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ABSTRACT

Cardiovascular discasc is the principal cause of death in the Western world.
Atherosclerosis is & major contribulor to the progression of cardiovascular disease,
Increased proliferation of vascular smooth muscle cells plays an important role in the
development of atherosclerotic plagues and. as increased glucose transport is an early
response common to all mitogens, it is teasonable to presume that increased proliferation
of VSMCs in atherosclerotic plaques is accompanied by an increase in glucose transport
in these cells. To date, however, very little is known about the repulation of glucose
transport in VSMCs. The work presented in this thesis examines the regulation of glucose

transport in VSMCs,

Firstly the glucose transporters expressed in VSMCs were studied. It was determined that
in VSMC freshly isolated from aorta GLIUT-4 was present, however, as the cells were
passaged in culture GLU1-4 was lost and GLUT-3 levels increased. GLLUT-1 was present
in both freshly isolated VSMCs and in cells that had been passaged in cell culture. The
effects of PDGF, a growth factor believed to play an important role in mediating
increased VSMC proliferation in atherosclerotic plaque development, on glucose
transport was examined. PDGF could stimulate a 2- to 5-fold increase in glucose
transport in cullured VSMCs, and this was dependent on both MAP kinase (p38 and
p42/44) and PI3’ kinase activity, as determined by the use of specific inhibitors of these

kinases.

Both ¢cAMP and ¢cGMP are known to be important regulators of VSMC function and as
such the ability of cyclic nucleotides to regulate glucose transport was studied. Analogues
of cAMP were capable of stimulating a 2-fold in crease in glucose transport, and like
PDGFE-stimulated transport it was dependent on P13’ kinase and p38 MAP kinase activity,
however there was no role for pd2/44 MAP kinase. Agonists that stimulated adenyl
cyclase activity in VSMCs were unable to stimulate an increase in glucose transport, but

inhibitors of PDE 3 activity did stimulate a two-fold increase in glucose transport in




VSMCs. The ¢cGMP analogue (8-Br cGMP) had no effect on basal glucose trunsport

rates, but was inhibitory with regard to PDGF-sumulated glucosc transport.

Finally, the mechanisms by which glucose transport is increased in response to mitogens
were studied. To determine if translocation of GLUT-1 may be responsible for increased
glucose transport, chimeras of GLUT-1 and green fluarescent protein were made to allow
the movement of GLUT-1 within the cell to be followed. As well as translocation of
GLUTs it is possible that altered GLU'T activity, perhaps mediated by phosphorylation of
the transporters, may be responsible for increased glucose transport. To address this
possibility the phosphotylation state of both GLUT-1 and GLUT-3 from VSMCs wwas
investigated under different conditions. The results from this work indicated that
phosphorylation of the GLUTs is unlikely to be responsible for increased glicose

transport in VSMCs.
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CHAPTER 1

INTRODUCTION



1.1 GENERAL INTRODUCTION

Cardiovascular discase is the principal cause of death in the USA, Europe and much
of Asia. Atherosclerosis 1s an inllammatory disease of the vasculature and is a major
coniributor 10 the progression of cardiovascular disease (Ross, 1999, Ross, 1993). It
can lead to myocardial and cerebral infarction, which can result in heart attack, stroke,
gangrene and loss of function of the extremities. The process of atherosclerosis is, in
normal circumstances, a protective response to the insults that the endothelium and
smooth muscle cells of the artery are exposed to. Several factors can be important in
atherosclerotic plaque development, including increased serum cholesterol, which is
considered to be the most important factor in the development of atherosclerotic
lesions. Hypertension appears to accelerate plaque formation, and paticnts with
diabetes mellitus are more likely to develop severe lesions (Ross, 1999). Vascular
smooth muscle cell (VSMC) proliferation and migration is fundamental to the
development of atherosclerotic plaques. Since growing cells have an increased energy
requirement, one of the early events which follows re-entry into the cell cycle is the
stimulation of glucose uptake, an effect which is common to all mitogens. [n the work
described below, the mechanisms involved in regulating glucose uptake in vascular

smooth muscle cells were investigated.

1.1.1  PATHOPHYSIOLOGY OF ATHERQSCLEROSIS

The lesions of atherosclerosis occur principally in the large and medium-sized elastic
and muscular arteries. Atherosclerotic plaques are {ikely to be present throughout a
person’s lifetime, and the earliest form of lesion, the so-called fatty streak, is common
in infants and young children (Napoli e/ al., 1997). The fatty streak is a pure
inflammatory lcsion and consists of an aggregation of lipid-rich macrophages and
VSMCs, known as foam cells, and T lymphoeytes within the inner-maost layer of the
artery wall, the intima (Stary ef af., 1994). In people with hypercholesterolaemia, the
influx of these cells into the intima is preceded by the extracellular deposition of
amorphous and membranous lipids. The development of the fatty streak precedes the

formation of intermediate lesions which are composed of layers of macrophages and



smooth muscle cells, which in turn develop into the more advanced, complex,
occlusive lesions called fibrous plaques. The fibrous plaques increase in size, and by
projecting into the lumen of the artery may impede blood flow. Lesions consist of a
fibrous cap of connective tissue, beneath which there 1s a cell-rich luyer consisting of
lipid loaded smooth muscle cells, macrophages and activated T-cells. The cell-rich
region usually overlays a core of lipid and necrotic debris, containing cholesterol
crystals and insoluble calcium salt. Most sudden deaths from myocardial infarcts are
due to the rupturing or fissures in the plague resulting in haemorrhage, thrombosis and

occiusion of the artery (Ross, 1993, Ross, 1999).

A number of observations gave rige to the “response to injury” hypothesis for lhe
formation of plagues, which initially proposed the denudation of the endothelium as
the first step in atherosclerosis (Ross & Glomset 1973, Ross & Glomset 1976). The
most recent version of this hypothesis is that endothelial dysfunction rather than
denudation is the initiating factor for progression of atherosclerosis (Ross, 1993, Ross,
1999). The endothelial dysfunction that occurs in response to the injury leads to
compensatory responses that alter the normal homeostatic properties of the
endothelium. The formation of fibrous lesions in response to injury is in itself not
remarkable; wound healing, for example follows such a course. But the response to
arterial injury differs from that of injury to n1ost other organs in that the sources of
injury (hypercholesterolaemia, hypertension, cigarette smoking, diabetes, obesity etc.)
are likely to be chronic, so that progression of fatty streak to {ibrous plague is unlikely

to be interrupted.

An overview of plaque development is shown in Figure 1.1. The injury to the
endothclium increases its adhesiveness with regard to leukocytes or platelets, as well
as ity permeability. The injury also induces the endothelium to have procoagulant
instead of anticoagulant properties and to produce and secrete vasoactive molecules,
cytokines and growth factors (Resnick ef @, 1993, Lin es al,, 1997, Nakashima ef al,
1998). If the inflammatory response does not immediately remove or neutralise the
offending agent then the response can continue indefinitely. The monocytes and T-
lymphocytes migrate between the endothelial cells under the influence of growth

factors and chemoattractants released by the altered endothelium, activated platelels



and adherent leukocytes. 'I'he major chemoattractant is lipoprotein that has been
oxidised by the cndothelivm, smooth musele cells or carly-arriving monocytes or
macrophages (Quinn er al., 1987). Migrating cells reach further beneath the arterial
surface, where the nionocytes become macrophages, accumulate lipids and become
foam cells and, together with the accompanying lymphocytes, form a fatty streak. If
the inflammatory responsc continues there is stimulation of proliferation and
migration of vascular smooth muscle to form an intermediate lesion. If these
responses continue unabated, they can thicken the artery wall, resulting in a
compensatory dilation of the blood vessel to maintain a constant lumen volume.
Continued inflammation results in increased numbers of macrophages and
lymphocytes, which both migrate from the blood stream and multiply within the
lesion. Activation of these cells leads to the release of hydrolytic enzymes, cytokines,
chemokines and growth factors, which can induce further damage and eventually lead
to focal necrosis. Thus, cvcles of accumulation of mononuclear cells, migration and
proliferation of smooth muscle cells, and formation of fibrous tissue lead to further
enlargement and restructuring of the lesion, so that it becomes covered by a tibrous
cap that overlies a necrotic core. At some point the artery can no longer compensate
by dilation and the lesion may alter blood flow (see Ross 1993, Ross 1999 for

reviews).

1.1.2 REGULATION OF VASCULAR SMOOTH MUSCLE CELLS IN PLAQUE

FORMATION

Any concept of atherogenesis must account for the stimulation of vascular smooth
muscle cell proliferation, which is fundamental to the development of the plague.
Vascular smooth muscle cells are subject to regulation by a huge number of growth
factors, cytokines and small molecules (such as nitric oxide, NO) in normal blood
vessels as well as in atherosclerotic lesions. It is the alteration in equilibrium between
factors secreted from the endothelium and smooth muscle cells that is probably crucial
to migration and hyperproliferation of VSMCs. Some of the most important growth
factors and cytokines, in terms of VSMC proliferation are platelet derived growth
factor (PDGF), basic fibroblast growth factor (bI'GI), insulin-like growth factor 1

(IGF-1), interleukin~1 (IT.-1}, tumowr necrosis factor of (TNFa) and transforming



growth factor § { 'GFp) (Bobik & Campbell, 1993). All of these can induce VSMC
proliferation and are up regulated in the lesions of atherosclerosis. Many of the growth
factors that contribute to these often dramatic changes in artery vessel wall structure
are vessel wall derived. Activated platelets adhering to the endothelium will refeasc
their granules and the growth factors contained within. The adherent macrophages and
T-lymphacytes will secrete growth factors and cytokines such as iL-1, TNFo and
TGI'B. The dysfunctional endothelial cells in Jesions secrele growth factors and small
signalling molecules such as NO. Other important growth factors are produced from
the VSMC themselves and act in an autocrine manner (see Ross, 1993 and Bobik &

Campbell, 1993 for reviews).

[t is unlikely that any of these growth factors work alone in the process of
atherogenesis. Through a network of cellular interactions, the release of one factor
will stimulate the expression of a second factor in a target cell that can then stimulate
cells in a paracrine or autocrine manner. One example of this is the secretion of
cytokines and growth factors by macrophages. Activated macrophages in the fesions
will secrete PDGF, which can act directly on the VSMC. As well as PDGF secretion,
they release I1.-1, TN« and TGFB. These cytokines can act on both endothelial cells
and VSMC to induce production of PDGF, which can further stimulate the
proliferation of VSMCs. Interestingly, when there are high levels of I1.-1, TNFa and
TGFP an inhibition of the proliferative effect of the secreted PDGF occurs, by
downregulating the PDGF receptor (Battegay ef al.. 1990).

There may be great diversity in the smooth muscle cells in the lesions of
atherosclerosis, as smooth muscle cells are derived from individual organ parcuchyma
during embryogenesis, whereas the endothelium appears to be derived from the
embryonic vasculature that invades the organ (Schwartz et af., 1990). Therefore the
smooth muscle cells in different arteries have different origins. As well as differences
in VSMC in ditferent arteries there also appeurs to be heterogeneily of VSMCs within
a single area of the vessel (Benzakour et ¢, 1996). Different sub-populations of
VSMCs may give rise to smooth muscle cells that can respond very differently to the

same stimull.




VSMCs are also able to display at least two phenotypes, contractile and synthetic
{Mosse et gf., 1985, Campbell and Campbell 1985). These phenotypes can be
differentiated based on the distribution of myosin filamenis and the amounts of
secretory protein apparatus, such as rough endoplasmic reticulum and Golgi
(Chamley-Campbcll er al., 1979, Gonzales-Crussi 1971} 1t is likely that these
phenotypes are the extremes of a spectrum of phenotypes thal may coexist in the
vesse] wall, When the cells are in the contractile phenotype they respond to agents that
induce either vasoconstriction or vasedilation. In contrast, in the synthetic state the
cells are capable of expressing genes for a number of growth regulatory molecules and
cytokines (Libby et o/, 1988, Sl6jund er al., 1988). Several obscrvations have
suggested that smooth muscle cells in lesions are of the synthetic phenotype and are

therefore more susceptible to proliferative stimuli than contractile VSMCs.

1.2 REGULATION OF GLUCOSE UPTAKE

Inereased glucose transport is an carly responsc to growth factors in all cells
(Thomson & Gould, 1997). Despite the importance of smooth musele ccll
proliferation in the development of atherosclerotic plaques, httle is known aboul Lhe

mechanism and regulation of glucose transport in VSMCs,

1.2.1 THE FACILITIVE GLUCOSE TRANSPORTER FAMILY (GLUTS)

A summuary ol the tissue distribution of the [acililalive glucose fransporlers 1s shown

in Table 1.1.

The transport of glucose across the plasma membrane and into the cytosol is arguably
the most important function a cell performs, as D-glucose is required for cellular
growth, homeostasis, and metabolism. The existence of a protein moiety responsible
for glucose transport was first demonstrated by Jung, 1971, who showed that the
transport capacity of erythrocytes was retained by erythrocyte ghosts but not by
erythrocyte lipids alene. In 1982 Lienhard and his colleagues purified and partially

scquenced the first member of the family, now known as the facilitative glucose




transporters or GLUTs (Baldwin ef ., 1982). These transporters allow the movement
of glucose across the plasma membrane down its concentration gradicnt, cither into or
out of the cell. Furthermore, this family of proteins are specific for the D-enantiomer
of glucose and are not coupled to any energy-requiring components, such as ATP
hydrolysis or a H' gradient, GLUT-1 was purified from erythrocytes and antibodies
were raised against the polypeptide. Using the partial sequence obtained from the
purified protein a cDNA clone was isolated in 1985 (Meukler ez al., 1985) and
subsequently the isolation of the gene coding for GLUT-1 (Fukomoto e/ al, 1988).
GLUT-1 protein and mRNA is present in many tissues and cclls. In humans GLUT-1
is expressed at highest levels in brain and erythrocytes, but is also enriched in tissues
of the blood-tissue bairiers, such as the blood-brain barrier and the placenta (Gould &
Holman, 1993). GLUT-1 is located on the plasma membrane and in the recycling
endosomes. It is widely regarded as the “house-keeping” glucosc transporter (F licr et

al., 1987).

Subsequent to the isolation of the GLUT-1 ¢DNA, more members of the glucose
transporter family were isolated by screening of ¢cDNA libraries of several tissucs with
the GLUT-1 ¢cDNA under low stringency conditions. Using this method, a cDNA
encoding GLU'T-2 was isolated from hepatocytes (Fukomoto ef of,, 1988, Thorens ¢t
al., 1988). Analysis of the properties of this transporter revealed that it is a high-
capacity, high K,,, transporter for glucose. These properties are ideally suited to allow
the liver to function as one of the key tissues involved in glucose homeostasis; the
high K. and transport capacity endows GLUT-2 with properties enabling the rapid
influx of glucese into the liver after cating, and rapid efflux of glucose from the liver

following gluconeogenesis and glycogenolysis,

GLUT-3 was identified by Nagamatsu ef al., 1992, and was found to be the prominent
isoform expressed in brain and neural tissue. GLU'L-3 is expressed in human foetal
musclc, but Northern blot analysis of the aduit skeletal muscle revealed no trace of
GLUT-3 mRNA., High levels of GLUT-3 mRNA are present in a range of other adult
tissues such as the placenta, liver, heart and kidney. The mRNA for GLUT-3 has been

found at high levels in these tissues, but the sites of protein expression dre more




restricted, indicating that perhaps GLUT-3 may undergo negative post-translational

regulation (Gould & Holman, 1993).

The GLUT-4 isoform is the insulin-responsive glucose transporter. Adipose and
skeletal muscle are unique with respect to glucose transport, in that they exhibit acute
insulin-stimulated increases in transport, up to 30-fold (fat) and 10-fold (musclc)
(Gould, 1997). These tissues have a large pool of the GLUT-4 glucose transporter
sequestered inside the cells which is not normally available for glucose transport.
Upon exposure of the cells to insulin the GLUT-4 is rapidly translocated to the cell
surface (Cushman ef al, 1980; Suzuki & Kono, 1980). This means that the cells have
a low resting rate of glucose transport, but are able to achieve 4 rapid and large

incrcasc in glucose transport in response to insulin.

c¢DNA library screening also identificd GLLU'T-5, the major facilitative glucose
transporter of the small intestine (Kayano ef al., 1988). GLU'T-5 is localised to the
apical brush border on the lominal side of the absorptive epithelial celis (Davidson et
al., 1992). This transporter has a high affinity for fructose and a low affinity for
glucose, therefore it seems reasonable (o assume that it plays a major role in the
uptake of dictary fructose (Burant ef ¢/, 1992). GLUT-5 is also found in several other
human tissucs, including muscle, brain, adiposc tissue, kidney and testis (Shepherd e/

al., 1992).

In 1990 Kavono ef ¢/, identified a further transporter-like transcript by homology
screening. This transcript has a ubiguitous tissue distribution and is 79.6% identical to
GLUT-3. However, sequence analysis of the cDNA revealed that it contained several
stop codons and frame shifts, and is therefore unlikely to encode a functional glucose

transporter and most likely a pseudogene.
1.2.2 STRUCTURE AND MEMBRANE TOPOLOGY 0¥ THE GLUTS
After cloning of the GLU T's analysis of the predicted amino acid sequences revealed a

high degrec of homology between the mammalian glucose transporters and those of

other species including bacteria, yeast, algae and protozoa (Walmsley ef al., 1998,



Barrett et af.,1999). This degree of similarity probably relates to a conumon
mechanism of transport catalysis, a comimon type of substrate and is suggestive of a
common evolution from a single gene. The common features revealed by sequence
alignment and analysis of the transporters include 12 predicted amphipathic heliees
arranged so that both the N- and C-termini are at the cytoplasmic surface (Gould,
1997). Also predicted are large loops between helices 1 and 2 and between helices 6
and 7 (Figure 1.2). The loop between helices 6 and 7 divides the structure into two
haives, usually referred to as the N-terminal domain and the C-terminal domain. The
loops between the remainder of the helices are very short and the length of these loops
is a congerved feature of the entire family. The short loops place severe constrainls on
the possible leriiary structure of the protein, and suggest very close packing of (he
helices at the inner surface of the membrane, in each half of the protein. The length
and sequence identity of the loops at the extracellular surface of these proteins is very
varied but is generally longer than the loops on the cytoplasmic surface. This may
potentially result in a less compact helical packing at the external surface. The general
features of this model including the membrane-spanning topology have been
confirmed by extensive experimental analysis using a range of approaches (Barrett ef

al., 1999).

1.2.3 SIGNALLING PATHWAYS MEDIATING GLUCOSE I'RANSPORT

1.2.3.1 Growth factor-mediated glucose iransport

Exposure of quiescent cells to mitogens results in the stimulation of numerous
intracellular signalling cascades, culminating in cell growth and division several hours
later, Due to the increased energy requirements of growing cells, one of the carly
responses ol cells common to all mitogens 1s an increase in the rate of glucose uptake.
GLUT-1 is thought to be the glucose transporter responsible for growth factor-

stimulated increases in ghucose transport (Thomson & Gould, 1997).

Time-courses of growth-factor induced glucose lransport reveal a biphasic pattern,
consisting of an acute phase response occurring within minutes and a chronic phase

after about 4-172 hours. T'he acufe phase of transport is thought to occur by a




movement of GLUT-1 from the recycling endosomal system to the plasma membrane,
therefore increasing the number of functional transporters at the plasma-membranc,
and also possibly via an increase in the intrinsic activity of the iransporters (Gould &
Holman, 1993, Czech ef al.,, 1992). However the molecular mechanisms underlying

these effects are poorly understood.

The chronic effect of mitogens on glucose transpost is inhibited by cycloheximide,
suggesting that it is dependent on new protein synthesis. Several studies have shown
that GLUT-1 mRNA is increased during the late phase of growth-factor stimulated
uptake (Kitagawa ef al., 1989, Rollins ef o/, 1988, Hiraki e al,, 1988).

Different classes of growth factors exist which work at structurally distinct receptors
and mediate intracetlular signals via distinct mechanisms. 'I'here are two classes of
mitogen receptor, the protein tyrosine kinase receptors, which transduce their signals
via intrinsic tyrosine kinase activities in their cytoplasmic domain, and the seven-
transmembrane domain receptor family, which transduce their signals by coupling
with heterolrimeric G-proteins. Despite their distinet receptors and the differences in
the initial signal transduction mechanisms, activation of both receptor types leads to a
similar biphasic profile of glucose transport, suggesting that the signa! transduction
pathways activated by these distinct classes of receptor converge (Thomson & Gould,

1997).

Receptor tyrosine kinase signalling

Receptor tyrosine kinase signalling is probably the best understood mechanism of
growth factor signal transduction. Following growth-factor binding (o receptor, the
receptors undergo a conformational change, which activates the intrinsic tyrosine
kinase activity of the receptor, resulting in autophosphorylation of the specific
tyrosine residues within the cytoplasmic domain of the receptor and receptor
dimerisation (Fantl ef al., 1993). These specific phosphotyrosine residucs can act as
“docking sites™ for intracellular signalling proteins. The phosphotyrosine residues are
contained within specific amino acid sequences, which result in highly selective

binding sites for SH2 domains (Pawson & Gish, 1995). Many proteins contain such
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SH2 domains and are able to bind the phosphotyrosines on active receptors, including
PI3-K, PLC v, Ras GTPase aclivating protein (Ras GAP), growth factor residue
binding protein-2 (Grb-2), SHPTP-2 (the phosphotyrosine phosphatasc) and the Sre
family of non-receptor tyrosine kinases. Upon binding to the receptors these signalling
proteins are thought to undergo tyrosine phosphorylation, and those with a catalytic
domain are subsequently activated, thus propagating the signal. Not all proteins that
bind to the reccptors have catalytic activity, but instead act as adaplor proteins which
coupte the activated receptor (o intracellular signalling molecules i.e. Grb 2 (Egan et
al., 1993). It should be noted that the insulin receptor and IGF-1 receptor, both
tyrosine kinases receptors, transduce their signals via a distinct mechanism, utilising

the adaptor proteins, insulin receptor substrate (IRS-1, 2, 3), described below.
G-protein coupled receptor signalling

G-protein coupled receptars transduce their signals by activating heterotrimeric G-
proteins. Hetcrotrimeric G-proteins consist of o, B and y subunits. When an agonist
binds to receptor it results in the exchange of GTP for GDP on the o subunit of the G-
protein. This causes the o subunit to separate from the By subunits. Both the GTP-
bound ¢ subunit and the By dimer are important activators for a number of signalling
molecules (for review sce Milligan, 1993, Sternwets, 1994). It is clear that G-protein
coupled receptors can stimulate many of the same intracellular signalling molecules
that the protein tyrosine kinase receptors activate. It is probable, therefore, that
stimulation of glucose transport by protein tyrosine kinase receptors and G-protein
coupled receptors utilise common signal transduction pathways (see Figure 1.3 for

overview).

Phospholipid hvdrolysis and PKC

Both receptor tyrosine kinases and G-protein 3y subunits can stimulate phospholipase
C (PLC) activity {(Rénnstrand ef o, 1992, Milligan, 1993, Sternweis, 1994). This

results in the hydrolysis of PI(4,5)P; to Ins(1,4,5)P;3 and diacylglycerol (DAG).

[ns(1.4,5,); can mobilise Ca®* from intracellular puols and PPAG can stimulate the
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protein kinase C (PKC) family of serine/threonine kinases. Both Ca™ and PKC have
been implicated in a number of physiological functions and as such a role for these in

glucose transport has been sought.

It has been shown that purified I'KC can phosphorviate GLUT-1 in vitro (Witters et
al, 1983), but as yet there has been no demonstration of a tunctional consequence of
this event. Pharmacological activators of PKC, such as phorbo!l esters, have been
shown 1o stimulate glucose uptake in Swiss 313 fibroblasts (Farese ef al., 19806,
Kitagawa et al., 19806), further implying « role for PKC in glucose transport. However,
although PLC, DAG and PKC can all stimulate glucose transport, subsequent studies
have all but ruled out a role for PKC in glucose transport in response to many
mitogens. For example down-regulation of PK.C by prolonged incubation with
phorbol esters has no effect on PDGF or IGF-1 stimulated glucosc transport in
fibroblasts (Merrall ez af., 1993). In addition, IGF-1 and PDGT do not stimulate PKC

activity in fibroblasts, but can stimulate glucose transport (Metrall ef a/., 1993).

Recently it has been shown that [Ca®*] may be important with regard to glucose
transport. Quinn et al., 1998, have shown that angiotensin II stimulated glucose
transport in rat aortic VSMC is dependant on the levels of extracellular | Ca™"). When
the cells were incubated in growth media without caleium, angiotensin failed to
stirmulate glucose transport, as compared to cells grown in media with hormal calcium
levels. It was also shown that the inhibitors of calmodulin, W-7 and calmidazolium
could inhibit angiotensin Il stimulation of glucase transport in these cells. These

results point to a role for calcium in regulating glucose transport.
Mitogen Aciivated Protein Kinuse

A wide variety of growth factors stimulate the mitogen activated protein kinase
(MAPK) family, an event that is believed to play a major role in the transduction of
mitogenic signals into intracellular responses. Both tyrosine kinase receptors and
GPCR stimulate the activation of pd2/44 MAP kinase via a similar mechanism, by the
activation of a sequential phosphorylation cascade (see I'igure 1.3). The MAP kinase

family consists of the p42/44 MAPK, p38 MAPK and JNK (reviews Canos ef al.,
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1995, Davis, 1994). This family of proteins are stimulated by distinct but parallel
phosphorylation cascades in response to mitogens, stress and cytokines respectively

(Canos ef al., 1995).

There is now good evidence supporling a role for MAPK involvement in mitogen-
stimulated glucose transport. By using specific inhibitors of p42/44 MAPK (PD
98059) it is possible to inhibit IGF-1 stimulated glucose uptake in KB cells (Gould et
al., 1995). Therefore it scems likely that p42/44 is involved in Lhe growth factor-
stimulated signal transduction transport from protein tyrosine kinase receptors leading
to glucose uptake. In contrast, the p42/44 inhibitor had no effect on IL-1 stimulated
transport in these cells, instead this uptake was completely inhibited by the p38
specific inhibitor, SB 203580, indicating that p38 MAPK is involved in mediating

cyvtokine stimulated glucose transpost.

The mechanism by which MAPKs regulate glucose uptake is poorly understood. Two
known downstream targets of MAPK, MAPKAP and insulin-sensitive protein kinase,
were without effect on glucose transport when injected into oocytes (Merrall ef af.,
1993), suggesting that the elfect of MAPK on glucose transport is direct, or via some
as yet unidentified downstream target. Previous work has shown, however, that direct
phospherylation of the glucose transporter docs not occur in response to PDGE, EGEF
and insulin in 3T3-L1 [ibroblasts (GWG unpublished data). Furthermore the GJ.UT1
transporter is not phosphorylated in vitro by either MAPK or MAPKK, so it would
seem unlikely that MAPK stimulates glucose transport by modulating phosphorylation
of the GLUT-1 protein itself (FIT & GWG unpublished results).

Phosphatidyl 3°' Kinase (P13 'kinase)

The widespread activation of PI3” kinase by growth factors points to a common
fundamental role for this enzyme in growth factor signalling, and thus PI3” kinase has
been investigated as a possible mediator of glucose uptake. PI3" kinase catalyses the
phosphorylation of phosphoinositides at the 3 position of the inosito} ring. to generate

PI(3)P, PI(3,4)P and PI(3,4,5)P: (I.eevers ef al., 1999).
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There arc three classes of Y37 kinase; class I PI3” kinases are stimulated by both
receptor tyrosine kinases and G-protein-coupled receptors and can generate all 3
phosphoinositide forms. Class Il PI3” kinases generate PI(3)!” and PI(3,4)P; and class
III PI3° kinases generate PI(3)P only (Leevers ef al.. 1999}, These phosphoinositide
products of PI3” kinasc act as sccond messengers for signal transduction by inleracting
with proteins containing specitic phosphoinositide binding domains. Examples of
such domains include: FYVE domains, which are ¢ysteine-rich zinc-finger-like motif
(Stenmark er al., 1996), which bind PI(3)P specifically (Patki e7 af,, 1998) and
pleckstrin homology domains (PH domains) which are modules of ~100 amino acids

which bind PI(3,4,)P, and PI(3,4,5)P; (Lemmon ez al., 1997).

Many groups have studied the role of PI3” kinase in glucose transport. [t has been
shown that growth factor stimulated glucose transport can be inhibited by using PI3®
kinase inhibitors, such as wortmangin and LY 294002, in a variety of cell types

(Gould et al., 1994, Clarke ef «f.,, 1994, Batros ef al., 1995).

The exact role of PI3’ kinase in growth factor slimulated glucose transport remains to
be elucidated. PI3° kinase activation of ¢-AKT in insulin-stimulated glucosc transport
is known to be vital (see scetion 1.2.3.2) and perhaps P13’ kinase plays a similur
important second messenger role in mitogen-stimulated glucose transport, It has been
difficult to clucidate a signalling role for PI3” kinase in mitogen-stimulated glucose
transport, as the downstream effectors of PI3” kinase are as yet poorly defined. PI3°
kinase activation is also involved in regulating a variety of vesicular trafficking events
(Corvera & Czech, 1998, Wuster ef ¢/, 1999) and may thetefore be important in
recruiting GLUT-1 to the plasma membrane. However demonstrating a role for PI3°
kinase in regulating specifically signalling events or specifically trafficking events
involved in glucose transport would be technically very difficult. It may be that P13’
kinase is important in mediating mitogen-stimulated glucose transport via its both its

roles as a signalling protein and in tralficking, however as yet this is speculation.
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1.2.3.2 Insulin-stimulated glucosc transport

Insulin can activate a number of cellular intracellular signalling pathways, however its
primary function is to regulate metabolism of sugars, amino acids and fats in its
peripheral target tissues, adipocytes, heart and skeletal muscle as well as in the liver.
Insulin acts at the insulin receptor, which is a receptor tyrosine kinase. fusulin-
stimulated increases in glucose transport results from a redistribution of GLUT4 from
an intraceilular pool to the cell surface, thus increasing the total number of
transporters at the ccll surface available for transport (Cushman er /., 1980, Suzuki &

Kono, 1980),

IRS-1 and -2

[nsulin receptor substrate 1 and 2 (IRS-1 & 2) have been identified as major substrates
of the insulin receptor (Sun ef al., 1991, Sun et al., 1995). IRS-1 and 2 will bind to the
insulin receptor upon receptor stimulation, via an SH2 domain (see above for
description of receptor tyrosine kinase activation}. Upon binding to the insulin
rceeptor these proteins become phosphorylated on specific tyrosine residues and can
then act as an adaptor for proteins containing SH2 domains. IRS-1 and 2 bind many of
the same proteins that will be bound by classical tyrosine kinase receptors such as
Grb-2, SHPTP2 and PI3'K (Skolnik er a/., 1993, Kuhne ef 4/, 1993, Myers ef al.,
1992, Backer e/ al., 1993). These proteins can then mediate insulin’s myriad of

actions in the cell,

PI3 K

Insulin, as well as many other growth factors (sce above) rapidly stimulates the
activation of P13 kinase. PI3’ kinase stimulates the accumulation of 3°
phosphoinositides. These molecules can then act as second messengers by inleracting
with proteins containing specific phosphoinositide binding domains (see above).
Phosphorylation of IR8-1 and 2 by the insulin reeeptor results in binding sites for the
p85 subunit of PI-3" K, and upon binding to IRS-1 or 2 the enzyme is activated
{(Myers ef al., 1992, Carpenter ef al., 1993).

-
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Insulin stimulated hexose transport and GLUT-4 transtocation in 313-I.1 adipocytes
and Xenopus oocytes can be inhibited by the use of specilic inhibitors of PI3'K,
wortinannin and LY 294002 (Clarke et af., 1994, Evans et al, 1995, Gould et af.,
1994). Therefore it is clear that PI3'K activity is very importani in mediating insulin-
stimulated glucose transport. However, the ability of P13°K aloue Lo stimulate glucose
transport is controversial. Both insulin and PDGF stimulate PI3'K activily to the same
extent in 3T3-L1 adipocytes, but only insulin significantly stimulates glucose transport

in these cells (Wiese ef al,, 1995).

c-AKT/PKB

Since discovering that PI3’K is invoived 1 mediaiing insulin-stimulated glucose
transport, efforts have been made {o identify possible down-stream effectors. Recently
a serine/threonine kinase, protein kinase B (PKB), has been shown to be down-stream
ol PIZ’K (Bos, 1993, Coffer et al, 1998). PKB is alse known as c-AKT, and as yet the
nomenclature for this kinase has not been resolved. Currently three isoforms ot PKB
are known, a, } and v. PKB is able to act as a down-stream target for P13°K by virlue
of its pleckstrin homology domain, which mediates binding to PI(3,4)P; and
Pi(3,4,5)P3. Upon binding to phosphoinositides PKXB is itself phosphorylated and
activated (Coffer er o/, 1998).

A role for PKB in insulin-stimulated glucose transport has been sought. Work has
shown that it' a constitutively active form of PKB is transfected in to 3T3-L1
preadipocyles spontancous differentiation of thesc cells into mature adipocyles oceurs
(Magun er al., 1996). Expression of the constitutively active PKIB stimulated glucose
uptake and GLUT-4 translocation levels similar to those seen upon insulin {reatment
in 3T3-L1 adipocytes (Kohn ef al., 1996). 1t is interesting 1o note here that PDGF can
stimulate PI3°K activity in these cells but is unable to stintalate phosphorylation of
PKB (Nave ef al., 1996). This demonstrates a parallcl between an agonist’s ability to
stimulale GLUT-4 translocation and PI(B activation. These results suggest an
important role for PKB in insulin-mediated glucose trapsport. The mechanism by

which PKB mediates insulin-stimuiated glucose transport is as yet unclear.
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MAP Kinase Cascade

‘The insulin receptor can stimulate the MAP kinase cascade via activation of the small
molecular weight G-protein p21'™®. Insulin activates p21™ via two different
mechanisms, one requiring IRS-1 and the other independent of IRS-1 (Myers ef ol
1994). The activation of ras requires the exchange of GDP for GTP. This exchange is
catalysed by the guanine-nucleotide exchange factor SOS (Sakaue ef al,, 1995). Upon
binding of insulin to its receptor, Grb2/SOS is recruited to the membrane via
interaction with IRS-1 or She, an insulin receptor adapter protein {Skolnik ez a/..
1993, Myers et al., 1994). Once at the membrane the Grb/SOS complex can catalyse
the nucleotide exchange on ras, and ultimately the activation of the MAJP kinase

cascade (sce Figure 1.4).

However, the usc of an inhibitor of p42/44 MAP kinasc activation, PD98059, fails to
inhibit insulin stimulated glucose transport in 313-L1 adipocytes (Lazar ef al., 1995).
These results indicate that the MAP kinase pathway is not responsible for mediating

insulin-stimulated glucose transport.

1.2.3.3 Cyclic nucleotide regulation of glucose transport

To date very little is known about the role of cyclic nucleotides in regulating glucose
transport. Depending on the tissue studied cAMP can be either stimulatory, inhibitory
or without effect on glucose transport. In 3T3-L.1 preadipocytes the cAMP analogue,
8-Br cAMP, was found to be stimulatory with regard to glucose transport (Cornelius
et al., 1991). In fai cells cAMP is without effect on basal glucose transport rates but is
inhibitory with regard to insulin-stimulated transport in these cells (Lonnroth ef al.,
1987). In cultured rat thyroid cells glucose transport is increased by thyroid-
stimulating hormone in a cAMP-dependent manner (Hosaka ef /., 1992). In these
cells it was seen that cAMP analogues stimulated an incrcase in GLUT-1 mRNA
levels but caused a decrease in GLUT-4 mRNA levels. This, along with the eflect of
cAMP in fat cells and preadipocytes, seems to suggest that cAMP may be stimutatory
with regard to GLUT-1 mediated glucose transport, but inhibitory with regard to

GLUT-4 mediated transport. In pancreatic B cells phosphorylation of the glucose
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transporter GLUT-2 by protein kinase A (PKA) results in a decrease in glucose
transport (Thorens ef af., 1996). In cardiomyocytes agents altering intracellular levels

of cAMP had no effect on glucose transport (Fischer et al,, 1990).

Less is known about the ability of cGMP 1o regulate glucose transport. In
cardiomyocytes, there are early reports of cGMP being able to stimulate glucose
transport in these cells (Shanahan & Edwards, 1989), but later publications report that

c¢GMP is without cffect on glucose transport in cardiomyocytes (Fischer ef af., 1996).

1.2.4 GLUCOSE TRANSIORT IN VASCULAR SMOOTH MuUsCLE CELLS

As stated earlier, VSMC proliferation is an important factor in the development of
atherosclerotic plagues. Glucose transport is an early response common to all
mitogens, however very little is known about the regulation of glucose transport in

VSMC.

Most studies of glucose transport in vascular smooth muscle cells have concentrated
on the effects of insulin and IGF-1. In these studies it has been shown that both insulin
and IGF-1 are capable of eliciting a two- to three-fold increase in glucose transport in
these cells (Sowers, 1996, Fujiwara & Nakai, 1996). In both studies it was shown that
1GE-1 is a more potent stimulator of glucose transport than insulin in VSMCs. It has
been suggested that the cffects of insulin on VSMC are mediated via the IGF-|
receptor. Both insulin and IGF-1 stimulated glucose transport are inhibited by the
P12’ inhibitor, wortmannin (Fujiwara & Nakai, 1996), therefore insulin and IGF-1

both mediate ghucose transport via a PI3*kinasc~dependent mechanism.,

Angiotensin II, an endogenous vasoconstrictor that acts at a G-protein-coupled
receptor, has also been shown to be able to increase glucose wransport in VSMCs
(Quinn & McCumbee, 1998). This agonist also elicits an approximately two-fold
increase in glucose transport. Tnhibition of PKC did not affect the ability of
angiotensin I to stimulate glucose transport in VSMC. However it was shown that
extracellular calcium and calmodulin are important in mediating angiotensin 11-

stimulated glucose uptake. Reducing the extracellular calcium concentration or
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inhibiting calmodulin, with W-7 or calmidazolium, reduces angiotensin Il-stimulated

uptake by approximately 50%, but had no effect on basal rates of {ransport.

As well as various agonists being able to modulate glucose transport in VSMCs, it has
been shown that the concentration of glucose that the cells arc cxposed to is also very
important. In cells grown in media with high concentrations of glucose {25 mM) both
basal and stimulated rates of uptake arc lower than in cells grown in 0, 2.5 or 5 mM
glucose. This is true in response to both insulin and angiotensin II (Fujiwara ef «l.,
1996, Quinn & McCumbee, 1998). The fold stimulation of glucose transport is much
greater in cells grown in high glucose concentrations, due to the very low basal levels
of uptake, than in cells grown in low glucose concentrations. The mechanisms
underlying the regulation of transport by the concentration of glucose in the growth

medium are pourly understood.

There is some controversy as to which glucose transporter(s) are responsible [or
increased glucose uptake in VSMC. Sowers™ work indicates that the insulin
responsive glucose transporter GLUT-4 is present in the cells and may be involved in
mediating the insulin/IGF-1 increase in uptake (Sowers, 1996). However other groups
investigating ghucose transport in VSMC found GLUT-1 mRNA but faled to find
mRNA for GLUT-4 in these cells (Kihara ef af.. 1998), implying that it is GLUT-1,
and not GLUT-4, which is responsible for mediating the increases in glucose

transport. This point is returned to later in this thesis,

1.3 CyCLIC 3’5’-ADENOSINE MONOPHOSPHATE

Cyclic 3’5" -adenosine monophosphate (cAMP) is an important sccond messenger
involved in mediating a wide range of cellolar functions. cAMP can regulate many
cellular processes including cell growth and differentiation (Kronemann ef al., 1999,
Yarwood 1995, Schmidt ef ¢f., 1990), relaxation of smooth muscle (Murray, 1990,
Murthy & Makhlouf, 1995), glucose transpori (Piper ¢/ ¢f., 1993, Cornelius et al.,
1991), secretory processes (Kalsura ef al., 1997, Muiliz ef af., 1996) and ion channel

conductance (Briiggermann ef ¢f,, 1993, Jurevicius ¢f al.,, 1996) and many others.
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The intracellular concentration of cAMP is determined by both ils rate of synthesis, by
a tamily of adenylyl cyclases ('1'esmer & Sprang, 1998), and its rate of degradation, by
the multi-enzyme family of phosphodiesterases (PDEs} (Manganiello er af., 1995,
Houslay & Milligan, 1997).

1.3.1 Generation of cAMP

¢cAMP is synthesised by adenylyl cyclase which catalyses the conversion of ATP to
cAMP. Mammalian cells express up to nine adenylyl cyclase isoforms. Adenylyl
cyclases are integral membrane glycoproteins with twelve (ransmembrane spanning
helices (Tesmer & Sprang, 1998). Both the N- and C- terminal are intracellular, and
the active site of the enzyme is formed by the intracelluiar loop between helices 6 and
7 (C, domain) and the C-terminal tail (C; domain) (Tesmer & Sprang, 1998), which
forms a wreath-like structure (Tesmer & Sprang, 1998). The activity of the cnzyme
requires the presence of the divalent cation Mg®" (Smit & Iyengar, 1998) and can be
regulated by a number ol mechanisms within the cell depending on the isoform
(Iyengar, 1993, Smit & Iyengar 1998). An overview of the adenylyl cyclase isoforms

and how they are regulated is shown in Table 1.2,

The best understood means of regulating adenylyl cyclase activity is by the action of
heterotrimeric G-proteins. Ileterotrimeric G-proteins consist of an ¢, § and y subunit.
Sumulation of a G-protein coupled receptor leads to the exchange of GDP for GTP on
the o subunit of the receptor-associated G-protein, This results in the activation of the
G-protein and dissociation of the o subunit from the By subunits. Both the o subunit
and the By subunits are capable of transducing signals. There are a number of o
subunits in cells and these can be stimulatory, inhibitory or without effect on adenylyl
cyclase activity (for review sce Milligan, 1993). The Gs « subunits are stimulatory
with regard to all nine adenylyl cyclasc isoforms, whereas the Gi « subunits inhibil
adenylyl eyclase I, V, VI and VIII (Houslay & Milligan, 1997, Smit & Iyengar, 1998).
The Py subunits can also regulate the activity of adenylyl cvelase (Sternweis, 1994,

Smit & Iyengar, 1998). The effects of the By subunits can be either stimulatory or
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inhibitory, depending on the isoform of adenylyl cyciase. Gy inhibits type T and VIII
adenylyl cyclase, whereas it 1s stimulatory with regard to types II, IV and VII. The
effects of the GPy are most efficacious in the presence of an activaling agent (such as
Gs o). Thus Gy acts primarily to enhance or dampen the activity of the stimulated

CIZymE,

As well as regulation by the heterotrimeric G-proteins adenylyl cyclase activity can be
modulated by several othcr mechanisms, including protein kinase C and intracellular
calcium (Smit and Jyengar, 1998, [vengar, 1993), see lable 1.2. Many growth tactors
and hormones signal via receptor tyrosine kinases. This can result in the stimulation of
protein kinase C and an incresse in the levels of intracellular calcium (see figure 1.3).
The ability of certain adenylyl cyclase isoforms to be regulated by Ca®" and PKC
allows a mechanism for crosstalk between signals from receptor tyrosine kinases and

those from G-protein coupled receptors.

Protein kinase A. can phosphorylate and inhibit the activity of type V and VI adenylyl
cyclases. This 1s thought to provide means of desensitisation of cAMP signalling. As
cAMYP accumulates, the activity of PKA increases. PKA, as well as mediating
intracellular signals, phosphorylates and inhibits adenylyl cyclase activity, therefore
inhibiting further production of cAMP and further stimulation of PKA (Smit &
Iyengar, 1998).

1.3.2 Degradation of cAMP

As stated above the intracellular levels of cAMP is determined both by its rate of
synthesis and its rate of degradation. The breakdown of cAMP is catalysed by a large
multi~gene family of phosphodicstcrases (Bolger, 1994, Manganiello, 1995).
Currently ten families of PDE have been identified which are differentialed between
based on their biochemical and pharmacological characteristics {see table 1.3 for an
overview of the properties of PDEs). Some PDE isoforms degrade cGMP specifically,
such as PDE VI and IX, some degrade ¢cAMP specifically, such as 111, TV, VII and V]I
whereas PDESs 1, Il and X are promiscuous and catalyse the degradation of both cAMP

and cGMP (Manganielio er al., 1995, Soderling ef «f., 1998, Fisher et al., 1998,
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Soderling et al., 1998, Soderling ef al,, 1999). Seven families of PDE are known to
hydrolyse cAMP: I, I1, III, IV, VII, VIII and X (Muanganiello e/ al., 1995).

‘The PDI isoforms all have a central core region of about 330 amine acids, which
contains the active site. Qutside this core region the PDE isoforms are distinct.
Alternative mRNA splicing leads 1o a huge number of isoforms within each PDE
family, and this gives rise (o a sophisticaled system [or generating PDE isolorms
targeted to distinet intracellular structures. This is exemplified in the PDE IV family
(Bolger, 1994). Four genes encode the mammalian types IV PDEs. Analysis of
cDNAs from human PIYE4A, 4B and 40D revealed that each locus produces clones
with regions of variant sequence consistent with alternative mRNA splicing (reviewed
Bolger, 1994). This lukes the [orm of §’-domain swapping, leading (o a family of over
16 different active isoforms being produced, each of which has a distinct amino-
terminal region. Analyses of the PDE 4A isoforms has shown that amino-terminal
truncation produces a highly active core region, which is localised entirely in the
cylosol. This is in contrast to the full-length isoforms, which show diminished
catalytic activity and are found associated at specific subcellular sites (Bolger e al.,

1996, McPhece et al., 1995, O*Connell ef al., 1996).

Due to the large number of PDE families and the ability of the cells Lo produce many
splice variants within each PDE family, the cell has a wide range of ways to terminate
cAMP signalling. The specific subcellular localisation and activity of PDEs may play
a very important role in the compartmentalisation of cAMP signalling (Houslay &
Milligan, 1997). It is believed thal the compartmentalisation ol cAMP signals could
be vital in leading to the specific downstream effects of this very ubiquitous second

messenger.

1.3.3 cAMP signalling

As has been discussed above there are a large number of receptors, G-proteins,

adenylyl cyclases and PDEs responsible for generating and terminating cAMP signals.
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Protein kinase A (PKA) is the most common and best understood mechanism for
cAMP to mediate its signal. The PKA holoenzyme is a heterotetramer composed of a
regulatory subunit dimer (Rz), which maintains two catalytic subunits (C) in a
dormant state (Rubin, 1994 for review), When intracellular levels of cAMP rise each
regulatory subunit binds to two cAMP molecules and the inactive holoenzyme
dissociates into an R;-cAMP, complex and active C monomers. To date there are
three C subunits (e, f§ and v} and four R subunits (R, RIB, RIlo and RHUB) known in
mammals (Gamm ¢ al., 1996, Beebe er al., 1990, Taylor ef @, 1990). Dissociated C
subunits catalyse the phosphorylation of substrate molecules on serine/threonine
residues presented in the sequences RRXS/T or RXS/T or KRXXS/T (reviewed by
Kemp & Pcarson, 1990) thereby regulating their functional and/or structural

properties.

As PKA phosphorylation scquences are abundant in the cell there are various
regulatory mechanisms in place to ensure that indiscriminate phosphorylation does not
occur. Firstly, the levels of cAMP present in the cell are tightly regulated by its rate of
synthesis and degradation by adenylyl cyclases and PIXEs, and the subcellular
localisation of PDEs leads to further localised reduction of cAMP {discussed ahove).
Access to cAMP is the primary requirement for PKA activation, but there arce
additional factors responsible for returning the enzyme to its inactive state. The R
subunit is expressed in excess over the C subunit, fuvouring reformation of the
holoenzyme when cAMP levels return to the basal state. The subcellular localisation
of the PKA isoforms is also believed to play a regulatory role. The type [ PKA
holeenzymes, containing Rlex or 5, are predominantly cytoplasmic whereas the type [t
holocnzymes are targetted to certain intracellular locations (reviewed Rubin, 1994},
RII isoforms are by means of A ’rolein Anchoring Proteins, or AKAPs (reviewed in
Colledge & Scott, 1999, Faux & Scott, 19906). This targeuting of type Il PKA to
subcellular compartment may allow a mechanism for the cell to sclectively activate
PKA II depending on the availability of cAMP at this subecellular site (reviewed in
Dell’Acqua & Scott, 1997).

PKA is known to be involved in regulating a large number of cellular activities

including natriuretic peptide-dependent cGMP accumulation (Ledoux ef al., 1997),

[
Ll




stimulation and inhibition of MAPKs by altering Rat activity ( Yarwood ef al., 1996,
Yao et al., 1998), exocytosis (Muiiiz ef al,, 1996, Katsura et ., 1997} and relaxation
of smooth muscle cells (Murthy & Makhlouf, 1995).

As well as signalling via PKA, cAMP 1s also capable of mediating some of its effects
directly. cAMP can directly activate cardiac pacemaker channels and a voltage-gated
K" and Ca®* channel, independent of any phosphorylation of the channel (DiFrancesco
& Tortora, 1991, Briiggemann ef al,, 1993). This is thought to occur by dircct cAMP
binding to the channel. As well as direct activation of ion channels, cAMP can hind
and activate specific guanine nucieotide exchange factors, GEI'S (de Rooij ef al,
1998). It also appears that cAMP can inhibit glucose transport by a mechanism that is

not dependent on PKA phosphorylation (Piper er af., 1993).

These mechanisms of signal transduction via cAMP allow a whole array of possible
downstrcam cffectors and countless opportunities for crasstalk with many differcnt

signalling pathways.

1.4 Cycric GUANOSINE 3’5-MONOPHOSPHATE

Like ¢cAMP, intracellular levels of cGMP are controlled both by its rate of synthesis
by guanylyl cyclases and its rate of degradation by PDEs. ¢cGMP has been implicated
in regulating many cellular processes including inhibition of the MAPK pathway
(Suhassini ef af.,, 1998), regulation of proliferation in VSMC (Ciche ef @, 1998,
Kronemann et /., 1999), inhibition of protein kinase C activation in VSMC (Kumar
et al., 1997), smooth muscle relaxation and vasodilation (Landgraf ef af., 1992,
Murthy & Makhlouf, 1995) and stimulation of glucose transport (Shanahan &
Edwards, 1989},

1.4.1 Guanylyl Cyclase

c¢GMP is generated by conversion of GTP to cGMP by guanylyl cyclases , by a
mechanism that is stereochemically analogous to that of adenylyl cyclases (ITurley,

1998 for review). Guanylyl cyclases occur in both transmembrane and seoluble forms.
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Both soluble and transmembrane guanylyl cyclases function as dimers, with the
soluble guanylyl cyclases forming o hetcrodimers and transmembrane guanylyl
cyclases forming homodimers. Both the soluble and transmembrane guanylyl cyclasc
require Mgz“" for activity (Hutley, 1998). The catalytic domains of both the soluble
and transmembrane guanylyl cyclases are homaologous to the C) and C; domains of’
mammalian adenylyl cyclases (Tesmer & Sprang, 1998). These C domains [orm the
wreath-like active site analogous to that of adenyiyl cyclase when dimerised (Tesmer

& Sprang, 1998).

To date four members of the transmembrane guanylyl cyclase receptors have been
identified: GC-A, GC-B, GC-C and RelGC {the retinal isoform) (Garbers & Lowe,
1994). The transmembrane forms consist of a single transmembrane domain and a
single intracellular catalytic domain and an intracellular protein kinase homology
domain. 'The transmernbrane 1soforms appear to function as homodimers, but it is
possible that heterodimers may also exist based on work carried out on cclls
overexpressing GC-A and -B (Chinkers & Wilson, 1992). The extracellular domain of
transmembrane guanylyl cyclases acts as a ligand-binding site. The known peptide
ligands for these guanylyl cyclases fall into two families: the natriuretic peptides
(ANP, BNP, and CNP) or the heat stable enterotoxins/guanylylins (Garbers & Lowe,
1994). Upon binding of the appropriate ligand the enzyme activity is stimulated, and
GTP is converted to cGMP. As well as being regulated by ligand binding, the activity
of transmembrane guanylyl cyclases can be regulated by PKC and Ca®" (Garbers &
Lowe, 1994), T'his allows a mechanism for cross talk between cGMP signalling

pathways and those which utilise PKC and Ca®™, such as PDGF (see section 1.2.3).

Soluble guanylylate cyclase (sGC) is a haem-containing protein found in the cytostolic
fraction of virtually all mammalian cells. The haem group in soluble guanylylate
cyclase confers the NO-sensitivity of the protein, Upon NO binding Lo the haem group
the guanylyl cyclase activity is stimulated (Garbers & Towe, 1994). To date three o
and three B subunits of soluble guanylylate cyclase are known, and these [unction as
heterodimers of o and B subunits (Ilobbs, 1997). The o and {3, subunits are found

ubiquitously expressed in mammalian tissues and the o subunit 1s found in kidney,



vascular tissue, chemosensory cclls and dorsal root ganglion. The expression of the B,,
uy and B3 subunits is much more restricted with the B, isoform being expressed only
in liver and the o3 and 33 isoforms only expressed in vascular smooth muscle and
endothelial cells (Flobbs, 1997). Soluble guanylyl cyclases can be divided, arbitrarily,
into three domains: haem-binding domain, a catalytic domain and a domain that
mediates the dimerisation of monomers (Hobbs, 1997). As yet it is unclear how the
activity of soluble guanylyl cyclasc is regulated beyond the role of NO. It is believed
that sGC activity may be regulated at the transcriplional level. It has been shown that
agents which cause an increase in the intraceliular levels of cAMP can decrease [
mRNA, resulting in a diminished ability of the cell to generate cGMP in response to
NO (Hobbs, 1997). sGC activity could also be regulated by the actions of an
endogenous inhibitor which hus been partially purified from bovine lung (Hobbs,

1997},

1.4.2 Degradation of cGMP

Like cAMP, the large multi-gene family of phosphodiesterases degrades ¢GMP. Of
these PDLs, types [, II, III, V and VI will degrade cGMP. Types 1, 1l and 1l can
degrade both cAMP and cGMP, whereas types V and VI are cGMP specific. These
PDEs are regulated by a number of different mechanisms. PDEs arc discussed in more

detail in section 1.3.2, and a table of properties of PDEs is shown in table 1.3.

1.4.3 Sigunalling via cGMP

Many of ¢cGMPs downstream effects are mediated by the eGMP regulated protein
kinase PKGQ. PKGQ is a serine/threonine kinase and currently there are two typcs of

PK.G known, {ypes I and 1L

Twao isoforms of type 1 PKG exist, ¢GK Ia and ¢cGK IR (Wolfe et al., 1989). These
isoforms differ only in their amino termini and both function as homodimers. It is
thought that the isoforms dimerisc by mecans of a conserved, amino-terminal leucine

zipper motil (Francis ef al., 1994, Jarchau ef af., 1994). Each svubunit contains a
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catalytic and a regulatory, cyclic nucleotide binding domain (reviewed in Walter,
1989, Edelmann et al., 1987) and can bind two molccules of cGMP. The K, for PKG
activation is ~20-100 nM ¢GMP (Heil ef ¢, 1987).

The type Il PKG isoform was first identified from microvilli as a monomer associated
with the membrane fractions (de Jonge, 1981). Type II PKG from mouse brain shows
66% homology with the cGMP binding domain and the catalytic domain of ¢GK 1.
Initially type II PKG was thought to function as a monomer, but it also contains an
amino-terminal leucine zipper {(like type I PKGs), and recent work has revealed that

the type II PKG does, in fact, function as a homodimer (Gamm ef al., 1995).

PKG is involved in regulaling a large number of celtular processes including
inhibition of the Ras/MAPK pathway (Suhasini ez af., 1998), VSMC proliferation
{Chiche ef ad., 1998), inhibition of PKC (Kumar ef ¢/, 1997), relaxation ot smooth

muscle (Murthy & Makhlouf, 1995} and many morc.

As well as signalling via PKG, ¢cGMP is capable of cliciting some of its responses by
direct interaction with effector proteins. Like cAMP, cGMP is capable of regulating
cyclic nucleotide-gated channels. The best characterised of these is probably the cyclic
nucleotide-gated channels in the olfactory and phototransduction systems (Nakamura
& Gold, 1987, Molokanova ef @/, 1999). The activity of PDEs can also be altered by
direct interaction with ¢cGMP (see table 1.3 for details). Depending on the isoform,
interaction of PDEs with cGMP can be stimulatory, inhibitory or without effect on
PDE activity (Manganiello ef /., 1995}, This allows a mechanism for cross talk

between the cAMP and the cGMP signalling cascades.
By using a large number of mechanisms to generate, terminate and mediate cGMP

signals the cell is capable of tatloring very specific signals via an ubiquitous second

messenger.
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1.5 CyCLIC NUCLEOTIDE SIGNALLING IN VSMC

cAMP and cGMDP signalling are responsible for a wide range of ccllular cffects in
many cell types (as discussed above}. One of the most important role for these
nucleotides in VSMCs is controlling relaxation of these cells (Landgraf et af., 1992,
Murthy & Makhlouf, 1995, Tovoshima ez af, 1998). The contraction of smooth
muscle oceurs when intracellular levels of Ca** rise and Ca *"-calmodulin activates
myosin light chain kinase. Myosin light chain kinase then phosphorylates and
activates myosin light chain and the cell contracts (reviewed in Horowilz ef al., 1996).
The relaxation of smooth muscie is associated with a decrease in cytostolic calcium
and an increase in cAMP or cGMP concentration. In VSMC stimulation of PLCf
results in the production of 1P; and DAG, 1Py will then bind 11’y receptors on the
sarcoplasmic reticulum, which results in the release of Ca®" from this store thereby
increasing intracellular [Ca}'b} (see section 1.2.3). cAMP and ¢cGMP have been shown
to be able to reduce intracellular [Ca®"] and therefore canse relaxation of smooth
muscle cells. PKG and PKA can phosphorylate PLCP and inhibit its activity, thereby

2+ . T g
from the sarcoplasmic reticulum (Murthy

inhibiting IP3 production and release of Ca
et al., 1993). PKA and PKG can also phosphorylate the IP; receptor itself, although
the functional consequences of this phosphorylation are as yet not clear (Komalavilas
& Lincoln, 1994, Komalavilas & Lincoln, 1996). It is clear that PK.G and PKA can act
alone or in concert to regulate the relaxation of smooth muscle (Murthy & Makhlouf,

1995).

As wcll as being able to regulate relaxation of vascular smooth muscle cells, cGMP
and ¢cAMP appear to be able to inhibit proliferation of these cells (Kronemann e &/,
1999, Chiche et al., 1998). It appears that the growth inhibitory effects of these cyclic
nucleotides arc mediated by an inthibition of the expression of certain cycling
necessary for cell cycle progression (Kronemann ef ol 1999). cAMP appears to be
more potent in inhibiting proliferation in VSMC, but this may in part be due to the
decreased levels of expression of PKG in VSMC which have been passaged in

culture. In studies where PK{i expression and activity has been augmented by
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transfection of PKG into VSMC, the cells show enhanced sensitivity to the

antiproliferative effeets of NO/cGMP (Chiche et af., 1998).

It is interesting to note here that two of the principle effects of cyclic nucleotides in
VYSMC are relaxation and inhibition of proliferation of these cells. It is therefore
tempting Lo speculate here that perhaps aberrant cyclic nucleotide signalling is
mvolved, at some level, in the progression of plaque formation and ultimately

atherosclerosis (see section 1.1.1 and 1.1.2).

1.6 ATMS O¥ THE STUDY

An increase in VSMC proliferation is a major contributor to the development of
atherosclerotic plaques. As glucose transport is an carly response 10 all mitogens it is
of interest, therefore, to beller chavacterise milogen-stimulated glucose transport in rat
aortic vascular smooth muscle cells. The stimulation of glucose transport in response
to the mitogen PDGF will be characterised and the signalling mechanisms mediating

this investigated.

Currently there is controversy as to which glucose transporters mediate transport in
these cells, some studies report the presence of GLUT-4 whereas others find only
GLUT-1. The GLUT content of rat aortic vascular smooth muscle cells used will be

studied.

As cyclic nucleotide signalling is very important in causing relaxation and inhibiting
proliferation of VSMC, it is tempting to speculate that aberrant cyclic nucleotide
signalling may be involved in the development of atherosclerosis. The role of the
cyclic nucleotides, cAMP and ¢cGMP, in regulating glucosc transport will, therefore,
be assessed in these cells, The signalling mechanisms mediating cyclic nucleotide

regulation of glucose transport will also be studied.

Finally, it is currently unclear whether increases in glucose transport mediated by

GLUT-1 result from an increase of transporter activity, an increase in the number of
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functional GLUT-1 transporters at the plasma membrane, or a combination of both.
To address this question, GL.UT-1 - green fluorescent protein (GY'P) chimeras will be
utilised to try to visualise movement of GLUT-1 within the cell. The phosphorylation

of the GLU'l's in the cell will also be studied.
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FTABLE 1.1

MAJOR SITES OF EXPRESSION OF THE DIFFERENT GLUCOSE

TRANSPORTERS IN HUMAN AND RODENT TISSUES.

ISOFQRM TISSUE

GLUT-1 Placenta; brain; blood-tissue barrier; adipose and
muscle tissue (low levels); tissue culture cells;

transformed cells.

GLUT-2 Liver; pancreatic 3~cell; kidney proximal tubules and

small intestine (basolateral membranes).

GLUT-3 Brain and nerve cells in rodents.

Brain, nerve; low levels in placenta, liver and heart

(humans).
GLUT-4 Muscle; heart; adipose.
GLUT-5 Small intestine (apical membranes); kidney, testis,

brain, muscle and adipose at low fevels (humans).

Small intestine (apical membranes); kidney (rat).



TABLE 1.2 REGULATION OF ADENYLYL CYCLASE ISOFORMS

REGULATORS
ISOFORM Ca™ Gpy G-t PKC PKA
AC-I T ) \’ t ?
AC-II nc T#Gse) nc T ?
AC-III M (+G-a)  ne 2 T ?
AC- 1V ne T (-Gea)  ne ne/d ?
AC-V | nc ! ne/T NS
AC-VI N} ne 2 ne/t i
AC-VI ne M ? (Ty?
AC-VUI 0 ¥ (+) ? 7
AC-IX T ne ? ? ?

Shown are various regulators of adenylyl cyclase isoforms. T indicates an increase in
adenylyl cyclase activity, ¥ represents a decrease in adenylyleyclase activity and nc
indicates that the agent elicits no change in adenylyl cyclase activity, ? indicatcs that

the effect of the agent on adenylyl cycalse activity is unknown.
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Figure 1.1 An overview of atherosclerotic plaque development

The initial trigger for plaque development is poorly understood. It is believed that some
form of endothelial cell dyslunction or injury can result in an inflammatory response.
Leukocytes and platelets then adhere to the “injured” area, and induce the endothelium to
produce and secrete vasoactive molecules, cytokines and growth factors. Monocytes and
T lymphocytes then migrate between the endothelial cells where the monocytes become
macrophages. These macrophages, along with VSMCs, accumulate lipids and become
foam cells forming a fatty streak. If the inflammatory response continues there is
stimulation of migration and proliferation of VSMCs to form an intermediate lesion.
Continued inflammation results in increased numbers of macrophages and lymphocytes in
the plaque, and activation of these leads to the release of hydrolytic enzymes, cytokines,
chemokines and growth factors, which can induce further damagc and eventually lead to

[ocal necrosis.

Cells are represented as defined below:
Blue VSMCs

Red  Endothelial cells

Purple Macrophages

Pink T lymphocytes

Green Platelets
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Figure 1.2 The twelve membrane spanning helix model of the GLUTS.

Shown is a schematic representation of the twelve-membrane spanning domain structure
of' the GLUT family members. Residucs indicated by single letter codes are conscrved
between GLUTs | to 5. The site for N-linked glycosylation in the large extracellular Ioop

is also indicated.






Figure 1.3 A proposed scheme of cellular signalling pathways involved

in growth factor control of glucose transport

The pathways that arc activated by tyrosine kinase and G-protein-coupled receptors,
leading to changes i glucose transpart, are illustrated schematically. Both tyrosine kinase
receptor and G-protein-coupled receptor mediated glucose transporl are dependant on

PI3* kinase.

Both receptor tyrosine kinases and G-protein-coupled receptors also stimulate the

ras/raff MAPK pathways, which can alsa be invalved in regulating glucose transport.

The acute phase of mitogen-stimulated glucose transport is accounted for by trunslocation
of GLUT-1 containing vesicles to the cell surface, and also possibly by an increase in the

intrinsic activity of the transporter. The chronic phase of glucose transport is mediated by
an increase in GLUT-1 gene transcription and ultimately an increasc in the number of

glucose transporiers in the ccll.
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Figure 1.4 The signal transduction mechanisms activated by tyrosine

kinase receptors and G-protein-coupled growth factor receptors

This schematic diagram illustrates a summary of the major signal transduction pathways

that are activated following growth factor stimulation of the two distinect classes of

receplor.

Many of the same pathways are regulated by the two distinct receptor classes i.e.

phospholipase C (PLC), PI3” kinase, ras/raf MAPK.
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CHAPTER 2

MATERIALS AND METHODS



2.1 MATERIALS

All reagents used in the course of the project were of a high quality and were obtained

from: the following suppliers:

2.1.1 General veagents

All general chemicals were purchased from Fisher Scientific, Loughborough, UK or

BDII, Merck Ltd, Lutterworth, Leicestershire, UK, unless otherwise stated.

Anachem, Luton, Beds, UK

Acrylamide/ bis acrylamide mix

Boehringer Mannheim, Lewes, UK
Tris base

Complete protease inhibitor cocktail™

Kodak Ltd, Hemel Hempstead, Hertfordshire, UK
RP X-Omat liquid fixer/replenisher

RP X-Omat Liquid developer/replenisher

X-Omat AR film

X-Omat S film

Fisons Chemicals, Loughborough, UK
Optiflow Safe 1 liquid scintillation cocktail

Pierce, Rockford, tllinois, USA

RCA protein cstimation kit

Premier Brands UK, Knighton Adbaston, Staffordshire, UK

Marvel powdered milk w
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Schleicher and Schuell, Dassel, Germany

Nitroceliutose membrane (0.45pum)

Sigma Chemical Company Ltd, Poole, Dorset, UK
Adcnosine triphosphate
Alumina
Ampicillin
Bromophenol blue
BSA Fraction V
Collagenase
Cyclic adenosine monophosphate
Cytochalasin B
2-deoxy-D-glucose
L-dithiottueitol (DTT)
Powex
Elastase
Ethidium bromide
3-isobutyl-1-methixanthine (IBMX)
3-O-methyi glucose
N,N,N’ N’-tetramethylethvienediamine (I'EMED)
Okadaic acid
Ponceau §
Protein Kinase A, catalytic subunit
Soybean trypsin inhibitor
Triton X-100

Xylene cyanol
Whatinan {nferpational Lid, Maidstone, UK

Whatman 3mm filter paper
Brandell filters, FPD-200 Whalman GF/C
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2.1.2 Antibodies

Chemicon International, Harrow, UK

Rabbit anti-GLUT-1

New England Biolabs, Hitchin, Herts, UK
Rabbit anti-phospho p42/44 antibody
Rabbit anti-p42/44 antibody

Rabbit anti-phospho p38 antibody

Rabbit anti-phospho INK antibody

Sigma, Poole, Dorset, UK
Florseradish peroxidase (HR1*)-conjugated donkey anti-rabbit 1gG antibody

Antibodies to GLUT-3 and -4 were prepared in house as described in Gould er af.,

1992 and Brant ef ¢f., 1992 respectively.

2.1.3 Cells

American Type Culture Collection, Rockville, US4
3T3-L1 Fibroblasts

Rat aortic vaseular smooth muscle cells (VSMC) were prepared from Wistar-Kyoto

rat gorta as described in methods section 2.3.1

2.1.4 Cell culture media and reagents

Gibco BRI, Paisley, Lanarkshire, UK

Dulbecco’s modified Fagle’s media (without sodium pyruvate, with 4500 mg/T.
glucose) (DMEM)

10000 U/ml penicillin,

10000 U/m] streptomycin,
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L-glutamine 200 mM (100x)
Foctal calf scrum

New born calf serum

Sigma, Moole, Dorset, UK

1 X Trypsin
2.1.5 Cell culture plastics

Bibby Sterilin Ltd, Stone, Staffordshire, UK
Sterile Pipettes

13.5 ml centrifuge tubes

Costar, Corning Incorporated, Corning, NY, USA
75 em? culture flasks
6~-well cell culture plates

12-well cell culture plates

AS Nunc, DK Rokslide, Dermark

50 ml centrifuge tubes
2.1.6 Radioactive reagents

Awmersham Life Science, Bucks, UK

[**Py] -ATP

l-[propyl-2,3-3H] Dihydroalprenolol, Code TRK 551 (DHA)
2,8-[*H] adenine

[*H] Thymidine

NEN Dupont (UK) Ltd, Stevenage, Uertfordshire, UK

2-deoxy-D-[2,6-"H] glucose
[*H] methy! 3-O-methy! glucose
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[*?P] inorganic phosphate

2.1.7 Agonists and inhibitors

Alexis, Bingham, Nottingham, UK
8-Bromo cAMP
8-Bromo cGMP

Calbiochem, Boston, Nottingham, UK
Dibutyryl cAMP

Dipyridamole

Milrinone

Rat recombinant PDGF-BB

Rat IGF-1

SB203580

Zaprinast

New England Biolabs, Hitchim, Herts, UK
PD98059

Novo Nordisk, Copenhagen, Denmark

Insulin

Schering Health Care, Burgess Hill, West Sussex, UK

Iloprost

Sigma, Poole, Dorset, UK
IBMX

[soprenaline
Dihydroalprenolol

PGE,

Ro 20-1724

EaY
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2.1.8 Molecalar biclogy reagents

Boehriger Munnheim, Lewes, East Sussex, UK

T4 DNA ligase

Genosys Biotechnrologies Ltd, Pampisford, Cambs, UK

Oligonucleotide primers, as described in the results chapters

Gibco Life Techuologies, Paisley, UK

DNA size markers, 1 kilobase ladder

Invitrogen, Leek, The Netherlands
pcDNA3 vector

New England Biolabs, Hitcham, Herts, UK

Vent Polymecrase,

Oxoid, Basingstoke, Hamps, UK
Bacto tryptone
Yeast extract

Agar

Promega

Restriction enzymes, Bgl 1T, Bam HI, Eco RI, Kpn [, Xho |

Wizard™ mini-prep kits

Qiagen, Crawley, West Sussex, UK
Qia spin prep kits
(Jiagen maxi prep kits

Qiagen Superfect transfection kit
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Stratagene, Lu Jolla, California, USA
FEscherichia coli XL1-Blue
Pfu { DNA polymerase

2.1.9 Protein A

Sigma, Poole, Dorset, UK
Protein A sepherose
HRP-linked protein A

2.1.10 Transferrin texas red

Molecular probes, Leiden, The Netherlunds

2.2 BUFFERS AND MEDIA

2.2.1 Cell culture medin

Seruin-free DMEM
100 U/ml penicillin, 100 U/m! streptomyein, 2 mM glutamine in DMEM

10% NCS/DMEM
100 U/ml penicillin, 100 U/m! streptomyein, 2 mM glutamine, 10% (v/v) NCS in
DMEM

10% FCS/DMERM
100 U/ml penicillin, 100 U/ml sireptomyein, 2 mM glutamine, 10% (v/v) FCS in
DMFEM

VSMC digestion media
800 pg/ml collagenase, 250 pg/mi elastase, 500 pg/ml soybean trypsin inhibitor in

serum-free DMEM (see above)




ITEPES buffered DMEM
Serum free DMEM (see above) with 20 mM HEPES

2.2.2 General Bulfers

Phosphate buffered saline (PBS)
150 mM NaCl, 10 mM NaH,P04.2H;0, (pH 7.4)

Krebs Ringer Phosphate Buffer (KRP)
64 mM Na Cl, 2.5 mM KC1, 2.5 mM Nat1,P04.2H;0, 0.6 mM MgSQ,.7H,0, 0.6 mM
CaCls, (pH 7.4)

Lysis Buffer
0.05% SDS {wiv), 20 mM Hepes (pH7.4), { mM LEDTA, Complete prolease inhibitor

cocktail™, 1 pM NaVQq, 1 uM Na¥F, 1% Triten X-100 (v/v)

Tris EDTA (TE)
10 mM Tris, 1mM EDTA (pH7 .4)

PKA in vitro phosphorylation buffer
50 mM 1vis HCL (pH 7.5), 6 mM MgCl, 1 mM DTT, 50 uM EGTA, 150 uM ATP

Adenyl cyclase assay stop svlution
5% TCA, 1 mM cAMP, 1 mM ATP

2.2.3 SDS-PAGE Buffers ,

Running Buffer ‘
25 mM Tris-base, 192 mM glycine, 0.1% (w/v) SDS
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Sample buffer
93 M Tris hydrochloride plH6.8, 20 mM dithiothreitol, 1 mM sodium EIDTA, 10%
glycerol (wiv), 2% SDS (w/v), 0.002% bromophenol blue (wiv).

The dithiothreitol was added immediately before use.

Urea sample buffer

As normal sample buffer with the addition of 40 imM urea

2.2.4 Western Blot Buffers

Transfer Buffer
25 mM NaH,P0O,.2H:0, (pH 6.5)

TBS-T
150 mM NaCl, 150 mM Tris, 0.02% Tween 20 (viv), (pH 7.4)

Stripping Buffer
100 mM B-Mercaptoethanol, 2% SDS (w/v), 62.5 mM Tris (pIl 6.7)

2.2.5 Molecular Biology Buffers
DNA Loading Buffer
0.25% Bromophenol blue {w/v), 0.25% xylene cyanol I'l" (w/v), 30% glycerol inH;0

(viv)

Ethidium bromide

Stock of 10 mg/ml in H,0 made, use at final concentration of 0.5 pg/ml

L-Agar
As L-Broth plus 1.5% agar (w/v)
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L-Broth
1% Bacto tryptone (w/v), 0.5% ycast extract (w/v), 1% NaCl (w/v)

TAE
40 mM Tris-acetate, 10 inM EIDTA

Competent bacteria buffer 1
30 mM potassium acetate, 100 mM RBCJ, 10 mM CaCly, 50 mM MnCl,, 15%
glycerol (v/v)

Competent hacteria buffer 2
10 mM MOPS (pH6.5), 75 M CaCly, 100 mM RDCI, 15% glycerol (v/v)

2.3 RAT AORTIC VASCULAR SMOOTH MUSCLE CELL CULTURE

2.3.1  Preparation and growth of vascular smooth musele cells from rat aorta

Rat aortic vascular smooth muscle cells were kindly prepared and supplied by Alison
Devlin from Anna Dominiczak’s group, Department of Medicne and Therapeutics,
University of Glasgow, Western Infirmary, Glasgow. Vascular smooth muscle cells
were isolated from the thoracic aorta of Wistar-Kyoto (WKY) rats by enzymic
digestion (as described Stanley ¢z al., 1993). All utensils and media used were sterile.
Thoracic aorta were dissected from the rat and placed into a sterile universal
containing 20 m! of serumn free DMEM (2.2.1) on 1ce. Fatty tissuc was removed by
blunt dissection and the aorta was washed clean of blood. The intercostal branches
and arch were removed from the aorta. The aorta was transferred into a small sterile
cell culture dish and 2.5 ml of digestion media was added (section 2.2.1) and
incubated at 37 °C in a humidified atmosphere of 5% CO; for 30 minutes. The
adventitia was then stripped from the aorta, which comes off like a “sleeve”. The aorta
was cut longitudinally with small scissors and placed in a further 2.5 ml of fresh
digestion media to digest endothelium and was incubaled for 15 minutes at 37 °C in a

humidified atmosphete of 5% CO,. Subsequently the aorta was chopped very finely
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with small scissors and then transferred to a clean dish where 2.5 ml of a 1:8 {(v/v)
dilution of the digestion media added and incubated overnight at 37 °C in a
humidified atmosphere of 5% CG;. The following morning 1.05 ml of 2.5 mg/ml
collagenase in serum [rec DMEM (section 2.2.1) was added to the aorta digestion
(final concentration of 1.5mg/ml collagenase, ~ 3 mg per aorta) and was incubated at
37°C in a humidified atmosphere of 5% CQ; for 30-60 minules. The cells were
triturated with a [ine-bore pasteur pipette to disaggregate the tissue into a single cell
suspension. The cells were removed to a sterile universal onice. 10 ml of 20%
FCS/DMEM (section 2.2.1) was added 1o the cells and centrifuged at 1000 x g for 10
minutes at 4 °C. The supernatent was aspirated from the cells and the cell pellet was

resuspended in 20% FCS/DMEM.

Cells preparcd as described above were positively identificd as vascular smooth
muscle cells by immunofluorescent staining for smooth muscle-specific a-actin and

skeletal muscle/smooth muscle myosin (as described in Stanley er al., 1993).

Cells, once positively identified as VSMC, were maintained in 10% FCS/DMEM
(section 2.2.1), and grown in a humidified incubator at 37 °C in an atmosphere of 3%

CO,. The media was replaced every two days.

2.3.2 Trypsination of VSMC

When the cells were approaching 100% confluent they were removed from flasks
using trypsin. The media was aspirated from the [fasks and the cells rinsed in Smf of
sterile PBS. The PBS was aspirated and replaced with 5 ml of a 1:5 dilution of trypsin
in PBS. The flask was then placed in the incubator for 5 minutes, allowing the cells to
float before stopping trypsination by addition of an appropriate volume of 10%
FCS/DMEM. (section 2.2.1). The diluted cells were subsequently seeded on to new

cell culture dishes. VSMC were not diluted more than 1:7.
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2.3.3 Storage of rat aortic YSMU in liquid nitrogen

Cells were grown to conflucncy on 75 cm® flasks and trypsinised as described 2.3.2.
The cells were resuspended in S ml of 10% FCS/DMEM (section2.2.1). The cell
suspension was centrifuged at 1000 x g at room (emperatre for 2 minutes, the
supernatent was aspirated and the cells resuspended in 1l of 10% FCS/DMEM with
10% DMSO (v/v) previously equilibrated in 5% CQ; for 1 hour at 37 °C. The cell
suspension was aliquoted into cryotubes, packed in cotton wool and frozen overnight

at —80 °C. The tubes werc then transferred to liquid nitrogen for long-term storage.

2.3.4 Resurvection of frozen cell stocks from liquid nitrogen

Cell aliguots were removed from liquid nitrogen and placed in a 37 °C water bath. The
tube was transferred to the cell culture sterile low hood where the cells were
triturated gently with a sterile pipette to disperse any large aggregates of cells. The
cells were then seeded onto 25 em? flasks containing 10% FCS/DMEM and

maintained in an incubator at 37 °C in a humidified atmosphere of 5% COs.

2.4 3T3-1.1 FIBROBLAST {_ULTURE

2.4.1 Growth of 3T3-L1 fibroblasts

3T3-L1 fibroblasts were grown on cell culture flasks and plates in 10% NCS/DMEM
(section 2.2.1). The medium was replaced every 2 days, the cells being kept in an

incubator at 37 °C in a humidified atmospherc at 10% CO,.

2.4.2 Trypsination of 3T3-L1 fibroblasts

When the cclls were 70-80% confluent they were removed from flasks using trypsin.
The media was aspirated from the flasks and the cells rinsed in 5 mi of sterjle PBS.
The PBS was aspirated and replaced with 2 ml of trypsin. The {lask was then placed in

the incubator for 5 minutes, allowing the cclls to float before stopping trypsination by
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addition of an appropriate volume of 10% NCS/DMEM. The diluted cells were
subsequently sceded on to new cell culture dishes. 3T3-1.1 cells were not diluted more

than 1:10,
2.4.3 Storage of 3T3-L1 fibroblasts in liguid nitrogen

Cells were grown Lo confluency on 75 em? flasks and trypsinised as described 2,4.2.
The cells were resuspended in 5 mf of 10% (v/v) NCS/DMIEM. The cell snspension
was centrifuged at 1000 x g at room temperature for 2 minutes. The supernatent was
aspirated and the cells resuspended in 1 ml of 10% NCS/DMEM with 10% DMSO
(v/v) equilibrated in 10% CO; for 1 hour. The cell suspension was aliquoted into
cryotubes, packed in cotton wool and frozen overnight at ~80 °C. The tubes were then

transferred to liguid nitrogen for long-term storage.
2.4.4 Resurrection of frozen eell stocks from liquid nitrogen

Cell aliquots were removed trom liquid nitrogen and placed in a 37 °C water bath. The
tube was transferred to the cell culture sterile flow hood where the cells were
triturated gently with a sterile pipette to disperse any large apgregates of cells. The
cells were then seeded onto 25 cm? flasks containing 10% NCS/DMEM and

maintained in an incubator at 37 °C in an atmosphere of 10% CO;.

2.5 2-DEOXY-D-GLUCOSE UPrakE IN RAT AORTIC VSMC

Uptake of 2-deoxy-D-glucose was measured using the method of Gibbs e al. (1988)

and Frost and Lane (1985).

In all experiments cells were used at passages 5-16. For transport assays cells were
grown to confluency on G-well plates. Prior to use cells were quiesced in serum-free
DMEM for 36-48 hours. The cell monolayer was washed in 2 ml KRP (section 2.2.2)
at 37 °C, then incubated in 950 pl of KRP, 0.25% BSA. Drugsfagenists were added at
the appropriate concentration and cells were incubated for the appropriate period of

time in humidified 37 °C incubatar, as noted in the figure legends/text.
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5 minutes prior to the end of incubation time the cells were transferred on to a hot
plate at 37 °C. The uptake of sugar was initiated by the addition of 50 pl of [3H] 2-
deogy-D-glucose to a final concentration of 50 uM and 0.5 pCi/ml. The reaction was
terminated Smins after addition of deoxy glucose by rapidly decanting the KRP buffer
{containing [3H] 2-deoxy-D-glucose) and immediately immersing the 6-well plate in a
large volume of ice-cold PBS. Afler air-drying the plates 1 ml of 1% Triton X-100
(v/v) in water was added to each well and plates shaken for 1 hour. The cell-
assoclated radioactivity was mcasurcd by scintitlation counting. To determing the non-
specific glucose uptake of 2-deoxy-D-glucose, the inhibitor cytochalasin B, was added
to three of the 6 well of each plate, at a final concentration of 10 1M, just before the
addition of the radioactive deoxy glucose. The radicactivity in the wells treated with
cytochalasin B is a measure of non-specific deoxy-glucose associated with the
monolayer. This value was subtracted from the counts obtained in the absence of

cytochalasin 13 1o provide specific transport rates.

2.6 3-O-METHYY GLUCOSE FTRANSPORT IN VSMC

The uptake of 3-O-methyl glucose transport is measured exactly as described for 2-
deoxy-D-glucose (section 2.5) except that cold 3-O-methyl glucose and [PH] 3-0-
methyl glucose replace labelled and unlabelled for 2-deoxy-D-glucoesc at the same
concentrations, and the times of incubation with cells was adjusted as shown in the

figure legends.

2.7 SDS/POLYACRYLAMIDE, GEL ELECTROPHORESIS

SDS/PAGE was carried out using Bio-Rad mini-PROTEAN II or Hoefer Jarge gel

apparatus.

The Bio-Rad Mini-PROTEAN gels had a stacking gel of 2 cm and the Hoefer

stacking gel was 5 cm. The stacking gel was composed of 5% acrylamide (w/v),
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0.136% bisacrylamide {(w/v) in 125 mM Tris-HCl (pH 6.8), 0.1% SDS (wv),
polymerised with 0.1% ammonium persulphate (w/v) and 0.05% N, N, N, N’-

tetramethylcthylenediamine (TEMED) (viv).

The seperating gel consisted of an appropriate percentage of acrylamide in 0.383 mM
Tris-HCI (pH 8.8}, 0.1% SDS (w/v), and polymerised with 0.1% ammonium
persulphate (w/v) and 0.019% N, N, N’, N’-tetramethylethylenediamine (TEMED)
(v/v).

The protein samples were sotubilised in sample buffer (see 2.2.3) and loaded into the
wells of the stacking gel. The gel was then immersed in running buffer (section 2.2.3)

and electrophoresed until the tracking dye had run to the bottom of the gel.

2.8 WESTERN BLOTTING OF PROTEINS

After separation of proteins by SDS/PAGE, as described 2.5, gels were removed {rom
the apparatus. Fach gel was then placed on a nitrocellulose sheet (pore size 0.45 um)
pre-soaked in transfer buffer. This was then sandwiched between two layers of
Whatman 3MM filter paper, also presoaked in transfer buffer. The sandwich was
placed in a cassctte and transfer of the proteins onto the nitrocellulose was performed
using cither a Bio-Rad wrans-blot tank for large gels or Bio-Rad mini trans-blot tank.
for the mini-gcls, Transfer was achicved at a constant current of 250 mA for 2 hours at
room temperature. The nitroccllulose membranes were then removed and the
efficiency of ransfer was determined by staining the nitroccllulosce with Poncecau S

solution prior to blocking (section 2.8.1).
2.8.1 Detection of proteins on nitrecelluiose with Poncean S
Ta detect proteins transterred onto nitrocellulose sheets, the nitrocellulose was soaked

ina 1.5 dilution (in distilled water) ol ponceau S sohution for 1-2 minutes. When

bands could be seen the excess ponceau S solution was rinsed from the mtrocellulose
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in distilled water. The nitracellulose was then used for immunodeteetion of proteins

(section 2.8.2).
2.8.2 Immunodetcction of proteins on nitrocellniose membranes

To block non-specific binding sites on the nitrocellulose, the membrane was incubated
in 5% milk powder (w/v) in TBS-T (section 2.2.4) overnight at 4°C. The membrane
was then incubated in 1% milk powder in TBS-T containing the appropriate antibody
at the concentration specified, for 1 howr at room temperature on a shaking platform.
Afier incubation with primary antibody the membrane was washed in TBS-T (two
rinses, two § minute washes and two 15 minute washes, wash with large volume). The
membrane was then incubated with appropriate FIRP-linked secondary antibody or
[TRP-linked protein A (HRP-linked donkey anti-rabbit at 1:2000 dilution or HRP-
linked protein A at 1:300 dilution) in 1% milk powder in TBS-T for 1 hour at room
temperature on a platform shaker. Membranes were washed as described above, The
blot was developed using ECL reagent from Amersham, according to the
manufacturers dircctions. ECL generates light when horseradish peroxidase (linked 1o
the secondary antibody or protein A} along with HpO; (in the ECL reagent mnix)
catalyse the oxidation of luminol (also in the ECL mix). Immediately atter oxidation
the luminol is in an excited state which then decays to the ground state via a light-
emitting pathway, The membranc was therefore exposed (o Kodak X-Omat S film and

developed in an X-Oniat processor.

2.9 PREPARATION OF WHOLE CELL LYSATES

Cells were grown to confluency in 75 em” flasks. Media was aspirated from the cells
and the cells washed in 2 x 5 ml of ice-cold PBS per tlask. The cells were scraped into
5 mi of ice~cold PBS per flask and the cells from 4-3 flasks pooled. Cells werc
pelleted by centrifuging the cells at 1000 x g at 4 °C for [0 minutes, the supernatent
was aspirated and the cell pelict was resuspended in 1ml of lysis buffer (section 2.2.2).
The cclls were then incubated on ice for 30 minutes. The cells were passed through a

gauge 25 needle scveral times to ensure thorough lysis of cells. The lysate was then,
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measured for protein content using BCA protein estimation kit (section 2.1.1), from

Pierce, according 1o manufacturer’s instructions.

For 6-well plates, each well was rinsed twice in | mi ice-cold ’I38 before the addition
of 200 ul of SDS-PAGE loading buffer (section 2.2.3). Cclls were lett at room
temperature with the SDS-PAGE loading buffer for 30 minutes and then scraped into
eppendorfs. To ensure that the cells were properly lysed they were passed through 4

gauge 25 needle several times.

2.10 PREPARATION OF TOTAL CELL MEMBRANES

Cells were grown to confluency in 75 cm® flasks. The media was aspirated from the
cells and the cells were washed 1n 2 x 5 ml ol ice-cold PBS per flask. The cells were
scraped into 5 ml of ice-cold PBS per flask and the cells from 4-5 flasks pooled. Cells
were pelleted by centrifugation at 1000 x g at 4 °C for 10 minutes and the cell pellet
resuspended in 1ml TE (section 2.2.1). Cells were passed through a gauge 25 needle
five times and then dounce homogenised with ~30 twisting strokes. The homogenate
was centrifuged for 7 minuates at ~500 x g, 4 °C in a microfuge to pellet the nuclci.
'I'he supernatent was centrifuged at 40 000 x g at 4 °C for 30 minutes and the pellets
were resuspended in 200-300 pl TE depending on pellet size. The membrane
preparations were measured for protein content using BCA protein estimation kit,

from Pierce, according to manufacturers instructions (2.11).

2.11 THYMIDINE INCORPORATION

VSMC were grown to ~ 40% confluency on 6-well plates. The media was aspirated
from the cells and 1 ml of serum free DMEM (section 2.2.1) udded per well, The
appropriate drugs were added to the wells and the cells were incubated for at 37 °C in
a humidified atmosphcre of 5% CO; for 24 hours. For the last 6 hours of the 24 hour

stimulation 0.5 uCi of °H] thymidine was added to each well. The reactions were




terminated by washing each well twice with 2 ml ice-cold PBS. Proteins were
precipitated by washing each well three times with 2 ml of ice-cold 5% TCA (w/v)
and twice with 2 ml ice-cold ethanol. The plates were lefi to air dry for 15 minutes,
and the precipitate was dissolved in 1 ml of 0.3M NaOT. The plates were shaken
overnight to ensure the precipitate was thoroughly dissolved. The radioactivity

associated with each well was determined by scintillation counting.

2.12 IMMUNOPRECIPITATION OF GLUTS FroM YSMC

30 pl of protein A sepharose was washed three limes with 1 ml lysis buffer
(section2.2.2). 6 pl of the appropriate antibody was added to the protein A sepherose
and ~15 pl of lysis buffer (2.2.2) to give a final volume ot ~ 50 ul. The mixture was
then shaken on vibramax at setting 18 for 4 hours at 4 °C. 500 g - I mg of VSMC
whole cell lysate (see section 2.9) was added to the antibody, protein A sepharose mix
and incubated with end over end rotation overnight at 4 “C. Samples were centrilued
at 1500 x g in microfuge to pellet the protein A sepherose beads along with any
immunoprecipitated protein. The beads were washed in twice with 1 ml lysis buller
and then once with 1 ml lysis buffer containing 0.1% Triton X-100, The beads with
protein bound were then used in assays or resuspended in urea sample buffer (section

2.2.3) for western hlotting.

213 IN VITRO PHOSPHORYLATION OF GLUTS WiTH PROTEIN KINASE
A

The reactions were set up as follows:

20 units of PKA catalytic subunit was mixed with substrate prepared by
immunoprecipitation (section 2.12) and made to a total volume of 47 ul with assay
buffer (section 2.2.2}. To start the phosphorylation 3 pl of [y*2P] ATP, 1 uCi/ul, was
added to each reaction and incubated at 30 °C for 30 minutes, Adding an appropriatc

volume of SDS-PAGE urea buffer stopped reactions. Samples were then run on SDS-
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PAGE (section 2.7) and the gels were fixed in 14% acetic acid, 7% methanol, dried

and exposed Lo X-ray film to ideotily proteins that had been phosphorylated.

Immunoprecipitates could also be dephosphorylated prior to in vitre phosphorylation
as described below:

"T'o each immunoprecipitate 250 U of protein phosphatase 2A (gift from Professor H.
Nimmo, Bower Building, IBL.S, University of Gilasgow) was added and buffer (50
mM Tris pI1 7.5, 1 mM DTT, S0 uM EGTA) added to a final volume of 50 ul. This
mix was incubated for 30 minutes at 20 °C on a vibramax shaker. The phosphatase
was inactivated by the addition of okadaic acid (200 nM) and phosphorylation carried

out as described above.

2.14 IN Vivo PHOSPHORYLATION OF GLUTS

VSMCs were grown to confluency on 6-well plates and quiesced in serum-free
DMEM (section 2.2.1) for 36-48 hours. The cells were washed twice with 2 ml of
phosphate-free DMEM per well and 0.75 ml of phosphalte-free DMEM wilh 0.2
mCi/ml [*?P] orthophosphoric acid added per well, and the cells incubated for 90
minutes at 37°C in a humidified atmosphere of 5% CO-. This allows the intracellular
pool of ATP to become P Jabelled. After the 90-minute labelling, appropriate
agonists/drugs were added to the cclls (as indicated in the text) and cells incubated at
37°C in a humidified atmosphere of 5% CO,. To stop the reactions the cells were
placed on ice, the media was aspiratcd off and the cclls were washed twice with 3 ml
ice-cold PBS (section 2.2.2), The cells were seraped into S00 p of lysis bufer per well
{section 2,2.2), transferred into eppendorts, then incubated on ice for 30 minutes fo
lyse cells. The lysates were then used for immunoprecipitation, as described in section
2.12. After immunoprecipitation the samples were resuspended in ~40 pl of urca
sample buffer (section 2.2.3) and run on a 10% SDS-PAGE (section 2.7). Gels were
then dried and exposed to X-ray film to identify proteins that had been

phosphorylated.
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2.15 P2 BINDING ASSAYS

Assavs were carried out as described in MacEwan ef al. (1996}

Brielly, total cell membrancs were prepared as described in section 2,10, Reactions

were assembled as follows:

To determine total DHA binding, an appropriate armount of membrane protein (~10
j1g) and 2 nM ["H] DHA were mixed in a total volume of 250y TE (section 2.2.2). To
determine non-specific binding reactions were set up as for total binding but in the
presence of ImM unlabelled DHA to compete for specific binding sites. The reactions
were incubated at 30°C for 30 minutes. Reactions were lerminated by rapid filtration
through Brandell apparatus with a Whatman GF/C filter fitted and washed three times
in ~5 ml of ice-cold TE buffer. The |*H| DHA associated with each filter was

determined by scintillation counting.

To determine the amount of specific binding sites in each sample, the dpm obtained
for non-specific binding is subtracted from that of total hinding to get specific dpm.
Using the specific aclivity of the [’I1] DHA the amount of DHA binding sites can be

determined using the calculation below,

Specific dpm X 1000 ~ fimoles/mg

Specific activity g protein

2.16 ADENYL CYCLASE ASSAY IN VSMC

Determination of adenyl cycluse catalytic activity was carried out as described by
Wong et al (1994) Cells were grown on 12-well plates to confluency and then
quicsced by incubation in serum free DMEM for 36-48 haurs. 24 hours prior to assay
the cells were Jabelled with ["H] adenine at 1 uCi/ml. Cells were washed in 2 mi of
HEPES buffered DMEM (section 2.2.1) and then 0.5 ml of HEPES buffcred DMEM

with |mM IBMX was added to cach well with the appropriate drugs or agonists. Cells
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were then incubated on a hot plate at 37°C for 30 minutes. To terminate the reactions,
the media was aspirated from cells and 1 ml ol ice-cold stop solution {section 2.2.2)
was added to each well and incubated on ice for 30 minutes to lyse cells. Scparation of
radiolabelled cAMP from ATP was achieved using the double-column methiod

described by Wong ef a/ (1994).

2.17 MoO1LECULAR BIOLOGY METHODS

2.17.1 PCR reactions

PCR reactions were carried out with the following basic components

20 ng template DNA

40 pmol primer |

40 pmol primer 2

200 UM dNTPs (200uM of cach A, C, G, T)
2.5 units Pfu I polymerase

10 ul Pfu [ polymerase buffer (10x)

X wl sterile HyO to final volume of 100ul

All components were mixed except for Pfu . The reactions were incubated for 10
minutes at 95°C then Pfu [ was added (“hot start” PCR). After addition of Piu I the

cycles were as follows:

3eyclesof  95°C 1 minute
40°C 5 minutes

72°C 5 minutes
Followed by
27 cveles of  95°C 1 minute

75°C 2minutes

72°C 5 minutes




PCR products were then analysed by agarose gel clectrophoresis.
2.17.2 Agarose gel etectrophoresis of DNA

DNA was analysed by agarose gel elctrophoresis. All gels used were 0.7% agarose in
I x TAE, containing (.5 pg/ml ethidium bromide. DNA was visualised under UV

light. The size of DNA fragments was determined with the use of DNA 1 kB ladder.
2.17.3 Preparation of competent bacteria

E.coli (strain X1 1-Blue) were grown in L-brath (section 2.2.4) 1o an optical density of
0.4 at. The cells were chilled on ice, and then centrifuged at 1000 x g for 10 minutes
at 4°C. The L-broth was aspirated from cells and the cells were resuspended in 40ml
buffer 1 (section 2.2.5). The cells were chilled on ice for 5 minutes and then
centrifuged at 1000 x g. The cell pellet was resuspended in 4 ml buffer 2 (section

2.2.5) and aliquoted in 220 ul aliquots and stored at -80°C prior to usc.
2.17.4 Transformation of competent bacteria

An aliguot of competent bacteria (prepared as described 2.17.1) was thawed and 50pul
of the cells were added to a sterile tube. Add an appropriate amount of DNA was
added to the cells (about 1-50ng) and incubated on ice for 15 minutes. The cells were
heat shocked by incubation at 42°C for 90 seconds, then returned (0 ice for 2 minutes.
450u 1 of L-broth was added and the cells incubated at 37°C for 45 minutes with
shaking. 100l of cach transformation reaction was plated on to L-agar plates with the
appropriatc antibiotic mix. The plates were incubated overnight at 37°C to allow

growth of colonies.
2.17.5 Preparation of DNA

Both large and small scale DNA preparations were made using QIAGEN DNA prep

kits according to manulacturers instructions. Small scale preps were made using the
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QIA spin prep kit, and large scale preps were made using the QIAGTIN maxi prep kit.
Both kits follow a basic alkaline Iysis method. Cclls were lysed under alkaline
conditions in the presence of RNase A and the lysale subsequently neutralised and
adjusted to high salt binding conditions. The lysate was passed over the QTAGEN
silica-gel membrane, which ensures only DNA is absorbed but all other components
are not retained on the membrane. DNA was washed on the membrane and cluted in

the appropriate butter.

2.17.6 Gel Extraction of DNA

Gel extractions were carried out using Promega Wizard™ prep kits according to
manufacturers instructions. Briefly, to purify DNA from agarose gel the band of
inicrest was excised from the gel and 1 ml of resin (from kit) was added. The gel slice
was melted in the resin at 65°C for 10-15 minutes. The melted gel slice is passed over
a Wizard™ mini prep column, to bind DNA and resin. DNA was washed on column

and eluled in TE.

2.17.7 Restriction of DNA

Restriction of double stranded DNA was carried out using restriction enzymes from
Promega according to manufacturers instructions. In gencral reactions were as

follows:

1-5 pg DNA

5wl restriction enzyme(s)

5 ul Buffer

X d HyO to 50 d final volume

Reactions were incubated for 1-2 hours at 37°C. Products of restriction were

visunalised by agarose gel clectrophoresis.
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2.17.8 Ligation of DNA

DINA was restricted with the appropriate enzymes us described 2.16.7 ready for
ligation. Ligations were carried using T4 DNA ligase frons Bochringer Mannheimn
according to manufacturers directions. Generally twice as much insert DNA as vector
DNA was used in cach ligation, as quantified by gel electrophoresis. Reaction were

typically carried out in a final volume of 10-15 ul.
2.17.9 Phenol/Cloroform cxtraction of DNA

To stop enzyme reactions and extract DNA from these reactions a phenol/chloroforin
extraction was carried out. This involved washing the reaction in an equal volume of
phenol twice, then washing in an equal volume of chloroform once. DNA was then

concenirated by ethunol precipitation (scction 2.17.10).
2.17.1G Ethanol precipitation of DNA

To concenlrate DNA samples ethanol precipitation was carried out, Samples were
mixed with 2 x volume of ethanol and 0.1 x volume of 5 M Na Acetate. The mixture
was incubated for 1 hour at —-20°C then centrifuged at 15 000 x g for 10 minutes to
pellet precipitated DNA. The pellet was then washed in 1 ml of 70% ethanol, and
centrifuged at 10 000 x g to re-pellet DNA. The 70% cthanol was aspirated from the
pellet,the pellet air-dried and resuspended in a small volume of TE, DNA was

quantified by agarose gel electrophoresis.
2.17.11 Sequencing of DNA
Samples sequenced by the University of Glasgow Molecular Biology Support Unit

(MBSU) using the Big Dyes kit [rom Perkin Eimer and analysed using the ABI Prism

377 sequencer.
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2.17.12 RT-PCR

mRNA was made using the Rneasy kit from QIAGEN, Two 75 cm” flasks of VSMCs
were grown to conflucncy and cells scraped from flasks into 2 ml of ice-cold sterile
PBS, and RNA prepared according to manufacturers instructions. Reverse
transcription and PCR cairied out using Wizard RT-PCR kit from Promega. Reverse

transcription reactions were as follows:

3 pg VSMC RNA
3 ul dT primer (use 0.5 pg primer/ pg of RNA)
X pl RNase free H;0 to a final volume of 10 pl

Reactions incubated at 70 °C lor five minutes to allow primer/RNA annealing. Thea

to each reaction the following reagents arc added:

S pl MgCly (25 mM)

5 ul 5 x AMV/tf] butfer

2.5 nl dNTPs (200pM of each A, C, G, T)
0.5 pd RNaisin

2 ul AMYV

Xl RNase free H;O to final volume of 25 pl

The reaction is then incubated at 42 °C for 60 minutes to allow extension.

PCR reactions werc then set up as below:

5 1l Reverse transcription

5 ! Taq Mg tree buffer

5l MgCP (25 mM)

| 1l dNTPs (to a final of 200 nM)

25 pmol primer 1 ) Primers are defined in main text
25 pmol primer 2 )

1 ul Taq

X ul Sterile TLO to a final volume of 50 pl
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PCR cycles were as follows:

| x 05°C 3 minutes

5% 05°C 45 scconds
55°C 1 minute

72°C 1.5 minules

25x%x  95°C 45 seconds
55°C 1 minute

72°C 1.5 minutes

1x 72°C 10 minutes

PCR products were analysed by agarose gel electrophoresis {section 2.17.2).

2.14 CONFOCAL MICROSCOPY

Cells were visnalised vsing a Zeiss 4 laser scanning confocal microscope using either
40X, 63X or 100X Plan-APOCIHIROMAT 1.4 NA oil-immersion objectives, with
samples on a healed stage 1o provide a bathing medium 37°C. Images were collected
using either (or both) a 488 nm or a 543 nm laser with the appropriate [licr sets lor
collection of the GFP signal (band-pass 505-520 nm} or red signals (long-pass 590
nm). Data files were saved in . TIF format and analysed using Metamorph softwarc

(Universal Imaging, CA).

64




CHAPTER 3

CHARACTERISATION OF GLUCOSE TRANSPORT IN RAT

AORTIC VASCULAR SMOOTH MUSCLE CELLS IN RESPONSE

TO PLATELET-DERIVED GROWTH FACTOR
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3.1 A1vs

The aims of this chapter are:

1. To determine which glucose transporters are expressed in the aortic vascular

smooth muscle cells (VSMC).

2. To determine the effect of platelet-derived growth factor (PDGI-BB) on the rate

of glucose transport in VSMC.

Wl

To determine which signalling pathways arc involved in mediating the effects of
PDGE-BB on glucose transport in VSMC.
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3.2 INTRODUCTION

An increase in vascular smooth muscle cell proliferation is fundamental 1o the
progression of atherosclerotic plaques (Ross, 1993). Many growth factors arc scereted
from the cells involved in plagque formation, which can stimulate VSMC proliferation
(Bobik & Campbell, 1993), Platelet derived growth factor (PIDGF) is considered to be
a principle regulator of VSMC proliferation in plaque development, and is secreted
from the endothelial cells, platelets, activated macrophages and the smooth muscle
cells themselves during plaque development (see section 1.1.2) (Ross, 1993, Bobik &
Campbell, 1993).

A common early response of cells to all growth factors is an increase in the rate of
glucose transport, to provide the cells with the extra encrgy required for cell growth
and differentiation (Thomson & Gould, 1997). As an increase in proliferation of
VSMC 1s an important step in atherosclerotic plaque development, it is reasonable to
hypothesize that this is accompanied by an increase in glucose transport in these cells.
However, very little is known about the regulation of glucose transport in these cells.
Most studies on glucose transport in VSMC, to date, have concentrated on the effects
of insulin and 1GF-1. Both insulin and IGF-1 have been reported to induce a 1.2 to 3-
fold stimulation of glucose transport in VSMUCs (Sowers, 1996, Fujiwara & Nakai,
1996). Tn both of these studies, 1GF-1 stimulates a greater increase in glucose
transport than insulin, This suggests that the cffcet of insulin 1 these cells may be
mediated by its interaction with the IGF-1 receptor, rather than via the insulin receptor
itself. To date, no published studies have described the effect of PDGF on the rates of

glucose transport in these cells.

Currently there is controversy as to which glucosc transporters are expressed in
VSMC. Sower’s group have reported that the insulin-responsive glucose transporter
GLUT-4 is present in VSMC (Sowcrs, 1996}, whereas others have been unable to
detect GLUT-4 mRNA and demonstrated the presence of GLUT-1 mRNA only (e.g.
Kihara ¢/ af, 1998). As insulin stimulates a relatively low fold increase in glucose

transport in these cells, it is unlikely that this is mediated by GLUT-4,
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Very little is known about the signalling mechanisms mediating glucose transport i
response to growth factors (discussed fully in Chapter 1). To date, it is clear that there
is a role for PI3” kinase (Gould, ef al, 1994, Clarke et a/., 1994, Barros et al,, 1995),
and MAP kinase (Gould ¢f «l., 1995) in mediating growth factor-stimulated glucosc
transport. Apart from the involvement of thesc two signalling pathways, the

mechanisms by which growth factors increase glucose ransport are largely unclear,

In VSMC, PI3’ kinase has been shown to be involved in mediating insulin and [G)-1
stimulated transport (Fujiwara & Nakai, 1996). Both wortmannin and L.Y294002
inhibited insulin- and IGF-1-stimulated glucose transport. As well as the involvement
of PI3’ kinase, studies have shown a role for Ca™ in regulating glucose transport in
VSMC. Angiotensin 1T stimulated transport was inhibited by growing VSMC in media
with low Ievels of Ca®™ (Quinn er al,, 1998). Apart fram the tole of P13° kinase and

calcium, very little is known about the regulation of glucose ransport in VSMC.

Here, the level of the glucose transporters GLUT-1, GLUT-3 and GLUT-4 in the rat
aortic vascular smooth muscle cell line was determined by immunoblotting. The
levels of different GLUT isoforms in cultured VSMCs and VSMC:s freshly isolated
from aorta was determincd. The ability of platelel-derived growlh [aclor to regulate
glucose transport in these cells was also determined. PDGF-BB was found to be
stimulatory with regard to glucose wansport in VSMC, and the role of the signalling
molecules PI3’ kinase and the MAP kinases, p38, p42/44 and JNK, in regulating

PDGF-BB-stimulated glucose transport was determined.
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3.3 RESULTS

3.,3.1 Analysis of glucose transporter ¢cxpression tu rat aortic vascular smooth

muscle cells

The presence of glucose transporters in VSMCs was examined. GLUT-1 and GLUT-4
have been reported in VSMC, and GLUT-3, the braln-type glucosc transporter, is
expressed in various non-neuronal tissues, so I sought to determine whether these

isoforms were expressed in VSMCs.

Ta analyse which of the glucose transporters were present in VSMCs, samples of
whole ccll lysates from cultured VSMCs (paasage 12) were subjected to
immunoblotting. Both GLUT-1 and GL.UT-3 were expressed in VSMC as determined
by the detection ol a band of ~49 kDa with antibodies te the C-terminal regions of
GLUT-1 and GLUT-3 respectively (Figure 3.1). However there was no detectable
GIL.UT-4, as determined by immunoblotting, in the VSMC lysates (Tigure 3.1). This
contradicts some previous publications which had demonstrated the expression of
GLUT-4 (Sowers, 1996) in freshly 1sofated aortic VSMCs. Our inability to detect
GLUT-4 could be because GLLUT-4 expression was decreased during passage. We
therefore sought to determine 1f GILUT-4 was present in freshly isolated cells. VSMCs
were isolated from fresh aorta and whole cell lysates were prepared and subjeeted to
immunoblotting. A band of ~49 kDA, corresponding to GLUT-4 was indeed detected
by immunoblotting, as was GLUT-1 (Figure 3.2). There was, however, no detectable
GLUT-3 protein in {resh vascular smooth muscle cells (Figure 3.2). To determine at
what stage of cell culture the changes in the levels of the glucose transporters oceurs,
samples of cells from passages 2. 6 and 16 were analysed. By immunoblotting it was
determined that GLUT-4 protein was not present at detectable levels as early as
passage 2, whercas GLUT-1 and GLUT-3 proteins were detected in all passages

analysed {data not shown).

Therelore, freshly isolated aortic vascular smooth muscle cells do express GLUT-1

and GLIUT-4. However, as these cells are passaged in culture GLUT-4 expression is
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lost immediately and expression of GLUT-3, the brain-type glucose transporter, is
increased. Glucose transport in cultured rat aortic VSMC is therefore mediated by

GLUT-1 and also possibly GILUT-3.

3.3.2 Charactcrisation of PDGF-BB-stimulated glucose transport in rat aortic

vascular smooth muscle cells

We next set out to characterize the effects of PDGF-BB on glucose transport in VSMC.
Firstly we wished to determine if PDGF-BB-stimulated glucose transport in these cells
followed the biphasic pattern typically seen in response to mitogens (sce section
1.2.3.1). Cell were treated with PDGF-BB (10 ng/ml) for different lengths of time prior
to assay of 2-deoxyglucose uptake (section 2.5). The results are shown in figure 3.3.
There was an initial increase in glucose transpotrt, peaking after about 1 hour (Figure
3.3), with an 5.57 % 0.52-fold stimulation over basal rates of transport (n=3
experiments). This acute phase of transport plateaued after 1 hour, but after 2 hours a
chronic increase in glucose transport became apparent (Figure 3.3). The chronic
increase in glucose transport plateaued after about 6 hours and the maximum rate of
transport was 10.13 £ 0.27-fold over basal rates (n=3 experiments), This biphasic
pattern is copsistent with previous studies on mitogen-stimulated glucose transport in a

range of cells (Thomson & Gould, 1997).

‘T'o determing if the increase in transport was dependent on new protein synthesis, cells
were treated with 10 ng/ml PDGF-BR in the presence or absence of cycloheximide (50
uM), an inhibitor of protein syathesis. 2-deoxygiucose transport was then measured, as
above. In cells that were treated with PDGF-BB for 2 hours the addition of
cycloheximide had no effecl on rates of glucose transport (Figure 3.4). However after 3
hour and 4 hour treatments of cells with PDGF-BB, cycloheximide inhibited giucose
transport as compared to cells treated with PDGF-BB alone. This indicates that the
acute phase of PDGF-BB-stimulated glucose transport in VSMC is not dependant on
new protein synthesis (up to 2 hours), however the chronic phase of glucose transport

observed (greater than 3 hours) is dependent upon synthesis of new proteins. This 1s
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consistent with previous work on mitogen-stimulated glucose transport. All further

work in this thesis studies the acute phase of glucose transport in VSMC.

Next, the EC;5¢ of the acute phase of PDGF-BB-stimulated 2-deoxy glucose transport in
VSMC was determined. Cells were treated with PDGF-BB (0-500 ng/ml) for one hour
and then subjected to 2-deoxyglucose transport assay (Figure 3.5). The ECsg for the
acute phase of PDGF-BB-stimulated glucose transport in VSMC was ~10 ng/m]. The
rate of 2-deoxyglucose transport in VSMC in response to a 1 hour treatment of 10
ng/ml PDGF-BB was 381 + 34 pmol/min/mg protein, representing a ~7 fold increase
over basal (n=3 experiments). This figure is high, as compared with that seen using

other mitogens, this will be returned to in the discussion.

Glucose can be transported across the plasma membrane in both directions (Walmsley
et al., 1998). To prevent this happening glucose is immediately phosphorylated once it
enters the cell. Glucose-6-phosphate is not a substrate for glucose transporters, so
cannot be transported back across the plasma membrane. To enswe that the increase in
the rate of 2-deoxglucose transport in response to PDGF-BB is not [imited by the rate
of its phosphorylation, analogues of glucose that cannot he phosphorylated can be used.
3-O-methyl glucose is an analogue of glucose that cannot be phosphorylated, therefore
by using 3-O-methyl glucose the rate of glucose flux can be measured. The ability of
PDGF-BB (o stimulate 3-O-methy] glucose transport was measured. Cells were lreated
with or without 10 ng/ml PDGF-BB for | hour, and 3-O-mecthyl glucose transport was
measured over different times (as outlined in section 2.6). Cells treated with PDGF-BB
showed a higher rate of 3-O-methyl glucose transporl at all time points measured
(Figure 3.6). The rates of transporl were convetted to give a straight line using the

equation:

~In [(Cm-Ct)/Cm]

where Cm is the maximum cpm/well, and Ci is the cpm/well at the time point, ¢ (Figure

3.6). The gradient of each line represents the rate constant, k, for glucose transport in
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these cells. The k of basal and PDGF-BB-stimulated 3-O-methyl glucose transport werc
0.36 min” and 0.54 min™ respectively. Thercfore the rate of PDGF-BB-stimulated 3-0-
methyl glucose transport in VSMCs is ~1,5-fold that of basal. This is not a 7-fold
increase in transport, as is seen when measuring 2-deoxyglucose transport (see above).
When 2-deoxyglucose is transporied onto the cell it is immediately phosphorylated by
hexokinase and is no longer a substrate for glucose transporters. 3-O-methyl glucose,
on the other hand, does not undergo phosphorylation when it enters the cell and so is
still a substrate for glucose transport. Therefore, rates of 3-O-methyl glucose transport
will be lower than rates of 2-deoxyglucose transport, measured under the same

conditions as there will be a degree a back flux of 3-O-methy] glucosc out of the cell.

The ability of PDGF-BD to stimulatc growth of VSMCs was then assessed by
measuring [’I1] thymidine incorporation into the cells. Cells were treated with varying
doses of PDGF-BB (0-40 ng/ml) for 24 hours and [°H] thymidine incorporated was
measured. PDGE-BB elicited a 2.81 + (.15 fold increase in [°H] thymidine
incorporation in VSMC at doses of 10 ng/mi (n=3 experiments) (Figure 3.7). The levcls
of thymidine incorporation increased in a dose dependent manner with a 4.65 1. 0.2 fold

increase scen at the maximum dosc used, 40 ng/m! (n=3 cxperiments) (Figure 3.7).

Therefore, PDGF-BB can stimulate a biphasic increase in 2-deoxyglucose transport. A
7-fold increase in 2-deoxyglucose at doses of 10 ng/ml PDGF-BB occurs within 1 hour,
with a rate of ~380 pmol/min/mg protein, and this is not dependent on the synthesis of
new protein. After ~2 hours a chronic increase in 2-deoxyglucose lransport becomes
apparent, with a ~10-fold increase in transport atter 6 hours. The chronic phase of
transport is dependent on new protein synthesis. The 2-deoxyglucose transport is not
dependent on the rate of phosphorylation of 2-deoxyglucose as 3-O-methyl glucose
transport, an analogue of glucose that is not a substrate for phosphorylation, is also
stimulated by 10 ng/mi PDGF-BB. 10 ng/ml PDGF-BB stimulates an approximately

two-fold increasc VSMC growth, as determined by thymidine incorporation.
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3.3.3 Cell signalling pathways involved in mediating PDGF-BB-stimulated

glucose transport in rat aortic vascalar smooth muscle cells.

As described in the infroduction (see scction 1.2.3.1), the only cell signalling
mechanisms known (o be involved in mediating growth-factor stimulated glucose
transport, to date, are PI3* kinase, MAP kinases and Ca®*. The role of these signalling
molecules in mediating PDGF-BB-stimulated glucose transport in VSMC was

examined.
PI3’ kinase

Firstly, to determine which regulatory subunits of PI3” kinasc are present, p835 and/or
p55, in VSMCs, immunoblotting was carried out on whole cell lysates. p85 PI3” kinasc
was present in VSMC as determined by the presence of 2 band of ~85 kDa, however
there was no detectable pS5 in VSMCs (Figure 3.8). The role of P13’ kinase in
mediating PDGF-BB-stimulated glucose transport was assessed by using specific
inhibitors of PI3’ kinase, wortmannin and T,Y 294002. Cells were treated with
inhibitors for 30 minutes followed by a 1 hour treatment with PDGF-BB (10 ng/mi)
prior to 2-dcoxyglucose transport assay. Both LY 294002 and wortmannin inhibited
PDGE-BB-stimulated glucose transport (Figure 3.9). Wortinannin inhibited PDGF-BB-
stimulated transport with an ICsq of ~10-20 nM, with 100% inhibition at ~100 oM. 1.Y
294002 also inhibited PDGF-BB-stimulated ghicose uptake, although higher
concentrations of LY 294002 were required, with the ICso being ~1.3 pM. These fipures
for inhibition of glucose transport by inhibitors of P13’ kinase are consistent with those
previously reported for a specific inhibition of PI3” kinase (Thomson ef «/., 1996). This
data suggests that PI3” kinase does indeed play a role in mediating PDGF-BB-

stimulated glucose transport in VSMCs,

MAP kinaye
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As described in the introduction (see section 1.2.3.1), there are three families of MAP
kinase, p42/44, p38 and INK. To determinc which, if any of these MAP kinases might
be involved in PDGF-BB-stimulated glucose transport, we assessed which of these
undergo phosphorylation, and thercfore activation (Canos et al., 1995), in response to
PDGF-BB in VSMC. The phosphorylation and activation of each MAP kinase can be
determined by immunoblotting using phospho-specific antibodies to cach protein. 10
ng/ml PDGF-BB was capable of stimulating p42/44 phosphorylation, as determined by
the presence of immunoreactive bands at 42 and 44 kDa, within 5 minutes (FFigure
3.10). This intensity of this band, therefore the phosphorylation and activation of
p42/44, began to decline after 15 minutes stimulation with PDGF-BB, and by 60
minutes the phosphorylation had retned to basal levels. Phosphorylation of p38 was
also stimulated by PDGE-BB (10 ng/ml), as determined by the presence of an
immunoreactive band of ~38 kDa (Figure 3.10). As with p42/44, phosphorylation and
activation of p38 was highest afler a 5 minute stimulation with PDGE-BB and was
declining after 5 minutes. After 60 minutes the phosphorylation of p38 had returned to
basal levels. JNK. did not appear to be phosphorylated and activated in response to
PDGF-BB (Figure 3.10), however the cross-reactivity of the antibody with phospho-

p42/44 did not allow accurate analysis of this.

As both p38 and p42/44 are phosphorylated and activated by PDGF-BB in VSMC, the
role of these in mediating PDGF-BB-stimulated glucose transport was asscssed by
using the specific inhibitors of p38, SB 203580, and of p42/44 actlivation, PI) 98059
(Gould ef al., 1995). Cells were pretreated for one hour with the appropriate inhibitor
then treated for a further one hour with 10 ng/inl PDGF-BD prior to 2-deoxyglucose
transport assay (section 2.5). Both SB 203580 and PD 980359 were capable of inhibiting
PDGT-BB-stimulated glucose transport in VEMC (Figure 3.11). SB 203580 inhibited
PDGE-BB-stimulated glucose transport with an ICsy of ~10uM, whereas PD 98059
inhibited transport with an ICsq of ~50LM. These ICsy values were consislent with
those previously reported to inhibit glucose transport in other celis (Gould ef /., 1995).
To ensure specificity of the MAP kinase inhibitors, immunobloting of ccll lysates,

treated as above, was carried out to determine the relative levels of phosphorylation,
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and thereforxe activation of the MAP kinases in the presence of SB 203580 and PD
98059. Figure 3.12 shows that PD 98059 only inhibited p42/44 phosphorylation and
had little effect on p38 levels of phosphorylation and that SB 203580 had little effect on
the phosphorylation of p42/44.

"These results show that PDGF-BR is capable of stimulating both p38 and p42/44 in
VSMC, however it has no apparent effect on INK. The activation of both p38 and
p42/44 is necessary for PDGF-BB-stimulated 2-deoxyglucose transport in VSMCs as
determined by the use of the specific inhibitors SB 203580 and PD 98059.
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3.4 DISCUSSION

Increased glucose Lrangport is an early response of all cells to mitogens (Thomson &
Gould, 1997). Increased vascular smooth muscle ceil proliferation, and presumably
therefore glucose transport, is fundamental to atherosclerotic plaque development
(Ross, 1993, Ross, 1999). ITowever very little is known about glucose transport in
vascular smooth muscle cells. It is as yot unclear which glucose transporters are present
in VSMC, with some groups reporting the presence of the insulin-responsive glucose
transporter, GLUT-4, and GLUT-1 in VSMCs, whereas others have failed to find
GLUT-4 mRNA (Sowers, 1996, Kihara et al., 1998). It is therefore important to
establish which glucose transporters are expressed in the cultured VSMC used in this
study. As well as little being known about which glucose transporters are expressed,
very little is known about what regulates glucose transport in these cells. Most studies
to date have concentrated on the effects of insulin and IGF-1 to regulate glucose
transport {(Sowers, 1996, Fujiwara & Nakai, 1996), but there has been no work on the
growth factors suspected of being major regulators of VSMC proliferation in plague
development. PDGT is thought to be the principle regulator of VSMC proliferation in
atherosclerotic plaques (Bobik & Campbell, 1993), and as such it is of interest to study
the effects of PDGT on glucose transport in cultured rat aottic vascular smooth muscle
cells. The cell signalling mechanisms involved in mediating mitogen-stimulated
glucose transport in any cell system are poorly defined. To date only PI3” kinase and
MAP kinases are known to be involved (I'homsen & Gould 1997), and bence we
wished 1o determinc what role, if any, these play in mediating PDGF-BB-stimulated

glucose transpott.

3.4.1 Glucose transporter content of rai aoriic vascular smooth muscic cells
We found that GLUT-1 and GLUT-3 were present in the cultured VSMC used, but
there was no detectable GLUT-4 (I'igure 3.1). As the reports of GLUT-4 cxpression

were from freshly isolated VSMC, and not cultured VSMCs, the levels of GLUT-1, -3

and —4 were investigated in fresh VSMC. In fresh vascular smooth muscle cells GLU't-
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4 was indeed present (Figure 3.2). GLUT-1 was also present in fresh aortic smooth
muscle cells, however there was no detectable GLUT-3 (Tigure 3.2). When the levels of
GLUTs in cells from a number of diffcrent passages was studied, GLUT-4 expression
was only observed in vascular smooth muscle cells freshly extracted from aosta, and
GLUT-3 protein was only detected when the cells were cultured (data not shown). The
level of GLUT-1 was similar in freshly isolated vascular smooth muscle cells and in all

passages of cultured smooth muscle cells looked at.

Therefore, fresh rat aortic smooth muscle cells express GLUT-4 and GLUT-1, however
the expression of GLUT-4 is lost immediately afler the cells are isolated for culture, and
the cells start to express GLUT-3. This loss of expression of a protein with the cultring
of cells is not unusual. Tn vascular smooth muscle cells, tor example, it is known that
cxpression of protein kinase G is lost with increasing passage (Commwell ef al,, 1994), 1L
is possible that as GLUT~4 is lost that the cell compensates for this by increasing the
levels of GLUT-3. Ilowever GLUT-3 and GLUT-4 have quite different properties. Both
GLUT-3 and GLUT-4 have a rclatively low K, for glucosc transport (Gould, 1997}, but
GLUT-4 is localised predominantly in specialized intracellular vesicles in the absence
of insulin. Upon exposure to insulin GLUT-4 is mobilised to the plasma membrane
(Cushman et al,, 1980, Suzuki & Kono, 1980), this is believed to be the case for
GLUT-3. There are, however, reports of GLUT-3 being recruited to the plasma
niembrane in response {o appropriate signals, When platelets ave activated they have a
vasily increased demand for energy in the form of glucose. It has been reported that in
platelcts activated by thrombin, the amount of GLUT-3 at the plasma membrane can be
increased by 2.7-fold with a Ty of 1-2 minutes (Sorbara et al., 1997). So, perhaps the
cultured VSMC's are compensating for the lack of GLUT-4 expression by increasing
levels of GLUT-3. Unfortunately, it is difficult to perform sub-cellular fractionation on
VSMCs, This means that the subcellular localisation of GLUT-3 could not be readily
detcrmined. It is therefore unclear if GLUT-3 is slored in an intracellular compartment
and is capablc of being mobilised in response to an appropriate signal, and therefore

capable of replacing the role of GLUT-4 in these cells.
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The mechanisms regulating the altered expression of these proteins in this system are
unclear. The expression of GLUT-4 is regulated by a number of factors in vivo,
including dict and exposure of cells to insulin (Gould, et @/ 1997). The most plausible
explanation for such a rapid loss of GLUT-4 expression is that there is some factor that
the VSMCs are exposed to in intact aorta, perhaps from the endothelium, which
normally maintains the expression of GLUT-4, When the VSMCs are isolated away
from the endothelium this factor is removed and GLUT-4 expression declines. GLUT-3
expression may then increase with passage to compensate for the loss of GLUT-4

expression. This is, of course, speculation, and what such a factor may be is unclear.

3.4.2 PDGF-BB-stimulated glicose transport in VSMC

1.ittle is known about glucose transport in VSMC. To date the only work on glucose
transport in VSMC has looked at the effects of IGF-1, insulin and angiotensin 1T
(Sowers, 1996, Fujiwara & Nakai, 1996, Quinn & McCumbee, 1998). There has been
to work published on the effects of PDGF-BI (one of the growth factors believed to
play a major role in regulating VSMC proliferation in atheroscierotic plaque
development (Bobik & Campbell, 1993, Ross, 1993)) in regulating glucose transport in
VSMCs. We were interested in determining the effects of PDGF-BB on glucose
transport in VSMC. PDGF-BB stimulated a biphasic increase in glucose transport in
VSMCs (Figure 3.3}, with an acute phase that was maximal within 1 hour of exposure
of cells to PDGF-BB and independent of new protein synthesis, as determined by use of
the inhibitor cycloheximide (Figure 3.4). The maximum increase in the acute phase of
PDGI-BB-stimulated 2-deoxyglucose transport in VSMC was ~ 6-fold. This value for
PDGF-BB-stimulated acute-phase glucose transport was rather high when compared to
the increases that this and other mitogens can stimulate in other cell lines, typically two-
fold (Thomson & Gould, 1997). It is unclear why this may be the case. One possible
cxplanation is presence of the GLUT isoform, GI.UT-3, in this cell line (see section
3.3.1) as well as GLUT-1. This may mean that the cell has a larger pool of glucose
transporters available for transport. Upon appropriate stimulation, the cell may be able
to translocate/activate more glucose transporters, and thetefore be able to stimulate a

greater increase in rates of transport than cells which da not contain GLUT-3. [Towever,
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it should be noted that the rate of PDGF-BB-stimulated glucose transport in the VSMCs
used could be somewhat variable (typically between 2- and 5-fold). The chronic phase of
PDGF-BB-stimulated 2-deoxyglucose transport became apparent after about two hours
(Figure 3.3), with an increase in transport of ~10-fold over basal. The chronic phase of
PDGF-BB-stimulated 2-deoxyglucose transport plateaued after ~ 6 hours and was
dependent on synthesis of new proteins (Figure 3.4). The biphasic pattern of glucose
transport in VSMCs in response to PDGF-BB is consistent with previous work on
mitogen-stimulated glucose transport in other cell lines (Thomson & Gould, 1997). Dose-

response studies suggest that PDGF-BB induces these effects via its cognate receptor.

The 3-O-methyl glucose transport rate reported for PDGF-BB stimulated transport was
only 1.5 fold that of basal 3-O-methyl glucose transport. This does not correlate well with
the 6-fold increase in 2-deoxyglucose transport seen with PDGF-BB in VSMCs. As 3-0-
methyl glucose is not a substrate for hexokinase it is not phosphorylated once it enters the
cell, unlike 2-deoxyglucose, and so remains a substrate for glucose transporters and is
transported out of, as well as in to, the cell. Ideally, 3-O-methyl glucose transport would
be measured over time points as low as 5 seconds when the amount of glucose in the cells
is still low and the degree of flux out of the cell is minimal. At early time points the
difference between basal and stimulated transport rates is greatest (see figure below).
However, this is practically very difficult to do.

PDGF-BB

3-0O-methyl

glucose transport Basal

Time (seconds)
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The differences between the gradients of the curves are largest at the lowest time points
(blue lines), and as time progresses the differences in the gradients of the two curves
becomes lesg (red lines). As the time points [ was able to measure were further along
the curve, the differences between basal and stimulated rates of transport, k, were
smaller. Therefore I obtained a low value for PDGEF-BR-stinulated 3-O-methyl glucose

transport, 1.3-fold.

3.4.3 Characterisation of signalling mechanisms involved in mediating PDGE-

BB-stimulated glucose transport in VSMC

Pi3’ kinase

Wortmannin and LY 294002 effectively inhibited PDGF-BB-stimulated 2-
deoxyglucose transport. Wortmannin complctely inhibited PDGF-BB-stimulated
ghucose transport at doses of ~100 nM, with an ICsp of ~20 nM (Figure 3.9). LY
294002 was also effective at inhibiting PDGF-B13-stimulated glucose transport, with an
ECso of ~1.3 uM (Figure 3.9). These figures for ICsg are consistent with those
previously published for inhibition of glucose transport via specific inhibition of PI3”
kinase (Gould et al, 1994, Thomson et al., 1996). Therefore P13” kinase activity is
necessary for mediating PDGE-BB-stimulated 2-deoxglucose transport.
immunoblotting of VSMC whole cell lysates demonstrated that there was p85 but no
p33 PI3° kinase regulatory subunit present in VSMCs (Figure 3.8). As only the p85
regulatory subunit s present in VSMCs, then (his isoeform of PI3” kinasc must be

responsible for mediating PDGF-BB-stimulated 2-deoxyglucose transport in VSMC.
MAP kinase

To determine the role that MAP kinases may play in mediating PDGT-BB-stimulated 2-
deoxyglucose transport in VSMC, it was first determined which of the MAP kinases

were stimulated by PDGI-BB in VSMCs. Both p38 and p42/44 were strongly
phosphorylated, therefore activated, by 10 ng/ml PDGF-BB in VSMCs. The stimulation
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was greatest within 5 minutes of stimulation with PDGF-BB, After fifteen minutes the
phosphorylation of p42/44 and p38 was beginning to decrease, and after 60 minutes the
levels of phosphorylation had returned to basal levels (Figure 10). INK was not
significantly phosphorylated in response to 10 ng/ml PDGF-BRB (Figure 10), however
the anti-phospho JNK antibody cross-reacted with phospho-p42/44, making analysis of
PDGF-BB-stimulated JNK activation difficult.

To determinc the role of p38 and p42/44 activation in PDGF-BB-stimulated 2-deoxy
glucose fransport in VSMCs, the specific inhibitors SB 203580 (p38 inhibitor) and PD
98059 (p42/44 inhibitor) were used. As can be seen in Figure 3.11, both SB 203580 and
PD 98059 were effective at inhibiting 2-deoxyglucose transport. SB 203580 was
capable of inhibiting PDGF-BB-stimulated glucose transport at lower doses than PD
98059. The approximate ICsq values for SB 203580 and PD 98059 were 10 uM and
30uM respectively, From this we can see (hat both p38 and pd42/44 are required for
PDGF-BB-stimulated 2-deoxyglucosc transport in VSMC. To ensure that the inhibitors
were working in a specific manner, and not cross-reacting with other MAP kinases,
tmmunoblot analysis was carried out to determine the levels of phosphorylation, and
activation, of the p38 and p42/44 in the presence of these inhibitors. It was seen that SB
203580 only inhibited the phosphorylation of p38 and had no effect on the levels of
phosphorylation, and therefore activation of p42/44. Conversely, PI) 98059 only
inhibited the phosphorylation and activation of p42/44 and had no effect on p38

activation.

This is a very interesting observation, as previous work had indicated that p38 was
involved in cytokine-stimulated glucose transport, but had no role in tyrosine kinase
receptor activated transport (Gould et al., 1995), Similarly, it was shown that p42/44
was involved in mediating glucose (ransport stimulated by 1GF-1 (a tyrosine kinase
receptor agonist), but there was no role for p38 here (Gould e/ @/, 1995). Here,
however we appear 1o have a pathway, activated by an agonist acling at a tyrosine
kinase receptor, that activates both p38 and p42/44, and activation of both these MAP

kinases is neeessary for stimulation of glucose transport.
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3.5 SUMMARY

Cultured rat aortic vascular smooth muscle cells express the glucose transporters
GLUT-1 and GLUT-3, but not the insulin responsive glucose fransporter, GLUT-4,
This is in contrast to fresh rat aortic vascular smooth muscle cells that express GLUT-1
and GLUT-4, but no GLUT-3. It is currenily unclear why the VSMCs down-regulate
the expression of one glucose transporter and increase the expression of another when
they are cultured. Tt is however, clear that culture of VSMC can result in diminished
expression of several proteins (i.e. PKG down-regulation in cultured VSMC, Cornwell
et al.,, 1994). It is possible that the cell up-regulates GLU1-3 expression to compensate
for the loss of GLUT-4 in these cells.

In rat aortic VSMCs PDGF-BB is capable of stimulating cell growth, as measured by
increased [31-1] thymidine incorporation, and a biphasic increase in glucose transport in
VSMCs. The acute phase of this transport is maximal within ~1 hour and is
independent of new protein synthesis. The maximum rate of 2-deoxyglucose transport
attained in the acute phase is ~500 pmol/min/mg protein, and the ECsg is ~10 ng/ml,
The chronic phase of PDGF-BB-stimulated transport occurs after ~2 hours and is
maximal after ~6 hours. The chronic phase of PDGI-BB-stimulated 2-deoxyglucose
transport is dependent on the synthesis of new protein. T'he increase in acute phase of
PDGF-BB-stimulated glucose transport in VSMC is not limited by the rate of glucose
phosphorylation as determined by measuring the rat of PDGF-BB-stimulated 3-O-
methyl glucose transporl, an analogue of glucose that is not a substrate for
phosphorylation. The K, for basal and PDGT-BB stimulated 3-(2-methyl glucose
transport are 0.36 min’' and 0.55 min™ respectively. Therefore the rate of PDGF-BB-
stimulated 3-O-methyl glucose transport is ~1.6 fold that of basal 3-O-methyl glucose

transport.
Both PI3’ kinase and the MAP kinases p38 and p42/44 are involved in mediating the

acute phase of PDGI-I3B-stimulated glucose transport, as determined by the use of

specific inhibiiors of these signalling molecules.
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All further work in this thesis concentrates on the acute phase of glucose transport in
VSMCs,
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Figure 3.1 Analysis of glucose transporters in cultures VSMCs

Wholc cell lysates were prepared from flasks of VSMCs (passage 12) as described in
section 2.9. § and !5 pg of protein were loaded on a 10 % SDS-PAGE gel and subjected
to ¢lectrophoresis and immunoblotting as described in section 2.8. Positive controls were
samples of rat brain lysate for GLUTs { and 3, and a whole cell lysatcs from 3T3-L1
adipocytes for GLUT-4. Blots were developed using antibodies to the C-terminal of

GLUT-1, -3 and -4 respectively (see section 2.1.2).

GLUT-1 and -3 were present in YSMCs, as determined by the presence of an
immunoreactive band of approximately 49 kDa, however there was no detectable GLUT-

4. This blot is representative of three such experiments.
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Figure 3.2 Analysis of glucose transporters in fresh aortic VSMCs

Whole cell lysates were prepared [rom {reshly isolated VSMCs as described in section
2.9. 20 and 40 ug of protein were loaded on a 10 % SDS-PAGE gel and subjected to
electrophoresis and immmunoblotting as described in section 2.8. Positive controls were
samples of rat brain lysate for GI.UTs 1| and 3, and whole cell lysates from 3T3-L1
adipocytes for GLUT-4. Blots were developed using antibodies to the C-terminal of

GLUT-1, -3 and -4 respectively (see section 2.1.2).
GLUT-1 and -4 were present in VSMCs, as determined by the presence of an

immunoreactive band of approximately 49 kDa, however there was no detectable GLUT-

3. This blot is representative of three such experiments.
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Figure 3.3 Time-course of 2-deoxyglucose transport in VSMCs in

response to PDGF

2-dleoxyglucose transport assay was carried out as described 1n section 2.5,
Cells were quiesced for 36-48 hours, then treated with PDGF (10 ng/ml) for the times

indicated, prior (0 2-deoxyghicose transport assay. Data from a representative experiment

is shown, repeated three times with similar results.

Each point represents the mean of friplicate determinations £ S.E.M. Data is expressed as

a fold stimulation of basal (unstimulated) transport rates.
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Figure 3.4 2-deoxyglucose transport in VSMCs in response to PDGF in

the presence or absence of cyclocheximide

2-deoxyglucose transport assay was carried out as described in section 2.5.

Cells were quiesced for 36-48 hours, then treated with PDGT (10 ng/ml) for the times
indicated, in the presence or absence of the inhibitor of protein synthesis, cycloheximide
(50 pM), prior to 2-deoxyglucose transport assay, Data from a representative experiment

is shown, repeated three times with similar results.

Each point represents the mean of triplicate determinations + S.E.M. Data is expressed as

a fold stimulation of basal (unstimulated) transport rates.

* represents P < 0.05 in cells treated with PDGF alone as compared (0 basal, untreated
cells as determined by Student’s t-test.
** represents P < 0.05 as compared to cells treated with PDGF alone for the same time

pertod as determined by Student’s t-test.

Cycloheximide has no effect on PDGF-stimulated glucose transport up to two hours.
However in cells treated with PDGF for 3 and 4 hours cycloheximide inhibits glucose

transport.
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Figure 3.5 Dose-response curve of 2-deoxyglucose transport in VSMCs

in response to PDGF

2-deoxyglucose transport assay was carried out as described in section 2.5,
Cells were quiesced for 36-48 howrs, then trealed with PDGF for 1 hour at the

concentrations indicated, pnor to 2-deoxyglucose transport assay. Data from a

representative experiment is shown, repeated three times with similar results.

Each point represents the mean of triplicate determinations + S.HE. M, Data is expressed as

rate of transport in pmoles of 2-deoxyglucose transported/minute/mg of protetn.

* represents P < (.05 in cells treated with PDGF as compared to basal, untreated cells, as

determined by Student’s t-test.

87



2-deoxygincose transport
{pmol/min/mg protein)

Dose-response curve of 2-deoxyglucose
transport in VSMCs in tesponse to PDGY

Rl

0 {1 T T T
0 0.1 1 10 100 1006

{PDGF] (ng/ml)




Figure 3.6 3-O-methyl glucose transport in YSMCs in response to
PDGF

3-O-methyi glucosc transport assay was carried out as described in section 2.6.

Cells were quiesced for 36-48 hours, then treated with PDGF (10 ng/ml) for 1 hour and 3-
(-methyl glucose transport measured for the times indicated. Data from a representalive

experiment is shown, repeated three times with similar results.

A.

Fach point represents the mean of triplicate delerminations + S.E.M. Data is expressed as

cpm of 3-O-methy! glucose transported/well.
B.
The mean cpm/well values were converted using the equation:
-In{((Cm-Ct)/Cm)
where Cm was the maximum epm/well and Ct was the cpm/well at a given time point, t.

This gives a straight linc, where the gradient of each line represents the ratc constant, k,

for 3-O-methyl glucose lransport.
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Figure 3.7 [’H] thymidine incorporation in VSMCs in response to

PDGF

|’H] thymidine incorporation was determined as described in section 2.11. Cells were
quiesced for 12-24 hours, then treated with PDGF at the concentrations indicated for a
further 24 hours. 0.5 pCi of [’H) thymidine is added per well for the final 6 hours of the
incubation with PDGF. Data from a representative experiment is shown, repeated three

times with similar results.

Each point represents the mean of triplicate determinations + S.E.M. Data is expressed as

a fold stimulation over basal (unstinaulated) rates of {"H] thymidine incorporation.
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Figure 3.8 Analysis of PI3’ kinase isoforms in VSMCs

Whole cell lysates were prepared from flasks of VEMCs as described in section 2.9. 25
and 50 pg of protein were loaded in cach lane of a 10 9% SDS-PAGE gel and subjected to
electrophoresis and immunoblotting as described in section 2.8. Positive cantrols were
samples {rom the manufacturer of the antibody. Blots were developed using antibodies to

p85, p535 PI3” kinase from Upstate Biotechnology
PI3" kinase p85 was present in VSMCs, as determined by the presence of an

immunoreactive band of approximately 85 kDa, however there was no detectable p55.

This blot is representative of two such experiments.
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Figure 3.9 Effect of PI3’ kinase inhibitors on PDGF-stimulated 2-
deoxyglucose transport in VSMCs

2-deoxyglucose transport assay was carried our as described in section 2.5,

Cells were quiesced for 36-48 hours, treated with wortmannin or LY 294002 for 30
minutes, then with PDGF (10 ng/ml) for a further hour, prior to 2-deoxyglucose transport
assay. Data from a reptesentative experiment is shown, repeated three times with similar

results.

Each point represents the mean of triplicate determinations & S.E.M. Data 1s expressed as

a fold stimulation of basal (unstimulated) transport rates.
Both L.Y 294002 and wortmannin inhibited PDGF-stimulated 2-deoxyglucose transport.

* represents P < 0.05 when compared to cells treated with PDGF alone as determined by

Student’s t-tesL.
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Figure 3.10 Effects of PDGF on the phosphorylation/activation of MAP

kinases

VSMCS were grown to confluency in 6-well plates and quicsced in serum-free DMEM
for 36-48 hours. Cells were realed with or without PDGF (10 ng/ml) for 5, [5 or 60
minutes and then whole cell lysates were prepared as described in section 2.9. 50l of
each lysate was loaded in each Jane of a 10 % SDS-PAGE gel and subjected te
electrophoresis and immunoblotting as described in section 2.8. Blots were developed
using phospho-specific antibodies to p38, p42/44 and INK MAP kinases, respectively,
which only recognise the phosphorylated, theretore activated, kinase. The positive control
on the JNK blot is UV treated HEK cell lysaies provided from the manufacturers of the

antibody (New England Biolabs).
PDGF stimulated phosphorylation, and activation, of both p38 and p42/44, but had no
elfect on the phosphorylation of JINK (although the cross-reactivity ol the JNK antibody

with p42/44 did not allow accurate analysis of this),

These blots are representative of three such experiments.
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Figure 3.11 Effects of inhibitors of MAP kinases, p38 and p42/44, on
PDGF-stimulated 2-deoxyglucose transport

2-deoxyglucose transport assay was carried out as described in section 2.5.
Cells were quiesced for 36-48 hours, treated with SB 203580 or PD 98059 for 1 hour,

then with PDGF (10 ng/ml) for a further hour, prior to 2-deoxyglucose transport assay.

Data from a representative experiment is shown, repeated three times with similar results.

Each point represents the mean of triplicate determinations + S.E.M. Data is expressed as

a percentage of PDGI-stimulated 2-deoxvglucose transport.

* represents P < .05 as compared to cells treated with PDGF alone as determined by

Student’s t-test.
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Figure 3.12 Analysis of the specificity of the MAP kinase inhibitors SB
203580 and PD 98059

VSMCS were grown to confluency in 6-well plates and quicsced in serum-free DMEM
for 36-48 hours. Cells were pre-treated nothing, 25 pM SB 203580 or 50 pM PD98059
for 1 hour, followed by PDGF (10 ng/ml) for 5, 15 or 60 minutes. Whole cell lysates were
prepared as described in section 2.9. 50ul of each lysate was loaded in each lane of a 10
% SDS-PAGE gel and subjected to electrophoresis and immunoblotting as described in
section 2.8. Blots were devcloped using phospho-specific antibodies to p38 and p42/44

MAP kinases, respectively, which only recognise the phosphorylated kinase.

PDGF stimulated phosphorylation, and activation, of both p38 and p42/44. PD 98059
inhibited the phosphorylation/activation of p42/44 by PDGF but had no effect on p38
activation by PDGF. Conversely, SB 203580 had no effect on p42/44 activation by
PDGF. Therefore the inhibitors SB 203580 and PD 98059 do act in a specific manner,
with regard to MAP kinase activity.

- Cells were not pretreated with any MAP kinase inhibitor
+PD  Cells were pretreated with 50 uM PD 98659
+8B  Cells were pretreated with 25 uM SB 203580
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CHAPTER 4

THE ROLE OF CYCLIC NUCLEOTIDES IN REGULATING

GLUCOSE TRANSPORT IN RAT AORTIC VASCULAR SMOOTH

MUSCLE {’ELLS
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4.1 AIMS

The aims of this chapter are:

1. To determine what clicet, if any, cAMP has on basal and PDGF-stimulated

glucose transporl in rat dortic vascular smooth muscle cells.

2. To determine what signalling mechanisms are involved in mediating cAMP’s

effects on glucose transport in rat aortic vascular smooth muscle cells.

3. To determine what mechanisms the cell may use to endogenously increase

intracellular [cAMP] and increase glucase transport.

4. To determine if cGMP has any effect on basal or PDGF-stimulated glucose

transport in rat aortic vascular smooth muscle cells.
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4.2INTRODUCTION

Cyclic nucieotides have been shown to regulate a nuunber of important functions in
vascular smooth muscle cells. In terms of atherosclerotic plaque development, the
most important functions that cyclic nucleotides regulate in vascular smooth muscle
cells are relaxation (Landgraf er af., 1992, Murthy & Mahklouf, 1995, Toyoshima es
al., 1998) and proliferation (Kronemann ef «f., 1999, Ciche et af., 1998).

In vascular smooth muscle cells, confraction occurs when phospholipase Cfi activity 13
sttimulated. This results in the production of inositol triphosphate (I3} and diacyl
glyeeral (NAG). IPy then binds to and activates specialised Ca®" channels in the
sarcoplasmic reticulun, a specialised intracellular Ca®" storage organelle found in
muscle cells. Upon activation of the IP; gated channels, Ca™ floods into the cytosol of
the cell, increasing the intracellular levels of Ca**. The calcium associates with
calmodulin and activates myosin light chain kinase, which then phosphorylates aud
activates myosin, resulting in contraction of the cell (reviewed in Horowitz et af.,

1996).

Both cAMP and cGMP have been shown to be able to reduce intracellular Jevels of
Ca”* and cause relaxation of smooth muscle (Landgraf ef a., 1992, Murthy &
Mahklouf, 1995, Toyoshima er al., 1998). cAMYP and ¢cGMP can reduce the levels of
intracellular Ca®* by two main mechanisms. Firstly PKA and PKG can phosphorylate
and inhibit the activity of PLC §. This inhibits the production of IP; and ultimately the
release of calcium from the sarcoplasmic reticulum, via activation of the [P3-gated
calcium channels (Murthy ef @/, 1993). The sccond mechanisur that allows ¢cAMP and
cGMP to inhibit Ca®* release and cause smooth muscle relaxation is by direct
phosphorylation of the IP3-gated Ca”" channel itself (Komalavilas & Lincoln, 1994,
Komalavilas & Lincoln, 1996). It is believed that this phosphorylation may descnsitise
the IP; receptor 10 IPs, thercfore greater levels of IP; are required to open the Ca**
channel. Through these two mechanisms cAMP and cGMP ate capable of reducing

intraceliular [Ca®"], and ultimalely causc relaxation of smooth muscle cells. PKA and
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PKG can act alone or in concert to incdiate smooth muscle celf relaxation (Murthy &

Makhlouf, 1993).

cAMP and cGMP can also regulate smooth muscle cell proliferation (Kronemann et
al., 1999, Chiche ef al,, 1998). These cyclic nucleotides mediate their inhibitory effects
on proliferation by inhibiting the expression of certain cyclins necessary for cell cycle
progression (Kronemann ef 2/, 1999). cAMP appears to be more potent in inhibiting
VSMC proliferation, but this could be due to the decrease in PKG cxpression in
VSMC which have been passaged in culturc. In VSMCs which have had their PKG
expression augmented by transfection, the antiproliferative eftects of NO/cGMP are

enhanced (Chiche er al., 1998).

It is tempting to speculate that, as cAMP and ¢cGMI are major regulators of
profiferation and relaxation of vascular smooth muscle cells, perhaps aberrant cAMP
and cGMP signalling may be important in atherosclerotic plaque development (sec

sections 1.1.1 and 1.1.2).

Very little is currently known about the role of cyelic nucleotides in regulating glucose
transport. There arc various reports of cAMP and ¢cGMP being stimulatory, inhibitory

or without effect on glucose transport depending on what tissue or cell lines are used.

The cAMP analogue 8-Br cAMP stimulates glucose transport in 3T3-L1
preadipocytes (Cornelius ef @i, 1991). In cultured rat thyroid cells glucose transport is
increased by thyroid stimulating hormone in a cAMP-dependent manner (Hosaka ef
al,, 1992). In these cells cAMP analogues stimulated an increase in the levels of
GLUT-1 mRNA, but caused a decrease in GLUT-4 mRNA. In fat cells cAMP has no
effect on basal rates of glucose transport, but is inhibitory with regard to insulin-
stimulated glucose transport, mediated via GLLUT-4 (Lénnroth ef al., 1987). These
results suggest that perhaps cAMP’s effect on glucose transport depends on the GLUT
isoforms expressed, with cAMP being stimulatory with regard to GLUT-1 mediated
transport but inhibitory with regard to GLU I'-4 mediated glucose transport. In

pancreatic  cells, phosphorylation of GLUT-2 by PKA results in an inhibition of
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glucose transport in these cells (Thorens e ¢, 1996). [n cardiomyocytes cAMP

analogues have no effect on glucose transport (Fischer e af.,, 1996).

Less 1s known about cGMP’s abilily to regulate glucose transport. Early reports
suggested that cGMP could stimulate glucese transport in cardiomyocytes (Shanahan
& Edwards, 1989), however more recent studics have reported that cGMIP 1s without
effect on glucose (ransport in these cells (Fischer e al,, 1996). Other work has shown
that ¢GMP is inhibitory with regard to insulin-stimulated glucose transport in rat
adipocytes. This effect is thought to be mediated via cGMP*s inhibition of PDI 3 in
these cells (Criksson ef al., 1994). Ilowever, Lo date the role of cGMP in regulating

glucose transport is very poorly understood.

As cAMP and ¢GMP are important regulators of VSMC proliferation and relaxation,
and are also known to be able to regulate glucose transport, [ was interested in
determining what role, if any, that cAMP and cGMP played in regulating glucose

transport in rat aottic vascular smooth muscle cells.
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4.3 RESULTS

4.3.1 Effccts of cAMP analogues on basal and POGF-stimulated glucose

transport

To determine what effect, if any, cCAMP has on the acufe phase of basal and PDGF-
stimulated glucose transport, 2-deoxyglucose transport assays were carried out in
VSMCs. Cells were treated with 8-Br cAMP (0.1 -1 mM) for 1 hour, either in the
absence or presence of PDGI' (10 ng/ml) prior to 2-deoxyglucose transport assay. As
described in chapter 3, PDGF stimulated an increase in 2-deoxyglucose transport, here
a2.08 £0.17 fold increase (n=3 experiments) (Figure 4.1). cAMP had very little
effect on PDGT stimulated glucose transport, but did stimulate a 1.98 4: 0.07 fold

increase in basal glucose transport (n=3 experiments) (Figure 4.1).

To ensure that the increase in 2-deoxyglucose transport was not due to some peculiar
effect of the analogue, the ability of dibutyryl cAMP, another cAMP analogue, to
stimulate glucose transport in VSMC was tested. Both cAMP analogucs stimulated a
~2 fold increase in 2-deoxyglucose transport, with dibutyryt cAMP stimulating a 1.96
= 0.18 fold increase and 8-Br cAMP stimulated a 2.38 + 0.4 fold increase (n=3
experiments}, both with an ECsp of ~0.5 mM (Figure 4.2). A time course of 8-Br
cAMP stimulated 2-deoxyglucose transport was catried out using treatments of 0.5
mM 8-Br ¢cAMP for 0-2 hours (Figure 4.3). 2-deoxyglucose transport increased within
30 minutes of exposurc o 8-Br cAMP, and was still increasing up to two hours after
stimulation, All work carried out in this chapter uses a 1 hour stimulation with 8-Br

cAMP.

As with PDGF-stimulated glucose transport, it was necessary to ensure that the 8-Br
¢AMP stimulated transport was not dependent on the rate of phosphorylation of the 2-
deoxyglucose. Cells were treated with or without 0.5 mM 8-Br cAMP, and 3-O-
methyl glucose transport was measured over varying time points (as described in
section 2.6). 8-Br cAMP stimulated an increase in 3-O-methyl glucose transport

compared to untreated cells at all time points measured (IFigure 4.4). This data can be
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converted to give a straight line as described in section 3.3.2, which allows calculation
of the rate constant, k, for transport. The rate constants, k, for basal and 8-Br cAMP
transport were (.25 min and 0.65 min™* respectively, therefore 8-Br cAMP stimulates
an ~2.5 fold increase in the rate of glucose transport in VSMCs. This is very similar to
the rate of 2-deoxyglucose transport in response to 8-Br cAMP. PDGF, however,
appeared to stitulate a smaller increase in 3-O-methyl glucose transport than 2-
deoxyglucose transport in VSMCs (see Chapter 3). This is probably just due to

experimental variability.

As cAMP analogues were stimulatory with regard to glucose transport in VSMCs, we
were interested in determining if they could act as mitogens in these cells. This was
achicved by measuring [HJ thymidine incorporation. 8-Br cAMP was inhibitory with
regard to [°H] thymidine incorporation (Figure 4.5) and therefore was not acting as a

mitogen in these cells.

So, analogues of cAMP were stimulatory with regards to ghicose transport in VSMCs
but were inhibitory with regards to cell growth. The effect of cAMP analogues on
glucose transport in VSMCs were not additive to those of PDGF, suggesting that
PDGFE and cAMP utilise some of the same signalling components in mediating

glucosc transport.

4.3.2 Cell signaliing mechanisms regulating cAMP-stimulated glucose
transport in VSMCs

Next i was of interest to detcrmine which cell signalling pathways may be involved in

mediating cAMP-stimulated transport.

PKA

The most obvious downstream effector for cAMP is PKA. To determine if PKA plays
a role in mediating 8-Br cAMP-stimulated glucose transpott the PKA inhibitor H-89
was used. Cells were treated for 15 minutes with H-89 (0-500 nM), then 0.5 mM §-Br

cAMP was added and cells incubated for a further 1 hour. H-89 fully inhibited 8-Br
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cAMP stimulated glucose transport at doses as low as 50 nM (Figure 4.6). This figure
is in keeping with the ICsp for H-89 effects on PKA activity (40 nM).

As 8-Br cAMP’s effect on 2-deoxyglucose transport is not additive with PDGE’s
stimulation of 2-deoxyglucose transport, we weie interested in determining if cAMP-
PE.A were components of the signalling pathway mediating PDGF-stimulated glucose
(ransport. In certain tissues PDGE can stimulate an increase in intracellular [cAMP].
This happens when PDGT stimulates an increasc in PKC activity (sec section 1.2.3.1)
that can phosphorylate and activate certain adenylyl cyclase isoforms (AC II) (see
section 1.3.1, table 1.2). First it was determined which adenylyl cyclase isoforms are
present in VSMCs by reverse transeription PCR, using primers specific for each
isoform studied. The primers used for the RT- PCR are shown in table 4.1. The
presence of AC I, 11, IV, V, and IX was examincd. AC III expression was not
examined, as it is expressed solely in the olfactory tissue (see section 1.3.1, Table
1.2), and the presence of the isoforms VII and VIII was not determined as the primers
for RT-PCR were not available. RT-PCR showed that the isoforms If, VI, and IX are
expressed in VSMCs (Figure 4.7), The primers for AC TV also gives a band but this is

also present in the negative control so is most likely a false positive (Figure 4.7).

To determine if cAMP/PKA arc components of the signalling pathway involved in
mediating PDGF-stimulated glucose ransport the ellect of the PKA inhibitor, H-89,
on PDGF-stimulated glucose transport was tested. Cells were treated for 15 minutes
with H-89 and then treated with PDGF (10 ng/ml) for a further 1 hour prior to 2-
deoxy glucose transport assay. H-89 had no effect on 'DGF-stimulated 2-

deoxyglucose transport (Figure 4.8).

As cAMP/PKA are not components of the PDGF-stimulaied transport, but cAMP-
stimulated transport is not additive with PDGF-stimulated glucose transport, it is
possible that these two stimuli utilise some of the same signalling components. 'The
role of P13’ kinase and MAP kinascs in mediating 8-Br cAMP-stimulated glucose

transport was therefore investigated.

102




PI3 kinase

To determine the role of PI3” kinase in mediating 8-Br cAMP, cells were treated with
100 nM wortmannin, a PI3” kinase inhibitor, for 30 minutes, then further treated with
or without 0.5 mM 8-Br cAMP for 1 hour, prior to 2-deoxyglucose uptake assay. 8-Br
cAMP stimulated ~ 2 fold increase in glucose transport (Figure 4.9). Wortmannin had
no effect on basal levels of glucose transport, but inhibited the 8-Br cAMP-stimuiated

glucose transport (Figure 4.9).

MAP kinases

Next, we were interested in determining if there is a role for any of the MAP kinase
family, p42/44, p38 or JNK, in mediating 8-Br cAMP-stimulated glucose transpott in
VSMCs. Firstly the ability of 8-Br cAMP to stimulate the phosphorylation, and
therefore the activation of p38, p42/44 and INK was assessed by using phospho-
spectfic antibodies for the MAP kinases. 1 mM 8-Br cAMP had no effect on the
phosphorylation of pd42/44 or INK at all time points looked at, however p38
phosphorylation was stimulated by 1 mM 8-Br cAMP, as determined by the presence
of an immunoreactive band of 38 kDa (Figure 4.10). Stimulation was maximal after 5
minutes stimulation with 8-Br cAMP, and was beginning to decline by 15 minutes.

After 60 minutes p38 phosphorylation had returned to basal levels.

To determine if p38 plays a role in mediating 8-Br cAMP-stimulated glucosc
transport, the p38 specific inhibitor SB 203580 was used. SB 203580 completely
inhibited 8-Br cAMP stimulated glucose transport at a dose of 10 uM (Figure 4.11),
This figure for inhibition of glucose transport by inhibition of p38 is consistent with

previous results {Gould ez af., 1995).

To determine il PKA is upstrcam of 8-Br cAMD mediaited p38 activation, the ability
of H-89 to inhibit p38 phosphorylation was measured. Cells were treated with or
without H-89 (50nM) for 15 minutes, then treated with .5 mM 8-Br cAMP for
various times. Wholc cell lysates were prepared as described in section 2.9 and

subjected to immunoblotting (see section 2.8). 11-89 had no eftect 8-Br cAMP
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stimulated phosphorylation of p38 (Figure 4.12). Therefore, cAMP activation of PKA
is not responsible for 8-Br cAMP mediated phosphorylation of p38 in VSMCs.

4.3.3 Endogenous mechanisms of increasing |¢AMF] and rates of glucose

transport in VSMC

Next, we were interested in what possible ways the cell may generate intracellular
cAMP and increase glucose transport in VSMCs, The most obvious way that muscle
cell can increase intracellular cAMP levels is via stimulation of f2 adrenoceptors
(Watson & Arkinstall, 1994). These receptors couple to Gas, which then stimulates
adenylyl cyclasc activity and increases intracellular [cAMP] (see sectionl.3.1).
Stimulation of VSMCs with the B2 adrenoceptor agonist, isoprenaline, had no effect
on basal levels of glucase transport but did stimulate large increascs i the
intracellular [cAMP] (Figure 4.13). Other possible endogenous agonists that could
raise intracellular [cAMP] and therefore increase the rate of glucose transport in
VSMC are agonists of the PGI receptars (Watson & Arkinstall, 1994). The PGIL
receptor agonist iloprost had Jittle effect on cAMP Jevels in VEMCs and had no effect
on 2-deoxyglucose transport in VSMCs (Figure 4.14).

The inability of agoniats that stimulate adenylyl cyclase activity, and ¢cAMP synthesis,
to stimulate glucose transport, raised the inferesting possibility that it may be

nceessary to have a very localised increase in [cAMP] to give rise to increased glucose

transport rates. One mechanism by which cells can give risc lo localiscd increase in
[cAMP] is by decreasing phosphodiesterase activity at specific intracejlular sites (see
section 1.3.2). In cultured VSMCs the PDEs 1, 3, 4, 5 and, to a lesser extent 2, are ’
expressed (Polsen & Strada, 1996). PDEs 1 and 2 hydrolyse both cAMP and ¢cGMP,
PDEs 3 and 4 hydrolyse cAMP specifically and PDE 5 hydrolyses cGMP specifically.
To determine if a localised increase in [cAMP], caused by decrcased PDE activity,
can stimulate 2-deoxygluocse transport in VSMCs, inhibitors of PDE activity were

used. Unfortunately there are currently no specific inhibitors of PDEL available,

therefore it was not possible to determine a role for PDE 1 here. As PDE 2 consfitutcs
very little of the PDE activity present in VSMCs (Polsen & Strada, 1996), the effect of

inhibition of PDI® 2 activity on 2-deoxyglucosc transport was not assessed. Cells were
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treated with specific inhibiiors of PDE 3 (milrinone), PDE 4 (rolipram) or PDE 5
(zaprinast) for 1 hour prior to 2-deoxyglucose transport assay (see section 2.5). Only
the inhibitor of PDE 3, milrinone, had any effect on glacose transport, causing an
approximately 2 fold increase in glucose transport in VSMCs at doses as low as 500
nM (Figure 4.15). 'T'he inhibitors of PDL 4 and 5 were without effect on 2-
deoxyglucose transport in VSMCs (Figure 4.16).

4.3.4 Effects of cGMDP on basal and PDGF-stimulated glucose transpaort in
VSMCs

To determine what effect, if any, cGMP has on glucose transport in VSMCs, the
analogue 8-Br cGMP was used. Cells were treated with 8- Br ¢cGMI (0-1 mM) for 1
hour, either in the absence or presence of PDGF (10 ng/ml). PDGF-stimulated a 2.5 +
0.32 fold increase in 2-deoxyglucose transport and §-Br ¢cGMP inhibited this transport
completely at a dose of 1 mM (n—3 experiments) (Figurc 4.17). However, 8-Br cGMP

is without effect on basal rates of 2-deoxyglucose transport (Tigure 4,17).

cGMP is generated by guanylyl cyclases (see section 1.4.1). Soluble guanylyl cyclases
are activated by NO whereas transmembrane guanylyl cyclases are activated upon
agonist binding (see section 1.4.1). To delermine il aclivation of transmembrane
guanylyl cyclase or soluble guanylyl cyclase can also inhibit PDGF-stimulated glucose
transport cells were treated with ANI (atrial natriuretic factor), an agonist of a
transmembrane guanylyl cyclase expressed in VSMCs {Garbers & Lawe, 1994), or
with sodiwm nitroprusside (SNP), a nitric oxide donor. ANF was indeed capable of
inhibiting PDGI -stimulated ghicose transport however SNP had no effect on glucose

fransport (Figure 4.18).

As described in scetion 3.3.3, both PI3’ kinase and the MAP kinases p38, p42/44 are
involved in mediating PDCE-stimutated glucose transport in VSMCs, We were
therefore interested in determining if the inhibitory effects of ANF/cGMP on glucose
transport are via inhibition of stimulation of MAP kinases. Cells were quiesced in
serum-free DMEM for 36-48 hours then treated with ANF (300 nM) for 30 minutes

followed by PDGF (10 ng/ml) for various times. Lysates were prepared and subjected
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to immunoblolling. To determine the level of phosphorylation, and therefore
activation, of the proteins, phospho-specitic antibodies to both p38 and p42/44 were
used to develop the immunaoblots. ANK was not capable of inhibiting PDGE-
stimulated phosphorylation and activation ot either p38 or p42/44 (Figure 4.19). As

yet we have been unable to ascertain the effects of ¢cGMP on PI3” kinase activity.

106




4.4 DISCUSSION

Currently cyclic nucleotides have been reported to affect glucose transport in a variety
of ways depending on the cell type used. For example, in 3T3-L1 preadipocytes the
cAMP analoguc, &8-Br cAMP, is stimulates glucose transport (Cornelius et af., 1991),
however il is inhibitory with regard to insulin-stimulated glucose transport in fat cells
(Lonnroth et al., 1987). In pancreatic B cells, phosphorylation of GLLUT-2 by the
cAMP stimulated protein kinase, PKA, results in a decrease in the rates ol glucose
transport (Thorens et al., 1996), however, in cardiomyocytes agents which alter the
levels of cAMP had no effect on glucosc transport (Fischer ef af., 1996). Less is
known about the cffects of cGMP on glucose transport, with carly reports suggesting
that cGMP could stimulate transport in cardiomyocytes {Shanahan & Edwards, 1989),
however more recent work has shown that ¢cGMP is without effect on glucose

transport in cardiomyocytes (Fischer ef af., 1996).

Cyclic nucleotides play an important role in regulating vascular smooth muscle cell
fumection. They are involved in regulating smooth muscle cell relaxation and inhibiting
proliferation, as described in section 4.2 (Landgral ef o/, 1992, Murthy & Mahklouf.
1995, Toyoshima ef ef., 1998, Kronemann e af., 1999, Ciche et al., 1998). In the
work of this chapter we determined what role, il any, cyclic nucleotides play in

regulating ghucose transport in rat aortic vascular smooth muscle cells.

4.4.1 FEffects of cAMP on basal and PBGE-stimulated glucose transport

Analoguesof cAMP, 8-Br cAMP and dibutyryl cAMP, both stimulate an
approximately two-fold increase in 2-dcoxyglucose transport in VSMCs (Iigure 4.2},
This stimulation of glucose (ransport was not additive with PDGF stirulated glucose
transport (Figure 4.1). This suggests that both PDGF and cAMP use components ol
the same signalling mechanisms to effect increased glucose transport, or that there
waus a limited pool of glucose transporters in these cells available for transport, and
that this paol is {uly aclive in the presence of 10 ng/ml PDGF. Iowever, although

cAMP and PDGF can both stimulate glucose transport in VSMCs, cAMP inhibited
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cell growth, as determined by [*H] thymidine incorporation (Figure 4.5), unlike PDGF

which stimulated cell growth (see 3.3.2, Figure 3.7).

As discussed in the introduction (see section 1.2.3.1), increased glucose transport may
be achieved by translocation of transporters from an intracellular site to the plasma
membrane, increasing the total number of glucose transporters at the cell surface, by
an increase in the intrinsie activity of the transporter, or by a corubination of the above
(Gould & Helman, 1993, Czech ef al, 1992). cAMP/PK A has been reported to be
able to affect traffic aleng the exocytic pathway as well as alter the intrinsic activity of
glucose transporters, PKA has been shown Lo play a regulatory role in traffic along the
exocytic route. By treating NRK cells (normal rat kidney cells) with the PKA inhibitor
[189, it was shown that PKA activity was required for transport along the whole
exocytic pathway (Muiiiz ef af, 1990). By treating these cells with agents that
increase PKA activity, such as IBMX or forskolin, transport was incrcascd from the
Golgi to the plasma membrane. In hepatocytes, cAMP has been shown 10 increase
translocation of the Na'/taurocholate cotransport polypeptide (Ntep) to the plasma
membrane resulting in an increase in the Na'/taurocholate cotransport in these cells
(Mukhopadhyay ¢/ af,, 1998). Protein kinase A has also been shown 1o be wnvolved in
the regulated exocytosis of the transport protein aquaporin-2 from intracellular
vesicles to the plasma membrane (Katsura ef ¢, 1997). These examples show thut
cAMP/PKA 1s capable of eliciting the movement of proteins from intracellular sites to
the plasma membrane by a mechanism which is similar to that used by insulin Lo
imcrease glucose lransport 1n adipocytes with GLUT-4. Therelore it 1s possible thal
cAMP/PKA is increasing glucose transport in VSMC by increasing the number of
functional glucose transporters at the plasma membyranc. If there is a limited pool of
glucose transporters available tor translocation to the cell surface, it is possible that
this pool of transporters is fully translocated to the cell surface in response 1o PDGT
{10 ng/ml). Therefore, when cells are treated with 8-Br cAMP in addition to PDGE no
increase in the rates of glucose transport are scen, as there arc no further transporters

available for translocation.

As well as possibly being able to cause translocation of transporter proteins to the ccll

surface, cCAMP/PKA is capable of altering the activity of glucose transporters. {n
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pancreatic § cells, protein kinase A rapidly phosphorylates GLUT-2 after activation of
adenylyl cyclasc. This results in a deerease in the rate of 3-O-methyl glucose transport
{(Thorens et a4, 1996). In brown adipocytes noradrenaline can increase the rate of
glucose transport in a cAMP dependant manner. This is not due to an increase in the
total amount ol immunorcactive GLUT-1 present in the plasma membrane, however
there is an increase in photoafflinity labelling with the reagent 2-N-[4-(1-
azi11‘iﬂuoroethyl)benzoyl]-[2-3H] 1,3-bis-(D-mannose-4-yloxyl)-2-propylamine (ATB-
[ JH]BMPA) of cell surface GLUT-1 {Shimizu ef @f., 1998). This indicates that
noradrenaline’s effects on glucose transport in these cells are through an increase in
the functional activity of GLUT-1. Therefore we can see that cAMP can alter the

functional activity of glucose fransporters.

These examples demonstrate that cAMDP/PIKA could increase the rate of glucose
transport either by an increase in the number of transporters at the cell surface, by
altering the intrinsic activity of the transporter or by a combination of both of these

mechanisms.

4.4.2 Cell signalling mechanisms involved in mediating ¢ AMP-stimulated

glucose transport
PKA

The most obvious downstream effector of cAMP is the cAMP-stimulated protein
kinase, PKA. By using the PKA irhibitor H89, we showed that cAMP-stimulated 2-
deoxyglucose transport did indeed require PKA activity (Figure 4.6). As PDGF and
cAMP stimulation of glucose transport are not additive with each other, we were
interested i determaning if cAMP/PKA were components of the PDGE signalling
pathway leading to increased glucose transport. In cells expressing adenylyl cyclase 11
(sec table 1.2), PDGF can clevate cAMP levels ina PKC dependant manner (Smit ct
al., 1998). In airway smooth muscle, protein kinase C activity can stimulate adenylyl
cyclase IT activity and results in an increase in [cAMP] (Pyne et af., 1994, Moughal et
al., 1995}, Therefore it was possible that stimulation of VSMUCs with PIDGF resulted

in activation of adenylyl cyclase 1l and an increase in [cAMP].
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We determined by RT-PCR that type II adenylyl cyclase was indeed expressed in
VSMCs (Figure 4.7). Therefore it was possible that PDGY could be stimulating an
increase in [cAMP] and that this could be a component of the signalling pathway
responsible for increased glucose transport in VSMCs. However, when cells are pre-
treated with the PKA inhibitor 189 before wreatiment with PDGF there was no
inhibition of glucose transport, indicating that cAMP and PKA arc not components of

the signalling mechanism mediating PDGF-stimulated glucose (ransport.

P13 kinase

Wortmannin (100 nM) was capable of fully inhibiting 8-Br cAMP stimulated glucose
transport in VSMCs (Figure 4.9). 100 oM is the concentration of wortmannin capable
of eliciting a 100% inhibition of PDGF-stimulated glucose transport, as determined in
chapter 3 (section 3.3.3). Therefore PI3” kinase is activity is required to mediate
cAMP-stimulatced glucose transport in VSMCs. The role of PI3” kinase plays in
mediating cAMP-stimulated glucose transport 1s unclear. It is possible that PI3” kinase
acts as a signalling molecule downstream of cAMP/PKA. However, P13’ kinase
activation is also involved in regulating a variety of vesicular rallicking events
(Corvera & Czech, 1998, Wumser, et al., 1999) and may therefore be important in

recruiting GLU'L'l to the plasma membrane,

MAP kinases

To determine if there was a role for MAP kinases in cAMP-stimulated glucose
transport it was first assessed which MAP kinases were stimulated 1n response to 8-Br
cAMP in VSMCs. Only p38 MAP kinase is phosphorylated, and activated, in
response f0 8-Br cAMP (Figure 4.10}. The specific inhibitor ot p38, SB 203580, was
used to determine if p38 activity was necessary for cAMP-stimulated glucose
transport. SB 203580 fully inhibited cAMP-stimulated glucose transport at doses as
low as 10 uM (figure 4.11). This dose is consistent with that from previous work on
p38’s role in glucose transport (Gould ef al., 1995). Therefore p38 activity is required

1o mediate cAMPD-stimulated glucose transport.
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There are several reports of cAMP being able to stimulate the activity of p38. In rat
epididymal fat cells, isoproterenol and cAMP analogue chlorophenylthio-c AMP will
stimulate a rapid and sustained increase in p38 activity (Moule & Denton, 1998), and
in T-cells PKA can mediate the release of MAP kinases from proteins which inhibit
their activity (Saxena et al., 1999). Thesc reports state that cAMP's effects on p38
activity are mediated via activation of PKA. However, we have showed that
stimulation of p38 phosphorylation and activation in response to 8-Br cAMP is not
dependent on PKA activity (by the use of the PKA inhibitor H89) in VSMCs (Figure
4.12). It is unclear how cAMP could be stimulating p38 activity independent of PKA
activity. Recent work has shown that cAMP can directly bind and activate certain
guanine nucleotide exchange factors (GEFS) (de Rooij ef al., 1998). It is therefore
possible that cAMP could activate small G-proteins, by activation of GEFS, which are

upstream from p38 activation. However, this is as yet speculation.

So, overall, cAMP requires protein kinase A, PI3° kinase and p38 MAP kinase

activity to stimulate glucose transport in VSMCs.

4.4.3 Endogenous mechanisms for generating ¢cAMDI and stimulating glucose

transport

From section 4.3.1 it was shown that cAMP analogues could stimulaiz an increase in
glucose transport in VSMCs (Figure 4.2). We were therefore interested in determining
what endogenous ligands could stimulate an increase in intracellular [cAMP] and
glucase transport, Two obvious candidates were agonists of the B2 adrenoceptor and
of the PGI receptor. Both of these receptors are expressed in vascular smooth muscie
tissue and couple predominantly to Gas to stimulate the production of cAMD (Watson
& Arkinstall, 1994). [However agonists of both receptors failed to stimulate any
merease in glucose transport in VSMCs, at doses which did stimulate an increase in
cAMP production in the cells (Figures 4.13 and 4.14). Therefore stimulation of cAMP
production by activation of adenylyl evelase is not suflicient to stimulate glucose

transport in VSMCs,
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This raised the possibility that it was a very localised increase in |[cAMP] that may be
necessary to stimulate glucose transport. There are several reports on the importance
of the spatial distribution of cAMP in eliciting specific cellular effects (Hempel ef a/.,
1996, Aass ¢t af., 1988, Jurevicius & Fischmeister, 1996), By inhibition of specific
PDFs at specific subcellular locations a small, very localised increase in cAMP
concentraiion can be achieved (see section 1.3.2 for information on PDEs). These
small increases in local cAMP concentration can then stimulate PKAII isoforms held
at specific sites by AKAPs (A Kinase Anchoring Proteins) (see section 1.3.3 for
overview). This tailoring of cAMP signalling is reviewed in Houslay & Milligan,
1997. VSMCs express PDEs 1, 2, 3. 4 & 5 (Polscn & Strada, 1996). We deiermined
that by inhibiting PDI 3 activity an increase in glucose transport rates, similar to that
seen with cAMP analogues, is achieved {Figure 4.15), however no effect is seen on
glucose transport rates when inhibitors of PDE 4 and 5 are used (Figure 4.16}. This
supports the idea that a localised increase in [cAMP], caused by a decrease in PDE

activity, could stimulate glucose transport in VSMCs,

4.4.4 Effect of cGMP on basal and PDGF-stimulated glucose transport in
YSMCs

Very little is known about cGMP’s abilily (o regulate glucose transport. An early
report suggested that cGMD could stimulate glucose transport in rat cardiomyocytes
(Shanahan & Edwards, 1989), however a more recent report has shown that agents
that increase levels of cGMP have no cffect on glucose transport in these cells
(Fischer et al., 1996). We used the cGMP analogue, 8-Br cGMP, to determine if
c¢GMP could affect glucose transport in VSMCs, 8-Br ¢GMP had no effect on basal
rates of glucose transport but was able to inhibit PDGE-stimulated glucose transport
(Figurc 4.17). This was a surprising result, as cAMP and ¢GMP often work in concert
to elicit their effects in VSMCs, i.e. their effects on proliferation and relaxation (see

section 4,2).

c¢GMP is generated by guanylyl cyclase. There are two types of guanylyl cyclase;

soluble guanylyl cyclase that is activated by nitric oxide (NO), and transmembrane
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guanylyl cyclase, which is activated upon binding of an appropriate agonist (see
section 1.4.1). We determined il agents thal can rais¢ intracellular cGMP, can also
inhibit PDGF-stimulated glucose transport in VSMCs. Treatment of cells with ANF,
an agonist of ransmembrane guanylyl cyclase, did inhibit PIYGF-stimulated glucosc
transport, whereas sodium nitroprusside (SNP), an NO donor, had no eftect on PDGF-
stimulated glucose transport (Figure 4.18). It is intriguing that both agents should
result in an incrcasc in intraceilular [eGMP |, but apparently have different elfecis on
glucose transport in VSMCs. It is possible that perhaps the spatial distribution of
cGMP within the cell could play an important role in determining the eflects seen, or

perhaps soluble guanyly! cyclase isoforms are not expressed in cultured VSMCs.

As was shown in seclion 3,3.3 the MAP kinases, p42/44 and p38 arc involved in
mediating PDGF-stimulated glucose transport. cGMP has heen shown to inhibit
activation of MAP kinascs in BHK cells (baby hamster kiduey cells). We were
therefore interested in determining if the inhubitory effects of cGMI* on PIDGE-
stimulated glucose transport were via inhibition of MAP kinase activity, We
determined, however, that neither 8-Br ¢cGMI” nor ANF had any effect on PG5
ability to stimulate either p42/44 or p38 (Figure 4.19). Therefore cGMP’s inhibitory
effects on PDGF-stimulated glucose transport are not mediated via inhibition of MAP
kinases. As yet we have not looked at the effect of cGMP on PI3’kinase, but as MAP
kinases and P13’ kinase are the only two signalling mechanisms known Lo be involved

in mediating PDGT-stimulated ghucose transport, this is the next most obvious target

for cGMP’s eflects.
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4.5. SUMMARY

Cyclic nucleotides play an important role in regulating a number of VSMC functions,
including proliferation and rclaxation (Murthy & Makhlouf, 1993, Kronemann ¢/ al..
1999, Chiche et al., 1998). cAMP and cGMP have been shown to be stimulatory,
inhibitory or without effect on glucose transport depending on what cells are studied.
However, although cyclic nucleotides are important second messengers in VSMCs
and are known to affect glucose transport, no work has been done on the role of cyclic

nucleotides in regulating glucose transport in VSMCs.

Here we showed that analogues of cAMP could stimulate an approximately two-fold
increase in glucose transport in VSMCs. This stimulation of glucose transport by
cAMP analogues is not additive with PDGF-stimulated glucose transport, indicating
that both cAMP and PDGF must use some of the same signalling components to
mediate the increase in glucose transport, The stimulation o glucose transport by
cAMP analogues requircs PKA, however, cAMP/PKA are not components of the
PDGF-stimulated signalling pathway mediating glucose transport in VSMCs (as the
PKA inhibitor, H89, has no effect on PDGI -stimulated glucose transport). As well as

PKA, both p38 and PI3” kinase are necessary for cAMP-stimulated glucosc transport.

Ligands that stimulated adenylyl cyclasc activity and an increase in intracellular
[cAMP} in VSMCs, such as isoprenaline and iloprost, had no effect on glucose
transport in VSMCs, however by inhibiting PDE 3 activity, to give a small localised
increase in [cAMP], an increase in glucose transport similar to that seen with cAMP
analogues was seen (approximately two-fold). This indicates that it is the spatial
distribution ot cAMP in the cell rather than the overall amount of cAMP that is

inportant in the stimulation ot glucose transport in VSMCs.

Analogues of cGMP arc without effect on basal glucose transport rates in YSMCs but
are inhibitory with regard 10 PDGF-stimulated glucose transport. ANT, a ligand of
transmembrane guanylyl eyvelase, 1s also inhibitory with regard to PDGF-stimulated

glucose transport, whereas SNP, an NO donor (NO stimulates soluble guanylyl
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cyclase activity), is without effect on glucose transport in VSMCs. The ability of
c¢GMP to inhibit PDGF-stimulated glucose transport 1s not via an inhibition of MAP
kinase activity. The effects of cGMP on PI3” kinase activity have not yet been

determined.




Table 4.1 Products and primers for RT-PCR analysis of adenylyl cyclase isoforms

ACI sense
|v
_ 2t = AC 1 Product 800 bp
‘l
AC] antisense
AC2 sense
=
- SR AC 2 Product 1000 bp
‘l
AC2 antisense
AC4 sense
—>
J AC 4 Product 1000 bp
<
ACS5 sense AC4 antisense
|v
<+ = AC 5 Product 800 bp
ACS antisense
AC6 mm%
| lu. ' AC 6 Product 600 bp
AC6 antisense
AC9 sense
= AC 9 Product 350 b
_ : roduc
- p

AC9 antisense

Primers were as follows:

ACI1 sense GATCCTGCTCTCCGGGCTCA
AClantisense CTTCTCAGCAGCCGGTGGACT

AC2sense CACGGATCTCCCTCACAATCGTCA
AC2 antisense GCCCATGGTTGATACCCACTCGCA

AC4 sense CAGGAGCACCTCCTCTTGTCTAT
AC4 antisense GTTGTTCGAATGACCTGGAAGAAC

ACS5sense  CTACAACCACTTGGGTGGCAAC
ACS antisense TATGGCATTGGCGGTGGACCAG

AC6 sense = CGGAAAGTAGACCCTCGTTTCGGA
AC6 antisense GCCAAGCCATGGACGCTAAGCA

AC9 sense CGCTGCTTTCCGCAGACCCAG
AC9 antisense GTGGCCGTGAGAGTATGATTGGAGCTGTC

1A



Figure 4.1 2-deoxyglucose transport in VSMCs in response to 8-Br
¢cAMP with and without PDGF

2-deoxyglucose transport assay was carried out as described in section 2.5.

Cells were quiesced for 36-48 hours, then treated with 8-Br ¢cAMI for 1 hour at the
concentrations shown tollowed by PDGF (10 ng/ml) a further hour, prior (o 2-
deoxyglucose transport assay. Data from a representative experiment is shown, repeated

three times with similar results.

Each point represents the mean of triplicatc determinations £ S.E.M. Data is expressed as

a fold stimulation of basal (unstimulated) transport ratcs.

* yepresents P < (.05 when compared to untreated cells as determined by Student’s t-test..
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Figure 4.2 Effect of cAMP analogues on 2-deoxyglucose transport in
YSMCs

2-deoxyglucose transpor! assay was carried out as described in section 2.5.
Cells were quicsced for 36-48 hours, then treated with 8-Br cAMP or dibutyrvl cAMP for
I hour at the concentrations shown, prior to 2-deoxyglucose transport assay. Data from a

representative experiment is shown, repeated three times with similar resuits,

Fach point represents the mean of triplicate determinations *+ S.E.M. Data is expressed as

a fold stimulation of basal (unstimulated) transport rates.

* represents P < 0.05 as comparcd to basal/untreated cells as determined by Student’s t-

Llest.

R
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Figure 4.3 Time-course of 2-deoxyglucose transport in VSMCs in

response to 8-Br ceAMP

2-dcoxyglucose transport assay was carried out as described in section 2.5.
Cells were quiesced for 36-48 hours, then treated with 8-Br cAMP (0.5 mM) for the times

indicated, prior to 2-deoxyglucose transport assay. Data from a representative experiment

is shown, repeated three times with similar results.

Each point represents the mean of triplicate determinations £ S.E.M. Data is expresscd as

a fold stimulation of basal (unstimulated) transport rates.
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Figure 4.4 3-O-methyl glucose transport in VSMCs in response 8-Br
cAMP

3-O-methy! glucose transport assay was carried out as described in section 2.4.

Cells were quiesced for 36-48 hours, then treated with 8-Br cAMP (0.5 mM) for 1 hour
ans 3-O-methyl glucose transport measured for the times indicated. Data from a

representative experiment is shown, repeated three times with similar results.

A.
Each point represents the mean of triplicate determinations + S.E.M. Data is cxpressed as

cpm of 3--methyl glucose transported/well,

B.

The mean cpm/well values were converted using the equation:
-In{{Cm-C1)/Cm)

where Cm was the inaximum cpmy/well and Ct was the cpm/well at a given (ime point, t.
This gives a straight line, where the gradient of each linc represents the rate constant, k,

for 3-O-methyl glucose.
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Figure 4.5

[’H] thymidine incorporation was determined as described in section 2.11. Cells were
quiesced for 12-24 hours, then treated with 8-Br cAMD at the concentrations indicated for
a further 24 hours. 0.5 puCi of ['H] thymidine was added per well tor the final 6 hours ol
the incubation with PDGYF, Data from a representative experiment is shown, repeated

three times with similar vesults.

Each point represents the mean of triplicate determinations + S.E.M. Data is expressed as

a fold stimulation over basal (unstimulated) rates of [°H] thymidine incorporation,

* represents P < 0.05 when compared 10 basal/untreated cells as determined by Student’s

[-tcst.

i2l
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Figure 4.6 Effect of PKA inhibitor, H 89, on basal and 8-Br cAMP-

stimulated 2-deoxyglucose transport

2-deoxyglucose transport assay was carricd out as described in section 2.5.

Cells were quiesced for 36-48 hours, then treated with the PKA inhibitor, H-89 for 15
minutes, followed by 8-Br cAMP (0.5 mM) tor a further hour, prior to 2-deoxyglucose
transport assay. Data from a representative experiment is shown, repeated three times

with simtlar results.

Fach point represents the mean of triplicate determinations + S.E. M. Data is expressed as

a fold stimulation of basal {unstimulated} transport rates.

* represents P < 0.05 when compared to cells treated with 8-Br cAMP alone as

determined by Student(’s t test.
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Figure 4.7 RT-PCR analysis of adenyly] cyclase isoforms expressed in
YVSMCs

RT-PCR was carried out to determine which adenyl cyclase isoforms were expressed in

VIMCs,

MRNA was extracted from cultured VSMCs and reverse transcription was carried out
using the Wizard RT-PCR kit from Promega as described in section 2.17.11. The
products of reverse transcription were the used in PCR reactions using the primers

defined in Table 4.1 and PCR conditions are described in section 2.17.11.

AC1! adenyl cyclase ] ACYV adenyl cyclase V
ACII adenyl cyclascII AC VI adenyl cyclase VI
AC IV adenyl cyclase IV AC 1X adenyl eyclase IX

M I kb ladder

+ RT-PCR positive control

- RT-PCR negative control
S RT-PCR of VSMC mRNA
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Figure 4.8 Effect of H89 on basal and PDGF-stimulated 2-deoxyglucose

transport

2-deoxyglucose transport assay was camied out as described in section 2.5.

Cells were quiesced for 36-48 hours, then treated with the PKA inhibitor, H-8§9 for 15
minutes, followed by PDGF (10 ng/ml) for a further hour, prior to 2-deoxyglucose
transport assay. Data from a representative experiment is shown, repeated three times

with similar results.

Each point represents the mean of triplicate detcrminations + S.E.M. Data is expressed as

a fold stimulation of basal (unstimulated) transport rates.
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Figure 4.9 Effect of wortmannin on 8-Br cAMP-stimulated 2-

deoxyglucose transport
2-deoxyglucose transport assay was carricd out as described in section 2.5.

Cells were quiesced for 36-48 hours, then treated with or without wortmannin (100 nM)
tor 30 minutes followed by 8-Br cAMP (0.5 mM) for a further hour, prior (o 2-
deoxyglucose transport assay. Data from a representative experiment is shown, repeated

three times with similar results.

Each point represents the meun of triplicate determinations + S.E.M. Data is expressed as

a fold stimulation of basal (unstimulated) transport rates.

* represents P < 0.05 when compared to basal untreated cells as determined by Student’s

t test.

** represents P < 0.05 when comparcd to cells treatcd with 8-Br cAMP alone as

determined by Student’s f test,
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Figure 4.10 Effects of 8-Br cAMP on the activation/phosphorylation of
MAP kinases

VSMCS were grown to confluency in 6-well plates and quiesced in serum-free DMEM
for 36-48 hours. Cells were treated with or without 8-Br cAMP (0.5 mM) for 5, 15 or 60
minutcs and then whole cell lysates were prepared as described in section 2.9. 50ul of
each lysate was loaded in each lane of a 10 % SDS-PAGE gel and subjected to
electrophoresis and immunoblotting as described in section 2.8. Blots were developed
using phospho-specific antibodies to p38, p42/44 and INK MAP kinases, respectively,
which only recognise the phosphorylated, therefore activated, kinase. The positive control

on the JNK blot is from the manufacturers of the antibody (New England Biolabs).
8-Br cAMP stimulated phosphorylation, and activation of p38, but had no effect on the
phosphorylation of p42/44 or INK {although the cross-reactivity of the INK antibody

with p42/44 did not allow accurate analysis of this).

These blots arc representative of three such experiments.

126



p38 P

p44 P—
pd2 P

8-Br cAMP

Basal 5’

15’

60’

A .

AR R

G S

p54 P—»
p46 P —>

&

+ve

cont.




Figure 4.11 Effects of SB 203580 on basal and 8-Br cAMP-stimulated

2-deoxyglucose transport

2-deoxyglucose transport assay was carried oul as described in section 2.5,

Cells were quiesced for 36-48 hours, then treated with or without SB 203580 for 1 hour
followed by 8-Br cAMY (0.5 mM) for a {urther hour, prior to 2-deoxyglucose transport
assay. Data from a representalive experument is shown, repeated three times with similar

results.

Each point represents the mean of triplicate determinations + S.IE.M. Data is expressed as

a fold stimulation of basal (unstimulated} transport rates.

* represents P < 0.05 when compared to cells treated with PDGI alone as determined by

Student’s ¢ test,
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Figure 4.12 Lffect of II89 on 8-Br cAMDP-stimulated p38

phophorylation/activation

VSMCS were grown to confluency in 6-well plates and quiesced in serum-free DMEM
for 36-48 hours. Cells were treated with or without H-89 (50 nM) for 15 minutes
(otlowed by 8-Br cAMP (0.5 mM) for 5, 15 or 60 minutes and then whole cell lysates
were prepared as described in section 2.9. 50ul of each lysate was loaded in each lane of a
10 % SDS-PAGE gel and subjected to electrophoresis and immunoblotting as described
in section 2.8. Blots were developed using phosphe-specific antibodies to p38, which

only recognise the phosphotylated, therefore activated, kinase.

H-89 has no effect on the ability of 8-Br cAMP to phosphorylate, therefore activate p38.

These blots are representative of three such experiments.
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Figure 4.13 Isoprenaline-stimulated cAMP generation and 2-

deoxyglucose transport in VSMCs

Upper panel
Adeny! cyclase assay was carried out as described in section 2.16.

Cells were quiesced for 36-48 hours, 24 hours prior to assay the cells were labelled with
[*H] adenine at 1 uCi/ml. Cells were treated with isoprenaline for 30 minutes, prior to
adenyl cyclase assay. Data from a representative experiment is shown, repeated three

times with similar results.

Each point represents the mean of triplicate determinations = S.E.M. Data is expressed as

a fold stimulation of basal (unstimulated) transport rates.

Lower Panel

2-deoxyglucose transport assay was carried out as described in section 2.5,

Cells were guiesced for 36-48 hours, then treated with isoprenaline for 30 minutes prior
to 2-deoxyglucose transport assay. Data from a representative experiment is shown,

repeated three times with similar results.

FEach point represents the mean of triplicate determinations ' S.E.M. Dala is expressed as

a fold stimulation of basal (unstimulated) transport rates.

129



—T—
—rfH
—Li—i ~
—1—
e
=
“n/.nrl
T T —
< vy P n o
- ™~ o

(wonrnWITS [eseq JO P1aj)
UOLRISUOT JINVD

10

[fsoprenaline] pM

e -

)
[}

2.5

1
[te}

\

(moTiBUINE [25Rq JO PIO4)
uodsurn 2500NFAX09D-7

0.5 4

0.1

{Tsoprnaline| M



Figure 4.14 lloprost-stimulated cAMP generation and 2-deoxyglucose
transport in VSMCs

Upper panel
Adenyl cyclase assay was carried out as described in section 2.16.

Cells were quiesced for 36-48 hours, 24 hours prior to assay the cells were labelled with
[*H] adenine at 1 uCi/ml. Cells were treated with iloprost or PGE1 for 30 minutes, prior
to adenyl cyclase assay. Data from a representative experiment is shown, repeated three

times with similar results,

Each point represents the mean of triplicate determinations + S.E.M. Data is expressed as

a told stimuiation of basal (unstimulated) transport rates.

Lower Panel

2-deoxyglucose ransport assay was carried out as described in section 2.5,

Cells were quiesced for 36-48 hours, then treated with iloprost for 30 minutes prior to 2-
deoxyglucose transport assay. Data from a representative experiment is shown, repeated

three Gmes with similar results.

Each point represents the mean of triplicate determinations + S.E.M. Data is expressed as

a fold stimulation of basal (unstimulated) transport rates.
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Figure 4.15 Effect of PDE 3 inhibitor, milrinone, on 2-deoxyglucose
transport in VSMCs

2-deoxyglucose transport assay was carried out as described in section 2.5,
Celis were quiesced for 36-48 hours, then treated with milrinone for 1 hour prior to 2-
deoxyglucose transport assay. Data from a representative experiment is shown, repeated

three times with similar results.

Each point represents the mean of triplicate determinations = S.E.M. Data is expressed as

a fold stimulation of basal (unstimulated) transport rates.

* represents P < 0.05 when compared to basal/untreated cells as determined by Student’s

(-test.
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Figure 4.16 Effects of PDE inhibitors, zaprinast and Ro-20-1724, on 2-
deoxyglucose transport in VSMCs

2-deoxyglucose transport assay was carried ouf as described in section 2.5.

Cells were quiesced for 36-48 hours, then treated with Ro-20-1724 (upper panel), or
zaprinanst (fower panel) for | hour prior to 2-deoxyglucosc transport assay. Data from a

representative experiment is shown, repeated three times with similar results.

Each point represents the mean of triplicate determinations + S.E.M. Data is expressed as

a fold stimulation of basal (unstimulated) transport rates.
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Figurc 4.17 Effect of 8-Br ¢cGMP on basal and PDGF-stimulated 2-

deoxyglucose transport

2-deoxyglucose transport assay was carried out as described in section 2.5,

Cells were quiesced for 36-48 hours, then treated with 8-Br cGMP for 1 hour, followed
by PDGF (10 ng/ml) for | hour, prior to 2-deoxyglucose transporl assay. Data from a

representative experiment is shown, repeated three times with similar results,

Each point represents the mean of triplicate determinations £ S.E.M. Data is expressed as

a fold stimulation of basal (unstimulated) transport ratcs.

* represents P < 0.05 when compared to cells treated with PDGF alone as determined by

Student’s t test.
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Figure 4,18 Eftfects of ANF and SNP on PDGF-stimulated 2-

deoxyglucose transport

2-deoxyglucose trunsporl assay was carried out as described in section 2.5.

Cells were quiesced for 36-48 hours, then treated with ANF (upper pancl) or SNP (lower
panel) for 30 minutes, followed by PDGT for 1 hour, prior to 2-deoxyglucose transport
assay. Data from a representative experiment is shown, repeated three times with similar

results,

Each point represents the mean of triplicate determinations = S.E.M. Data is expressed as

a fold stimulation of basal (unstimulated) transport rates,

* represents P < (.05 when compared to cells treated with PDGE alone as determined by

Student’s t test.
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Figure 4.19 Effect of ANF on PDGF-stimulated MAP kinase, p38 and
p42/44, phosphorylation/activation

VSMCS were grown to confluency in 6-well plates and quiesced in serum-free DMEM
for 36-48 hours. Cells were treated with or without ANF (300 nM) for 30 minutes
followed by PDGF (10 ng/ml) for 5, 15 or 60 minutes and then whole cell lysates were
prepared as described in section 2.9. 50 of each lysate was loaded in each Janc of a 10
% SDS-PAGE gel and subjected to electrophoresis and immunoblotting as described in
section 2.8. Blots were developed using phospho-specific antibodics to p38 and p42/44

which only recognise the phosphorylated, therefore activated, kinase.

ANF had no effect on the ability of PDGF to phosphorylate, therefore activate, p38 or
pd2/44.

These blots are representative of three such experiments.
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CIHAPTER S

INVESTIGATION OF THE MECHANISMS LEADING TO

INCREASED GLUCOSE TRANSPORT IN RAT AORTIC

VASCULAR SMOOTH MUSCLE CELLS
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5.1 AIMS
The aims of this chapler were:
1. To generate GL.UT-1/green fluorescent protein (GFP) chimeras.

2. To use the GLU-1/GKP chimeras to follow the movement of GLUT-1 within

cells in response to agonists that stimulate an increase in glucose transport.

3. ‘lTo determine if GLUT-1 and GLUT-3 are phosphorylated in response to either

PDGF or cAMP analogues.



5.2 INTRODUCTION

Exposure of quiescent cells to mitogens results in the stimulation of numerous
intracellular signalling cascades, culminating in cell growth and division several hours
later. Due to the increased energy requirements of growing cells, one of the early
responses of cells common to all mttogens is an increase in the rate of glucose uptake.
GLUT-1 is thought to be the glucose transporter responsible for the increase in

glucose transport {Thomson & Gould, 1997).

The acute phase of growth factor-stimulated glucose transport occurs within minutes.
This is thought to occur by a movement of GLUT-1 from the recycling endosomal
system to the plasma membrane, therefore mcreasing the number of functional
transporters at the plasma-membrane, and also possibly via an increase in the intrinsic
activity of the transporters (Gould and Holman, 1993, Czech ef al,, 1992). However

the molecutar mechantsms underlying these effects are poorly understaod.

As yet, it is unclear what contribution increased transporter activity and increased
translocation of glucose transporters play in increased glucose transport in response to
mitogens. In adipose tissue, for example, which expresses the glucose transporter
GLUT-4, the increase in glucose transport in response to insulin is mediated entirely
by a translocation of GLUT-4 to the cell surface (Holman & Kasuga, 1997). In
platelets, thrombin has been shown to stimulate the transiocation of the glucose
transporter GLUT-3 from an intracellular location to the cell suzface resulting in
increased glucose transport (Sorbara et ., 1997). In other work, however, it is
thought that alteration of the intrinsic activity of the transporter itself can regulate the
rate of glucose transport. For example, in pancreatic 8 cells, phosphorylation of
GLUT-2 by PKA reduces the rate of glucose transport in these cells (Thorens ef al.,
1996), and in CHO cells phosphorylation of GLUT-4 inhibits glucose transporl (Piper
et al, 1993).

It is of interest, therefore, to determine what role ¢ach of these two possible

mechanisms play in mediating mitogen-stimulated glucose transport.

138




As discussed above 1t is likely that mitogen-stimulated transport is mediated via the
glucose transporier GLUT-1. To study the translocation of GLUT-1 within the cell
green fluorescent protein (GFP) can be utilised. GFP, from the jellyfish Aequora
victoria, is a protein of 238 amino acids in a single polypeptide chain (reviewed in
Tsien, 1998). The chromophore, the part of the protein that confers the fluorcscent
properties on the protein, is formed from residues 65-67, which are Ser-Tyr-Gly in the
native protein. These residues undergo a series of reactions during protein folding lo
form a p-hydroxybenzylideneimidazolinone, the chromophore. The protein forms a 3~
barrel from eleven -strands through which an a-helix is threaded bearing the
chromophore, GFP fluoresces when the chromophore is hit by photons of the
appropriate wavelength (in this case 395-397 nm), this causes excitation of electrons
within the chromophore. When these ¢lectrons return to their basal, non-excited state,
they emit light, the green fluorcscence, of wavelength 504 nm (reviewed in Tsien,
1998). GFP retains its fluorescent properties when recombinantly expressed in both
prokaryotic and eukaryotic living cells and is therefore a powerful tool for following
the movement of recombinant proteins within a cell, for example afong the secretory
pathway and membrane traffic pathways (Kaether & Gerdes, 1995, Girotti &
Banting, 1996, Niwa ef al., 1996, Rizzuto ef ul, 1995).

In this chapter, chimeras of GFP and GLUT-1 were constructed to be used to foliow
the movement of the glicose transporter in live cells in response to mitogens. As well
as this, the phosphorylation state of both GLUT-1 and GLUT-3 in cultured vascular
smooth muscle cells in response to 8-Br cAMP and PDGF (see chapters 3 and 4) was

determined.
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8.3 RESULTS

5.3.1 Generation of GLUT-1/GFP chimeras

To help study the movement of GLUT-1 in responsc to mitogens within living ceils
GLUT-1/GFP chimeras were made. Both N- and C-terminal tagged GLUT-1/GTP
were made. Chimeras were made using a PCR-based technique. PCR primers were
designed to incorporate restriction sites to allow subcloning of products inta the vector
peDNA 3 (Figure 5.1). The PCR reactions, restrictions, gel extractions of DNA and
ligations were carried out as described in section 2.17. Restriction analysis and DNA

sequencing (as described in section 2.17) confirmed the structure of the chimeras.

To determine which transient transtection method would be most effective in the ;
expression of the chimeras different techniques were used. 3T3-L1 fibroblasts were

grown to the appropriate conflucncy on coverslips and transiently transfected with the

N-terminal tagged GLUT-/GIP using Qiagen’s “Superfect transfection reagent” and
with Invitrogen’s “Calcium Phosphate transfection kit™ according to manufacturer’s
directions. The cells were hncubated with the DINA/transfection reagent mix for
varying times to optimise the transfections. Cells were examined using confocal
microscopy as described in section 2.18 (Figure 5.2). Transfection using Qiagen’s
“Superfect transfection reagent” with an incubation of 3 hours, and Invitrogen’s
“Calcium phosphate transfection kit” with an incubation of 20 hours were the most
effective methods for transient expression of GLUT-1/GFP chimeras, with each
technique giving a higher number of celis expressing the chimera (Figure 5.2 A & D).
Cells transfected with QIAGEN’s “Superfect reagent” appeared slightly less stressed
than those transfected with the calcium phosphate kit, with the cells showing less
stress fibres. All further transient transfections were catried out using the QIAGEN

“Superfect transfection kit” with an incubation period of 3 hours.

Next the expression of the N- and C-terminal chimeras was compared. 3T3-L1
fibroblasls were transicntly transfected using Qiagen's “‘Superfect transfection

reagent” with both the N- and C-terminal GLUT-1/GFP chimeras. Cells were
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examined using confocal microscopy, and the distribution of the N- and C-terminal
chimeras compared (Figure 5.3). The N-terminal chimera shows an even intracellular
distribution, with a degree of plasma membrane association. The amount of N-
terminal GLUT-1/GFP seen at the cell surface appeared to vary depending on the level
of expression of the chimera i.e. high expression levels give rise to an increase in the
amount of chimera at the cell sarface (Figure 5.3 A & B). In contrast the C-terminal
GLUT-1/GFP chimera showed a very punctale distribution within the cell (Figure 5.3
C & D). The chimera formed small rings clumped together at intracellular sites, and

no C-terminal GLUT-1/GFP could be seen at the cell surface.

As the C-terminal GLUT-1/GFP chimera showed a punctate intracellular distribution,
it was possible that the addition of GFP at the C-terminal resulted in mis-targetting of
the chimera. To determine if the C-terminal GLUT-1/GFP chimera was indeed
trapped in the recycling endosomes, colocalisation of the chimera with transferrin
(labelled with Texas-Red}. Cells were transiently transfeeted with C-termipal GLUT-
[/GFP and 1 hour prior to visualisation of cells, transferrin Texas-Red (20 pg/ml) is
added to the cells. The transferrin receptor is a well-established prototypic marker for
the endosomal recycling system, theretore colocalisation of the C-terminal GLUT-
1/GFP chimera with transferrin Texas-Red would indicate that the chimera 1s indeed
trapped in the endosomal network. The C-terminal GLUT-1/GFP chimera was
completely co-localised with the transferrin Texas-Red (Figure 5.4), indicating that

the C-terminal chimera was indeed trapped in the recycling endosomes. It is possible

that as well as being trapped in the endosomal system the chimera disrupts the

recycling endosomal system as a whole,

All [urther work using the GLUT-1/GFP chimeras used only the N-terminally tagged

chimera.

5.3.2 Stimulation ¢f movement of GLUT-1/GEP with PDGY in 3T3-L1 4
fibroblasts ‘

3T3-L1 fibroblasts were transiently transfected with N-terminal GLUT-! GFP, using

Qiagen’s “Superfeet transfection reagent”, as described above. Cells were then

141




quicsced for ~2-3 hours, then treated with PDGE (10 ng/ml) for a further 1 hour. Cells
were visualised both before and after treatment with PDGF (Figure 5.5).

Prior to treatment with PDGF the N-terminal GLUT-1 GFP chimnera was
predominantly localised intracellularly, with a small degree of plasma membrane
association (Figure 5.5 A & B). After treatment with PDGF the degree of plasma
membrane association appeared to have increased. However, after treatment with
PDGF, the cell’s over all morphology appeared o change, with the cells becoming
jonger and thinner (Figure 5.5 C & D), therefore it was difficult to conclusively

interpret any changes in the cellular distribution of GLUT-1/GFP in these cells.

Other reagents, such as LPA, insulin and 1GF-1, were used to try and stimulate the
movement of GLUT-1/GFP in these cells, and although they did appear to stimulate a
degree of translocation of the chimera within the cell the results were variable (resulls
not shown). As discussed above, the degree of association of the chimcra with the
plasma membrane is rather variable, depending on the level of expression. This meant
that in cclls expressing a high level of chimera, there was already a high degree of
plasma membrane association even in quiescent cells, therefore upon treatment with

PDGF it was difficult to see any increase in plasma membrane association.

5.3.3 Analysis of phosphorylation state of GLUT-1 and GLUT-3 in VSMCs

Firstly { wished to determine if GLUTs 1 and 3 were substrates for PKA, as PKA is
required for mediating 8-Br cAMI”’s stimulation of glucose transport (see section
4.3.2). Both GLUT-1 and GLUT-3 contain consensus motifs for PKA phosphorylation
(phosphorylation on serine/threonine residues presented in the sequences RRXS/T or
RXS/T or KRXXS/T {reviewed by Kemp & Pearson, 1990)). GLUTs 1 and 3 were
immunoprecipitated (IP) from VSMC lysates using anti-GLUT-1, anti-GLUT-3 and
random lgG as a control, as described in section 2.12. Half of the immunoprecipitates
were analysed by immunoblotting, as described in section 2.8, to determine that 1P
had been successful {blots developed using protein A-HRP instead of secondary
antibody, to stop cross reactivity of secondary antibodies with denatured GLUT-1 and

GLUT-3 antibodies in IP samples. Protein A will only recognise antibodies in native
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structure) (Figure 5.6). The other half of the IP was the subjected to in vitro
phosphorylation using PK A, as described in section 2.13. Samples were then run on
SDS-PAGE (section 2.7) and the gels were fixed in 14% acetic acid, 7% methanol,
dried and exposed o X-ray film to identify proteins that had been phosphorylated
(Figure 5.7). Although the hands from the IPs using GLUT-1 and GLUT-3 were more
intense than IPs carried out using random IgG, there were no bands phosphorylated in
the GLUT-1 and GLUT-3 IPs of the appropriate molecular weight (47-50 kDa) that
could represent phosphorylated GLUT-1 and GLUT-3.

Nexi, it was considered that perbaps the GLUTs in these cells already had a basal
level of phosphorylation, as the cells from which the lysates were prepared were not
quiesced, meaning that no increase in phosphorylation could be seen. To overcome
this potential problem, immunoprecipitated GLU I's were first dephosphotylated (see
section 2.13), then subjected to ir vitro phosphorylation, as above (Figure 5.8). Again
the inlensity of the bands in the lanes from the GLUT-1 and GLUT-3
Immunoprecipitates was far greater than in the lanes from immunoprecipitates carried
oul using random Ig(G. However, like the previous experiment, there were no bands
present of the appropriate molecular weight (48-50 kDa) to represent specific
phosphorylation of GLUT-1 or GLUT-3.

Next, the effects of treating the VSMCs with PDGF and 8-Br cAMD (two reagents
that can stimulatc glucose transport in VSMCs, see chapters 3 and 4) on
phosphorylation of GLUT-1 and -3 was investigated. /» vivo phosphorylation was
carried out as described in section 2.14. Cells were grown to confluency in 6 well
plates and quiesced for 36-48 hours, cells labelled with 0.2 mCi/m] {*2P]
orthophosphoric acid for 90 minutes at 37°C 10 allow the intracellular pool of ATP to
become *2P labelled. After the 90-minute labelling the cells were treated with or
without PDGF (10 ng/ml) or §-Br cAMP (1 mM) for 1 hour. Two wells from each 6-
well plate were used for each condition. After this ime immunoprecipitation of
GLUT-1 and GILUT-3 was carried oul as described in section 2.12, and the
phosphorylation of each GLUT analysed (Figure 5.9). No specific phospharylation of
either GLUT-1 or GLUT-3 was observed in response to either PDGF or 8-Br cAMP.
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5.4 DISCUSSION

Currently, the mechanism(s) responsible for increased glucose transport in response to
mitogens is poorly understoad. It is believed that an increase in the intrinsic activity of
the glucose transporters and/or an increase in the number of functional glucose
transporters at the cell surface are responsible for increased ghicose transport

(Thomson & Gould, 1997).

In some cell systems it is clear thal only increased translocation of glucose
transporters to the cell surface is responsible for increased giucose transport (i.e.
GLUT-4 translocation in respense to msulin in adipocytes (Holman & Kasuga,
1997)). In other systems, however, it appears thal only altered activity of the
transporter is responsible [or changes in the rate of glucose transport (i.e. PKA

phosphorylation of GLU'L-2 in pancreatic B-cells, Thorens ef al,, 1996).

As very little 1s understood about the mechanisms mediating increased glucose
fransport in response to mitogens, two strategies were adopted to address this
question. Firstly, green fluorescent protein (GFP) was used to tag the glucose
transporter GLLUT-1 to allow visualisation of its movement threugh the cell, and to
determine what role, if any, translocation of GI.UT-1 piays in mediating mitogen-
stimulated increases in glucose transport, And secondly, as phosphorylation has been
shown 1o be able to alter the intrinsic activity of glucose transporters (Thorens e/ al.,
1996, Piper ef al., 1993), the degree of phosphorylation of the glucose transporters

GLUT-1 and GLUT-3 was assessed under various conditions.

5.4.1 Generation of GLUT-1/GFP chimeras

Both N and C terminally tagged GLUT-1/GFP chimeras were made. However it was
found that the C-terminal tagged chimera was mis-targetted within the cell and
appearred to be trapped in the recycling endosomes (Figure 5.4). There is evidence
that the C-terminal tail of glucose transporters is very important with regard to correct

targetting of the wansporter to the plasma membranc (Verhey ef al,, 1993). It is
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possible thetefore that due to the presence of the GEFP moiety on the C-terminal tail
that the GLUT-1/GFP chimera is being mistargetted within the cell, and is unable (o
exit the recycling endosomes to reach the plasma membrane. Another possibile
explanation for the punctate distribution of the C-terminal GLUT-1/GFP chimera, is
that the chimera is misfolding and forming an aggresome strucure (Johnston ef /.,
1998, Garcia-Mata ef ¢l., 1999). Apgresomces are a novel structure, thal have been
proposed to represent a general cetlular response to misfolded proteins (Johnston ez

al., 1998), therefore this chimera was not pursued.

The N-terminal chimera showed a much morc cven intracellular distribution in
membranes association {(Figure 5.3). The degree of chimera associated with the
plasma membrane appeared to vary depending on the levels of GLUT-1/GFP
expressed. In cells expressing a high level of chimera there was a greater level of
membrane association (Figure 5.3 B), whereas in cells with a low level of chimera
expression (Figure 5.3 A), This is the kind of expression pattern expected if the GFP

was not altermg the pattern of GLUT-1 expression and targetling.

5.4.2 Stimulation of movement of GLUT-1/GFP with PDGE in 3T3-1.1
{fibroblasts

The movement of the N-terminally tagged GLUT-1/GI°P was studied in response to
PDGF and various other agenists known to stimuaite glucose transport in 3T3-L1
fibroblasts. Trcatment of quicsced cells for 1 hour with PDGF resulted in a
redistribution of the chimers, from diffuse intracellular expression to a more

membrane associated pattern. However, during incubation of cells with PDGF, the

cells appeared to undergo a morphology change. When cells were first visualised they

had an even rounded shape, however after a period of time they became clongated and

occasionally extended stress fibres, (Figure 5.5). The change in cell morphology
made analysis of GLUT-1/GFP translocation very difficult, and it was difficult to
determine if it was the change in morphology or the agonist that was causing
redistribution of the chimera to the cell surface (stress will also stimulate an increase

if1 glucose transport).
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In addition to the reshaping of the cells, further problems were encountered in that the
level of plasma membrane association of the chimera varicd greatly depending on the
levels of expression of the chimera (Figure 5.3 A & B). Fven in cells that had not been
treated with agonist there could be a high degree of chimera at the cell surface if there
was a high level of expression of the chimera (Figure 5.3 B). This meant that in these
cells it was difficult to see any increase in the amount of chimera al the ccll surface in
the presence of agonist.

A number of other agonists known to stimulate glucose transport in 3T3-1.1
fibroblasts, such as LPA and IGF-1, were also used, and although they did appear to
stimulate a degree of banslocation of the chimera within the cell the results were
variable (resuits not shown). Similar problems were encountered using these agonists

as were encountered with PDGF.

5.4.3 Analysis of phosphorylatior state of GLUT-1 and GLUT-3 in VSMCCs

cAMP analogues were able to stimulate an increase in 2~dcoxyglucaosc transport in a
PKA dependant manner (see section 4.3). [t was interest therefore to determine il
cither GLU'T-1 or GLU'I-3 are substrates for PKA, as this is a potential mechanism
for mediating the increase in glucose transport. Both GLUT-1 and -3 contain 4
number of potential PKA phospherylation sites (serine/threonine residues presented in
the sequences RRXS/T or RXS/T or KRXXS/T, reviewed by Kemp & Pearson,
1990). However neither immunoprecipitated GLUT-1 nor GLUT-3 were
phosphorylated in viireo by PKA (Figure 5.6). To cnsure that the GLUTs 1 and 3 were
nol phosphorylated prior o i vifre phosphorylation the immunoprecipitated GLUTs
were dephosphoryvlated before in vitro phosphorylation. Dephosphorylation of the
immunoprecipitated GLUTSs had no effect on PKA’s ability to phosphorvlate GL.UT-1
or GLUT-3 (Figure 5.7). Therefore it is very unlikely that the ability of cAMP
analogues to stimulate glucose transport in VSMCs is mediated by direct

phosphorylation of glucose transporters by PIKA,

Next, it was determined if GLLUT-1 and GL.UT-3 were phosphorylated in vivo in

response to cither PDGF or 8-Br cAMP (both agents which have been shown to
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stimulate increased glucose transport in V5MCs, sec Chapters 3 and 4). As with the in
vitro phosphorylation there were no specific bands present in cells treated with PDGF
or 8-Br cAMP as compared to control eells (Figure 5.8). It is unlikely therefore that
either PDGT or 8-Br cAMP mediates increased 2-deoxyglucose transport via
phosphorylation of GLUT-1 or GLUT-3 resulting in altered glucose transporter

activity.
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5.5 SUMMARY

GLUT-1/GFP chimeric proteins were utilized to analyse the movement of GLUT-1 in
response to mitogens. The C-terminally tagged GLUT-1/GFP showed a punctate
intraccllular distribution that colocalised with transferrin-Texas-Red, This indicated
that the C-terminal GLUT-1/GFP was trapped in the recycling endosomal system.
There is evidence that the C-terminal tail of GLUT-1 contains motifs that are very
important for its correct targetting o the plasma membrane (Verhey ef ., 1993). It is
likely therefore that the C-terminally tagged GLUT-1/GFP is trapped in the recycling
endosomes because of the presence of the GFP moiety on the C-terminal tail of the

transporter interfering with the targetling signals.

The N-terminal GLUT-1/GFP chimera showed a much more even intraceflular
distribution with a degree of membrane association. Treatment of cells expressing the
N-terminal GLUT-1/GFP chimera resulted in movement of the chimera from this
mtracellular location o the plasma membrane. However the degree GLUT-1/GFP
associated with the plasma membrane in untreated cells was very variable making

analysis of any movement of GLUT-1/GFP difficult.

The phosphorvlation state of the glucose transporters GLUT-1 and GLUT-3 was
investigated. Neither GLUT-1 nor GLUT-3 was a substrate for PKA in vitro. There
was no increase in the phosphorylation of GLUT-1 and GLUT-3 in vive in response to
either PDGF or 8-Br cAMP. Therefore it seems unlikely that increased glucose
transport in VSMCs in response to mitogens is mediated by altered activity of glucose

transporters via phosphorylation of GLU I's.
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Figure 5.1 PCR based method used to synthesize GLUT-1/GFP

chimeras

PCR reactions were carried out as described in section 2.17.1. PCR primers were
designed to incorporate restriction sites that would allow subclening of products into
peDNA 3, and to remove stop and start codons that would occur in the middie of the
chimera. Once PCR products were gencrated they were restricted (see section 2,17.7) and
cloned into the appropriate restriction sites of the expression vector pcDNA3 (ligations
described in scction 2.17.8). Restriction analysis and DNA sequencing (section 2.17.7

and 2.17.11) confirmed the structure of the chimeras.
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Figure 5.2 Optimising transient transfection method for cxpression of

GLUT-1/GFP chimeras

313-1.1 fibroblasts were transiently transfected with the N-terminal GLUT-1/GFP
chimera using a variety of methods to determine the most effective technique for transient

transfection, and visualised using confocal microscapy as described in section 2.18.

A & B Cells transfected using QIAGEN’s “Superfect transfection reagents” with

incubations of 3 and 6 hours respectively.

C & D Ceclls transfected using Invitrogen’s “Calcium phosphate transfection kit” with

incubations of 6 and 20 hours respectively.
Shawn are images representative of three such experiments with similar results.

Transfection using Qiagen’s “Superfect transfection reagent” with an incubation of 3
hours, and with Invitrogen’s “Calcium phosphate wwansfection kit™ both gave the highest
rate of transfection (A & D). Cells transtected with Qiagen’s “Superfect reagent” looked
less stressed than those transfected with the calcium phosphate reagent, therefore all
further transfections were carried vsing Qiagen's “Superfect transfection reagent” with an

incubation of 3 hours.






Figure 5.3 Comparison of distribution of N-terminal and C-terminal

tagged GLUT-1/GFP chimeras

3T3-1.1 fibroblasts were transiently transfected with both the N- and C-terminal GLUT-
1/GFP chimera using Qiagen’s “Superfcet transfection reagent™ with an incubation of 3
hours. Cells were visualised using confocal microscopy as described in section 2.18.

A & B 3'13-L1 fibroblasts expressing the N-terminal GLUT-1/GFP chimera.

C & D 3T3-L1 fibroblasts expressing the C-terminal GLUT-1/GI'P chimcera.

Shown are images representative of three such experiments.

The N-terminal chimera shows an even intracellular distribution with a degree of
membrane association. The degree of plasma membrane associdlion appeurs to increase

as the level of expression of the chimera increases.

The C-terminal chimera shows a punctate intraccliular distribution with no membrane

associalion at all.

151






Figure 5.4 Colocalisation of C-terminal GLUT-1/GFP with transferrin-

texas red

3713-L1 fibroblasts were (ransiently transfected with the c-terminal GLUT-/GTP using the
QIAGEN'’s “Superfect transfection reagent”. 1 hour prior to visualisation cells were
treated with transteirin Texas-Red (20 pg/ml). Cells were visualised using confocal
microscopy and images were merged using Metamorph software as deseribed in section
2.18.

A GLUT-1/GFP localisation within cells.

B Transferrin Texas-Red localisation within 3T3-L1 Fbroblasts.

C Colocalisation of GLUT-1/GFP and trans{errin texas ted.

Shown are images representative of three such experiments.






Figure 5.5 Translocation of N-terminal GLUT-1/GFP in response to
PDGF

3T3-L1 fibroblasts were transiently transfected using QIAGEN’s “superfect transfection
reagent”. Cells were quiesced for 2-3 hours, then treated with PDGF (10 ng/ml). Cells
were visualised using confocal microscopy as described in section 2.18, betore and after

treatiment with PDGFE.

A & B 5T3-L1I fibrablasts expressing the N-terminal GLUT-1/GFP chimcera which have

been quiesced for 2 hours,

C & D 3T3-L1 fibroblasts expressing the N-terminal GLUT-1/GFP chimera which have

been quiesced for 2 hours and treated with PDGF for a further 1 hour.

Shown are images representative of three such experiments,
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Figure 5.6 Immunoprecipitation of GLUTs 1 and 3 from VSMCs

Whole ccll lysates were prepared form VSMCs as described in section 2.9 and GLUTs 1
and 3 were immunoprecipitated from the lysates (as described in section 2.12). As a
control the immunoprecipitations were carried out using random IgG as well as

antibodies to GLUT-1 and GLUT-3.

Samples from the immunoprecipitations, using cither the GLUT-1 or GLUT-3 antibodies
as indicated, were run on a SDS-PAGE and subjected to immunoblotting. Immunoblots
were developed using protein A-HRP instead of a secondary antibody, as secondary
antibodies would cross react with denatured GLUT-1 and GLUT-3 antibodies within the
immunoprecipitated samples, whereas protein A only recognises antibodies in their native

structure.

The position of molecular weight markers are illustrated on the left side of the figure in

kilo Daltons (kDa).

+ve control  Sample of rat brain whole cell lysate

SN Supernatant lefi afler immunoprecipitation of GLUTs
aGl, G3 Immunoprecipitated GLUT-1 and GLUT-3 respectively

IgG Immunoprecipitates carried out using random IgG

Shown is a representative blot. Therc is very little GLUT-1 or GLUT-3 Icft in the
supernatant from the immunoprecipitates and virtually all the GLU'T-1 and GLUT-3 has
been successfully immunoprecipitated. Random IgG did not immunoprecipitate any

significant amount of GLUT-1 or GLUT-3.

All immunoprecipitations were checked in (his manner before being used for in vitro

phosphorylations.
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Figure 5.7 In vitro phosphorylation of GLUTs 1 and 3 with PKA

GLUTs | and 3 were immunoprecipitated from VSMCs (section 2.12) and subjected to in
vitro phosphorylation with PKA (see section 2.13). As a control samples were
immunoprecipitated with random IgG and subjected to phosphorylation with PKA.
Samples were analysed by running on SDS-PAGE, gels were dried and exposcd to X-ray

film to identify phosphorylated proteins.

The position of molecular weight markers are iltustrated on the left side of the figure in

kilo Daltons (kDa}.

1eG proteins immunoprecipitated using randoim IgG

aGl, G3 proteins immunoprecipitated using antibodies to GLUT-1 and GLU'I-3
respectively

Shown is a representative figure of three such experiments.
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Figure 5.8 In vifro phosphorylation of GLUTs 1 and 3 with PKA after
dephosphorylation with PP2A

GLUTs [ and 3 were immunoprecipitated from VSMCs (as described in section 2.12).
Immunoprecipitates were dephosphorylated with (protein phosphatase 2A) PP2A then
subjected to in vitro phosphorylation with PKA (sec section 2.13). As a control samples
were immunoprecipitated with random IgG , dephosphorylated and subjected to i vitro
phospharylation with PKA. Samples were analysed by running on SDS-PAGE, gels were
dried and exposed to X-ray film to identify phosphorylated protcins.

The position of molecular weight markers are illustrated on the left hand side of the figure

in kilo Daltons (kDa).
IgG proteins immunoprecipitated using random IgG

oG1/G3 proteins immunoprecipitated vsing antibodies to GLUT-1 and GLUT-3

respectively

Shown is a representative figure of three such experiments.
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Figure 5.9 In vive phosphorylation of GLUTs 1 and 3 in VSMCs
treated with PDGF and 8-Br cAMP

Cells were grown to confluency in 6 well plates and guicsced for 36-48 hours, labelled
with [**P), then treated with or without PDGF (10 ng/ml) or §-Br cAMP (1 mM) for 1
hour, and in vive phosphorylation carried out as described in section 2.14. Two wells
from each 6-well plate were used for each condition. After this time immunoprecipitation
of GLUT-1 and GLUT-3 was carried out as described in section 2,12, and the

phosphorylation of each GLUT analysed.

The position of molecular weight markers are illustrated on the left hand side of the figure

in ktlo Daltons (kDa).
Shown is a representative tigure of three such experiments.

No bands were present at the appropriate size (47-50 kDa) to represent specific

phosphorylation of either GLUT-1 or GI.UT-3 in response to either PDGF or §-Br cAMP.
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CHAPTER 6

DISCUSSION
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Atherosclerosis is an inflammatory disease of the vasculature, and is 2 major contributor
to the progression of coronary heart disease. Fundamental to plague development is
increased proliferation and migration of vascular smooth muscle cells (VSMCs) within
the plaque (Ross, 1993). The aberrant proliferation and migration of VSMCs within the
plaque is stimulated by the secretion of a number of growth factors and cytokines by
endothelial cells, macrophages, lymphocytes and VSMCs themselves within the plaque
(Bobik & Campbell, 1993). PDGF is believed to be one of the most important growth
factors involved in mediating increased VSMC proliferation in plaque development

{Ross, 1993),

Increased glucose transport is an early cellular response common o all mitogens
(Thomson & Gould 1997). As increased proliferation of VSMCs is an important fuctor in
atherosclerotic plagque development it is reasonable to assume that this is accompanied by
increased glucose transport in VSMCs. However, to date, very little is known about
regulation of glucose transport in VSMCs. The work in this thesis investigated the

regulation of glucose transport in VSMCs.

It was shown that vascular smooth muscle cells freshly isolated from aorta expressed both
GLUT-4 and GLUT-1 glucose transporters. However as the cells were isolated and
cultured, GLUT-4 was lost from the cells and the levels of the glucose transporter GLU'T-
3 increased. The levels of GLUT-1 were unchanged in freshly iscolated VSMCs as

compared to cells that had been passaged in cell culture.

PDGY (a growth factor believed to be important in regulating VSMC growth in plaque
development, Bobik & Campbell, 1993) was able to stimulate a two- to five-fold increase
in 2~-deoxyglucose transport in VSMCs and this increase in glucose transport was

dependent on the activity of both PI2" kinase and the MAP kinases p38 and p42/44.

Cyclic nucleotides are important regulators of smooth muscle cell function, regulating

such things as proliferation and relaxation (Landgrat'es al., 1992, Murthy & Makhlouf,



1995, Toyoshima ef al., 1998, Kronemann e af.,, 1999, Chiche ef al., 1998), and as such
their role in regulating glucose transport in VSMCs was studied. Like PDGT, analogues
of cAMP werc able to stimulate a two-fold increase in 2-deoxyglucose transport in
VSMCs. This cAMP-stimulated increase in glucose transport was not additive with
PDGEF-stimulated glucose transport. cAMP-stimulated glucose transport, like PDGI-
stimulated glucose transport, was dependent on the activity of PI3’kinase and the MAP
kinase p38, however MAP kinase p42/44 was not activated in response to cAMP
analogues. As well as p38 and PI3° kinase, cAMP-stimulated 2-deoxyglucose transport
was dependent on protein kinase A (PKA) activity. Although cAMP analogues can
stimulate an increase in 2-deoxyglucose transport, agonists thal stimulate a large increase
in intracellular [cAMP] are unable to stimulate an increase in 2-dcoxyglucose transport in
VSMCs. liowever, by using inhibitors of PDE 3, which would result in a small but very
localised increase in {cAMP], a two-fold increase in 2-deoxyglucose transport can be
achieved. This suggests that the subcellular localisation of any increase in [cAMP] is vital
to increase glucose transport rates, rather than the overall concentration of intracellular

cAMP,

Analogues of cGMI” had no effect on basal glucose transpert rates, but was inhibitory
with regard to PDGF-stimulated 2-decoxyglucose transport in VSMCs. This was an
unexpected result as cAMP and cGMP often work in concert to mediate their effects in
VSMCs. Treating the cells with ANF, which will stimulate transmembrane guanylyl
cyclase activity, and increase intraceliular [cGMP], could mimic the effect of cGMP
analogues on PDGF-stimulated 2-deoxyglucose transport, but SNP, which will stimulate
soluble guanylyl cyclase activity and increase intracelluiar [cGMP] was without effect on

PDGF-stimulaied glucose transport rates.

Attempts were made to understand the mechanisms responsible for increased glucose
transport, in terms of translocation and altered activity of glucose transporters. Work
using chimeric proteins of GLUT-1 and GI'P were of limited use, The degree of plasma

membrane association of the chimera was very variable making it difficult to interpret any
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movement of the chimera from intracellular sites to the plasma membrane. Work
analysing the phosphorylation states of the glucose transporters in VSMCs indicated that
neither GLUT-1 nor GLUT-3 were phosphorylated in response to either PDGFEF or cAMP
analogues. It is therefore unlikely that phosphorylation of glucose transporters is
responsible for altered rates of glucose transport in VSMCs in response to PDGF or

cAMP analogues.

The work carried out v thesis has touched on several Interesting areas that could be
further investigated in the future. For example, the possibility that a small localised
increase in [cAMP] is required to increase 2-deoxyglucose transport in VSMCs, rather
than a large incrcasc in the overall [cAMP]. Recent work on the translocalion of the
transporter protein, aquaporin, has illustrated that it is indeed the subcellular localisation
of cAMP, and the PKAs that can be activated at this location, that are important for
increased translocation of aquaporin to the cell surface (Klussmann ef al., 1999). By
treating cells with a peptide which prevents the binding of regulatory subunits of PKA
and AKAPs (proteins to which PKA regulatory subunits bind, conferring a specific
subcellular loealisation upon the PKA) the ability of agents which increase intracellular
[cAMP] to cause translocation of aquaporin to the cell surface was lost. If possible, it
would be valuable to cairy out similar work in VSMCs, to determine if the increase in
ghicose transport seen in response to the PDE 3 inhibitor, milrinone, was lost if the
subcellular localisation of the appropriate PIKAs was disrupted. This would allow us to
determine if it 1s indeed a small localised increase in [cAMP] that is required to incrcase

glucosc transport in VSMCs.

Other work of interest to pursue is to investigate the mechanisms by which ¢cGMP inhibit
PDGF-stimulated glucose transport. It is known that VSMCs in culture do not express
PKG, the cGMP activated kinase (Cornwell ef al., 1994). Therefore the effects of cGMP
on PDGY-stimulated glucose transport must be mediated via some other mechanism,
perhaps by direct inhibition of some of the signalling proteins required for PDGF-

stimulated glucose transport, In this thesis, it has been shown that ANE {which will
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generate cGMP, and is capable of inhibiting PDGF-stimulated glucose transport) does not
affect PDGF’s ability to stimulate p38 or p42/44 activity, therefore cGMP is not
inhibiting PDGF-stimulated glucose transport at this level. The only other signalling
molecule that has been shown to be involved in PDGF-stimulated glucose transport is
PI3® kinase, The eftects of ¢cGMP on PI3° kinasc activity in VSMUCs have not yet been

studiced, and this would be a logical protein to investigale.

Although several difficulties were encountered in using the GLUT-1/GFP chimeras, with
more time better use could have been made of these. For example, one of the biggest
probiems in using the N-terminal GLUT-1/GFP was that the degree of chimera associated
with the plasma membrane was very variable. [T the cells were expressing high levels of
chimera there tended to be a higher degree of plasma membrane association. One way in
which this problem may be overcome is if cells were stably transfected to express the
chimera. This way cells could be selected that express a more moderate level of chimera
and show an even intracellular distribution of chimera in basal/untreated cells, and the

movement of the chimera would be more easy to follow and quantify.
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