) following 4 days insulin administration. 

Braun & Severson (1992b) found that the reduction in heparin-releasable LPL and LPL 

activities remaining in the celi homogenates ofcarciiac myocytes isolated fiom diabetic rats 

(STZ 100 mgkg) codd be normalized by insulin administration (TU intravenous for 1 hr). 

Lnnilin administered in this manner to non-diabetic rats increased heparin-releasable LPL 

activity above control levels (Braun & Severson, I992b). 

In contmst to the in vivo research, no effect of in vitro insului administration has 

been observed. Braun & Severson (1992b) reported that incubating cardiac myocytes 

isolated fiom control or diabetic rats with insuIin (100-500 mU/ml) for up to 75 min had 

no effect on heparin-releasable LPL activity, LPL actiMty rernaining in the cellular 

homogenates or LPL spontaneously released into the medium E s  lack of effm on LPL 

aaivity was not due to damage to the UlsuIin recepton during coilagerme treatment to 

isolate the cardiac myocytes since glucose oxidation and protein synthesis were s t i  

stimdated by insulin. This Iack of a direct effea of insuiin niggests that insulin's in vfvo 

effect may involve some other in vivo factor, such as another hormone, or changes in a 

metabolite altered by diabetes, such as glucose or fatty acid. In the following sections the 

direct effects of glucose and FA on LPL will be presented. 

3.3. Glucose 

The effeas of glucose on LPL aaivity in cardiac rnyocytes has not been addressed. 

Several studies have ewmined the role of glucose in the regdation of LPL in adipocytes. 

Spooner et al. (1 979) cuitured 3T3-L 1 adipocytes for 24 hr in giucose concentrations 

varying fiom O -25 mM. They found that increasing the concentration of giucose fkom 0-5 

mM produced a smaii increase in LPL a&ty in acetone-ether extractions of celis. 

Further increases in glucose concentration produced littie effect, however. Stewart & 



Schotz (1971) observed that the spontaneous release of LPL actMty fiom rat epididymai 

fat celis in the presence of glucose (5 mM) inaeased in a hear fashion up to 45 min 

When these cells were incubated in the absence of glucose, spontaneous constitutively- 

released LPL reached ody 50% of the control(5mM glucose) Level after 30-45 min of 

incubation. Kornhauser & Vaughan (1975), however, found that there was no merence 

in spontaneously released LPL activity fiom rat epididymai fat cefls after 30 min of 

incubation in the presence or absence of 8-25 m M  glucose. Kern, Mandic & Eckel(1987) 

examined the effect of glucose concentration on LPL in 24 hr cultures of adipocyts 

prepared f?om human omental adipose tissue. They found that a giucose concentraton in 

the physiologicd range (5.5 mM) was necessary for maximal LPL activity released into 

the medium by hep& or in ceiI digests, but there were no m e r  increases in LPL 

activity with M e r  increase in giucose concentration LPL activity secreted into the 

medium increased at glucose concentrations ofup to 5 mM, but then decreased with 

inmeashg glucose concentration; LPL actMty was only 51*140/0 at 25 mM glucose. 

It is important to examine the possible role ofglucose in the regdation of LPL for 
# 

several reasons. Since hyperglycemia is one of the most weli-known symptoms of insulin- 

deficient diabetes, hyperglycemia may in fact be the missing in vivo regulator discussed in 

the previous section (3.2). The studies on adipocytes mentioaed in the preceding 

paragraph indicate that LPL aaMty in adipocytes may be affected by the extracellular 

glucose concentration- A final reason for examuÿng the effects of glucose on LPL activity 

is that glucose concentrations in the diabetic range of 2k1.M are routinely used in tissue 

culture. Ifthis "diabetic medium" affects LPL activity, this may be a confounding factor in 

LPL activity studies in vitro. 

3.4. Lipids 

In addition to the hypoinsulinemia and hyperglycemia found in insuiin-deficient 

diabetes, piasma triacylglycerols and free fatty acids are also elevated. For example, in the 

severe acute (4-5 days) rat model of diabetes produced by a 100 mg/kg dose of STZ, 

plasma tnacylgiycerols were elevated fiom 1.1 mM to 5.9 rnM and plasma fiee fatty acids 

fiom 0.32 to 1.6 mM (Rodrigues et al., 1992~). Are these elevated lipid levels responsible 



for the decrease in cardiac LPL found in diabetes? Accumulations of free FA or 

intermediates in FA oxidation in the plasma or cytosol, in sdlïcient concentrations, can 

disrupt myocardid ceU h c t i o n  (Rodrigues & McNeill, 1992). For exampIe, there is an 

increased oxygen requirement for catabolism, and the detergent-like properties of the FA 

may aIter membrane flttidity. Since LPL plays a pivotai role in the entry of FA into ceils of 

the underlying parenchyma, it is likely that a regdatory mechanism(s) exist for controhg 

the IeveIs of 6kct ional  LPL" during periods when the plasma lipids are elevated. 

Lipid level eledorrs may range &om a local, acute acnimulation of ETA during 

hydrolysis of a lipoprotein by LPL to a longer duration of pIasma lipid elevation after a 

fatty meal, to the chronic iipidemia seen in diabetes. In the foilowing sections, three 

responses of LPL to hi& lipid levels wiü be described: (i) a simple product inhi'bition of 

LPL by high FA levels; (ii) a displacement of fiinctiond LPL fkom the endotheiiurn in 

response to an elevation in TG or FFA; and (üi) evidence for the regdation of LPL by 

lipids. 

3-1.1. Prorhrct inhihirion of LPL activiîy 

LPL catdyzes the hydrolysis of TG to FA plus MG, and the enzyme 

activity is reduced by feedback inhibition Erom its product, FA III the absence of a FA 

acceptor such as E S 4  the enzymatic activity is severely m a i l e d  (Bengtssoa & 

Oiivecrona, 1980; Scow & Oivecrona, 1977), but cm be readily reversed when sufficient 

BSA is added back to the medium (Bengtsson & Olivecrona, 1980). FA may also act as a 

competitive inhibitor of LPL for the TG substrate (Posner & DeSanctis, 1987). LPL has 

4-6 high affinity buiding sites for fatty acids. Oleic acid, in high concentrations, binds 

cooperatively to LPL, Ieading to the formation of large complexes of 260-3 10 fatty acids 

per LPL monorner (Edwards, Chan & Sawyer, 1994). It is not known whether product 

inhibition is due to high affinity binding of fatty acids or due to this complex formation. 

The mechanism underlying this product inhibition is not known. However, FA in 

sufficient concentrations may inhibit the fiinction of the apo C-II activator (Bengtsson & 

Olivecrona, 1979), possibIy by inhibithg the binding of apo CII to LPL (Saxena & 

Goldberg, 1990). Product inhibition of this type is an ideal mechanism to deal with short- 



te- local accumulations of FA because it is rapidly rwersible when the FA is removed, 

thus Ieaving the enzyme irnmediately avdable for use. 

3-42. Displacement of LPL by lipids 

3 -4.2.a In vivo experiments on displacement 

The in vivo displacement of endothelium-bound LPL by plasma 

lipids has been investigated in a number of studies. Peterson et al. (1990) found that a 

rapid infusion of a TG emdsion into human male subjects produced elevated plasma TG 

and FFA levels, and increased plasma LPL a c t w ,  however, the t h e  course for the 

iucrease in LPL aaivity Mered nom that of the TG b e l s  and foiowed the levels of 

FFA Karpe et cil. (1992) administered an oral fat load to male human subjects using 

soybean oil as the fat source. Since soybean oil TG have a high Ievel of linoleic a d ,  it 

was possible to idenw the resuiting fkee fatty acids as exogenous. The fat Ioad produced 

a rise in plasma LPL activity that pardeiIed the postprandial increase in holeic acid. 

Hultin, Bengtsson-Olivecrona & Olivecrona (1 992) administered a TG emdsion to rats 

and found a gradua1 release of LPL activity into the plasma that peaked at the t h e  when 

half of the injected TG had been degraded. Using radiolabeled LPL, they found that an 

immediate effect of the emulsion was to increase the binding of LPL in the body areas 

which are comidered to be the major sites of LPL action: heart, adipose tissue, and 

skeletal muscle. This effect was no longer seen 30 min &er the emdsion was 

administered. They concluded that an increase in plasma TG rnay a a  to direct LPL to 

binduig sites in these tissues and that the resulting local rise in FFA ultimateiy displaced 

LPL from endothelid binding sites. Alternatively, Lespine et ai. (1993) injected fasted 

rabbits with cyclophosphamide and found that an increase in plasma TG was directiy and 

inverseiy correlated (F 0.64, p c  0.05) with plasma LPL activity. In conclusion, most of 

the in vivo evidence suggests that LPL is displaced fkom the endothelid wail when plasma 

TG or FFA levels rise. This displacement may serve to direct LPL to areas where it is 

required when hpid levels are hi@, such as the adipose tissue. Aitemtively, LPL 

displacernent may serve to protect the ceiis fiom excessively high local levels of FFA 



3 -4.2.b. In vitro experiments on displacement 

There is some M vitro evidence which supports the hypothesîs that 

LPL binding is reduced by FFA Saxena & Goldberg (1990) found that LPL bound to 

heparin agarose couid be displaced by fatty acids. Oleic a d ,  in a 1 : 1 molar ratio of fatty 

a d  to BSA (0 -44 mM oleic acid), displaced 30% of bound radiolabeiied LPL. A much 

higher concentration of oleic acid (6: 1 molar ratio or 2.64 mM oleic acid) displaced 78%. 

SimiIar results were seen with palmitoleic acid, which is aiso a monounsaturated fatty acid. 

Linoleic and arachidonic acid were less effective and saturateci fatty acids and 

eicosapentanoic acid (EP A) were relatively ineffective. However, Peterson et al. (1 990) 

found that high concentrations of linoleic acid (3-7 mM) couid displace LPL fiom heparin 

agarose, but only in the absence of albumin. 

Fatty acids and TG-rich lipoproteins were a i s 0  shown to displace LPL fiom the 

d a c e  of primary cultures of porcine aortic endothelid ceiis (Saxena, Wme & Goldberg, 

1989). As endothelid cels do not synthesize LPL, purified bovine rnillc LPL was &st 

bound to the cdtured ceUs. The endothelid ceils with bound miik LPL were incubated for 

1 hr in the presence of purifïed human lipoproteins. Radiolabeiled bound LPL and ceii 

asso tiated LPL activity levels were reduced foiiowing incubations with iipo prote&. 

Chylomicrons were more effective in displacing LPL than VLDL and both were more 

effective than HDL or LDL. Incubation with an htraiipid emulsion also refeased LPL, 

and this release was increased (32% to 68%) when the LPL activator was added, 

indicating that the products of lipolysis may be important in the release of endothelium- 

bound LPL. Incubations with oleic acid in molar ratios to BSA of 1 : 1 (0.44 mM fatty 

acid) also resulted in a release of radiolabeiied LPL and LPL activity (up to 20% of 

coatrol). A 6: 1 molar ratio of oleic acid (2.64 m .  fatty acid) released 80% of ceil- 

associated LPL activity. It shodd be noted that this is a very high fatty acid 

concentration, more than 2 times the plasma concentration of fatty acids (1 -6 mM) seen in 

an acute severe diabetes mode1 (Rodrigues & Severson, 1993). In another paper, Saxena 

& Goldberg (1990) compared various fatty acids for their capacity to release radiolabelled 

LPL from dtured aortic endotheiîal celis, and observed that oleic acid was the most 



effective, foiiowed by tinoleic and arachidonic acid. The saturateci fatty acids, palmitic and 

myristic acids as weli as the polyunsaturated fatty acid EPA, were relatively ineffective in 

reIeasing LPL. It is however not known ifthe exogenous bovine miUr LPL binds to (or is 

released eom) these porcine endothelial ceiis in the same manner as native LPL that would 

be produced by the parenchymal ceus. 

In contrast to this research on cultured endothelial ceUs, studies on perfirsed tissues 

and studies which examined isolated or cultured parenchymal ceiis do not support the idea 

that fatty acids displace LPL. Sasaki & Goldberg (1992) looked at the displacernent of 

radiolabelled p d e d  bovine miIk LPL fiom a cultured brown adipocyte precursor ceU h e  

(BFC-1 P ceus) by tipoproteins, and the products of TG iipolysis in incubations up to 1 hr. 

They found that VLDL (but not LDL or HDL) released the labelled LPL into the 

incubation medium, and that this release was dependent on the hydrolysis of the TG; LPL 

was not released when the celis were incubated in the presence ofapoCII-deficient VLDL. 

However, incubation of the BFC-1 P ceiis with the products of hydrolysis, oleic acid (up to 

5: 1 molar ratios with BSA; 2.2 mM), monoacylgIycerol (MG) or diacylglycerol (DG) did 

not release LPL. Even oleic acid up to a concentration of O. 1 mM (minus albumin) failed 

to release LPL fiom these cells. The physiological si@cance of LPL reIeased f?om 

parenchymal ceils by VLDL and not by fatty acids is not cIear as large TG rich particles 

(uniilce fatty acids) are virtualiy lacking in the interstitial fluid (Vessby et al., 1987). 

Sasaki & Goldberg (1 992) found that high concentrations of lysophosphatidyIcholine 

(LPC), a iipolytic product due to the phospholipase A, action of LPL on 

phosphatidylcholine in iipoprotein particles, displaced LPL into the medium, but this 

release was greatly reduced in the presence of aibumin. Kirkiand et al. (1994) also found 

that 45 min incubations of cuitureâ rat adipocyte precursor celis with oleic acid (0.1 mM) 

produced no release of LPL activity into the medium, 

In addition, there is no experimental evidence that LPL is displaced fiom other 

tissues by iipids. ShuMa, Tapscott & Barakat (1989) perfiised rat hindquarters, a tissue 

which includes adipose tissue and myocytes, and observed that 7: 1 molar ratios of htty 

acid:BSA failed to displace LPL activity into the perfùsate. Tissue LPL activity was also 



unaf5ected by the peminoe Rodrigues, Spooner & Severson (1992a) examined the 

effects of pertiishg a rat heart with 0.9 m .  oleate (6: 1 molar ratio of fatty acid to BSA) 

and found no signincaat increase in pefisate LPL acevitycevity Liu & Severson (1995) ais0 

perfused rat hearts with 0.1 mM LPC, and found that only a s d l  amount of LPL 

activity was released, and only in the absence of aibumin. The physiological relevance of 

release in the absence of albumin is not known but it is unlikely to reflect the in vivo 

situation. Chajek, Stein & Stein (1978) incubated dtured rat heart mesenchymai cells in 

the presence of rat VLDL (and albumin) for 2 hr and found no release of LPL activity into 

the medium and no decrease in ceii associated actîvity. Rodrigues, Spooner & Severson. 

(1992a) incubated isolated cardiac myocytes with 0.9 mM oleate (6: 1 molar ratio) for IO- 

60 min and found no significant release of LPL activiv, MG7 VLDL and a radiolabeued 

triolein emdsion also failed to release LPL activity into the medium. 

There is some in viko evidence that LPL bound to endotheliai celis, ie. "fiinctionai 

LPL,", is displaced by the lipid products of the LPL-mediated hydrolysis of lipoproteins 

(Saxena & Goldberg, 1990; Saxena et al., 1989). This is consistent with the in vivo 

evidence that elevated @id Levels displace LPL from the endothehm into the plasma 

(Peterson et al., 1990; Karpe et al., 1992; HUI@ Bengtsson-Ohecrona & Olivecrona, 

1992). Such a mechanism could permit LPL to move to sites where lipid uptake would be 

beneficial (by displacement, movement through the plasma and re-binding by HSPG in 

another organ), or it may protect the underlying parenchymal tissue eom excessive FA 

entry. This type of displacement mechanism would be both e f f ' ive  and efficient for 

short tirne penods, such as a post-prandial lipid elevation. However, it would not be 

efficient for the longer Mie periods as LPL would have to be continuaiiy replaced fiom 

the parenchyma. 

Studies on the displacement of LPL fkom the parenchymal cells themselves 

generaliy do not support such a displacement mechanism. The physiologicai relevance of 

the displacement of LPL fkom parenchymal ceils is not clear. Wouid this displaced LPL 

then move to the endotheiial cells and would this result in an increase in the "~ctional 

LPL" on the luminal d a c e ?  Alternatively, would this LPL be targeted for uptake and 



degradation by parenchymd cells, and thus result in a decrease in the level of LPL on the 

luminal surface? 

3.4 3. Regdatr-un of P L  

LPL activity is regulated by fipids by a produa inhibition mechanism, and 

LPL actions may be regulated by displacement of the fùnctioiial enzyme &om the 

e n d o t h e h  Do plasma TG or the FFA produas of lipolysis regdate LPL by more 

sophisticated mechanisms? (see Figure 5) The foiiowing section wdl examine the in vivo 

and in vitro evidence for the regdation of LPL by iipids. 

3 -4.3 . a  In vivo experiments on LPL regdation with plasma lipids 

There is some evidence that increased plasma levels of TG are 

correlated with a deche in LPL activity in the heart (or vice versa). The administration of 

100 mg/kg STZ to Sprague-Dawley rats produced a marked decrease in heparin-releasable 

LPL fiom perfused hearts (Braun & Severson, 1992b; Rodngues & Severson, 1993), 

heparin-releasable LPL activity and LPL advity remaining in cellular homogenates f?om 

isolated cardiac myocytes, and a marked elevation in plasma TG and FFA (Braun & 

Severson, 1992b ; Rodrigues, Spooner & Severson, 1992a) . Sugden, Holness & Howard 

(1993) studied the effect of fasthg on LPL levels in acetone-ether preparations of cardiac 

tissue. They found that LPL activity increased to a maximum at 12 hr and then decreased 

fiorn 12 to 24 hours, but that the activity remained elevated above controls throughout 

this period and the subsequent 6 hr refeeding period. They noted that the initial increase 

in LPL activity correlated with depressed levels of TG and that this decline in TG 

correlated with a penod previously shown to have elevated levels of FFA. Lespine et al. 

(1993) found that increased plasma TG levels produced by injecting rabbits with 

cyclophosphamide were correlated with decreased LPL activity in heart homogenates. 

Friedman, Stein & Stein (1979a) administered the dnig 4-aminopyrazolo-3,rl-d-pyrimidine 

(4-APP) to rats and then measured LPL actMty in heart, fat and liver homogenates. 4- 

APP produced a marked decrease in plasma TG-rich lipoproteui levels, and produced a 

rise in LPL activity in the heart. 

Rodrigues et al. (1 992c) altered plasma TG levels with a number of agents and 
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Figure S. Regdation of LPL in the adult hem by &tiy acids. FFA accumulate during the 

hydrolysis of TG-rich lipoproteins. At high concentrations, these FFA may &'bit LPL 

activity (product inhibition). FFA may also displace LPL bound to the surface of the 

endothelium, and may aiso regulate the enzyme by an unknown mechanism. 



examined the effects on heart LPL activity. The drug 4APP reduced plasma TG levels 

(from 1.1 to 0.08 mM) and increaseâ heparin-releasable LPL fkom perfûsed hearts. The 

administration of 4-APP to diabetic rats (STZ; 100 mg/kg induction) resulted in a 

decrease in TG (from 5.9 mM to 0.71 mM) and an increase in hepa~-releasabie LPL, but 

not to control ievels. FFA levels were not significantly reduced by 4APP treatment of 

either control or diabetic rats (Rodrigues et al., 1992~). The inhibition of peripherai 

lipolysis of TG-rich lipoproteins by Triton WR-1339 produced an increase in heparin- 

releasable LPL by cardiac myocytes made diabetic with STZ (100 mg/kg; RoRodngues et al., 

1992~). The acute intraperitoneal administration of heparin (1 hr) to control rats 

produced a ciramatic deciine in plasma TG levefs but no effect on heparin-releasable LPL. 

It shodd be noted, however, that plasma ET4 which were not measured with this 

cornpound in this study, wodd have been signiscantly elevated with heparin 

administration. However, the acute duratioa of this experimental intervention is Merent 

fiom the chronic hyperlipidemia which characterizes insuiin-deficient diabetes. Thus, a 

number of in vivo midies show a correlation between elevated TG (or FFA) levels and 

decreased LPL activity (or vice versa). 

However, a nurnber of other studies have indicated that the relationship between 

plasma TG (or FFA) did not clearly correlate with LPL actïvities in the heart. The 

induction of a d d e r  form of diabetes using 60 mgkg of STZ produced a decrease in 

heparin-releasable LPL fkom heart perfusates, but no change in heparin-releasable LPL 

activity or LPL activity remainine in the cellular homogenates in isolated cardiac myocytes 

(Liu & Severson. 1995). The hypertriglycendemia produced by 60mg/kg STZ is much 

Iess severe than that produced with 100 mgkg STZ (1 -26 mM versus 5.5 mM). Fructose- 

feeding of rats aiso produced a mild hypertrigiyceridemia (0.75 mM to 1.78 mM), which 

resulted in no changes in heparin-releasable LPL activity from perfùsed hearts or heparin- 

releasable LPL activity or cellular LPL activity Eom isolated cardiac myocytes (Liu & 

Severson, 1995). Thus, these experimental results did not support the hypothesis 

(Rodrigues et al., 1992c) that hypertriglyceridemia could produce a reduction in LPL 

activity in cardiac myocytes as a compensatory mechanism to prevent the chronic over- 



supply of FFA to the myocardiurn. It is possible that the miid hypertrigiycendemia 

produced in these two studies (1 -26 mM and 1.78 mM) was below the threshold necessary 

to reduce LPL activity. The use of STZ at 100 mgkg in WKY rats produced even more 

intriguing results (Rodrigues & Severson., 1993). TG and FFA levels were not elevated in 

this diabetic model; heparin-releasable LPL Eom the perfbsed hearts of these diabetic rats 

is not reduced, although heparbreleasable LPL a a M t y  and cellular LPL activiîy fiom 

isolated cardiac myocytes was reduced. 

In conclusion, some m vivo studies have found a correlation between elevated 

plasma lipid levels and decreased LPL aaMty in the heart, whereas others have found no 

such correlation. It is difficuit to isolate the effects of lipids aione in in Mvo models, 

particularly in a complex pathophysiological situation such as diabetes. Relevant hormones 

or other factors may be affkcted by the treatment used to produce the elevation in plasma 

lipids or by the Iipid elevation itself. There are also other problems with in vivo models. 

Plasma lipid levels do not reveal local accumulations or indicate the level of FFA diredy 

available in the interstitiun to the parenchymal ceiis. It is difEcult to d e t e d e ,  with an in 

vivo model, whether the decreased LPL levels are a cause of the elevated TG levels or the 

effect. In addition, studies which found a correlation between plasma lipids and decreased 

LPL activity in tissue bomogenates cannot exclude the possibtlity that LPL was displaced 

Erom the endothelium of the tissue. 

3.4.3. b . In vitro experiments on LPL regulation 

In order to circumvent some of the dinidties, describeci in the 

previous paragraph, some investigators have examined the effect of lipids on LPL 

regulation in Mtm. Friedman, Stein & Stein (1979b) incubated cuitured rat heart 

mesenchymal ceUs with 500-2000pM oleate for 2 and 6 hr, and found a decrease in the 

cellular a d *  at 2 hr (to 46% of control) and 6 hr (to 64% of control), and in the 

heparin-releasable actïvity at 2 hr (45%) and 6 hr (61%). They also found an inhibition in 

these activities when mesenchymal ceils were incubated for 3-5 hr with VLDL (0.075-0.75 

mg TG). Ln a previous paper, this group had found that incubations with VLDL for up to 

2 hr had no effea on LPL activÏty (Chajek et ai., 1978). These ceii cultures consist 



primarily ofmesenchymai ceus with a morphologicai appearance of smooth muscle cells 

and fibroblasts (Chajek, Stein & Stein, 1977). The relevance of this data to adult heart 

cells is not knowq where cardiac myocytes are the exclusive source of LPL synthesis 

(Camps et al., 1990; O'Brien et ai-, 1994). 

Several midies have examined the effect ofiipids on cuItured adipocytes. 

Chernick et al. (1986) exposed 3T3-L 1 m u ~ e  adipocytes to 3 -8 mM oleic acid (6.5 

molar ratio to BSA) for 45 min and found no effecr on cellular LPL activity in acetone- 

ether celiular extracts. Aburnrad et ai. (1 99 1) incubated diffierentiated BFC- 1 adipocytes 

in 60 pM oleate for 18 hr and found no e E i  on LPL mRNA On the other hand, 

Montalto & Bensadoun (1 993) exposed avian preadipocytes to fatty acids (oleic, lino leic 

and eicosapentanoic acid) or to Iipoproteins nch in these fatty acids for 9 days, followed 

by a 48 hr penod -out fatty acids and a 5 hr exposure to heparin. They found that 

linoleic acid and EPA produced a decline in LPL mRNA level, LPL synthesis, and LPL 

mass (rneasured by enryme linked immunosorbent assay or ELISA). Furthemore, a short 

t e m  exposure (8 hr) to linoleate or EPA was ineffective, and oleic acid was relatively 

ineffective. LPL activity was not measured in this study (Montaito & Bensadoun, 1993). 

In contrast, Kirkland et al. (1994) found that incubation of a primary culture of rat 

preadipocytes with 100 jM oleic acid reduced heparin-releasable LPL (to 4% of 

controls), LPL activiîy in acetone-ether ceII extracts (to 33% of controls) and LPL mRNA 

levels. This inhibitory effect reached a marcimuxn at 6 hr, although as iittie as a 15 min 

exposure to 100 pM oleate followed by a 6 hr culture inhibited LPL activity in the 

acetone-ether ceII extracts to 74% of controls. Surprisingly, the inchion of BSA in the 

medium did not affect the reduaion in LPL activity. Amri et ai. (1996) looked at the 

effect of holeic acid (250 CiM) and 2-bromopalmitate (100 pM), a non-rnetaboiîzable 

fatty a d ,  on adipocyte and preadipocyte celi lines. They found a 6-fold increase in LPL 

mRNA at 24 hr and a contrashg 4fold decrease in LPL activity in ce1 lysates, and an 

almost complete abolition of heparin-celeasable LPL activity . Similar effects were 

observed with other long chah faîty acids (palmitic, myristic, oleic and arachidonic acids), 

but no inhibitory effect was seen with short chah fatty acids. They also found no c h g e  



in LPL synthesis or degradation, uidicating that the regdation of LPL by the fatty acids 

was post-translationai. 

Some preliminary research has been done on the e e a s  of iïpids in isolated cardiac 

myocytes. Rodrigues, S pooner & Severson (1 992a) incubated isolated cardiac myocytes 

with 0.15 - 0.9 mM oleate (1: 1 - 6: 1 molar ratios with BSA) for 060 min and found no 

e f f i  on heparin releasable LPL aaMty or LPL aaMty remaining in the celluIar 

homogenates. Similar negative resuits were obtained when the ceils were incubated with 

2-monolein, a molein emulsion or VLDL (note that cardiac myocytes are not exposed to 

VLDL in vivo but this experiment was conducted to give a more localized accumulation 

of FFA). Freshiy isolated ceils cannot be maintained for long penods in suspension, so 

these experiments could not mimic the in vivo situation of diabetes with chronic changes 

in hormones and metabolites. Therefore, in order to increase the exposure time to Lipids 

(Rodngues, Spooner & Severson, IggZb), cardiac myocytes were isolated in the presence 

of 0.6 mM or 0.9 mM oleate (4: 1 or 6: 1 molar ratio with BSA); ceils preincubated for 5 

min with heparin (to displace surface-bound LPL) were resuspended in fiesh medium., and 

the recovery of h e p a ~  releasable LPL activity was measured. Cardiac myocytes isolated 

in the presence of oleate had a reduced recovery of heparin-releasable LPL (approlamately 

30% reduction after a 3.5-4.0 hr exposure). This method of incubation is not ideal as the 

cek  were exposed to the iipid at varying temperatures (some of the isolation is perfonned 

at room temperature and some at 3 7" C) for varying periods of time (1 -54.0 hr). The 

physiological relevance of the exposure of the cells to oleate while undergohg collagenase 

digestion is not clear. This preliminary data indicated the need for a method for long term 

incubation of isolated cardiac myocytes, necessitating the development of a primary 

culture model. 

In conclusioq there is some in Mbo evidence that LPL activity is regulated by an 

additional mechaniSm, other than product inhibition or enzyme displacement, in 

mesenchyrnal ceils, adipocytes and possibly cardiac myocytes. When taken together with 

the intriguing possibilities raised by the i#z vivo regulation studies, this suggests that M e r  

research is required into the regulation of LPL by lipids in parenchymal ceiis such as 



cardiac myocytes, and in particuiar the long terni regulation that can be best studied using 

a cdture mode1. 

3.44.  Do lipidr regdate P L ?  

The short answer is yes; LPL activity is known to be atîenuated by the 

presence of high concentrations of FA LPL may be displaceci fkom the endothehum by 

elevated TG and/or FA levels, but do Lipids d i r d y  regulate the LPL enzyme? The in vivo 

research suggested a correlation between elevated piasma Iipids and reduced LPL activity 

in some organs. These hdings support the possibility that Iipids may directly regdate 

LPL activity, but because the LPL activity was measured in tissue hornogenates, a 

contribution of displacement from the endothelium to this reduced activity cannot be mied 

out. However, the studies on cultured adipocytes and mesenchymal heart cens described 

in the previous chapter clearly point to LPL regulation by exogenous lipids in these cell 

types. The question is therefore whether Lipids reguiate LPL activity in the adult hem? 

T'lis is a question best considered by using the cultured cardiac myocyte model. 

4. Culture of Udated cardiac myocytes 

Cardiac tissue consias of neural elements, smooth muscle ceus, fibroblasts, and 

endothelid cells, as welI as cardiac myocytes. Cardiac myocytes account for 80% of the 

heart's mass but only 20% of the heart ceU population (Jacobson & Piper, 1986). This 

variety of ceiI types makes it diflïdt to attribute tissue characteristics to any one cell type, 

and therefore methods to isolate cardîac myocytes have been developed (Jacobson & 

Piper, 1986; Rodrigues & Severson, 1997). Jacobson (1977) descriied the fkst 

preparation of isolated, calcium-resistant cardiac myocytes, and fiesMy isolated cardiac 

myocytes have been used as an expedentai mode1 since this time. However, fkeshiy 

isolated ceils may have abnormal rnetabolic properties for severai hours d e r  isolation 

(Claycomb, Burns & Shepherd, 1984), and collagenase digestion may have altered the celi 

surface in some rnanner (ceii-surface heparan sulfate proteoglycans, for example, rnay 

have been altered). The culturing of cardiac myocytes may reduce this problem by 

allowing the ceiis time to "rest and repair" d e r  the stress of isolation. Myocytes can not 



be maintaineci for more than a few hours in suspension with reasonable viability. Myocyte 

d t u r e  thus permits the study of more Long term responses caused by experimentai 

manipulations, by allowing the use of longer incubation times with hormones and other 

metabolites. 

Two different models of ce1 culture have been developed. ln the first model 

(Jacobson & Piper, 1986), cens are seeded onto surfaces such as gelatin or coilagen 1 and 

maintained in a complete dture mednim supplemented with s e m .  In this model 

elongated rod-shaped cardiac myocytes adopt a more rounded shape; within 3-5 days, 

these myocytes de-Merentate and lose their myotypic structures and organelles, such as 

myofibrils and intercalated discs. This is folIowed by a spreading and flattenùig phase 

which resembles differentiation during ontogeny (desmibed in Eppenberger, Hertig & 

Eppenberger-Eberhardt, 1994). This spreading and flattening phase is Uustrated in Figure 

6(A,B). The cells tend to join into a multicellufar syncitium and then resume contraction, 

ie. re-differentiation, This rnodef fias therefore been referred to as the "rewerentiated" 

model. Typicaüy, 10-14 days in Mtm are reqyired to regain stable myotypic features, and a 

large number of ceUs may be maintained in this marner for up to 2-3 months. Myocytes 

cultureci with this model rnetabolicdy resemble the m siru heart and pertiised hem in their 

preference for fatty acids over glucose as an exogenous energy substrate (Claycomb et al., 

1984), or for endogenous lipids (Piper et al., 1986). 

In a second modei, ceils are seeded onto a senim-, laminin- or colagen N- 

pretreated d a c e  where cell adhesion occurs within a few hours (reviewed by Jacobson & 

Piper, 1986). This model is refened to as the "rapid attachent" model and an example of 

ceils cultureci by this method is seen in Figure 6(C). The cells are dtured in a defined 

medium without added s e m  Laminin pretreatment has advantages over senim 

pretreatment in that laminin is a weii-defined substrate, and cardiac myocytes are known 

to bind to it efficiently. Cells prepared in this manner do not contract spontaneously, and 

can maintain their myotypic morphology for about 1 week (Jacobson & Piper, 1986). The 

ultrastructure of these ceUs is normal with myofibrillar, sarcomeric, mitochondrid, 

sarcoplasmic retidum and T-tubule structures maintained. These myocytes retaùi their 



Figure 6. Cardiac m!-ocytes cultured with the re-differenriated modef and the rapid 

amchment rnodel. A and B: Cells cultur~d with the redifierentiation mociel. Cardiac 

rn~oc-es cultured wkh the addition of 16% fera1 caif s e m  for 14 days (redifferentiated 

rnodel) and then stained with an ancibody to sarcomenc B-acMin dernomte the 

chzrâcreristic spreadins and ff attening phase. Photograph courtesy of Dr. G. KargaCin, 

C This ceil was cultucd with the rapid attachment mode!, shown hue 24 hr der 
- .  
iscinion (a-actinin srained) Photooraph by M s .  h j l i  Accharya 



abitity to synthesize contractile protek, but at a lower rate than fkeshly isolated celis 

(Dubus et al., 1990). Despite the lack of contractile actMty or hormone stimulation 

associated with this modei, total protein synthesis deciines only 19% between the first and 

third days in dture (Dubus et al., 1990). Myocytes culîured by this method undergo 

some sigdicant alterations including: reversion to a fetal phenotype with regard to an 

upregulation of P-myosin heavy chah and a-skeletd actin genes (hibus et al., 1993); a 

decline in contrade fùnction, as measured by cell edge motion, of 30-50% d e r  6-24 hr 

in culture; and a 68% shortenhg of the action potential duration (Elhgsen et al., 1993). 

These changes reflect the noted plasticity of Werentiated cardiac myocytes (Eppenberger 

et al., 1994). Cells prepared with the rapid attachent model are coasidered to provide a 

good model of in vivo cardiac myocytes in the basal metabolic state (Jacobsen & Piper, 

1986). 

Volz et al. (199 1) cuitured cardiac myocytes using tbis modei, but with the 

addition of 0.1 pM insulin, 5 mM c r e a ~ e  2 mM carnitine and 5 mM taurine and the 

omission of glutamine. They observed that the longevity of the ceIls could be increased; 

the half-Me or t h e  to reach 50% of the inital number increased fiom 2 days to 14 days. 

An example of the potential value of culturing cardiac myocytes is the use of this 

technique to Uivestigate the regdation of pymvate dehydrogenase (PDH) aavity by 

culture in the presence or absence of potential regdators such as n-octanoate or diibutyryl 

CAMP (Marcbgton, Kerbey & Randle, 1990; Ortàli et al., 1993). The reguiation of PDH 

actvity was also studied by exposing rats to a potentid regdatory condition such as 

starvation or a hi&-fat diet, and then cuituring the cardiac myocytes from these starved 

rats under control conditions or in the presence of various potential regdators 

(Marchington et al-, 1990; Orfali et al., 1993). 

5. Conciusions 

The regdation of LPL in the heart appears to be cornplex It is important to 

determine the role oflipids and glucose in this reguiation, particdarly in 

pathophysiological conditions such as diabetes where myocardial LPL activity is reduced. 



Previous m vivo research in this fieId is interesting, but due to possiile interactions 

between regulators and possible contributions of various cell types to the concentration of 

"fhctional LPL,", it is important to examine the regdation using isolated cell types. 

Newly isolated myocytes may not be norrnai due to the requirement for low calcium levels 

during the isolation, and the action of proteolytic enzymes as contaminants in crude 

collagenase preparations. The use of a culture mode1 permits the ceiis to recover fkom the 

insult of isolation and dows the use of long term incubation with possible regulators. 

6. Objectives 

The t3st objective of this thesis research project was to establish and optimize a 

culture system for isoIated cardiac myocytes for our laboratory. Research using c u l ~ e d  

cardiac myocytes is d relatively uncornmon (Volz et al., 199 l), and more importantly, 

no studies on LPL regdation have been performed using cultured cardiac myocytes. The 

second objective of this study was to characterize the LPL activity from cultured cardiac 

myocytes and to compare this activity with that of the previously studied Ereshly isolated 

ceil rnodel. The Çid objective of this study was to examine the effects on LPL actMty of 

several components of a "diabetic medium", namely, elevated glucose and fatty acid leveb. 



CHAPTER TWO: METEODS AND MATERLUS 

1. Methods 

1.1. Isolation of ventridar cardiac myocytes 

Ventricular myocytes were isolated fiom ad& rat hearts by mofications to the 

techniques origindy desmïed by Kryski, &MO & Swenon (1985), and as recedy 

reviewed by Rodngues & Severson (1997), except that aseptic techniques were used in a 

laminar flow hood. The basic incubation and isolation buffers were prepared fiesh on the 

day of the cell isolation. The basic incubation medium was Ioklik MEM (pH 7.4) 

supplemented with 1.2 mM MgSO, 1 m .  DL-camitllie, 100 W/ml penicillin and 100 

pgml of streptomycin (Jok-A buffer), which was fiitered through a 0.22 micron filter 

(Costar 9; Fisher Scientific). Note that these filters were previously washed by filtering 

approximately 500 ml of distilled water through the fïiter and discarding the filtrate. This 

is due to the presence of ''wetting agentsy7 on the filters which I found to be highiy toxic to 

cardiac myocytes. AU of the buffers used subsequentiy were prepared by supplementing 

this basic medium. On the day of the experiment, male rats (Sprague-Dawley, 180-250 g) 

were injected intraperitondy with heparin (Hepaiean@; 2 unitdkg body weight) and 

sodium pentobarbitai (200 - 250 pl of a 50 mg/d solution) 30 min before sacrifice, and 

the anesthetized rats were then killed by decapitation. The heart was rapidly removed, the 

aorta cannulated and then perfùsed retrogradely for 5 minutes at a rate of 6-7 d m i n  with 

Ca" -f'iee b&er (basic lok-A buffer) using a perfusion apparatus (Rodrigues & Seversoq 

1997) to remove blood fi-om the coronary ciradation. The heart was then pefised with 

the basic incubation buffer supplemented with 25 pM CaCI, 85-100 mitdm1 collagenase 

(Worthington type II, 142 U/mg), and 0.1% (weight/volume) essentiaiiy fatty acid-fkee 

bovine senun albumin or BSA (enzyme bufïier) for about 12 minutes. The hearts were 

then cut dowq and the fiaccid ventncular tissue was removed and incubated in the basic 

incubation bufEer supplemented with 25 pM CaCl, and 0.2% BSA in an orbital water bath 

(Lab-line; 100 cycledmin) for 10 minutes. Calcium-intolerant cells (hyperconmed and 



round) were removed by aspiration, and the rernaining tissue pieces were incubated in 13 

mi of the enzyme b a e r  for another 7 minutes in the waterbath (140 cycledmin). The 

dispersed cells were collected and resuspended in the basic bufFer supplemented with 100 

p M  ca2+ and 0.2% BSA . AU further incubation and culture buffers were supplemented 

with 0.2% BSA and varying concentrations of calcium. The myocytes were then 

centrifuged at 45 g for 90 s, resuspended in 10 ml of basic bufEer (250 pM Ca2+) and 

resuspended as before. The ceil peilet was then resuspended in 15 ml of b d e r  (500 pM 

Ca2+), nItered through a 200 micron silkscreen mesh, and cardiac myocytes were coilected 

by ailowing them to settle at 1 g for 15 min. The ceils were finaily collected in the culture 

medium (basic b s e r  supplemented with 0.2% BS A and 1 mM ca2+). The t h e  elapsed 

between the initial perfusion of the kart and the isolation of the myocytes was typically 

1.5 - 2 hr. This method of isolation yields a highly enriched population of calcium-tolerant 

myocardial celis; no contamination of the myocytes with erythrocytes, adipocytes, or 

microvessels can be observed rnicroscopically. 

1.2. Determination of cell number and viability 

For the determination of the nurnber and viability of cells prior to platedown, the 

foilowing method was used. An aliquot of the myocyte suspension was added to an equd 

volume of 0.4% (w/v) Trypan blue in 0.9% (w/v) NaCl. Cell number was deterrnined 

rnicroscopically by counthg two samples in duplicate using an improved Neubauer 

haemocytometer, the total number of myocytes ranged fkom 6-8 X IO6 celldheart. A 

myocyte is defined as viable upon microscopie examination, it is rod shaped with clear 

cross striations, and excludes Trypan blue. The myocytes were then suspended at a density 

of 150,000 viable ceilslml of culture medium. Ceil viability during culture was detennined 

by examining each weii on each plate under a phase contrast microscope (Nikon, ELWD) 

after the 3 hr and overnight culture medium changes (see below). Ceils were considered 

viable if they were elongateci and clearly striated. Each wel was also examlled at these 

times for evidence of contamination. For the counting experiments only, the ceii nuaber 

was detecmined by counthg the ceils (total and viable number) with the phase coatrast 

microscope using an index square eyepiece reticule (Nikon) in 3 randomly sekcted fields. 



1.3. Cell Culture 

Optimization of the culture conditions wiii be discussed in the Results chapter. 

The conditions dem'bed here are the optirnized conditions used for the studies on the 

cornparison of culhueci and fiesh myocytes and the effects of fatty acids and glucose 

concentrations. Cardiac myocytes were cultured overnight on laminin-coated pIates using 

the rapid attachent mode1 of Jacobson & Piper (1986). A 2 ml aliquot of culture 

medium was added to each 35 mm weii of laminin-coated 6-well tissue culture plates, 

foliowed by 1 mi of the CesMy-isolated myocyte suspension (1 50,000 viable celldper well; 

pIating density of 155 ceildmm3. Both laminin precoated (Biocoat) plates and culture 

plates self-coated with 15 p g M  laminin were used (see the Discussion chapter on the 

opthkation of culture conditions). Within 2 hours, a large percentage of the myocytes 

had attached to the laminin-coated wds  (Dubus et al., 1993; EUingsen et al., 1993). At 

this the ,  unattached celIs and debris were removed fiom each weil by gentty aspirathg 

the medium and replacing it with 3 mi of fresh culture medium, The cuiture plates were 

iacubated at 37°C overnight (18-22 hr) under a humidified atmosphere of 95% 045% 

COz. RareIy, cultures were found to be contaminateci with microbes; these cdtures were 

discarded. Approximately 50,000 viable ceWweiI (33% yield) were still attached to the 

laminin-coated wells after the overnight culture (see Results). 

1.4. Incubation Experiments 

1.4 I Freshly isolaîed cardiac myocytes 

Incubation experiments with heparin were performed with fieshly isolated 

and cultured cardiac myocytes in order to measure LPL activity released into the medium 

(hrLPL) and the residuai cellular LPL (CUL) activity. Freshly-isolated myocytes were 

incubated at 37°C under an atmosphere of 95% 045% CO, in the orbital watehath (Lab- 

h e ;  100 cycledmin). Aiiquots (1 ml) of fieshly-isolated ceUs were removed at zero tirne 

and &er a 40 niin incubation with 5 U/rd heparin (Hepaleau@), and were centrifuged at 

15,000 g in an Eppendorf microcenûifuge. The supernatant (medium) was decanted and 

fiozen. The corresponding ceU peUets were also ftozen and stored at -80°C. For LPL 

assays, the ceii pellets were resuspmded in 0.i ml of 50 mM ammonii b a r  (pH 8.0) 



containing 0.05% Triton XlOO and 0.8 ml of a buf5er (A) consisting of 0.25 M sucrose, 10 

mM HEPES, I mm EDTA and 1 mM dithiothreitol, (pH 7.9,  and were sonicated with a 

Braun sonicator at 75 W for two bursts of 30 sec at 4°C (this is referred to as the cell 

sonkate). Various Triton XlOO concentrations were tested for optimal activity, and 

0.05% (or 3.75 X 10 -' M final concentration) was select& Higher concentrations of 

Triton XlOO in the sonication bufEer were inhibitory when introduced into the LPL assay. 

Preparing the ceil sonicates by resuspension of cell pellets in 1 ml of buffer A only, 

without Triton X100, foiiowed by sonications of 6 bursts of 30 sec each was also tested; 

the previously descriied method with 0.05% Tritoa XlOO resuited in greater LPL activity 

(34% greater) and was therefore selected for routine use. 

1.4.2. Culîwed c d a c  myocytes 

Incubation experiments were also performed on the cardiac myocytes after 

18-22 hr of culture. M e r  the ovemight incubation, the dture medium was removed and 

replaced with 1 mVweII of fiesh medium or medium coutainllig 5 U / d  heparin 

(Hepdean@) or other test substances. The dture plates were then returned to the 

inabator for 40 min. FoUowing this incubation with heparin, the medium was removed 

and centrifùged (15,000 g; Eppendorfmicrocentrifiige) to coilea any dislodged ceils. The 

supernatant (medium) was decanted and fiozen for the subsequent determination of hrLPL 

activity. The cens remaining on the plates were incubateci for 20 min at 4°C with 1 ml of 

buffer A and then scraped with a plastic ceU scraper for 1.5 min These scraped ceUs were 

added to the ceiI peilet from the initiai medium centrifiigatioq re-centrifuged as above, 

and the supernatant discarded. The ceii peilet was then fiozen and stored at -80°C. At the 

time of the assay, the fiozen pellet of niltured myocytes was resuspended and sonicated in 

the same mariner as the fieshly isolated ceiis. 

1-43. Farty acid experiments 

When fatty acids were useci, the CuIture plates were inaibated at 37OC 

ovemight (18-22 hr) in the absence or presence of FA under a humid5ed atmosphere of 

95% 02/5% CO2. When FA were added to the ovemight culture medium, appropriate 

quantities of stock FA solutions (100 mM in hexaue) were dried under N, and 



resuspended ia an equivalent volume of 0.12 M KOH in ethanol. The ethanol was 

removed by warrning under N, gas, and the FA (K+ sait) was resuspended into the culture 

medium to give the desired final concentration and then the medium was refiltered with a 

0.2 micron filter for sterility. The solubhtion of the k salts of the FA hto the culture 

medium was tested using ['%] oleate, and was found to be 95%. The presence of FA in 

the medium had no effèct on the yield or viability ofcadiac myocytes after the overnight 

(1 8 - 22 h) culture. Approximately 50,000 viable cefldweli (33% yield) were attached 

to the laminin-coated wek d e r  the overnight culture. In some experiments as noted, FA 

were added with fkesh medium &er the overnight d t u r e  in control medium, and the 

incubation was continueci for an additionai 1, 3 and 18 hr. 

In order to determine the ftte of the oleate added to the overnight culture medium, 

cardiac myocytes were dtured with 60 pM [I4C] oleate (1 pCi/rnl of medium). Tripkate 

aliquots (10 pl) were removed fiom the culture medium (3 ml initial volume) at various 

t h e  intervals (O - 4 hr and 16 - 18 hr), and the radioactivity in these samples was 

measured by liquid scintillation spectrometry. At the end of the ovemight culture, the 

remaining medium was removed and 0.2 ml of 5 N HCI was added to each weii. Ceiis 

were removed by scraping and the solution was trandierred to a test tube. The wells were 

rinsed with 0.6 ml H,O which was added to the scraped ceils, and then 4 mi of 

chloroform-methanol(2: 1) was added to the tube. M e r  vortexing and centrifùgation, the 

upper phase was dried under N,; the extracted lipids were dissolved in 50 pl chlorofom- 

methanol(2: l), carrier lipids were added, and the iipid classes were separated by thin-layer 

chrornatography (Chuang et al., 1993) utibing a solvent system consisting of heptane- 

diethylether-glacial acetic acid (2575: 1). Under these conditions, phospholipids remah at 

the origin; other iipids migrate in the foiiowùig order fiom the bottom of the plate: 

monoacylglycerol, diacylglycero~ FA and TG (Chuang et al., 1993). Bands corresponding 

to these lipid classes were identifid by 1, staining and the content of radioactivity was 

measured by liquid scintillation spectrometry. 

1.5. LPL Assay 

LPL activity in the myocardial ceii sonicates or medium was determined by 



measuring the hydrolysis of a radiolabeiled mgiycende emulsion or [3H]-triolein (gfycerol 

tri [9,10 (n)-3H] oleate), essentidy as d e s d e d  by Ramirez et al. (1985) and by Ramirez 

& Severson (1986), with some mocMcations. The triolein concentration was reduced fiom 

0.6 rnM to 0.1 mM in the present study. Trioleh is a preferred substrate for LPL assays 

because it is liquid at room temperature and therefore easy to emulsify (Nilsson-Ehle, 

1987). The emulsion is prepared by drying an appropriate quantity of the [3H]-triolein 

solution in toluene in a g l u s  tube under nitrogen The foliowing were added to the LPL 

assay tubes (in the uidicated final concentrations): 0.1 mM gIycerol[9, ~ o - ~ H ]  trioleate (6 

rnCVmmol), 25 mM PIPES ( pH 7.5),0.05% (weight/volume) BSA, 50 mM MgCI, and 

2% (volurne/volume) heat-inactivated chicken s e m  as the LPL activator. The triolein 

mixture (before the addition of senim) was dispersed by sonication (75 Watts) of4 bursts 

of 30 sec at 4°C. The assay was initiated by adding 100 pi ofthe incubation medium or 

50 pl ofthe sonicated cell homogenates to the substrate mix in a total volume of 400 pl. 

When LPL activity was measured in the celi sonkates, heparin (2 U/d) was added to the 

assay tubes. The assay was terminated after a 30 min incubation at 37"C, and the 

formation of [3~-oleate was measured by tiquid-liquid extraction (BeLûage & Vaughan, 

1969; Ramirez et ai., 1985). This method hvolves stopping the reaction by the addition 

of 3 ml of fatty acid extraction solution (which consists of: 35% (volume/volume) 

methanol, 3 1% (v/v) chioroform, 25% (v/v) heptane, 2.5% oleic acid), followed by O. 1 mi 

of 1N NaOH. The samples were thea vortex nked and separated by centrifiigation (1520 

g for 10 min). Under these conditions (pH-12), the sodium salt of oIeic acid is partitioned 

into the upper aqueous phase. The radioactivity (sodium [3H+oleate) present in the upper 

phase was determined by liquid scintillation spectrometry. AU LPL assays were 

perfomed in dupiicate under conditons where the reaction is hear with respect to time 

and protein concentration LPL activity is expressed routinely as nmol of oleate 

releasedhdrng of protein in the sonicated ce1 homogenates. Protein concentrations were 

rneasured by a Coomassie Blue spectrophc!oaetric assay (Spector, 1978) with BSA as 

the standard. 

1.6. Induction of experimentai diabetes 



Diabetes was induced in male Sprague Dawley rats (200 g) by a single intravenous 

(tail vein) administration of the paucreatic beta cell cytotoxh STZ (100 mgkg). 

Streptozotocin was dissolved in O S  M citrate buffer (pH 4.5) immediately before the 

injection Control rats were injected with the buffer only. Prior to the STZ injection, the 

rats were sedated with a single intraperitoneal injection of 200-250 pi of 50 m g h l  sodium 

pentobarbitol. The animds were given food and water ad libitum, and were killed by 

decapitation 3-4 days foiiowing the injection (either STZ or vehicle). Streptozotocin 

causes the necrosis of the pancreatic p celis through an unknown mechanism, though 

susceptibility is reported to be age- and sex-dependent (reviewed in Pierce, Beamish & 

Dhaila, 1988). 

1.7. ~unohistochemistry 

Note that the immunohistochemistry was performed by the laboratory technician 

Mrs. R Carroll and a summer student, Anjli Acharya. 

1 -7.1. Pmication of bovine milk LPL and isolation of an fibodies 

LPL was p d e d  to homogeneity f?om fiesh bovine mi&, essentiaiiy as 

descnbed by Liu & Severson (1996). Unpasteurized mille (4 L) was adjusted to 0.4 M 

NaCi, s k e d  at 4°C and then centrifùged at 3000 g to remove the cream. The skimmed 

milk (approx. 3.5 L) was mixed ovemight with 80 ml heparin-agarose at 4°C. The gel was 

collected on a sintered f'unnei, and was washed consecutively with 20 mM Tris-HCI (pH 

7.4), 20% giycerol buffer, containing 0.5 M NaCl and then 0.75 M NaCL The gel was 

aamfierred to a c o 1 ~  (2.5 x 16.5 cm) and M e r  washed with 20 rnM Tris-HCI (pH 

7.4), 20% glycerol and 0.75 M NaCl buEer untii the efauent A, was close to 

background. The enzyme was eluted with 20 mM Tris-HCI (pH 7.4), 20% glycerol 1.5 M 

NaCl (80 10 ml fkactions); aiiquots of the individuai Eraaons were diluted with 20 

rnM HEPES (pH 7.4), 20% glyceroi, 50 m .  NaCl and 1% (w/v) albumin for the 

determination of LPL activity. Peak activity fiactions were pooled, and the protein content 

was measured by the bicinchoninic acid method (Pierce, Rockford, IL), using BSA as the 

standard. Purifid miik LPL had a specifïc activity of 0.46 mU/ng protein, where 1 m u  is 

defined as the amount of enzyme catalyMg the release of 1 mo l  oleate per min. The 



purity of LPL was established by 10% SDS-PAGE; only a single 55 kDa band was 

obsewed M e d  bovine rnik LPL was coupled to Mgel-10 beads (Goers et a(., 1987) 

for the afb i t y  prLrincation of LPL antibodies IÏom chicken eggs. 

Egg-laying hem were initidy injected with 100 pg of bovine LPL in complete 

Freund's adjuvant in multiple subcutaneous spots dong the back (Goers et al., 1987). 

Booster injections of 100 pg LPL in incomplete Freund's adjuvant were @en in the thighs 

and lower neck region at weekiy intemals. Five weeks after the initiai injection, 15 mi of 

blood was drawn from the wing veins and the eggs were coiiected. 

IgY was isolated usîng the water dilution procedure of Akita & Nakai (1992). Ten 

egg yoks from pre-immune and immunized hem were diluted 6-fold with acidined 

distilled water (pH 5.2) and then left standing for 5-6 hours or overnight. The au£& 

solution was then cenaifuged for 1 hr at 10,000 g at 4'C. The supernatant was collected 

and sodium sulfate was added to a hai concentration of 19% (w/v). After centrifugation 

at 10,000 g at room temperature, the pellet was resuspended and dialysed against 10 mM 

Tris (pH 8), and 0.15 M NaCl (TBS); 1/3 of this water-soluble fiaction was applied to a 3 

mi LPL-=gel-IO column. The column was washed with TBS followed by 10 mM 

acetate b e e r  (pH 4.9, 1 M NaCI. LPL-specific antibodies were eluted with 0 -2 M 

glycine-HC1 buffer (pH 2.7) and collected in an equal volume of 0.2 M Tris-HCI (pH 8). 

The total amount of afkity-pudïed antibody obtained from 10 eggs was about 5 mg; a 

single band corresponding to chicken IgY was observed after SDS-PAGE. 

1.7.2. Immmohistochemic~~ technzques 

Cultured cardiac myocytes or fieshly-isolated ceus were resuspended into 

phosp hate-bdered saline (PBS, pH 7.4) containing 1 % (w/v) BS A at 3 7°C. After 

centrifugation, the cefl pellet was resuspended into cold PBS containing 0.625 mM EGTA 

and 2.5 mM NaOH for 5 mùi. The non-permeabilled ceiIs were then fixeci with 2.5% 

formalin in PBS, and W y  stored in PBS at a concentration of 106 celidmi. ALiquots (25 

pi) of this ceil suspension were then incubated with 2 pg/ml pre-immune IgY or affinity- 

purified anti-LPL IgY in PBS containing 3% (w/v) BSA, and 0.05% (w/v) Tween 

(dilution bufXer) overnight at 4OC. Mer washing, rhodamine ('ïRITC)-conjugated rabbit 



anti-chicken IgY was added to the ceUs at a 150 dilution in dilution bufTer, and the cels 

were incubated for 1 hr at 4OC in the dark The cens were then washed extensiveiy and 

resuspended in 10-20 pl PBS. A 6 pi aliquot was mounted on a siide in 90% glycerol in 

PBS. To assess morphological inte- fkeshly-isolated and d tu r ed  ceus were fked and 

permeabilized with 1% (wlv) formalin and 0.1% (dv)  Triton X-100 in PBS. The ceils 

were then incubated with a monoclonal a - a c t e  antiiody diluted to 1 : 100, foiIowed by 

rhodamine (TRITC)-conjugated goat anti-mouse IgG. AU slides were viewed on an 

OLympus BH2-WCA fluorescent microscope, and black and white pictures were recorded 

on Kodak T-max 400 k 

1.8 Statistics 

Results are expressed as mean * S.E.U, where "n" is the number of indMdual 

culture weUs. It must be acknowledged that this definition of "n" wiu include both inter- 

and intra-experimentai variability in the determination of statistical sigdicance. Pair-wise 

cornparisons were made using Student's t test, and multiple cornparisons were made using 

a one-way ANOVA foflowed by Dwett's post-hoc test. 

A p-value < 0.05 was taken to indicate statistical sigaiIicance. AU analyses were 

perfomed with GraphPad Instatm version 2.OSa statistical software (GraphPad, 

University of B .Cs, Vancouver, B.C. Canada). 

2. Materiah 

Collagenase (Worthingtoa II) was obtained h m  Technicon (Richmond, BC, 

Canada), and heparin (Hepalean@; 1000 Ulml) was purchased fkom Organoa Teknika 

(Toronto, Ontario, Canada). Joklik minimal essentiai medium, DMEM (high and Low 

glucose), fetai bovine senim (certifïed), caif senim, and peniallinlstreptornycin were 

purchased ~ o m  GIBCO (Bulington, Ontario, Canada). L3H] Triolein (glycerol[9,1 O- 

3H]triofeate) and [LL4C] oleic acid were purchased fkom Amersham (Oakville, Ontario, 

Canada). The purity of the labelied triolein was periodically examined using thin layer 

chromatography on silica gel (F,; VWR) and impure samples were purified by column 

chromatography on Horisil chromatography (Fisher, Mesh: 60- 100). Biocoat mouse 
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laminin plates were purchased from Collaborative Research Inc. (Bedford, Mass., USA), 

or were prepared by coatuig 6-weh tissue cdîure plates (Falcon; VWR Scientific, 

Edmonton, Alberta, Canada). Costa& filters for the medium were purchased fiom Fisher 

Scientific W t b y ,  Ontario, Canada). Meniche and ultra-pure Laminin were purchased 

from Sigma Chernicals (Mississauga, Ontario, Ciuiada). Fatîy acids were puchased from 

Sigma or Serdary Research Laboratories (London, Ontario, Canada). Ail other 

biochemicals and chernicals were obtained from either Sigma or VWR Scientific of 

Canada Ltd. 



CHGPTER THREE: RESULTS 

1. Optirniution of cuiture conditions 

Ioklik minimum essentiai medium (Gibco) was chosen for these experiments 

because it has been used with success in this Iaboratory for the isolation of cardiac 

myocytes (Rodrigues & Severson, 1997); the use of Joklik thus aiIows cornparison with 

results previously obtained. VoIz et al. (199 1) reported that the addition of creatine (5 

mM), camitine (2 mM) and taurine (5 mM) plus the omission of glutamine nom the rat 

cardiac myocyte culture increased the survivd of elongated celis tiom 2 to 14 days. The 

addition of ~ r e a ~ e ,  caniitine and taurine to the Ioklik incubation medium produced no 

signifïcant improvement in the Mability of ceils over the 22 hr dture. The viability and 

yield of the ceff s after an ovemight culture is shown in Table 2; approxhately 50,000 

viable cefis were attached to the laminin-coated culture dishes after overnight culture. This 

yield of viable cdtured ceUs was required for subsequent experiments examinhg LPL 

actMty and the regdation of LPL by glucose and FA It shouid be noted that previous 

studies on LPL in &esMy-isolated cardiac myocytes had ail been performed at a much 

higher ceil density (approximately 3 00,OO-400,OO ceilsimcubation) (Braun & Severson, 

199 1; Braun & Severson, 1992b; Carroll et al., 1992; CarroU, Iuhasz & Severson, 1990; 

Liu & Severson, 1994; Liu & Severson, 1995; Rodrigues, Spooner & Severson, 1992b; 

Rodngues & Severson, 1993). 

A varîety of plaîing conditions were tested so that the cardiac myocytes could be 

dtured in the absence of serum in the medium (rapid attachent model; Iacobson & 

Piper, 1986; Piper et al., 1982). Laminin pre-coated plates were purchased (Biocoat@) or 

manually prepared in the folowing mamer. The laminin was çuspended in Haaks 

balanced sait solution, and was added to each weil (6-weU culture plates; Falcon) at the 

appropriate concentration The dture plates were then incubated at 37°C under an 

atmosphere of 9S%02/5%C02 for 3 br. and the solution then gently removed. The plates 

were air-dried for 15 min., and were used immediately or stored at -80" for up to severai 

weeks before use. Fetai bovine senun (FBS) and calf semm (CS) were tested on the 



Table 2. Ceii yield and viability after an overnight culture. The standard protocol for 

dture included plating 150,000 viable myocytes per 3 5 mm weU on lambin pretreated 

plates in 3 ml of culture medium (descn'bed in Chapter Two: Methods and Materials). 

Mer a 3 hr inihai platedown period, the medium was changed and replaced wah fiesh 

d t u r e  medium folowed by an ovemight (18-22 hr) incubation. The ceIf nwnber and 

viability were detemüned d e r  a third medium change at 18-22 hr. The mean recovery of 

48,765 viable ceiis represented an overail recovery of 33% (150,000 viable ceiIs were 

iaitidy plated). E n  No. = experiment number. 

Ex. No. No. of Wells Ce11 Number 

Viable Total 



Falcon (VWR ScientSc) or laminin-precoated plates (Biocoat) by adding 3 ml 0fJokii.k 

MEM to each well, with and without 4% FBS andor 4% CS. These pIates were then 

incubated at 37OC under an atmosphere of95%OJ5%C02 for approxhately 24 hr, and 

then the serum-containïng media were removed (note that ceils are dtured in the 

absence of senim in the rapid attachment model; (Piper et a[., 1982)). This initiai screen 

reveaied that FBS, CS or a combination of CS on Iaminin pre-coated plates (Biocoat) 

produced an inferior adherence result (2.0%, 4.3% and 11.0% of the initial platedown 

number, respedveiy) (see Table 3). Laminin-precoated plates (Biocoat@) with and 

without 4% FBS pretreatment were then re-tested, and were compared to piates which we 

pre-coated ounelves with varying concentrations of laminin Pre-treating the Biocoata 

plates with FBS produced only a siight increase in ceii recovery (25% and 27%; see Table 

3). The self-coated plates (at 10 and 20 pg /d  of laminin) also produced good cell 

recoveries (Table 3). Both Biocoat plates and self-coated plates at 15 pg/d laminin were 

subsequentiy used for the culture experiments. 

Initial platedown densities of 83, 103 155, 207 and 41 5 living ceUs/mrnt were 

examined based on previousiy published reports (Table 4). A cell density of 155 c e l l s / d  

was found to produce the best results; densities over 207 cells/md resuited in decreased 

platedown The t h e  interval before the initiai medium change (platedown tirne) was 

found to be variable (0.5-4.0 hr) in previous reports (Table 4,) and therefore several 

platedown times (1,2 and 3 hr) were tested. A three hour platedown tirne was found to 

be superior to the 1 and 2 hr tirne periods in terms of ceil density after 22 hr (38% and 

29% better, respectively), and therefore a t h e  of 3 hr was selected for the "rapid 

attachment" tirne, which was foiiowed by a medium change for overnight culture. 

2. Cornparison of LPL in fwhly Uolated and cdtured carâiac myocytes 

2.1. LPL activity 

Before LPL activities in fieshiy-isolated and cultured cardiac myocytes were 

compared, it was essentiai to dernonstrate that the LPL assay was hear with respect to 

protein content, for both the medium and cellular sonicates. LPL activities were indeed 



Table 3. Plating conditions tested. The plates were prepared as desmied in the Redts 

chapter under opthkation of dture conditions. The medium was initidy replaced at 3 hr 

&er plating. The medÏum was changed again after an overnight culture, and the cells were 

counted. The number of rat preparations is indicated with the "n". The ceil recovery is 

defined as the percentage of viable ceiis afker ovemight cdture over the number of initial 

viable celis. 

Pretreatment condition Ceil recovery 

(W 

Caif serum (n= 1) 

Fetd bovine semm (FI) 

Precoated laminui (Biocoat) + caif serum (n=l) 

Precoated lamuiin (Biocoat) (n=7) 

Precoated laminin (Biocoat) + fetal bovine senun (n=5) 

SeKcoated laminin (1 O&ml) (n=2) 

Seif-coated laminin (2Opg/ml) (n=2) 



Table 4. Summary of previously reported plating conditions. A cornparison ofthe initial 

plating density and time before the initial media change for "rapid attachment" @Iatedown 

thne) used in this study and previously reported studies. 

plating density ( c e l W d )  

Piper et al., 1982 

Piper et al., 198 5 

Eckel et al., 1985 

Dubus et al., I W O  

Volz et al., 1991 

Carroll et al., 1990 

Schülter & Piper, 1992 

Ellingsen et al., 1993 

Current midy 



linear for a protein content of 10-50 pg for the ceIl sonicates (Figure 7A). and linear up to 

100 pg protein for the medium samples (Figure TB). Therefore, it is valid to compare 

LPL activities calcuiated nom assays of celi soaicates and incubation medium, f?om both 

fieshly-isolated and dtured cardiac myocytes. 

The LPL a- in sonicated extracts fkom fieshiy-isolated cells was 233 16 

m o l  oleate released/h/mg protein Figure 8, ieft panel). The addition of hep& redted 

in an increase in LPL a&* (hrLPL) present in the medium after 40 min of incubation 

from 9 * 2 (left panel) to 59 * 5 mol/h/mg (right panel), consistent with previous results 

where the heparin-induced release of LPL activity into the medium of tieshly-isolated ceiis 

was about 30% of the initiai cellular actkity (Braun & Severson, 199 1). Cellular LPL 

activity decreased to 185 * 15 nmoWmg after heparin treatment (Figure 8, right panel). 

Thus, the heparin-induced decrement in cellular activity (233 - 185 = 48 nmoi/h/mg) 

equals the increment in hrLPL activity in the medium (59 - 9 = 50 nmoWmg) from 

fieshly-isolated cardiac myocytes. 

Cellular LPL activity in homogenates from cuitured cardiac myocytes incubated 

for 40 min in the absence of heparin (240 * 19 nmoi/h/rng) was not significaatly different 

from cellular LPL activity in fireshly-isolated ceils (Figure 8, lefi panel). However, the 

presence of hep& increased LPL advity in the medium of cultured celis f?om 19 * 2 

(left panel) to 198 * 16 nmoWmg (right panel) after 40 min of incubation Thus, hrLPL 

activity was markedly increased @ < -001) in cuitured cardiac myocytes as cornpared to 

Beshiy-isolated ceils. The increment in LPL activÎty in the medium of heparia-treated 

cuitured cells (198 - 19 = 179 moVh/mgj was much greater than the heparin-induced 

decrement in cellular LPL activity (240 - 197 = 43 nmoYh/mg). As a result, there was an 

apparent 53% increase in total LPL activity (ceiis plus medium) in dtured cardiac 

myocytes incubated for 40 min in the presence of heparin (197 + 198 = 395 mnoWmg), 

as compared to cuitured ceiis incubated without heparin (240 + 19 = 259 nmoWrng). 

2.2. Zmmunohistochemistry 

The morphological integrity of freshly-isolated (Figure 9A) and dtured cardiac 

myocytes (Figure 9B) was evident fiom the precise aiignment of the sarcometes, as shown 
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Figure 8. Cornparison of LPL activity in fiesMy-isolated and cuitured cardiac myocytes. 

LPL activity in the cells and medium of fies&-isolated ceiIs (open bars) was determined 

at zero-time (- heparin) and after a 40 min incubation with 5 U/ml heparin (+ heparin). 

LPL activity was aiso measured in the medium and cens of ailtured cardiac myocytes 

(solid bars) foilowing a 40 min incubation in the absence (- heparin) and presence (+ 

heparin) of 5 Ulm1 heparin (Hepalean@). The resuits are the meaa SEM; n (in 

parentheses) refers to a single incubation of f?eshly-isolated c& (36 preparations) or a 

single well of dtured cardiac myocytes (40 preparations). "*: p <0.00 1 by Student's t 

test. 



Figure 9. MorphoIogicai integrity of fkeshly-isoiated and cultured cardiac myocytes. 

Freshiy-isoiated (A) and cultured cardiac rnyocytes (B) IL-ere pemeabilized and fixe4 and 

then incubated with a sarcomeric a-actinin antibody for immunofluorescence detextion 

Photomicrographs of the single ceils are representative of ceiis examined microscopicdy 

fkom severai experiments where freshiy-isolated and cuiwed cardiac myocytes were 

compared. Freshly-isolated and cultured cells were photographed at the same exponire. 

Note that the imrnunohistochemistry was performed by the laboratory technician Mrs. R 

Carroll and a summer student, Ms. Anjli Acharya. 



by the immunofluorescent I o c ~ t i o n  of a-actinin at the 2-discs. The cultured myocytes 

demonstrate the characteristic rounding of the intercalated disc zones at the ceil ends, as 

previously reported (Jacobsen & Piper, 1986; Vok et al., 199 1; Ellingsen et al., 1993). 

The immunofluorescent locaüzation of LPL was examined with non-permeabilired 

cells (Figure 10) in order to specjficaiiy detect LPL on the ceiI d a c e .  In the absence of 

detergent treatment, the antibody to a-actinin produced no immunofluorescence (results 

not shown) in cornparison to the redts  with permeabiiized ceiis (Figure 9). Specific LPL 

immunofluorescence was observed for both fieshly-isolateci (Figure 10, compare panels A 

and C) and cdtured cardiac myocytes (Figure 10, compare panels B and D). Cultured 

cardiac myocytes (Figure 1OB) consistently demonstrated more intense fluorescent 

labelling with the anti-LPL antiiody at the edges of the celis as compared to fieshly- 

isolated ceiis (Figure 10A). This increase in LPL-like immunoreactivity at the ceii d a c e  

of cultured cardiac myocytes (Figure 10B) is consistent with the increased hr-LPL activity 

seen d e r  cuiture (Figure 8). 

3. Characteriution of hrLPL in cultured cardiac myocytes. 

Since hrLPL advity was markedly increased in cardiac myocytes d e r  an 

overnight cuiture (Figure 8), it was important to characterize this activity completely. The 

time course for the release of LPL activity into the medium of d tured cardiac myocytes 

incubated in the absence and in the presence of heparin (5 U/ml) is shown in Figure 1 1. 

The basal or constitutive release of LPL advity into the medium of cultured cardiac 

myocytes (- heparin incubation) was very Iow, as observed previousty with fkeshly-isolated 

cells (Braun & Severson, 1992b; Severson, Lee & Carroll, 1988). The presence of heparin 

produced a rapid increase in medium LPL activity that was maximal afler 40 min of 

incubation at 37OC (Figure 1 1). When the medium of heparin-treated ceîis was m e r  

incubated at 37°C for 40 min, hrLPL activity decreased to 80% of control (zero time) 

activity. Therefore, some inactivation of LPL released into the medium in the presence of 

heparin may contribute to the plateau observed for hrLPL activity after 40 min of 

incubation (Figure 1 1). 



Figure 10. lmmunohinochemical detection of ceU-surface LPL. Fked, non- 

pemeabilized fkeshiy-isolated (A C) and cukured cardiomyocytes (B, D) were incubated 

with on afhity-purified ctiicken polydond anti-LPL anùbody (4 B) or uirh control pre- 

immune chicken IgY (C, D) for imrnuno fluorescence detmion The singe cells shown m 

pmels A-D are representative of many ceus examined microscopicaiiy fbrn severai 

experiments u-here freshly-isolated and cultured cardiomyocytes were compared. AU ce& 

were photographed at the sme exposure Ume; d tu red  cardiomyocytes consistentiy 

exhibited stronger ceU surface immunoff uorescence with the LPL antibody (B) thaa 

fies&-isolated celk (A). Note that the immunohistochemistry was performed by the 

laboratory technician bks. R Carroll and a nimmer student, bfs. h j l i  Achuya 



Figure 11. T i e  course of the rdease of LPL into the incubation medium of dtured 

cardiac rnyocytes. Culnued cardiac rnyocytes were incubated in the absence (O) and 

presence (@) of 5 Ulm1 heparin. At the indicated times, LPL a&& in the medium was 

mea~u~ed. The results are firom dupticate assays of a singie experiment; variation in 

duplicate assays was < 10%. 



Heparin-releasable LPL advity in the mednim of dtured cardiac myocytes 

incubated for 40 min with varyhg concentrations ofheparin (Hepalean@) was optimal at 5 

U/ml (Figure 12). The e f f i  of various glycosa.mhogiycans on the release of LPL activity 

into the incubation medium of dtured cardiac myocytes is shown in Table 5. Low- 

mofecular weight heparin (3 kDa) was as effective in releasing LPL into the medium as 

unfractionated heparin (Braun & Severson, 1993). The ability of other glycosaminoglycans 

to induce the release of LPL into the medium of cultured cardiac myocytes (heparan 

sulfate > dermatan nilfate > hyaluronic acid) was similar to the results obtained with 

fkeshly-isolated cardiac myocytes (Severson, Lee & Carroll, 1988) and endothelid ceils 

(Chajek-Shaul et al., 1990). 

LPL activity mut  exhibit the following in virro characteristics (Ramirez et al., 

1985; Ramirez & Severson, 1986): (i) activation by s e m  (apolipoprotein CII) and (5) 

inhibition by high ionic strength (1M NaCl) and anti-LPL antiiodies. LPL activity in the 

medium of heparin-treated cuitured cardiac myocytes was markediy stimulated by s e m  

(Figure 13A). In four experiments, lipase advity was increased 16.3 3 .O-fold by 2% 

s e m .  The addition of NaCl to the assay produced a concentration-dependent inhibition 

of senim-stimulated Lipase activity (Figure 138). The addition of an atfinty-pded 

chicken poIyclonal antibody to the LPL assay also resulted in a concentration-dependent 

inhibition of serum-stimuiated lipase activity (Figure 13C); control @re-immune) IgY had 

Little effect on lipase activity. Thus, hrLPL activiv fkom cultured cardiac myocytes 

extiibits ail of the essentiai in vitro characteristics of LPL. 

4. Effect of glucose concentrstioa on LPL activity in cultured cardiac myocytes 

The final objective of this thesis research project was to determine if elevated 

glucose levels rnight inhibit LPL activity in d tured cardiac myocytes as a contributory 

mechanism to the diabetes-induced attenuation of LPL activity in cardiac myocytes. The 

overnight culture of cardiac myocytes with varying glucose concentrations (5 -6 mU, 1 1 

mM and 25 mM) redted in no significant Merences in either hrLPL or cLPL activities 

(confirmed by a one-way ANOVA; see Figure 14). Therefore, the hypergfycemia that 



HEPARW (UfmL) - 

Figure 12. EEect ofvarying concentrations of heparin on LPL released hto the medium 

of dtured cardiac myocytes foliowing a 40 min incubation Results are fkom one 

experiment assayed in duplicate; variation in dupiicate assays was < 10%. 



Table 5. Effect of glycosaminoglycans on the release of LPL into the medium of cuitured 

cardiac myocytes. Cultured cardiac myocytes were incubated for 40 min with 5 U/ml 

heparin (Hepaiean@) or IO &ml concentrations of the other giycosaminogiycans, and 

LPL actMty in the medium (hrLPL) was rneasured The results are expressed as a 

percentage of hrLPL advity (100%) displaced into the medium by heparin (Hepaiean); 

each value is the rnean of duplicate assays fkom two separate preparations of cdtured 

cardiac myocytes. 

Heparin (Hepaiean@) 

Low-molecuiar weight heparin 

Low-moledar weight heparan sulfate 

Heparan sulfate 

Dematan sulfate 

Hyaluronic acid 



Figure 13. Characteristics of hrLPL activity Eorn cultured cardiac myocytes. Lipase 

activity in the medium of heparin-treated cultured car& myocytes was measured in the 

presence of the indicated concentrations of (A) serum, (B) NaCl and (C) d e r  a 60 min 

preincubation of the medium sarnple at 4°C with the indicated amounts of either pre- 

immune IgY @) or a8tinity-purified anti-LPL anti'body (.). The resdts are expresseci as a 

% of the control activity measured under the standard assay conditions; variation in 

dupIicate assays was < 10%. 



HR-LPL C-LPL 

Figure 14. Effect of glucose on LPL aaMty  in cuItured cardiac myocytes. Cardiac 

myocytes were cuitured overnight Mth the standard Joklik medium (1 1 mM gIucose), and 

with iow-giucose (5.5 mM) or high glucose (25 niM) DMEM. After 18 - 22 4 the 

medium was repiaced with fresh lokiik medium containhg 5 Ufd heparin, and the hrLPL 

and cLPL adVities were measured after a 40 min incubation. The resuits are expressed as 

the mean * S.EM for the number of w e k  indicated in parentheses. 



accompanies insulin-deficient, STZ-induced diabetes probably does not moduiate LPL 

activity in the heart. 

5. Effkct of fatty acids on LPL activity in culturd cadiac myocytes 

The final objective of this thesis research project was dm to determine ifthe FA 

product of TG hydrolysis by LPL had an inhibitory e f f i  on LPL actMty in cultured 

cardiac myocytes (Figure 5). In contrast to the preceduig resuIts with glucose, the 

addition of oleate to the overnight culture medium produced a concentration-dependent 

inhiibition of hrLPL a 6 t y  (Figure 15), with no signincant change in CLPL activity. The 

heparin-containing medium fiom oleate-treated cells did not reduce control hrLPL activity 

in mkhg experiments, uidicating that an inhibitor was not released into the medium when 

cardiac myocytes cultured in the presence of oleate were iacubated with heparin. Since a 

considerable inhibition of hrLPL acti-vity (to 18% of control; see Figure 15) was observed 

with 60 pM oleate (2: 1 molar ratio to the albumin concentration in the culture medium), 

this concentration was used in subsequent experiments. 

The recovery of brLPL a&ty after the removai of fatty acid (60 pM oleate) was 

tested by cuIturing the myocytes overnight with or without oleate, and then culturing for 

another 24 hr without oleate (see Table 6). Note that the hrLPL activity in the cells 

cultured for a second overnight period was lower than the aaMty in ceUs d tu red  

ovemight only (12Ck19 nmoi/hr/mg, n=12 vernis 23W34 nmoVhr/mg, n=10). CeUs 

cdtured overnight with oleate had the expected low levei of hrLPL activity (3 16.0 

mnoi/hr/mg, n=9). LPL aaMty was partiaily recovered (from 3 1*5 to 6 l*6 nmol/hr/mg) 

when oleate-treated cens were cultured for a second overnight penod without oleate. 

Note that this acbvity is stiiI ody halfthat of ceUs dtured for two nights without oleate 

(120I19 nmoÿhr/rng, n=12). 

The effect of 60 pM concentrations of different FA in the overnight culture 

medium on LPL activity is shown in Figure 16. Palmitate (1610) and myristate (14:0), like 

oleate (18: l), produced a marked reduction in hrLPL act ive  (to 45%, 32% and 18% of 

control, respectively), but without any significant change in cLPL activity. Although 
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Figure 15. Efféa of oleate on LPL actinty in cuitured cardiac myocytes. Cardiac 

myocytes were dtured overnight in medium containing the indicated concedons of 

oleate. Fresh medium containing 5 U/d  heparin was added to each we& and hrLPL (o- 

O) and cLPL @-A) actMties were measured. The resuits are the mean k SEM for the 

number of weiis given in parentheses: ": p < 0.01 (oneway ANOVA with Dunnett's post- 

hoc test). 



Table 6. Recovery of LPL actMtyctMty Cardiac myocytes were uicubated ovemight in the 

presence or absence of 60 pM oleic acid, the medium was changed and the ceiis were 

incubated for a second ovemight dture  in the absence or presence of 60 @I oleic acid. 

The mean * S.E.M. for heparin-reieasable LPL activity is indicated, and "n" refers to the 

number of wells used. 

cultore conditions 

(moVhr/mg) 

LPL activity 

overnight culture, no additions 

overnight culture + 60 pM oleate 

2 consecutive ovemigbt cultures 

no additions 

1 st ovemight culture + 60 pM oleate 

2nd ovemight culture, no additions (recovery) 



ADDITIONS TO CULTURE MEDIUM 

Figure 16. Wkct of various fàtty acids on LPL activity in dtured cardiac myocytes. 

Cardiac myocytes were cultureci overnight in the absence (open bars) and presence (solid 

bars) of the foUowing fâtty acids (al at 60 jM): palmitate (16:O); myristate (14:O); oleate 

(1 8: 1); iinoleate (18:Z); and eicosapentaenoate (205). Fresh dture medium containin8 5 

U/ml heparin was then added to each weil, and &er a 40 min incubation hrLPL (top 

panel) and cLPL (bottom panel) activities were mea~u~ed. The results are the mean 

SEM for the number of weils indicated in parentheses. *: p < 0.05; ": p < 0.01 (oneway 

ANOVA with Dunnett's post-hoc test). 



holeate (18:2) and eicosapentaenoate (205) did significantly reduce cLPL advity to 

57% and 52% of conaoi, respectiveiy (Figure 16), hrLPL activity was înhiiited by a much 

greater extent (to 15% and 9% of controi, respdvely). The effects of these fatty acids 

on LPL activity is also illustrated in Figure 17, expressed as a percentage of control. A 

preliminary experirnent with the short chain FA caprylic acid (or oaanoate) at 1 mM in the 

overnight d t u r e  showed a signincant reduction in brLPL a a M t y  to 6% of control (n=6 

for each condition; Student's t test, p<0.0001), with no change in CLPL activity. Thus, ail 

FA resulted in a selective inhibition of hrLPL activity. 

The fate of the 60 pM oleate during the ovemight culture was examined next. 

When ['Tloleate was added to the d ture  medium, there was a tirne-dependent decrease 

in medium radioactivity to about 4040% of control (zero time) after 18 hr (Figure 18). 

When the cardiac myocytes were extracted after an ovemight d t u r e  with [''C]oleate, 

most of the radioactivity incorporated into the cellular lipids was recovered in the TG (50 

1% of total radioactivity in the iipid extract; n=3) and phospholipid (36 4%) &actions. 

Odenicine (1 00 pM), a fatty acid oxidation inhiiitor (Stephens et al., l985), did not alter 

the inhibition of hrLPL advity in dtured cardiac myocytes by 60 pM oleate (Figure 19). 

Additional experiments were conducted to determine if FA (oleate) had displaced 

the LPL bound to HSPG on the cell surface of cardiac myocytes (Braun & Severson, 

1992a; Braun & Severson, 1992b ; Olivecrona & Bengtsson-Olivecrona, 1993) into the 

medium during the overnight culture, thus reducing hrLPL actîvity measured in the 

subsequent 40 min incubation with heparin. LPL aaivity in the medium after an ovenügtit 

culture in the absence or presence of 60 p M  oleate was 15 * 3 (n=12) and 3 1 (n=12) 

nmol/hr/mg, respedvely. However, any LPL displaced by oleate wodd kely have been 

inactivated during the long (18 - 22 h) incubation time at 37°C. Therefore, the effkct of 

oleate added to cardiac myocytes after an overnight culture on LPL activity in the medium 

and on hrLPL activity was detemüned (Figure 20). The incubation of dtured cardiac 

myocytes with 60 p.M oleate for 1 h resuited in no increase in medium LPL activity, and 

no reduction in hrLPL activity. Increasing the incubation time with 60 p M  oleate to 3 hr 

stili produced no increase in medium LPL activity, even though hrLPL activity was 



ADDITIONS TO CULTURE MEDIUM 

Figure 17. Effects of various fatty acids on LPL activity expressed as a percentage of 

control. Cardiac myoc1Tes were d t u r e d  ovemîght in the presence of the foilowing fàtty 

acids (all at 60p.M final concentration): palmitate (16:O); myristate (14:0), oleate (18: 1); 

holeate (18:2); and eicosapentaneoate (205). Fresh culture medium containing 5U/d 

heparin was added to each weii and after a 40 min incubation, the hrLPL (clear coIurnus) 

and cLPL (shaded columns) advities were measured. Results previously shown in Figure 

16 as absolute activities are now expressed as a percentage of contr01 (no additions). 



TlME IN CULTURE (h) 

Figure 18. Utilkation of [14C]oleate by dtured cardiac rnyocytes. Cardiac qocytes 

were cultured overnight with 60 pM [''C]oleate (1 pCVd dture medium). At the 

indicated times, triplicate 10 pl aiiquots of the medium were removed and the radioactivity 

was measured. The resdts are f?om two separate preparations (O, A) of dtured cardiac 

rnyocyt es. 
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ADDITIONS TO CULTURE MEDIUM 

Figure 19. Effect of odenicine on the inbi'bition of hrLPL a&ty in nihured cardiac 

myocytes by oleate. Cardiac myocytes were cuitured ovemight in the prrsaice of no 

additions, 1 O0 phf oxfenicine, 60 pM oleate (1 8 : 1) and odenicine plus 01eate. The redts 

are the mean S.E.M. for the number of welis indicated in parentheses. 



HR-LPL 

INCUBATION TlME (hl 

Figure 20. Wect ofoleate on medium LPL and hrLPL activities in dtured cardiac 

myocytes. Cardiac myocytes were cultureci overnight under control conditions (no 

additions) and hrLPL activity was rneasured at zero tirne. Cuihired cardiac myocytes were 

then incubated in fksh medium with the indicated addaions for 1.3 and 18 h; the medium 

was removed and LPL actinty was rneasured. Then, fresh culture medium containhg 5 

U / d  heparin was addeci, and hrLPL actMty was measured afker a 40 min incubation 

Resuits are mean SEM for the number ofdture  wells given in parentheses. p < 
0.0 1 (oneway -VA with Dunnett's post-hoc test). 



significantly reduced. The incubation of control, overni~-cuitured cardiac myocytes 

with 60 pM oleate for an additional 18 h reduced hrLPL aaMty to 8 nmoVhr/mg (Figure 

20), as compared to a control actbity of 120 * 19 nrnol/hr/mg when the cells were 

cultured for another 18 hr without oleate (n=12). This inhibitory effect was similar to the 

reduction in hrLPL actïvity observed when oleate was present in the initial overnight 

culture medium (Figures 15 & 16), but the LPL activity in the medium stÏU did not 

increase (Figure 20). 

A 3 hr incubation with oleate (60 pM) produced a much smder decrease in hrLPL 

as compared to the Iarge decrease observed after the overnight incubation (Figure 20). It 

is possible, however that the ovemight decrease in hrLPL could be produced by a 

relatively short exposure to FA foliowed by an extended time in order for the inhibitory 

effect to appear. This was tested by exposing the cells, after the 3 hr platedown, to oleate 

(60 p.M) for 3 hr, removing the oleate medium and then incuba~g the celIs overnight in 

control (non-oleate) medium. Under these conditions hrLPL activity was found to be not 

signiiicantly different (203*26 moVhr/rng) fiom controls (20 1 * 13; see Figure 20). 

When LPL activity was measured in the medium of cultured cardiac myocytes after 

incubation with 60 p M  oieate for 1 or 3 hr (Figure 20), the nnal assay incubation wiIl 

contain 15 pM oleate (100 pi of medium assayed in a total volume of 400 pl; see the 

Methods chapter). The direct addition of oleate in 0.2% BSA (final oleate concentration 

15 ~LM) to assays with control medium fkom heparin-treated cardiac myocytes did not 

reduce hrLPL activity (1 1 9 S  versus 125s nmol/h/mg in the absence and presence of 15 

pM oleate, respectively; results tiom 10 tubes ia two independent assays). When the 

heparia-releasable LPL activity was measured, the medium in which the ceiIs were 

incubated ovemight was discarded (mcludùig the FA or other test substances therein), and 

was replaced with fie& medium with or without heparin. Therefore, LPL activity in the 

medium of oleateaeated cells is not masked by interference ofFA introduced into the 

LPL assay. LPL activity released into the medium ofdtured ceus by heparin is 

somewhat unstable at 37T, and therefore the possibility that oleate increases the rate of 

LPL inactivation in the medium was s<amined. As shown in Figure 214 incubation of the 



Figure 21. Stability of hrLPL activity. Cardiac myocytes were cuitured overnight d e r  

control conditions. Fresh medium containing 5 U / d  heparin was then added, and 

foIlowing a 40 min incubation, the medium was coilected and fiozen (hrLPL actïvity). A: 

After thawing the heparin-treated medium was incubated at 37°C under an atmosphere of 

95% OJ5%C& for the indicated times, and hrLPL activity was measured. The results are 

the mean of four experiments with different dtured cardiac myocyte preparations. B: 

HrLPL activity was meamrd in the medium at zero time and d e r  40 min incubation as 

above, with eitha no additions (open bars) or with 60 oleate added to the medium 

(solid bars). The redts are the mean * SEM (n=7 incubations). 



medium of heparin-treated dtured cardiac myocytes for up to 60 rnin at 37°C resulted in 

a tirne-dependent decrease in hrLPL activity. However, this inactivation was reduced, not 

enhanced, when 60 pM oleate was present (Figure 21B). 

6. Penistence of a diabetic phenotype in cultured cardire myocytes 

Preliminary data on cuiaired cardiac myocytes fkom diabetic rats is shown in Table 

7. Plasma glucose Ievels in control and STZ-treated rats were 5.221.3 mM (n=3 rats) 

and 24.5I2.9 mM (n=4 rats), respectively. Cellular LPL and hrLPL activities were 

decreased in fieshly isolated ceUs from the diabetic rats by 6 1% and 47%, respectively; 

this is consistent with previous results obtained with tbis acute and severe mode1 of 

insulin-deficient diabetes (Braun & Severson, 1 99 1 ; Carroll, Liu & Severson, 1 995). This 

"diabetic" phenotype of a decrease in LPL activities persisted &er overnight culture; 

cLPL and hrLPL activities in cultured cardiac myocytes nom diabetic rats were decreased 

by 48% and 42%, respectively. 



Table 7. Persistence of a diabetic phenotype in cultured cardiac myocytes. Rats were 

made diabetic according to the procedure desaied in Chapter Two: Methods and 

Materiah. The myocytes were dtured for 18-22 hr and then the medium was rernoved 

and fiesh culture medium 5 U/mi heparin was added. Initial cellular LPL actMty and 

hrLPL aaMty  after a 40 min incubation were measured. The resuits are the mean 

S.E.M. for the nurnber of culture wells @en in parentheses. The values for the % 

decrease for cLPL @ = O. 11) and hrLPL activities (p = 0.71) were not si@cantly 

different between &esh and cuftured ceiis. 

Fresh Ceils 

control rats 

diabetic rats 

% decrease 

Cultureci Cells 

control rats 

diabetic rats 

% decrease 



CaAPTER FOUR= DISCUSSION 

1. Isolation and culture of fudiac myocytes 

Studies on the regdation of LPL are complicated by a nurnber of factors. 

Regdation is tissue specific (Braun & Severson, 1992a) and in the case of at least one 

tissue (adipose), subtissue s p d c  (Fried et al., 1993). LPL regdation involves various 

hormones and may also involve metabolites (Braun & Severson, 1992a). Studies using 

experimental manipulations of whole animals foiIowed by the assessment of LPL in 

specific tissues are complicated by the possible interactions between potentid regdators, 

and the contritbution of various tissues and cell types to the tissues studies. In a whole 

animal LPL can be reteased fiom the endothelid ceil wd at one location and then be taken 

up at another site. This movement may be regdated The use of perfùsed hearts permits 

the individual application of possible regulators and an assessment of the LPL produced by 

the heart aione. However, the heart is composed ofmany ceil types and aithough cardiac 

myocytes are thought to be the principal, ifnot exclusive source of LPL in the addt 

myocyte the conmcbution of LPL, or a possible LPL regulator, fiom other ceii types under 

pathological conditions cannot be d e d  out. Studies on LPL using fieshly-isolated cardiac 

myocytes have provided usefûi information on the regdation of the heart, but are limiteci 

by several disadvantages including the requirement that incubations be short term in 

addition to possible damage acquired by the cels during isolation The culture of cardiac 

myocytes provides an oppominity to use longer term incubations and aüows the ceil to 

recover Born the stress of isolation. Cultured cardiac myocytes appear to provide a usefil 

mode1 for the in vnto cardiac myocyte at rest (see the Introduction chapter, section 4). In 

the rapid attachment model of Jacobson & Piper (1986), cardiac myocytes cdtured in the 

absence of serum retain most of the differentiated phenotype that characterizes myocardiai 

cells. For example, the characteristic rod-shaped morphology of cardiac myocytes is 

maintained for about one week (Jacobson & Piper, 1986). 

The rapid attachment or "serum-f?ee7' model has two major advantages over the 

redifferentiated model. Fust, the ceiis are dtured without sertun, which is a non-defiwd 



substance and may comain factors, such as insulin, which have been shown to regdate 

LPL (see section 3.2). Second, the cells may be used immediately without having to wait 

for the redifferentiation process. 

Aithough the culture of cardiac myocytes had not been previously used in this 

laboratory, the isolation of cardiac myocytes bas been used with success for some time in 

LPL snidies. Our first objectivey therefore, was to design a culture method with an 

isoIation technique that was as s idar  to the original non-sterile technipue as possible in 

order to increase the possbiIity of successfùl isolations, to reduce training times between 

the two techniques and to aiiow a direct cornparison of data coüected with both methods. 

The two methods are very sidar (see Kryski et al., 1985; Rodrigues, Spooner & 

Severson, 1992a and the Methods chapter). For example, Jolik MEM was selected as an 

isolation and incubation medium, partially to achieve this goal. 

The second goal of this study was to optimize the culture conditions for long term 

use by this laboratory. AU relevant aspects of tissue culture were carefbiiy tested and in 

general optimal conditions were selected for use. 

Jokiik MEM with the additions descnied in the Methods and MateriaIs chapter 

proved to be satisfactory for both isolation and culture. Originaiiy? calcium levels in the 

final isolation bufEer and the incubation medium were only 100 @IL The calcium levei 

was raised to 1 mM to make the medium more physiologicaiiy relevant even though the 

celi viability dropped by 48%. Volz et ai. (199 1) found that the viability of celis cultured 

using the rapid attachment method dropped signifïcantly &er the second day, and that the 

addition of carnitine, creatine and taurine plus the omission of glutamine improved the 

Longevity of the ceUs for up to 14 days in culture. The addition of creatine and taurine 

plus the increase in carnitine concentration from 1 to 2 mM did not increase the viability of 

the cardiac myocytes in overnight cuiture. The reason for the discrepancy between their 

findings and ours is like1y to be the short incubation time used in the curent study. Here, 

longevity of the ceiis was briefly tested but not studied extensively. Volz et ai. (1991) also 

cultured cardiac myocytes in the presence of O. 1 p M  insu@ we did not include insulin 

because of its possible role in regulating LPL activity. The omission of glutamine was not 



tested for practicai reasons. Note that carnitine was aiready added to the basic Joklik 

medium used in this project. 

Bovine serum and laminin have been found to be the most efficacious surface 

treatrnents used to increase the binding ofcardiac myocytes to plastic dture plates 

(Jacobson & Piper* 1986). The combination of larniain and FBS produced slightly greater 

cell densities than lamini. alone (2% improvement), but FBS pretreatment was not used 

because of the incoavenience and due to the possible contamination of the serum after 

pretreatment. FBS is a complex mixture of proteins, which may include hormones and 

growth factors which c m  influence the regulation ofLPL in cardiac myocytes. The 

optimal plate pretreatment was our selfkoated laminui plates at 20 &mi (see Table 3), 

but the coa of this process was prohibitive. Biocoat pretreated plates were dtimately 

selected at producing good quaiÏty ceii adhesion at a reasonabie cost. The optimal 

platedown density (155 c e W m ~  and the optimal platedown the  of 3 hr are within 

expected ranges (indicated in Table 4). The viability of the cells d e r  an ovemight culture 

was found to be about 72% which is consistent with that found by Dubus et aï. (1993). 

The ce11 viability of the cdtured cells was determined by examinhg the appearance 

of the myocytes under a phase contrast microscope. The morphologicd inte& of the 

cultured ceUs is seen in Figure 9. The maintenance of this elongated and striated 

morphology is judged to be the most useful dependable and easily measurable criterion 

for ceU Uitegrity in cuitured adult cardiac myocytes (Jacobson & Piper, 1986). A 

consistent high correlation has been noted between the content of high energy phosphates 

with electricai excitabüity and this morphology. 

Note that counting of the dtured cells was used to establish the optimal 

platedown tirne and density, but ceil protein and not ceii number was used to express LPL 

activity. Celi coumiag was found to be very time consumuig due to the patchy platedown 

of the ceils (partiailady with the Biocoat plates), and it was ditncdt to obtain a valid ceii 

cowlt. 



2. A seledive increase in hrLPL activity in cuitured cudïac myocytes 

The development of the tissue culture method descflied in the previous section 

permitted the comparison of fkeshly-isolated cardiac myocytes versus cuitured cardiac 

myocytes with respect to LPL activity. The LPL assays were performed under conditions 

where the reaction rates were hear with respect to protein (Figure 7), thus enabhg the 

comparison of LPL actMties in fieshiy-isolated versus culturesi cells. Cuitured cardiac 

myocytes were charactetized as having a marked increase in hrLeL activity @<0.001), 

expressed per total celiuiar protein, with no signifÏcant change in cLPL advity (Figure 8), 

as compared to assays with freshly-isolated cells. Therefore, the hrLPL activity was 

M e r  c haracterized. 

Several characteristics of the hrLPL acbvity fiom dtured cardiac myocytes were 

studied and were found to be consistent with features previously reported for hrLPL 

activïty f?om fkeshly isolated cardiac myocytes (Severson, Lee & Carroll, 1988). Fust, 

two phases of heparin-induced release were observed (Figure 11): the rapid release (5-10 

min) and a slower second phase (here measured up to 40 min), and a simüar fow level of 

basal release in the absence of heparin. Second, the abïiity of various giycosamhogiycans 

to release LPL activity &om the ceU sudace of cultured cardiac myocytes was studied 

(heparin > heparan suifate > dermatan sulfate > hyaiuronic acîd; Table 5). This is 

consistent with the results descnbed by Seversoq Lee & Carroll (1 988). The affinity of 

the glycosaminoglycans for LPL appears to be related to the degree of sulfation 

(Hoogewexf et al., 199 1) and the presence of iduronic acid. For instance, heparin is highiy 

sulfated and contains iduronic acid, whereas hyaiuronic acid is unnilfated and does not 

contain iduronic acid (Jackson et al., 1991). 

In order to nile out the conm'buton of lipases other than LPL to the Iipase activity 

observed in the medium of heparin-treated cuitured cells, the enzyme was tested for the 

unique characteristics of lipoprotein Iipase: activation by apo CI1 (provided by heat 

inactivated chicken se-), and inhibition by high ionic strength and anti-LPL aatiibodies, 

(see Figure 13). The strong semm dependent activation ofthe enzyme and complete 

inhibition at high ionic strength indicate that the enzyme measured was indeed LPL. This 



was also codrmed by the inhiiion of activity with an ad-LPL polyclonal antibody. 

Heparin-releasable LPL is thought to rqresent the fiaction of LPL that is 

displaced £tom HSPG bmding sites on the surface of intact ceiis. The relative increase in 

immunodetectable LPL on the surface of cultureci cardiac myocytes as compared to 

fieshly-isolated cens (Figure 10) is consistent with increased h U L  activity measured in 

the medium of cultured cardiac myocytes after incubation with heparin (Figure 8). 

Therefore, ovemight culture selectively increased the fiaction of LPL on the c d  surface of 

cardiac myocytes that was displaced by heparia The IOcaIization of irnmunodetectable 

endogenous LPL at the ceil suface of freshly-isolatecl and cdtured cardiac myocytes 

(Figure 10) complements the immunocytochernical studies of Blanchette-Mackie et ai. 

(1989), where some LPL was associateci with the plasma membrane of cardiac myocytes 

in mouse heart cryosections. 

The reason for this selective increase in hrLPL activity in cdtured cardiac 

myocytes may be a recovery from the loss of surface-bound LPL andior LPL bmding sites. 

In fresbiy-isolated ceiis, due to the coUagenase digestion and physicai M t  during the ceii 

isolation procedure, no such recovery is possible. Ai-Jafari & Cryer (1986) originaiiy 

reported that coiiagenase treatment resulted in a loss of immunodetectable LPL on the ceU 

surface of adipocytes. HSPG are thought to be the main binding sites for LPL on the ce1 

surface (see introduction, section 1.2.3 .), and therefore the Ioss of HSPG due to the 

coiiagenase treatment could reduce LPL activity as weii as the ünmunodetectable LPL 

mass. Furthemore, the HSPG andfor the section of plasma membrane to which ît is 

anchored may also be damaged during the isolation procedure. The degree of d a t i o n  in 

the oiigosaccharide sequence in HSPG is also an important determinant of LPL biding 

(Hoogewerf et al., 199 1). Therefore, an alteration in sultàtion density of the 

glycosaminoglycaa challis in HSPG on the surface of cultured cardiac myocytes relative to 

those on fieshly-isolated ceiis, could &O increase the content of bound LPL tbat cm be 

displaced by heparin. Such a change in the structure of the HSPG could be due to the 

recovery of the cells fiom the isolation procedure. 

Sivaram et al. (1992, 1994) recentiy discovered a non-proteogiycan 1 16 kDa LPL 



binding protein in endothelid cels, now referred to as hrp 1 16 or NTAB (discussed in the 

Introduction chapter under cell binding), which may facilitate the binding of LPL to 

HSPG. Sasaki & Goldberg (1992) have deteaed hrpll6 in cultureci adipocytes. It is not 

known if hrp-116 is expressed in cardiac myocytes, but potentid aiterations in the content 

of hrp-1 I6 on the celI surface of cardiac myocytes after d t u r e  could also contnaute to 

uicreased hrLPL activity and immunodetmable ceil-surface LPL. 

As stated above, the relatively higher lwels of hrLPL in cultureci cardiac myocytes 

versus fkeshly-isolated myocytes may aiso be due to a loss of surface-bound LPL versus 

LPL-binding sites during the isolation procedure. This is udikely because of the ability of 

myocytes to replace the d a c e  bound LPL within minutes. When cardiac myocytes are 

exposed to heparin to remove hrLPL and then incubated in fiesh medium, they have very 

iittie hrLPL activity remaining initidy, but the recovery of hrLPL levels to control ocnirs 

within 35 min (Severson & Carroll, 1989). 

In order to disbnguish between the relative conmbution of the loss of LPL enzyme 

versus the loss or damage to the HSPG to reduced LPL activity, endogenous LPL can be 

displaced using excess heparin, and the abüity of the cardiac myocytes to bind exogenous 

radiolabeiied LPL could then be examined. Iff?eshly-isolated and cultured cardiac 

myocyîes can bind the radiolabeiled LPL to the same degree, then the binding sites were 

probably not aitered or destroyed during the isolation procedure. Ifthis is the case, then 

the relative lack of hrLPL activity in freshly-isoiated cek may be due to the simple loss of 

surface LPL enzyme. 

An alternative explmation for the selective increase in hLPL in the cultured ceils 

has to do with the fact that the cells were cultureci in a typical but htty acid fiee medium. 

FFA are the preferred energy substrate for hem muscle (Van der Vusse et al-, 1992). As 

the heart has a limited potential to synthesize F F 4  they are provided to the heart by 

exogenous sources in the b l d  such as FA bound to albutnin or hydrolysed (by LPL) 

fiom TG-rich iipoproteins. The hem also contains an endogenous supply of TG. The 

incubation medium of our cardiac myocytes containeci no fatty acids or îipoproteins; thus 

the major energy source avdable to these cells was their own diminishing pool of 



endogenous TG. The myocytes are not energy deprived under our culture conditions due 

to the relativey high glucose concentrations (1 1 mM) and the tàct that they are quiescent. 

It is possible that the myocytes respond to a diminishing TG pool by increasing their ceII 

d a c e  LPL, therefore enabhg the ceil to respond more effectvely to the retum of TG 

nch lipoproteins. There is some evidence that a TG pool-sensitive mechanisrn exists. In a 

review, Oscai, Essîg & Palmer (1990) describe a negative correlation between the TG 

content of the heart and LPL activity under a variety of conditions, such as f d g ,  fat 

feeding and cold exposure. Accordhg to their model, a depletion of intracellular TG 

stores by exercise (or other conditions) resuits in the simuitaueous upregulation of 

hormone-sensitive lipase and LPL by an rlnknown mechanism, foilowed by aanslocahon 

of LPL to the capillary beds in order to remit FFA to restore the TG pool. It is 

interesthg to note that Kenno & Seversoa (1985) found that a condition which results in 

an elevation in cellular TG levels in cardiac myocytes (to 3 -7 fold above control), STZ 

induced diabetes, also results in decreased LPL actMty (see the Introduction chapter, 

regdation by diabetes). 

The d t u r e  of myocytes in the total absence of FFA is nonphysiologic. In Mvo, 

the body would maintain a minimal lipid level by VLDL production and the hydrolysis of 

adipose TG to FFA in the absence of chylomicrons. Though the culture of myocytes in 

the total absence of Lipids may be an extreme experimentai manipulation, it may provoke a 

mechanism present in the myocyte to compensate for more minor hourly and daily iipid 

fluctuations. This possible regulatory mechaoism could be tested by incubatiug the 

myocytes overnight in srnall concentrations of fatty acids (below those found to inhibit 

hrLPL activity; see Figure 15) to maintain the intracellular TG pool and then determine if 

hrLPL lwels are stiü elevated above the fiesMy-isolated level. 

The heparin-induced increment in medium LPL activity observed with cultureci 

cardiac myocytes (198-19 = 179 nmoVhr/mg) was greater than the decrement observed in 

cellular activity (240-197 = 43 nmok/mg. see Figure 8). As a red t ,  there was an 

apparent 53% increase (259 up to 365 nmoUhr/mg) in total LPL activity after heparin 

treatment. There are several possible explanations for this discrepancy. First, one 



explanation is that the cLPL actMty was underestimateci due to the possibùity that LPL is 

a cryptic enzyme (Pradine-Figuères, Vannier & Ailhaud, 1989); LPL may be stored in an 

inactive, condensed state wbich requires detergent treatment in M m  in order to unmask 

the fidl enyme actMty. Such au underestimation of CLPL actRrity is precluded here by 

the presence of Triton X-100 in the homogenizing buffer. Second, cellular LPL activity 

may ais0 be underestuiiated due to differences in the kinetic parameters of celi extracts 

versus the culture medium Ben-Zeev, Schwab & Scotz (198 la,b) onginally reportecl îhat 

the apparent &for endothehum-bound LPL released into the pemisate of whole hearts by 

heparin was lower than the &, for residual (non heparin-releasable) LPL in hem 

homogenates. Therefore, the routine use of O. 1 m .  trioleh in LPL assays may actuaiiy 

be sub-saturating for the eazyme in ceii extracts because of the lower aflkity of substrate 

binding, resulting in an underestimation of cLPL activity relative to LPL activity in the 

medium As a redt, the heparin-induced decrement in cellular LPL acbivity will be Less 

than hrLPL activity. This idea can be tested by cornparhg the effécts of substrate 

(triolein) concentration on hrLPL and cLPL activities so that stoichoimetric relationships 

between LPL activities in ce1 extracts and media can be calculateci under saturathg 

(Vmâx) conditions. 

Another explanation for the apparent discrepancy between the increased hrLPL 

activity and the unaitered cLPL activity is & novo synthesis of LPL during the 40 min 

incubation with heparin. This is unlikely due to the slow rate of synthesis of myocardial 

LPL (Liu & Olivecrona, 1991; Carroll et al-, 1992; Carroll, Liu & Swerson, 1995). 

Furthermore, cle novo synthesis is not supported by the fàct that the sum of LPL mass in 

heparin-treated, ailtured cardiac myocytes plus the medium (25.W -4 n g h g  protein plus 

8. .8 n g h g )  was not significantly different fkom the sum of LPL mass (27.7 * 0.7 

nglmg) in non-heparin-treated, cultureci cardiac myocytes (Carrol, Ewart & Severson, 

unpubiîshed observations). NevertheIess, the possibiiïty of de novo synthesis could be 

tested by comparing the rates of synthesis during heparin treatment with the two celi types 

using a pulse-chase experiment with radiolabeIIed methionine. 

The most likely acplanation for this discrepancy is that an inactive P L  precursor 



was converted to its active fom by giycosyIaticrn mdor  other processing (Liu & 

Oiivecrona, 199 1; Carroll et al., 1992; Carroll, Liu & Severson, 1995) when the cLPL 

activity was depleted by displacement of the dace-bound enzyme into the medium 

foliowing heparh treatment. This lack of a decrease in cLPL actMty after the heparin- 

induceci release of LPL fkom the celi surface has been previously reported in adipocytes 

(Vannier et al., 1985; Semb & Oüvecrona, 1987), and an inactive LPL precursor has been 

identifieci in cultureci 3T3-LI adipocytes (Ohecrona et al., 1987). There is aIso ewidence 

for a s i w c a n t  amount of inactive enzyme in cultured, but not fresbiy-isolated, cardiac 

myocytes in the present study. The s p d c  activity of LPL in homogenates of fkeshly- 

isolated cardiac myocytes was 0.42 mUhg LPL protein, which is similar to the sp&c 

activity of 0.46 mUIng in pure millc LPL. In contrast, the s p d c  activity in dtured ceiis 

was 0.07 mUlng LPL protein (Carroll, Ewart & Severson, unpubiïshed observations). 

This suggests that dtured cardiac myocytes contain Iarge amounts of inactive LPL 

enzyme, and part of this pool of inactive LPL may represent precursor enzyme which 

could be rapidly converted into active LPL. Taken together, these data suggest that 

freshly-isolated cardiac myocytes contain Mrtually no .mctive LPL masq and this may 

account for the observation that the heparin-induced decrement in cellular LPL activity 

(233- 185 = 48 nmoühr/mg) was essentially the same as the increment in medium hrLPL 

activity (1 59-9 = 50 nmoVhr/mg) in fkeshiy-isdated ceus. It is interesthg to note that 

there is no deteetable LPL m a s  in the medium d o u t  heparin treatment, confïrming that 

heparin displaces the surfàce-bound cLPL rather than stabiiiziug constitutively-released 

LPL. 

One complicating factor is the relaîively long hep& incubation tirne of 40 min 

chosen for technical reasons, Therefbre, the LPL actMty rneasured in the medium wiii 

include pre-formed enzyme rapidly displaced iÏom the ceii surface witbin 5-10 min, as weli 

as enzyme translocated from intraceIIular stores, which would subsequdy be replacecl by 

the conversion of inactive LPL to active LPL. Note that it is not possible to block 

intraceUular transport in cardiac myocytes by incubating at 4°C because of a loss of c d  

viability (Rodrigues & Severson, 1997). 



In sunimary, cardiac myocytes dtured overnight have been found to be 

SiBnificantly different from fieshly-isolated cardiac myocytes in two main ways. Fht, 

there is an increase in active LPL on the ceil d a c e .  Second, there is no net change in 

LPL aceMty in the dtured myocytes, but there is a sigdicant accumulation of inactive 

LPL. It is not hown whether the conditions in the fkeshly-isoIated cells or the d t w e d  

cells more closely represent the a d  in vivo state ofcardiac myocytes. The cultured 

cardiac myocyte may serve as a mode1 for the in vivo ceil, due to the oppominity for 

cultured cens to recover from the stress ofthe isolation procedure. A cornparison 

between the specifïc activities in whole heart homogenates, âeshly-isolated ceUs and 

dtured ceils should determine whether the accumulation of the inactive LPL mass found 

in dtured cardiac myocytes represents the m vivo scenacio, or whether it is a unique 

response to h vibo CUItwe. 

3. Diabetic medium - giucose 

Hyperglycemia is one ofmost obvious and best known symptoms of uncontrolled 

diabetes, and therefore it was reasonable to determine if changes in giucose concentration 

codd be responsible for the decrease in cardiac LPL observed in some experiments with 

âiabetic animals (see Introduction chapter, regdation by diabetes section ). Cardiac 

myocytes were dtured in glucose concentrations of 5.5, 1 1 and 25 mM, 1 did not 

examine the effects of a O glucose concentration. Culturing in the absence of giucose will 

d u c e  LPL activity because LPL is a giycosylated protein, and cuituring in low glucose 

will prevent N-linked giycosylation (Ong & Kem, 1989). This probably accounts for 

findings of Kern, Mandic & Eckel(1987), who found that a physiological glucose 

concentration of 5.5 mM was necessary for maxïmaf LPL actMty in dtured human 

adipocytes, and of Spooner et al. (1979) who aiso found that increasing the concentration 

of  glucose fiom O to 5 mM produced a srnaII increase in cLPL in adipocytes. 

My findhg that increasing giucose concentrations âom the physiological5.5 mM 

to the "diabetic" 25 mM had no &kt on the O L  and hrLPL activiq (Figure 14) is 

consistent with the findings of Kern, Mandc & Eckel(1987) and Spooner et al. (1979) 





In the Introduction chapter (section 3 -4.1 .), the produa inhibition of LPL activity 

by high FA concentrations was discussed. Product inhilition ofLPL by FA has the 

foilowing three characteristics: it is the inhiiition of enzyme aetnrity; it reqyires the 

presence of FA, and it is readiLy reversibk when the FA are removed. The inhibition of 

hrLPL activity descriied here is not due to product inhilition, as FA are not present 

during the assay. the FA-containing medium is replaced with âesh medium (* heparin) 

prior to the assay. The exception to this are the experirnents shown in Figure 20, where 

the final assay medium contained 15 p M  oleate. The dÎrect addition of 0.2% BSA (final 

oleate concentration 15 CIM) to the medium of heparin-treated celis did not reduce LPL 

activity in the presence or absence of oleate (1 19S versus 125*3 nmol/hr/mg, 

respedvely). Furthemore, the thermal stability of hrLPL activity is enhanced by the 

addition of 60 jiM oleate (Figure 21B); this finding is consistent with a previous report 

that FA (up to 100 IiM) protected LPL against denaturation (Baginsky & Brown, 1977). 

4.2. Displacement 

In the displacement section of the Introduction (section 3.4.2.), evidence that FA 

displace LPL was discussed in some detail. Several in vivo studies have shown that there 

is a correlation between elevated plasma TG levels and increased plasma LPL activity 

(Peterson et aL, 1990; Karpe et al., 1992; HultÏn, Bengtsson-Ohecrona & Olivecrona, 

1992). However, another study failed to show such a correlation (Lespine et al., 1993). 

FA were shown to displace LPL fiom heparin agarose (Saxena & Goldberg, 1990), but 

another group found that this ody occurred in the absence of albumin (Peterson et al., 

1990). The most convincing evidence for displacement is the research eom Saxena et al' 

(1989), which demoiistrated that various TG-rich iipoproteins or FA couid displace LPL 

&om endotheiiai ceiîs. The same group aIso found that LPL could be displaced by VLDL 

in an adipocyte precursor c d  line in the presence of the LPL activator apo CIL (Sasaki & 

Goldberg, 1992), thus indicating the need for hydrolysis, but M e r  discovered that the 

produas of hydrolysis (eg. MGy DG, LPC and oleic acid) could aiso displace LPL. 

Similady, other groups Med to observe the displacement of LPL by iipids in p e h e d  

tissues such as rat hindquarters (Shukla et ai., 1989), pernised hearts (Liu & Severson, 



1995; Rodrigues, Spooner & Severson, 1992a), or other parenchymai cells such as 

cultured adipocyte precursors (JGrkland et al., 1994), heart mesenchymai c d s  (Chajek et 

al., 1978) or isolated cardiac myocytes (Rodrigues, Spooner & Severson., 1992a). 

Consistent with the majority of these findings, we also did not observe any 

evidence of the displacement ofLPL into the culture medium by FA There was no LPL 

actkîty in the medium of celIs cuitured overnight with 60 jM okate, although M e  

activity wouid be expected due to thermal inactivation of the enzyme. Displacement 

shouid be a relatively rapid phenornenon; Saxema et ai. (1989) observed displacement after 

a I hr incubation, and thus shorter incubation times with oleate were tested (1 and 3 Ir). 

No LPL activity was detected in the medium &er either incubation (see Figure 20), in 

contrast to the rapid displacement by heparin (Figure 11). If displacement is a 

physiologicaiiy important mechanism to limit excessive FA entry into the parenchyma, 

then it would be most adaptive to act at the endothelium, where the circdating 

iipoproteins are hydrolyzed. 

The physiological relevance of potentiai LPL displacement at the parenchymal ceii 

level is not known, and most available evidence fkom studies on parenchymal ceiis do not 

support the existence of such a mechanism. 

4.3. Regulation of LPL by FA 

The r ed t s  obtained here indicate that FA produce a selective attenuation of 

hrLPL actMty, independent of a FA-product inhibition of LPL enzyme activity or 

displacement of the enzyme. In the foilowing sections, this efFect wiii be discussed with 

respect to possible mechanisms that can explain these resdts, and a cornparison wilI be 

made to similar studies in other ceii types. 

Heparin-releasable actîvity was inhiited by oleic acid at concentrations > 45 p M  

(Figure 15), and by aU FA tested (Figure 16). Ceiiular LPL activity was not reduced 

significantiy by oleate at the concentrations tested (Figure 15). ïhe effects of EPA and 

linoleate were much more dramatic on hrLSL activity than on cLPL activity. The 

regulatory effécts of FA on LPL activity were observed at physiologicai ratios to medium 

aibumin (2: 1 to 6: 1). 



There are several possible explanations for why the hrLPL actMty was selectiveLy 

inhiiited Figure 22 (upper panel) shows that LPL is synthesized as an inactive prewsor, 

converted to an active fonn, secreted fÎom the cardiac myocyte and fhally bound to the 

cell d a c e  (this process is discussed in detd in the Introduction chapter, sections 2.2 to 

2.4). Heparin displaces the dce-bound LPL into the incubation medium, where it can 

be measured as hrLPL activity- ûvernight innibations with FA reduced this hrLPL 

actnrity without reducing the cLPL activity, which represents both active ïntracelluiar LPL 

and active dace-bound LPL. The fict that CLPL ac- was not reduced despite the 

attenuation of hrLPL activity mdicates that the inhiiitory mechanism(s) is most iikely post- 

translational. However, the reduction in hrLPL but not cLPL activities could a i s ~  be 

explained by a simultaneous and equai aiteration in both the rate of synthesis and the rate 

of degradation of LPL; this could be tested by a pulse-chase experiment using 

radiolabelled methionine- 

The simplest explanation for the decreased hrLPL actEvity is that the cardiac 

myocytes secreted less LPL, and thus there is l es  LPL on the cell d a c e  and less LPL 

displaceci into the medium by heparin. The LPL desbned for secretion may have been re- 

routed dong an intraceMar degradative pathway instead- This could be tested by 

determining the mass of cellular and heparui-releasable LPL by ELISA and 

immunohistochemistxy, respectively. If this explanation were true, then one would predict 

that there should be a decrease in heparin-releasable m a s  and less immunodetectabIe LPL 

on the cardiac rnyocyte ceii surface, but no change in intracellular LPL mass. 

Another possible explmation for the selective decrease in hrLPL activity is that the 

same amount of LPL enzyme is being secreted, but in an inactive form. The LPL destined 

for secretion may have been inactivated, or there may be an increased secretion of inactive 

LPL coupled with a decreased secretion of active LPL (see Figure 22, Iower panel). Ifthe 

cardiac myocytes were secreting inactive LPL, then the prediction is that the hrLPL mass 

should not be decreased despite a substantial decrease in hrLPL actMty. If the cardiac 

myocytes were secreting inactive enzyme, then imrnunohistochemistry may show no 

decrease in the staining intensity ifthe antibody used recognized a common epitope on 
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Figwe 22. Possible sites for the regdation of LPL by FA Upper panel: LPL is 

synthesized and secreted h m  cardiac rnyoqtes and then binds to the celi surface. 

Heparin reluues LPL enzyme bound to the sraface and this active aityme will be 

measured as hrLPL &W. Lower panel: OMmight incubations with 60 oleate Iead 

to a decrease in hrLPL ac- but not cLPL aainty. FA may cause the secretion ofless 

enzyme, the inactivation of enzyme destineci for secretion andor the secretion of inactive 

enzyme. 



both the active and inactive forms of LPL. 

It is not known how FA codd produce a post-transiationai modification that 

would hhicbit LPL activity, but there is a precedent for this ui the iiterature. Carroll, Liu 

and Severson (1995) acamined the mechanism(s) responsible for the decrease in LPL 

a* seen in cardiac myocytes isolated fkom rats made diabetic with STZ (100 mgkg). 

They studied the possible mechanhm underlyhg the deche in ceilular and hep&- 

releasable LPL activities in fieshly-isolated cardiac myocytes by examining several indices, 

such as the steady-state LPL mRNA content, LPL synthesis and turnover, and 

immunodetectable LPL mass. They concluded that this deche in LPL activay was due to 

a reduction in LPL qnthesis, which is part of the generaiked decrease in protein synthesis 

foliowing isolation, as well as an unknown post-translational mechanism(s) which resulted 

in an accumulation of inactive LPL enzyme. 

The seieaive decrease in hrLPL activity d e r  chronic exposure to FA may involve 

the TG-sensitive pool previously discussed (see section 2). If the myocytes respond to a 

decreasing pool of TG by upreg-aring active Wace-bound undenzyme (mea~u~ed as hrLPL 

a*), which is the precursor to endothelid "fùnctiouai" LPL, then conversely codd 

they respond to an increasing pool of TG by dowmeguiating the enzyme specifically? The 

cultured cardiac myocytes used in these experiments have a lower energy demand due to 

their quiescent state, and it appears that the fgte of the majority of exogenous FA is 

esterification to TG. Menicine, an inhiitor of FA oxidation (Stephens et al., 1985) did 

not alter the oleate-induced inhibition of hrLPL a a M t y  (Figure 19). Although rates of FA 

oxidation were not measured, it is reasonabie to expect that oxidation wiil be a minor fate 

of radiolabelled oleate. The presence of 1 1 mM glucose in the culture medium and the 

faa that the cuitured cardiac myocytes are quiescent will ensure that rates of FA oxidation 

wiU be very low. Therefore, it is perhaps, not surprishg that odencine had no effect on 

hrLPL activity. 

The effect of up to 180 p M  oleate on cLPL ac- was not statisticaiiy significant 

(Figure 15). Cellular LPL activity appears to deche with increasing concentraîions of 

oleate. Higher concentrations were not testeû, but cLPL activity may be reduced at 

concentrations of oleate greater than 180 pM. Cellular LPL activity was sisnificantiy 
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reduced by EPA and holeate (though the inhibition of hrLPL was pater, Figure 16 and 

Figure 17). This marginal efect on cLPL actMty may indicate the presence of another 

mechanism for FA regdation, one that directiy reduces cLPL activity. This putative 

mechanism wouid also r e d t  in decreased hheL activity. This could be due to a post- 

translational mechanism involving the inactivation of newly-synthesize4 active LPL, or it 

could be operating at the transcriptional or translational levels. This possibility could be 

tested by examining LPL mRNA levels3 and the synthesis and turnover of LPL protein in 

dtured cardiac myocytes incubated overnight with EPA or holeate. FA have been 

shown to moduiate the gene expression of a number ofenqmes, including fatty acid 

synthetase, rnaiïc enzyme, Ag desaturase? acetyl-CoA carboxylase, the S 14 protek (ail 

reviewed in Clarke & Jump, 1994), and the fatty acid binding protein adipocyte P,. These 

effects may involve the transcription factors known as PPAR (see Introduction., section 

2.2), and the LPL gene contains a PPAR-response element (Schoonjans et al., 1996)- 

Some of these effects are specinc for polyunsaturated FA, aithough the reason for the 

specificity of the FA is not known. The reason for the seleaive eEea of EPA and 

holeate on cLPL aaivity ais0 remains to be elucidated. 

How do the present results compare with the resuits of previously reported 

experiments on the regdation of LPL by iïpids in other tissues (a summary of these 

experiments is shown in Table 8). Friedman et al. (1979b) incubated primary cultures of  

rat preadipocytes with oleate, and f m d  that oleate decreased both cellular and heparin- 

releasable LPL activities. The fàct that they used a much higher concentration of oleate 

(500-2000 pM) may account for the discrepancy between their effect on cellular activity 

and our lack of any apparent effect. Kirklmd et ai. (1994) found decreases in both 

cellular and heparin-releasable LPL activities of 96% and 67%, respectively, when using 

100 pM oleate without albumin, and a 45% decrease in ceiiular activity with 3% albumia 

added. The more signincant effect on heparin-releasabïe LPL versus cellular LPL activity 

is consistent with our general findings. The reason for the discrepancy between the 

attenuation of cellular activity with albumin and our findings of no siBnificant decrease is 

not known. It may be due to inherent ciifErences in the cell types used, ie. adipocytes 

versus cardiac myocytes. 
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Table 8. Summary of previously reported experiments on the regdation of LPL by lipids. 

FA + BSA 
concentration 

Culture type 

- 

Kirkland et al., 
1994 

rat adipocyte 
precursors 

- 

100 pM oleate 
No BSA 

1 26% C-LPL 

1 67% C-LPL 
L 96% HR-LPI 

-- -- - 

1 45% C-LPL 
T m A  

Amri et al., 
1996 

Ob1771 
preadipocytes, 
Ob1771 
adipocytes & 
3 T3-FM2 
preadipocytes 

various FA + 
BSA 

FA:BSA ratio of ( 24 hr / 4 hr 1 98% HR-LPI 
no &ect on 
protein synthes 
or degradation 

Montalto & 
Bensadoun, 
1993 

Werentiating 
chic ken 
adipocytes 

- - 

33-165 @f FA 
plus 
33 p.M BSA 

Chajek, Stein & 
Stein, 1977 

9 days (+) FA 
2 days (-) FA 

rat heart 
mesenchyrnal 
ceiis 

1 linoleate, 
EPA, LPL mas: 
secretion & LP 
mRNA levels 

220 mol  VLDL 
+ 4g/dL albumin 

no effect on C- 
LPL or HR-LPI 
activities 

VLDL (-075--75 
mg TG) + senun 

OR 
0.5-2 mM oleate 
+ serum 

- - - - - -- 

Chernick et a[-, 
1986 

3 -8 m M  oleate 
(6.5 molar ratio 
to BSA) 

45 min no effect on C- 
LPL aaivity 

Abumrad et al., 
1991 

60 pM oleate + 
senun 

no effect on 
mRNA levels 



The observations of Amri et a' (1996). who examined the effects of FA on 

adipocyte and preadipocyte celi lines. are consistent wÏth our hdings in sweral respects. 

First, both studies found a signifïcant decline in cellular and heparin-releasable LPL 

activities in response to incubations with linoleic acid. In both cases, there was a more 

pronounced ef£èct on the heparbreleasable LPL activity. Second, Amri et 41. (1996) 

found no change in the protein synthesis or degradation of LPL based on pulse-chase 

experiments, and no change in LPL mass based on immunoblotting. These results indicate 

that FA most Like1y regulate LPL b y a post-trausiational mechanism, Our findings dso 

suggest that regdation at the post-translational level is involved (Figure 22, lower panel). 

Amri et al. (1996) also tested the effêcts of various FA at 100 IiU, and found that the 

effkct on cellular LPL actïvity was greater with longer chain FA. Linoleic aiid arachidonic 

acids were the most effèdve, but EPA was not tested. This relative scde of efficacy is 

dso in agreement with our findings in Figure 16. According to the authors, the greater 

effect of long chain FA is physiologicaiiy relevant due to their higher concentration in 

Iipoproteins. 

We did not examine the LPL mRNA levels in this study. The data on the effects of 

FA on LPL mRNA levels in adipocytes is contradictory (see Table 8). Anxi et al. (1996) 

found that LPL mRNA levels were increased, in direct contrast to their finding of 

decreased LPL activity. However, Abumrad et al.. (199 1) found no effect of FA on LPL 

mRNA levels, whereas Montaito & Bensadoun (1993) observed a decrease in LPL mRNA 

levels in pardel with decreased LPL synthesis and secretion, thus indicating a 

transcriptional mechanism One reason for these discrepancies may be the type of 

adipocyte used, the FA used or its concentration in the incubation medium, and the 

incubation time. 

Finaiiy, it is interesthg to note that cLPL activity was not altered by d t u r e  or by 

incubatiug with Fh despite alterations in hrLPL activity. It appears that cLPL levels may 

be held at a steady-state Ievel and the cardiac myocyte responds to e x t e d  stimuli by 

altering the LPL immediately destineci for transport to the endothelium as c%ctionai" 

LPL. This leads to the question of how the cardiac myocyte maintains this steady-state. 

The response to FA appears to require a fairly long exposure; 1 h .  of exposure had 



no significant &kt, aithough 3 hr exposure did begin to reduce hrLPL actMty (Figure 

20). To determine ifthe effect on hrLPL actMty required a long exposure perïod or a 

shorter exposure penod with a longer response period, the ceils were cultured with 60 pM 

oleate for 3 hr instead of 18 hr, and then dlowed to recover for 15 hr in fkesh, FA-fiee 

medium; there was no significaat différence found between these ceils and the control 

ceus. This indicates that a long conîinuous exposure period to FA is required, and not just 

a long response time. This is consistent with a model of LPL reguiation by FA in which 

there are multiple mechanisms, depending on the severity and duration of the FA increase. 

Severe, local accumulations of FA would cause an imrnediate but reversible attenuation of 

enzyme actBrity (product inhibition). A more generalized elevation in plasma lipids would 

cause displacement of LPL fiom the endothelium, which may result in the migration of 

LPL to other sites of action (Huitin et al., 1992) or catabolism in the Iiver. Note that this 

mechanism is dso quite reversibie depending on the rate of synthesis of LPL in each tissue 

type. In the case of a chronic elevation in FA, displacement alone wodd not be sufiicient 

because new LPL wouid be continually synthesized by the parenchymal cells and thus 

replace the previously displaced endothelium-bound enzyme. The evidence for a deche 

in hrLPL aaMty in a parenchymal ceil type, ie. cardiac myocytes, may represent a third 

mechanisrn of LPL reguiation by FA to deai with chronic hyperlipidemia In this model, 

the parenchymal ce1 would cease to send fkctional LPL to the end~thelium~ It should 

be noted that inhiiitory effects of FA on hrLPL activity in dtured cardiac myocytes were 

O bserved at physiological molar ratios to albumin (2: 1 to 6: 1 ; Figure 15) although more 

information on FA and albumin concentrations in the interstitial fiuid surroundhg 

parenchymai ceils (cardiac myocytes) is needed in order to suggest that this regulatoq 

mechanisrn operates under @atho)physiologicai conditions. 

1 f o d  that the minimal FA exposure period required to inhibit LPL activity was 3 

hr, with a significant decrease after ovemight cuiture. This is consistent with the findings 

of Chemick et ai. (1986) and Chajek et aL (1978); both groups founâ no efféct for the 

short-term Uicubation of LPL with FA (see Table 8). Fwtherrnore, Friedman et al. 

(1979b) and Ami et al. (1996) observed decreases in LPL a h t y  only d e r  2-24 hr 

incubations with FA. In contrast, our results are incompatible with those of Kirkland et 



al. (1994), who observed a 26% decrease in LPL activity wÏth a 15 min exposure to 100 

 LM oleate; however, these experiments were pesformed without BSA and thus their 

physiologie relevance may be qgestionable. The 4-7 day exposure period used by 

Montalto & Bensadoun (1993) is not technically fea~~cble with cardiac myocytes dtured 

by the rapid attachment model. 

There is evidence that the attenuation of LPL activity by FA is at Ieast partially 

reversible. A second ovemight dture  without FA resulted in a 2-fold increase ia hrLPL 

activity as compared to the fkst ovemight culture with oleate (3 1I5 nmoVhr/mg recovered 

to 61%; see Table 6), but this is sti i i  only half of the acbMty in control ceiis dtured for 2 

nights. Longer incubations are therefore r-ed for a fidl recovery. Cardiac myocytes 

cultureci by the rapid attachment mode1 have recovered fkom the stress of isolation and are 

a good model of the cardiac myocyte in its basai state. However, they are undergoing 

changes which by day 5-7 of culture wül result in the loss of their myotypic phenotype. 

Hence, in order to use longer-term incubations, a fidl characterization ofLPL actMty in 

healthy, control cardiac myocytes for each day in culture is required, partidarly with 

regard to LPL. For example, LPL activîty ia control cardiac myocytes appears to &op 

between 24 and 48 hr m v&o (23W4 nrnoi/hr/mg to 12CM 8.5). 

Previous studies on other celi types (see Table 8) have reported variable recovery 

penods. Friedman et al. (1979b) incubated heart mesenchymai ceils with VLDLt and 

found that the restoration of LPL activity occurred between 6 to 12 hr post-incubation 

Kirkland et al. (1994) obsetved a recovesy of LPL activity in rat adipocyte precursors at 

48 hr after the removai of FA Cardiac myocytes appear to have a slower recovery penod 

than mesenchymai ceils (Friedman et al., 1979b). 1 did not attempt to measure the LPL 

activity over 24 hr after the removal of the FA The unusual incubation period used by 

Montalto & Bensadoun (1993) (7-9 days with FA then 48 hr without FA) includes a 48 hr 

period that other midies have shown to encompass the recovery period for LPL activity. 

However, for unknown reasons, Montdto & Bensadoun (1993) only examineci LPL 

mRNA synthesis and mass, not activity- 



5. Persistence of a diabetic phenotype in cuitiire 

LPL activity in cardiac myocytes deriveci fkom rats made experimentally diabetic is 

knom to be reduced (see the Introduction chapter). The persisteme of ibis phenotype 

after an overnight dture is interesting and significant. It wouid appear that diabetes 

produces a dowmeguiation of LPL which is relatively long term (1 8-22 hr). Longer term 

cuiture of these ceUs may r d  how long the rnyocyte "remembers" its diabetic origins 

with regard to LPL. This phenotype persists when the cells are dtured under our 

conditions, which includes a relativefy low glucose concentration of 11 rnM (versus the 

approximate 25 mM found in a diabetic rat) without lipids (versus the hypertriglyceridemia 

of diabetes). However, out medium codd be considered "diabetic" in the sense that we 

culture in the absence of insulin, and this may contribute to maintenance of this 

downreguiation. Manipulations of the ovemight media of diabetic ceus may lead to the 

isolation of the factor causing (and maintaining) this phenotype. The maintenance of the 

diabetic phenotype overnight means that these cells cm be used as an in vitro mode1 of 

diabetic cardiac myocytes in vivo. 

The cause of the persistent deaease in LPL activity was not examined in these 

prelimhary experirnents. The cardiac myocytes were exposed to many in vn>o changes 

associated with STZ-induced diabetes, including hypoinsulinemia, hyperglycemia and 

hyperlipidemia It is not known ifany of these conditions (iidividudy or in combination), 

or another factor, caused the deche in LPL activity- The carcüac myocytes were cultured 

without FA and this procedure has several complicatiom. According to our findings, the 

hrLPL activity that was attenuated by the presence of FA should have begun to recover 

&er an overaight culture without FA However, the LPL activity was still low. In order 

to determine if such a recovery is occurring, a the-course experiment should be 

conducted to characterize the recovery process, beginning at the e s t  step of isolation. 

Note that our recovery expriment was p e r f o d  with oleate, and not holeate or EPA 

The latter FA produced a greater decrease in hrLPL a a M t y  and a signincant decrease in 

cLPL acfivity. Diabetic cardiac myocytes in vivo would have been exposed to elwated 

levels of various FA, and therefore the reduced recovery of LPL activity in cuitured 

cardiac myocytes exposed to oleate may be different fiom the in Mvo scemrio. 



The mechanism(s) responsible for tbis persistent decline in LPL actMty wzs not 

investigated. However, it would be interesting to determine if the mechanism(s) 

responsiile for this response are similar to that found in Feshly isolated cells fiom STZ 

diabetic rats found by Carroll, Liu & Severson, (1995). 

6. Specific conciusions 

(I) Heparin-releasable LPL acrivifl is selective1y increased in cardiac myocytes 

d e r  an overnight culture. 

(II) The ovemight culture period may dow the cardiac myocytes to recover from 

the stresses and trauma of the isolation procedure. With respect to LPL activity, this 

codd be accomplished by ùicreasing the nuber  or nature of LPL binding sites on the ceU 

d a c e ,  or by replacing surface-bound LPL lost during the isolation. 

(III) Culturing cardiac myocytes in various conceneations of glucose (5.5-25 

mM) did not affect hrLPL or cLPL activities. 

(IV) Cuihuing cardiac myocytes in the presence of oleate (60-180 pM) 

signincantly reduced hrLPL but not cLPL activities. 

(V) Short-term incubations of the cardiac myocytes with 60 pM oleate did not 

displace LPL into the culture medium, 

(VI) Ovemight cuiture with linoleate (60 CIM) and EPA (60 @Q reduced both 

hrLPL and d 9 L  activities, although the eEect on the hrLPL activity was greater. 

Meniche, an Miinhibitor of FA oxidation, did not aiter the ùihibitory effects of 

60 pM oleate on hrLPL activity when included into the culture medium 

(vm) The attenuation of hrLPL and cLPL activities observed in cardiac myocytes 

isolated f?om STZ-iaduced (100 mgkg) diabetic rats persists after an overnight dture. 

7. Future experimenb 

There are a number of interesting questions which could be pursuecl as a 

continuation of the FA section of this project. Since diabetes alters FA levels, which in 

tum regdate LPL activity in cultureci cardiac myocytes, it would be interesting to 

determine the effect of other metabolites altered by diabetes, such as ketoae bodies or 



amino acids, on LPL actniity- One of the major criticisms of cell culture in general is its 

reductionist approach, and its appiïcabiky to the a d  in vivo milieu. Therefore, these 

metabohes could be tested in combination with glucose andior FA to more closely mimic 

in YNO diabetic plasma, and this may rweal any synergistic, cornpetitive and auto- or 

hetero-regdatory effects between these metabolites on LPL activity. 

Cardiac myocytes cuitured by the rapid attachent mode1 are quiescent, and have 

reduced metabolic demands relative to actively contracting cardiac myocytes in vivo. It 

may be of interest to examine the eftiects of FA on cardiac myocytes cultured by the 

redifferentiated mode1 after the cells have resumed contraction The increased metabolic 

demands imposed upon these cardiac myocytes rnay alter their response to exogenous FA 

The persistence ofthe diabetic phenotype in culture is very intriguing. These 

cardiac myocytes can be considered to be a mode1 of diabetic ceils in vivo, and rnay be 

used to address a number of questions. For example, how long does the diabetic 

phenotype of reduced LPL activity persist in vitro? Wi11 this phenotype continue under 

different dture conditions, such as in the presence of insulin or low glucose levels (5-8 

mM), and how wilI the LPL ad* in cardiac myocytes cuitured in this manner respond 

to exogenous FA? Clinically, one of the potentially most valuable uses oflliis cardiac 

myocyte culture mode1 is to detemiine if the diabetic phenotype can be reversed to any 

degree. The cek can be used to test ifother potentid regdators of LPL in diabetes, such 

as insulin and a naturdiy occuring ~ucocortîcoid, have any effect on hrLPL or cLPL 

activities . 
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